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Summary

In Mediterranean environments, thermal requirements
for seed germination of Amaranthus species are met in
spring. Nonetheless, seedlings of these species start
emerging in the field from late winter, although the
theoretical heat sum thresholds required for germina-
tion are not likely to be reached under field conditions.
We hypothesised that soil thermal fluctuations can
reduce the heat requirements of these species. Cardinal
temperatures and thermal times of six Amaranthus spe-
cies (A. albus, A. cruentus, A. deflexus, A. graecizans,
A. retroflexus and A. viridis) were determined on non-
dormant seeds at constant temperatures ranging from
10 to 40°C. Subsequently, germination response to
heat pulses was studied by imposing a thermal fluctua-
tion regime of 32/8°C with two different thermoperi-
ods of 3/21 and 6/18 h. In the two thermoperiods,
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exposure to 32°C was imposed for a different number
of days: from 1 to 12 and from 1 to 6 heat pulses
cycles in the 3/21 and 6/18 h thermoperiods respec-
tively. Cumulative germination, germination rate and
mean germination time were evaluated. Heat sum
requirements and final germination percentage were
affected by thermoperiod and number of thermal
cycles. Amaranthus spp. germination was higher and
faster when seeds were submitted to 6 h compared
with 3 + 3 h of heat pulses. Our data showed that heat
sum requirements for germination may change depend-
ing on the way in which varying temperatures are
imposed on germinating seeds.

Keywords: amaranth, pigweed, cardinal temperature,
cumulative heat pulse, germination rate, mean germi-
nation time, thermoperiod.
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Introduction

Amaranthus species are a group of important summer
annual weed species widely adapted to several envi-
ronmental conditions, causing crop damage in many
agro-ecosystems throughout the world’s temperate,
Mediterranean, tropical and subtropical regions (Cos-
tea & Tardif, 2003; Costea et al., 2004). These species

are characterised by a highly competitive strategy,
depending also on a series of adaptive traits that
allow their seeds to trigger germination and maximise
seedling establishment under different environmental
conditions (Guo & Al-Khatib, 2003). Due to their
short life cycle, early time of emergence, high growth
rate and capability to produce two or more genera-
tions per growing season (Royer & Dickinson, 1999),
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these species easily outcompete most crops and some
native species (Viegi, 2001).

The stimulating effect of relatively high tempera-
tures on seed germination is well known for several
species of the Amaranthus genus; many studies have
demonstrated that the seeds of these species need to be
exposed to temperatures ranging from 30 to 40°C to
achieve full germination (Steinmaus et al., 2000; Fac-
cini & Vitta, 2005; Cristaudo et al., 2007). However, in
spite of such high temperature requirements, early ger-
mination of Amaranthus species is frequently observed
in natural conditions when temperatures are far below
the optimum, within the concept of thermal time
(Trudgill et al., 2005). This approach is based on the
estimation of base temperature (7}), that is, the thresh-
old below which germination rate is zero (Steinmaus
et al., 2000), and on the calculation of the heat sum
(d°C) required for a given percentile of seed popula-
tion to germinate (Larsen & Bibby, 2005). Several
models aiming to predict the time-course of germina-
tion in field crops or in weed dynamics models are
based on the combined evaluation of T}, and thermal
time or heat sum (Gardarin et al., 2010, 2011; Saka-
noue, 2010). They are frequently adopted to quantify
heat unit accumulation on daily basis (Cesaraccio
et al., 2001) or to compare germination patterns
among different species, climates and locations (Wa-
genvoort & Bierhuizen, 1977; Moot et al., 2000). These
approaches are based on the assumption that thermal
time for germination is constant for a given subpopu-
lation of seeds (Trudgill e al., 2005), so that germina-
tion is predicted to occur in the field only when the
fixed sum of day degrees is reached, independently of
how such heat sum was achieved. It is commonly
observed, however, that different patterns of tempera-
ture regime may result in marked differences in germi-
nation responses, even if the total heat sum provided
to germinating seeds is the same. Fluctuating tempera-
ture regimes may strongly affect germination patterns,
and thermal model suitability under field variable tem-
peratures has been the object of both experimental and
modelling researches (Leon ef al., 2004; Hardegree
et al., 2010). In our view, more attention should be
devoted to verify the extent to which thermal time do
really behave as a constant, or, on the contrary, if it
changes depending on the particular regime of fluctuat-
ing temperatures experienced by germinating seeds.
This research was aimed to test the hypothesis that
different time and number of exposures to heat pulse
would determine a different cumulative effect of the
same heat sum on germination process. An experimen-
tal protocol was implemented on six Amaranthus
species with the following objectives: (i) to estimate the
cardinal temperatures (base and optimal) for the six

species; (ii) to quantify the germination responses at
constant temperatures under different daily heat pulse
treatments for a variable number of cycles; (iii) to
compare thermal time requirements for 50% germina-
tion among species and treatments and to verify
whether these parameters are constant or vary depend-
ing on thermal fluctuation.

Materials and methods

Seed collection

Mature seeds of six summer annual Amaranthus spe-
cies (A.albus L., A. cruentus L., A. deflexus L.,
A. graecizans L., A. retroflexus L. and A. viridis L.)
were collected randomly in October 2003, from more
than 100 plants per species. The seeds were collected at
altitudes ranging between 50 and 400 m a.s.l., in a
zone with a thermo-Mediterranean climate (Catania
plane, Sicily, Southern Italy) from spontaneous popu-
lations growing in irrigated crops (citrus groves, fruit
orchards and horticultural crops). Seed material was
stored for 270 days in cloth bags at room temperature
(20 + 2°C), so that the experiment could start when a
considerable release from dormancy was presumably
attained (Cristaudo et al., 2007).

Germination trials

Two kinds of germination trials were conducted: in a
first experiment, base and optimal temperatures were
estimated by putting seeds to germinate in seven differ-
ent germination chambers (Angelantoni MCT 200,
Italy), in the dark, in which constant temperatures were
set to 10, 15, 20, 25, 30, 35 and 40°C. In a second experi-
ment, two thermal fluctuation regimes of 32/8°C were
imposed on seeds (details provided below). In both
experiments, four replicates (or pseudo-replicates, as
they were placed in the same germinator) of 25 seeds
each were adopted for each treatment. Petri dishes were
distributed randomly within each chamber, and to
ensure no systematic effects due to position within the
chamber, Petri dishes were rerandomised daily.

Seeds were placed in 9-cm-diameter Petri dishes
with a double layer of filter paper moistened with 6 ml
of distilled water. To determine the influence of heat
pulse on germination of Amaranthus seeds, before
treatments, all seeds of the second experiment were
properly imbibed for 24 h at 8°C, in distilled water.
Two germination chambers were used in darkness. To
guarantee a quick temperature change in the alternat-
ing temperature treatments, Petri dishes were manually
shifted between germination chambers fixed at 8§ and
32°C. All treatments were carried out simultaneously.
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Black Petri dishes were used to exclude any effect of
light. The germination papers were wetted periodically
to obtain non-limiting water conditions.

Germinated seeds were counted and removed daily
under a green safelight. Seeds were considered germi-
nated when they exhibited radicle length of >2 mm.
The incubation period was 15 days; this time was suffi-
cient for all the species and treatments to reach the
asymptotes of germination curves. At the end of the
experiments, non-germinated seeds were maintained at
optimal temperature (32°C) to perform an a posteriori
validation test for seed viability. Non-viable seeds
represented less than 0.5% and were then considered
negligible and not analysed.

Cardinal temperatures and thermal time at constant
temperature

Cardinal temperatures were estimated by analysing
germination responses previously conducted at con-
stant temperatures. The number of days necessary to
achieve a given germination percentile was determined
for each species and treatment, through nonlinear
regression; their reciprocal values were taken as corre-
sponding germination rates (Bierhuizen & Wagenvoort,
1974). Germination percentiles were scaled to the max-
imum germination percentage expressed among all the
tested temperatures, to separate any residual dormancy
effect before determining germination rates.

A Weibull model was interpolated to daily germina-
tion data:

Gp = Gpmax(1 — e‘r("’”)) (1)

where Gp is the germination percentage referred to the
number of sown seeds, as a function of time in days
(); Gpmax 1s the maximum germination percentage; f,
is the lag time to start germination; r is a parameter
associated with the maximal curve slope. This model
gets negative values when ¢ < 75, so the model fitting
was limited to the time series following lag time, and
Gp was set to assume 0 value for 7 < ¢,. The model
was fitted to the average values of the four pseudo-rep-
licates. Model fitting was evaluated as the R’ coeffi-
cient of the linear regression of predicted vs. real
values. Once the best fitting model parameters had
been identified, the number of days necessary to
achieve any given percentile was obtained by the model
inverse formula. Ten percentiles ranging from 10 to
100% were examined, in 10% increments. For each
percentile, germination rates were then plotted against
temperature, and a log-normal type model was fitted
to these data (Hardegree, 2006, modified) to determine
the optimal temperatures:
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where R is germination rate as a function of tempera-
ture (7); T, is a model parameter which closely identi-
fies the x co-ordinate of the curve peak, so providing a
good estimate of the optimal temperature; Rp.x is the
maximal germination rate achieved at such tempera-
ture; @ and b are shape parameters associated with
curve wideness and asymmetry. This model was chosen
because it gives a good estimate of the optimal temper-
ature and it was found to provide the desired fitting
values on the studied data set.

Once the optimal temperatures were determined,
linear regressions of germination rates to temperature
were obtained in the suboptimal range (Garcia-Huido-
bro et al., 1982a). Intersections with the x-axis were
taken as the base temperatures for each germination
percentile, and the mean of these values was assumed
as the final estimate of base temperature for the
species.

New linear regressions, forced to intercept the
x-axis at the estimated value of species base tempera-
ture, were then interpolated to suboptimal data for
each percentile; the reciprocals of their angular values
were taken as estimates of thermal times required to
achieve the given germination percentile (Garcia-Hui-
dobro et al., 1982a). Finally, the ten percentiles were
plotted against the corresponding thermal times and
fitted by a new Weibull-type model:

G=1—¢ 00 (3)

where G is the germination percentile as a function of
thermal time (0), 0y is the lag thermal time below
which G was set to assume 0 value, and o is the
parameter associated with germination rate/maximal
curve slope. Heat sum corresponding to 50% germina-
tion (0s9) was determined by the inverse formula. The
Weibull model had been previously adopted by differ-
ent authors (Brown & Mayer, 1988; Larsen & Bibby,
2005), as this model reflects the most typical germina-
tion pattern, with a lag time to start germination and
a basic thermal sum requirement below which germina-
tion rate is zero.

Heat pulses

For each of the six species, 18 seed samples, each con-
sisting of four replicates of 25 seeds, were subjected to
temperature lower than the base temperature with heat
pulses at near-optimal temperature. As absolute lowest
base and optimal temperatures were found to be, respec-
tively, around 8 and 32°C, the regime of alternating
temperature was set at 32/8°C, with two different
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thermoperiods of 3/21 and 6/18 h. In the two ther-
moperiods, exposure to 32°C was imposed for a differ-
ent number of days (cycles), till reaching the equal
dose of heat pulses of 36 h: from 1 to 12 (12 seed sam-
ples) and from 1 to 6 (six seed samples), heat pulses
cycles were imposed in the 3/21 and 6/18 h thermoperi-
ods respectively (Fig. 1). After the established number
of heating cycles was reached, Petri dishes were let at
constant 8°C till the end of the experiment (15 days)
to allow for residual effect of heat pulse on germina-
tion. Two more samples were placed at constant tem-
perature of 8 and 32°C, respectively, as controls
(Fig. 1).

Germination trials under fluctuating temperature
were analysed as follows: first, the number of cycles
was scaled to heat sum through the following function
(Bierhuizen & Wagenvoort, 1974; Garcia-Huidobro
et al., 1982b):

0= (T— Tyt 4)
where 0 is the heat sum or thermal time in degree
days, T is the temperature imposed during heating
pulses (32°C), Ty, is the species base temperature, and ¢
is the total time (days) spent at 32°C. The resulting
heat sums are reported in Table 1. Germination per-
centages were then plotted against heat sums and fitted
to the Weibull model previously described (3), taking
into account that G was now representing the percent-
age of the final germination estimated for each heat
sum (0). All model fittings were performed with the

SPSS nonlinear regression facility and with Excel tools
expressly implemented for that purpose.

Statistical analysis

A three-way ANova with species, thermoperiods (3/21—
6/18 h) and cumulative heat pulse (from 6 to 36 h at
32°C) as main factors was applied to the fluctuating
temperature experiment. To avoid any problem related
to an unbalanced data matrix, the analysis was
restricted to the six thermal doses that were common
either to 3/21 or to 6/18 h cycle; intermediate odd
points of the 3/21 h cycle were excluded. SPSS 13.0 for
Windows package was used to perform the analysis.

Results were evaluated in terms of final germination
percentage (FGP) and mean germination time (MGT).
Final germination percentage data were previously arc-
sine-square-root transformed to achieve normality;
back-transformed data were used for table and graphic
representation. Mean germination time was calculated
for each species and thermal cycle by the following
formula (Labouriau, 1983):

k
> nt;

MGT == (5)

>N

i=1

where 7; is the number of seeds germinated on day-
number 7;, and k is the duration in days of the test.

Seed
samples 1 2 3 4 5 6

Number of cycles

7 8 9 10 11 12 13 14 15

1

Imbibition
at 8°C for
24 h

3 h daily heat pulse - 3/21 thermoperiod

© o N o g b WN

= A
N = ©

8°C constant

[ U G Gy
N o g b~ W

6 h daily heat pulse - 6//18 thermoperiod

-
©

8°C constant

-
©

32°C 32°C  32°C 32°C 32°C 32°C

N
o

32°C 32°C  32°C  32°C 32°C 32°C 32°C 32°C 32°C

Fig. 1 Experimental design. Eighteen seed samples were incubated at 8°C (grey) and then submitted at 32/8°C (white) with thermoperi-
ods of 21/3 and 18/6 h. At the end of the heat pulse period, seeds were kept at 8°C for up to 15 days. Two seed samples were kept at

constant 8 and 32°C, respectively, as controls.
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Table 1 Total heat sums (d°C) supplied to each of the six Amaranthus species submitted to fluctuating temperature regimes (32/8°C),
either with a 3/21 h (from 1 to 12 cycles) or with a 6/18 h (from 1 to 6 cycles) thermoperiod, calculated in relation to the base tempera-

ture (7}) of each species

Number of heat pulses

Pulse duration: 3 h 1 2 3 4 5 6 7 8 9 10 11 12
Pulse duration: 6 h - 1 - 2 - 3 - 4 - 5 - 6
Heat sum (d°C)
A. albus 1.6 3.2 4.8 6.5 8.1 9.7 11.3 12.9 14.5 16.2 17.8 19.4
A. cruentus 2.9 5.8 8.7 11.6 14.5 17.5 20.4 23.3 26.2 29.1 32.0 34.9
A. deflexus 1.6 3.1 4.7 6.2 7.8 9.3 10.9 12.4 14.0 15.5 17.1 18.6
A. graecizans 1.3 2.5 3.8 5.1 6.3 7.6 8.9 10.1 11.4 12.7 13.9 15.2
A. retroflexus 2.5 5.0 7.6 10.1 12.6 15.1 17.6 20.2 22.7 25.2 27.7 30.2
A. viridis 15 3.0 4.5 6.0 7.5 9.0 10.5 12.0 13.5 15.0 16.5 18.0
attained maximum germination at 35°C, reaching
Results

Germination at constant temperatures

Germination responses at constant temperatures are
represented in Fig. 2. Some residual dormancy effects
were observed in some species, whose intensity varied
depending on the incubation temperature. A. albus

¢ 10° ¢ 15° m20° 0 25° A 30° A35° 0 40°
A. albus

Cumulative germination (%)

around 90% cumulative germination after 9 days.
Maximum germination percentages of this species
decreased both at higher and lower temperatures, and
no germination was observed under 15°C.

Amaranthus cruentus reached almost full germina-
tion in about 2-3 days under a wide set of tempera-
tures ranging from 20 to 35°C, with lower and slower

A. deflexus

A

A. cruentus

A. viridis

Days

Fig. 2 Cumulative germination during time of six Amaranthus species subjected to seven different constant temperatures regimes ranging
from 10 to 40°C, expressed as percentage of the viable seeds. Lines represent Weibull models (Eqn 1 in Materials and methods) interpo-
lated to data points. Each point represents the average of four replicate dishes; vertical bars represent standard errors.
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germination at 10 and 15°C. Amaranthus deflexus only
attained full germination at 35-40°C, taking about
3 days to reach maximum cumulative values, with
lower germination percentages at the other tested tem-
peratures and no germination at 10°C. Amaranthus
graecizans obtained full germination in about 4 days in
the 30-40°C range, with very low germination at 25°C
and no germination under 20°C. Amaranthus retroflex-
us took about 5 days at 30-40°C to reach full germina-
tion, with decreasing values at lower temperatures and
very low percentages at 10°C. Amaranthus viridis only
attained 40% FGP at 30°C in about 5 days, with
lower values at all the other temperature tested and no
germination at 10°C. Previous studies (Cristaudo et al.,
2007) showed that A. viridis exhibited a very low ger-
mination under constant temperature and required
both alternating temperature and light to germinate. A

A 10 @ 30 ¢ 50 = 70 o 90

promoting effect of alternating temperature on seed
germination was also observed in A. tuberculatus
(Leon et al., 2007) and A. blitoides (Cristaudo et al.,
2007).

Cardinal temperatures

A graphic representation of the model used to estimate
base and optimal temperatures is reported in Fig. 3;
the values assumed by 7T}, and T, are reported in
Table 2. In the cases of A. graecizans and A. cruentus,
the estimates of cardinal temperatures were quite con-
sistent among the different percentiles; similarly, a rela-
tively high stability of T, estimates was observed on
A. deflexus, although the variability was greater for
Ty, with the lowest percentiles showing sensibly lower
Ty values compared with the average estimated value.

2.5
A. albus

A. graecizans

25

A. cruentus

Germination rate (day-1)

A. retroflexus

0

A. deflexus

A. viridis

0 10 20 30 40 50 60

T(°C)

Fig. 3 Germination rates of six Amaranthus species in response to temperature. Five percentiles are reported in the figure, namely the
10th (open triangle), 30th (filled circle), 50th (open rhombus), 70th (filled square) and the 90th (open circle). To each percentile, a curve-
peak model (see Eqn 2 in Materials and methods) was interpolated, in order to determine the optimal temperature. Dotted lines repre-
sent the linear regressions forced to intercept the x-axis at base temperature. A full near-vertical line connecting curve peaks separates

the suboptimal from the supra-optimal range.
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Table 2 Estimates of base (7},) and optimal (7,) temperatures for = < <
germination of the six studied Amaranthus species _g 2 N s
s
T, T g
Cardinal b ° E
temperatures Mean SE Mean SE & §
5 o o [N
A. albus 19.1 2.2 32.8 0.6 é’
A. cruentus 8.7 0.6 34.3 0.2 P
A. deflexus 19.6 1.6 37.1 0.3 ) x
A. graecizans 21.9 0.1 36.7 0.2 & Tev X g @
A. retroflexus 11.8 1.8 36.1 0.8 £5|~8E=<
A. viridis 20.0 1.5 31.5 0.3 Eo %185 €E S e
- 213|225 o e 0 <2<
< é) [ NN ] - o O N N O
0%
o
In contrast, A. albus and A. retroflexus showed a high « ‘E y
. g . < 3
variability both for T}, and T, estimates. Amaranthus < 'q'é g 2
viridis estimates were strongly affected by the limited r? = CE) < - -
germination achieved at constant temperatures, as only jf’ B 2 = 28 e8
. . 2 E O LW©®oS - o
40% germination was achieved. ER:
Values for T,, obtained by averaging the curve 3 g
peaks of the interpolated models, were included in a = = X g
. . . . (o]
relatively narrow interval, ranging approximately from % S 3 <
R 5 - -
32 to 37°C according to the species. T}, values, in E = ¢ E w8 L@8
. . . . 5 2 n O N - O N 16 o
contrast, were quite differentiated among species: 5o g
A. cruentus and A. retroflexus showed the lowest val- E £
ues of Ty, while the values estimated for the other four =g X g
speci iderably higher, wi i = = 82
pecies were considerably higher, with the maximum >z | > g £ - -
= © =
value recorded on A. graecizans. —~ 2|2 82 o 8 a8
Lr |« (= wWOvoS 1e-o
~ &
g e
Germination under fluctuating temperatures z 2 «
9 : o — N —
. .2 € : o ; ©
ANOVA revealed that both thermoperiods (3/21 and 6/ 5 if s < 89S &9
. 8. g O < 0 N O O N O
18 h) and cumulative heat pulse (from 6 to 36 h at g A
32°C) had marked effects on FGP and on MGT of all 3 E
species (Table 3). Both variables differed significantly % E,' g-
among species, between thermoperiod type and among é 8 g ° 2 P -5
cumulative heat pulse, as well as among treatment ;% = % - % S § 2
interactions. EE L
The average differences between the two thermope- gé g g
. . . = © €N 1]
riod types as a function of cumulative heat pulse are Z5o % 2 m - < | =
. . . S . ~ 5 |= 1) ~ Q o o &
shown in Fig. 4. Final germination percentage tended g2 |2 = s8S .92/ 3
. . . . . S~ ~ Q
to increase with total time of incubation at 32°C and 25 =
was generally higher on seeds treated with 6/18 h rela- E & %
tive to those treated with 3/18 h thermoperiod oo o3 ~ o é
(Fig. 4A). Mean germination time was generally lower % 3 s § S a5 |3
. . p = - o - © -
under 6/18 h compared with the 3/21 h thermoperiod 5 g £ ~83 «bo| d
(Fig. 4B); it tended to decrease with the increase in §§ =
heat pulse, reaching relatively stable minimum values : § - §
after about 12 h at 32°C (corresponding to 4 and 2 ; g - £ = =
thermal cycles, respectively, for the 3/21 and 6/18 h 2 =13 g'g o S 0 g -%
B . : N O - — 00 4
thermoperiods). Seeds subjected to 3/21 h tended to gé = O E ©—-o ~AOo é‘
germinate later and to a relatively lower extent than 3% s
. . . g
those treated with 6/18 h thermoperiod. Regarding § e @ @ =
control treatments, no species germinated under - % 2 2 &
constant 8°C temperature. At constant 32°C, the low- 2 g Esdidasdd %
est MGT was reached, and full germination was & 5 = 2 E
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» 100 A s 101 B —o—3/21h —e—6/18h
(o] >
g 3
g 801 S 8
g £
g =
5 @ 5o
g g
‘€ 401 £ 4
[ [
o o
(_U c
201 g 2
i s
0 0
6 12 18 24 30 36 6 12 18 24 30 36
hat 32°C

Fig. 4 Final germination percentage (A) and mean germination time (B) as a function of total incubation time at 32°C, under either a
3/21 or a 6/18 h thermal regime. Points and bars represent averages of the six Amaranthus species +SE, as resulting by ANovA analysis —
factor interaction between ‘cycle type’ (3/21-6/18 h) and ‘cumulative pulse time’ (6-36 h). Open circles: 3/21 h; filled circles: 6/18 h. See

ANova (Table 3) for significance of factor effects and interactions.

attained by A. cruentus, A. deflexus and A. graecizans,
germination was almost complete for A. retroflexus
and A. albus, while it resulted in quite low germination
in A. viridis (data not shown).

Fluctuating temperature, in general, appeared to
reduce the heat sum requirements for germination. The
comparison between the fluctuating temperature
regime and the predicted thermal time model was
worked out for each of the six species by modelling
germination responses as a function of heat sums. The
Weibull function (Eqn 3) was interpolated to germina-
tion values as a function of thermal times (Fig. 5),
while obtaining the parameters that maximise model
fitting (Table 4). Thermal time to achieve 50% germi-
nation (0sg) was always lower under fluctuating
regimes compared with the values obtained with the
predicted thermal time models, based on germination
responses at constant temperature in the 10-40°C
range. A similar pattern was observed for the lag ther-
mal time (0y), with the only exception of A. graecizans.
In general, 65, also differed sensibly between the 6/18
and the 3/21 h thermoperiods: A. albus, A. deflexus
and A. graecizans showed 05, values decreasing in the
order: 3/21 h > 6/18 h (Table 4). In contrast, relatively
lower heat sum requirements were found under the 3/
21 compared with the 6/18 h thermoperiod for
A. cruentus and A. retroflexus. This last species was
the most heat sum requiring species when analysed at
constant temperature in the 10-40°C range, but fluctu-
ating temperature drastically reduced its heat sum
requirement, reaching the lowest 65, values found
among the six species. Amaranthus viridis did not show
substantial differences in terms of 05, between the two
fluctuating temperature regimes.

Discussion

Predicting weed emergence in field crops is an essential
target for weed management. It can help farmers to

programme and schedule weed control treatments,
avoiding damage to the crop. The question is: Does
Amaranthus seeds only germinate when a fixed amount
of day degrees is reached or may small consecutive
daily heat pulses reduce these thermal requirements? In
this latter case, Amaranthus seeds would germinate in
the field relatively earlier compared with the former
hypothesis.

The first step to address this question was to deter-
mine the cardinal temperatures for the studied seed
populations. This was a necessary step to transform
the time of exposure at 32°C, to compare species and
treatments on a common thermal scale. Some of the
parameters resulting from the present work are quite
consistent with previous determinations available in lit-
erature. The base temperature values found by Benve-
nuti and Macchia (1993), Masin et al. (2010) and
Guillemin ez al. (2013) for A. retroflexus are in agree-
ment with our results. They found for A. retroflexus, a
threshold germination temperature (73,) of 11.6, 12.1-
12.3 and 8.9°C respectively.

The following step was to assess whether either
thermal time requirements or dormancy patterns may
be affected by the regime of fluctuating temperature
experienced by seeds during germination. In our exper-
iment, both heat sum requirements and FGP were
affected by thermoperiod and by the number of heat
pulse cycles, with a variable intensity depending on the
studied species. Two or three cycles of heat pulses of
six daily hours at 32°C generally satisfied the germina-
tion requirements of all species, but in at least three
species, a longer period of exposure was necessary to
achieve the same germination values when 3/21-h ther-
moperiod was applied.

The role of alternating temperatures on seed germi-
nation was the object of several previous studies
(Totterdell & Roberts, 1980; Probert et al., 1986).
Referring to the Amaranthus genus, the need for alter-
nating temperatures to break dormancy had already

© 2014 European Weed Research Society
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Fig. 5 Germination response of six Amaranthus species to heat sum accumulation, either at constant (squares) or at alternate tempera-
ture (rhombus: 3/21 h; circles: 6/18 h). Dotted lines represent Weibull-type models (Eqn 3) interpolated to data points. The predicted
thermal time models were obtained by plotting ten germination percentiles, studied at constant temperature in the 10-40°C range,
against the corresponding estimated thermal times. The responses at fluctuating temperature were modelled by plotting cumulative
germination percentages against the heat sums supplied. See Table 4 for model parameters and fitting.

been found for A. tuberculatus (Leon et al., 2007),
A. blitoides and A. viridis (Cristaudo et al., 2007). In
addition to what had already been documented, in the
present experiment, we found that the effect of heat
pulse treatments on seed germination not only depends
on total heat sum but it may also be affected by the
thermoperiod (3/21 and 6/18 h).

The importance of thermoperiod had already been
explored by several authors (Totterdell & Roberts,
1980; Murdoch et al., 1989), although the results of
these studies did not present sufficient homogeneity to
draw general conclusions. Van Assche and Van Nerum
(1997), in a study conducted on Rumex obtusifolius,
concluded that the ‘activation’ of seeds was influenced
by the rate of temperature change, rather than by the
total heat sum, as only fast heating treatments were
able to trigger germination of this species. Moreover,
repeated rapid heating cycles appeared to enhance

© 2014 European Weed Research Society

germination response, independently of the total heat
sum provided. In the present experiment, seed heating
during heat pulses was extremely fast, as Petri dishes
were directly moved from 8 to 32°C incubators and
vice versa. The germination of seeds treated with two
cycles of heat pulses of 3/21 h thermoperiod was often
lower compared with seeds treated with a single heat
pulse of 6/18 h thermoperiod. Thus, for the six Ama-
ranthus species analysed, the duration of heat pulse
(thermoperiod) rather than their total number (6 h
instead of 3 + 3 h) is the determining factor for seed
germination.

What is the ecological meaning of such behaviour?
Germination sensitivity to thermal changes had already
been envisaged as a mechanism aimed to prevent ger-
mination when the seed is deeply buried in the soil
(Thompson & Grime, 1983). In fact, diurnal tempera-
ture fluctuations are greatest near the soil surface and
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Table 4 Model parameters and curve-fitting values of the Weibull-type models (Eqn 3) interpolated to per cent germination values as a
function of thermal time. The predicted thermal time models were obtained by interpolating the model to the ten studied germination
percentiles as a function of the corresponding thermal times, resulting from the whole set of germination trials conducted at constant
10, 15, 20, 25, 30, 35 and 40°C respectively. See model Eqn (3) in Materials and methods for any explanation about the meanings of
each single parameter, and Fig. 5 for a graphic representation of data points and models

Curve fitting

o 0o Os0

Species day ! *°Cc™? days * °C days * °C R? Fit St. Err.
Amaranthus albus

Predicted TT 0.16 £ 0.01 7.96 4+ 0.26 12.35 + 0.24 0.982 0.038

3/21 0.16 + 0.02 4.74 + 0.44 9.15 + 0.42 0.941 0.072

6/18 0.35 &+ 0.03 5.59 + 0.12 7.55 4+ 0.10 0.996 0.022
Amaranthus cruentus

Predicted TT 0.12 £+ 0.004 9.92 4+ 0.15 15.60 + 0.12 0.996 0.020

3/21 0.16 £+ 0.03 1.14 4+ 0.81 5.53 &+ 0.53 0.901 0.077

6/18 0.15 + 0.01 2.19 + 0.53 7.62 + 0.28 0.988 0.026
Amaranthus deflexus

Predicted TT 0.11 4+ 0.002 7.49 + 0.11 13.91 + 0.08 0.998 0.012

3/21 0.40 £ 0.07 7.25 + 0.29 8.97 £ 0.23 0.942 0.069

6/18 0.61 £+ 0.03 6.18 + 0.03 7.31 4+ 0.06 0.999 0.012
Amaranthus graecizans

Predicted TT 0.11 £+ 0.00 4.97 + 0.04 11.33 + 0.04 1.000 0.004

3/21 0.34 + 0.05 6.54 + 0.25 8.58 + 0.31 0.936 0.092

6/18 0.52 £ 0.07 4.70 £ 0.12 6.04 = 0.14 0.990 0.038
Amaranthus retroflexus

Predicted TT 0.03 £+ 0.001 17.23 + 0.31 37.61 + 0.42 0.999 0.011

3/21 0.81 = 0.19 4.13 £ 0.23 4.98 + 0.08 0.961 0.027

6/18 0.66 + 0.09 4.27 + 0.11 5.32 + 0.04 0.999 0.009
Amaranthus viridis

Predicted TT 0.11 £ 0.004 4.69 + 0.17 10.82 + 0.14 0.995 0.021

3/21 0.31 = 0.04 3.25 + 0.24 5.48 £ 0.30 0.944 0.080

6/18 0.62 + 0.03 4.33 £+ 0.09 5.46 + 0.04 0.999 0.005
diminish rapidly with depth (Thompson et al., 1977). References

In our view, this aptitude could additionally be related
to the detection of the best suited climatic conditions
for germination during spring. Late winter and early
spring germination may confer a great advantage in
terms of competitive resource pre-emption, as well as
the opportunity to bring on a higher number of life-
cycles during one growth season. Cold-sensitive spe-
cies, however, would risk being seriously damaged if
they emerged too soon, as late freezing events could
partly destroy seedling populations. Thus, the ability
to finely trigger seed germination as a function of sea-
sonal stage could be a crucial adaptive trait to allow
these species to colonise their habitats. A threshold of
the heat pulse duration would act as the signal to
discriminate premature vs. good conditions for a suc-
cessful early germination.
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