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Germination of Cenchrus ciliaris, Pennisetum divisum, and
Panicum turgidum is seasonally dependent
Arvind Bhatt, Willian Batista-Silva, David J. Gallacher, and Marcelo F. Pompelli

Abstract: Knowledge of optimal conditions for germination facilitates more efficient practices, such as fodder
production and restoration. We assessed seeds of three grass species harvested in winter and summer 2018.
Germination ability was assessed under two night/day temperature regimes (15 °C/20 °C, 20 °C/30 °C) and two
photoperiod regimes (0, 12 h light per day). Winter-maturing seeds had a slightly lower mass and reduced
germination. Temperature and light requirements for optimal germination were dependent on species and
harvest-time. Summer-maturing seeds of all three species had higher germination rates regardless of germination
temperature. Interactions among treatment temperatures and species were 0.7- to 5.4-times higher than the
control, as shown by heatmaps. Therefore, attention to these factors will improve the efficiency of seedling
establishment for rehabilitation work.
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Résumé : La connaissance des conditions optimales de germination facilite la mise en œuvre de pratiques plus
efficaces telles que la production et la restauration des fourrages. Les auteurs ont évalué les semences de trois
espèces de graminées, récoltées à l’hiver et à l’été 2018. La capacité de germination a été évaluée sous deux régimes
de température (15 °C/20 °C et 20 °C/30 °C) et deux régimes de photopériode (0 et 12 heures de lumière par jour).
Les graines arrivant à maturité à l’hiver avaient une masse légèrement plus faible et une germination réduite. Les
exigences de température et de lumière pour une germination optimale étaient dépendantes de l’espèce et de la
période de récolte. Les graines des trois espèces arrivant à maturité à l’été avaient des taux de germination plus
élevés, quelle que soit la température de germination. Les interactions entre les températures de traitement et les
espèces étaient de 0,7 à 5,4 fois supérieures à celles du témoin, comme le montrent les cartes thermiques. Ainsi,
l’attention portée à ces facteurs permettra d’améliorer l’efficacité d’établissement des semis pour des travaux de
réhabilitation. [Traduit par la Rédaction]

Mots-clés : vitesse de germination, graminées, halophyte, temps de germination moyen, synchronie.

Introduction
Successful reproduction is essential for a plant species

population to persist. Germination is under strong ge-
netic control and environmental influence (Chiang et al.
2009; Kendall and Penfield 2012; Huang et al. 2016). Envi-
ronmental cues such as temperature and rainfall
strongly influence plant phenology, including the tim-
ing of seed production and dispersal (Baskin and Baskin
2014). Photoperiod during seed formation and develop-
ment frequently influences seed dormancy, but direc-
tion (i.e., positive, negative, or neutral) and extent or
depth of dormancy are species specific (McCarty 1995;

Gutterman 2000; Ellis 2019; Jo et al. 2019). Variation of the
maternal environment during the growing season can in-
fluence seed provisioning, thus affecting dormancy and
germination (Galloway 2002; Baskin and Baskin 2014). The
influence of maternal conditions that is not apparent in
seed morphology might still affect seed viability, particu-
larly after long-term storage (Luzuriaga et al. 2006).

Grasses are ecologically important to arid systems as a
primary ungulate feed source and for soil stabilization
(van Oudtshoorn 2002). Cenchrus ciliaris L., Panicum turgidum
Forssk., and Pennisetum divisum (Forssk. ex J.F.Gmel.) Hen-
rard are perennial grasses distributed widely throughout

Received 19 November 2019. Accepted 23 March 2020.

A. Bhatt. Kuwait Institute for Scientific Research, P.O. Box 24885, Safat, Kuwait; Lushan Botanical Garden, Chinese Academy of
Science, Jiujiang, China.
W. Batista-Silva. Departamento de Biologia Vegetal, Universidade Federal de Viçosa, Viçosa, Minas Gerais, Brazil.
D.J. Gallacher. School of Life and Environmental Sciences, The University of Sydney, Narrabri NSW 2390 Australia.
M.F. Pompelli. Laboratório de Ecofisiologia Vegetal, Departamento de Botânica, Centro de Biociências, P.O. Box 50670901,
Universidade Federal de Pernambuco, Recife, Pernambuco, Brazil.
Corresponding authors: Arvind Bhatt (email: drbhatt79@gmail.com); Marcelo F. Pompelli (email: mfpompelli@gmail.com).
Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from copyright.com.

449

Botany 98: 449–458 (2020) dx.doi.org/10.1139/cjb-2019-0194 Published at www.nrcresearchpress.com/cjb on 5 May 2020.



the Arabian desert (Batanouny 2002). They are preferred
by camel and sheep herders for their flocks because of
their relatively high nutritional qualities (Assaeed 1997;
Khan et al. 2009; Marshall et al. 2012) and have potential
for rangeland rehabilitation, soil erosion control, and
urban landscaping (Bolo et al. 2019). Germination studies
of these species have focused on the influences of tem-
perature, light, salinity, harvesting date, and plant growth
regulating hormones (El-Keblawy 2004; Al-Khateeb 2006;
El-Keblawy et al. 2011, 2014; Bhatt et al. 2018; Bhatt and
Santo 2018). These studies have prioritized measurement
of germination percentage and, in some cases, time to
first germination; the latter of which excludes the behav-
ior of most seeds in a sample (Bewley et al. 2013). This
approach can miss some important details of the strate-
gies used by xeric species in unfavorable environments.

Several different ways to describe seed germination
and its dormancy-breaking mechanisms have been of-
fered (Cardina and Sparrow 1997; Baskin and Baskin
1998, 2004; Bradbeer 1998; Penfield and King 2009; Bhatt
and Pérez-García 2016; Elgabra et al. 2019). The time
taken to complete germination is most often measured
by mean germination time (MGT). MGT was proposed in
1875 by Haberlandt (Haberlandt 1875) but became com-
monly used much later (Laboriau and Pacheco 1978;
Labouriau and Valadares 1983). Variation in germination
timing can be measured by synchrony (SYN), uncertainty
(UNC), or other measures such as MGT, standard devia-
tion, or confidence intervals (Laboriau and Pacheco 1978;
Labouriau and Valadares 1983). Synchrony measures the
number of different days in which a batch of seeds com-
plete germination, regardless of whether days are con-
tiguous, whereas uncertainty (UNC) is an adaptation
from the Shannon Index measuring dispersion (Laboriau
and Pacheco 1978). Measures of the variation in germina-
tion timing are most useful for industrial seed produc-
tion but can also assist ecologists to predict or interpret
recruitment patterns (Bewley et al. 2013). Completion of
germination frequencies over time tend to deviate from
normality, thus justifying the use of non-parametric
tests (Ranal and Santana 2006).

Heatmaps are a useful tool for visualizing physiologi-
cal responses in a matrix where individual values are
represented as colors. Previous greyscale heatmaps were
known as shading matrices (Wilkinson and Friendly 2009),
butwere lessappealingbeforecolorandhigh-resolutiongrey-
scale became commonplace. Sneath (1957) displayed re-
sults of a cluster analysis by permuting the rows and
columns of a heatmap to place similar values near each
other, and Loua (1973) used heatmaps to visualize social
statistics across the districts of Paris. In seed science,
heatmaps have helped researchers understand the function
of some candidate genes encoding proteins influencing the
germination process (relative mRNA expression), embryo re-
sponses to different stresses, and the relationship between
maternal plant and fruit and seed development (Cleary et al.

2019; Ferreira et al. 2019; Geshnizjani et al. 2019; Jiang et al.
2019; Mérai et al. 2019; Na et al. 2019; Weidong et al. 2019; Ye
et al. 2019b; Zamora-Briseño et al. 2019). Heatmaps have re-
cently been used to express the modifications that occurs in
embryos or seedlings during germination (Mérai et al. 2019;
Ponnaiah et al. 2019; Tong et al. 2019; Han et al. 2020). How-
ever, the authors of this study are unaware of any scientific
study using heatmaps to help understand the parameters in-
volved in seed germination.

Improved understanding of the germination patterns
for C. ciliaris, P. divisum, and P. turgidum, across seasons,
may enable better seedling establishment during reha-
bilitation work in extreme environments such as des-
erts. We expect germination parameters to vary among
species, and seasons. To test this, we examined (i) whether
seeds produced in different seasons exhibit different ger-
mination patterns, and (ii) whether the light and temper-
ature requirements for germination are affected by the
season in which the seed was collected.

Materials and methods

Seed collections and climate description
Freshly matured seeds of C. ciliaris, P. divisum, and

P. turgidum were harvested from cultivated plots at the
Kuwait Institute for Scientific Research (KISR), Sulaibia,
Kuwait (29°9=39==N; 47°41=24==E). Plots were >95% monocul-
tural stands of the target species. Harvesting was con-
ducted in December 2017 (winter) and May 2018
(summer). Seeds were collected from 35–40 maternal
plants per species and season, selected from a plot tran-
sect. Seed caryopses were separated and the seeds
cleaned using a hand-made rubber thresher. Each spe-
cies’ seed mass was determined from three 100-seed rep-
licates in accordance with the International Seed Testing
Association (Allen and Alvarez 2019). Germination exper-
iments commenced within 10 days of harvest. Climato-
logical data was collected from an on-site weather
station at KISR, Sulaibia. Rainfall events occurred prior
to both the December 2017 and May 2018 collection dates
(Fig. 1).

Germination
Germination was assessed for eight treatments, of two

harvest times (summer and winter), two night/day tem-
perature regimes (15/20, 20/30 °C), and two light regimes
(0 and 12 h light per day). Four 25-seed replicates were
used for each treatment. The seeds were placed in 9-cm
tight-fitting Petri dishes containing one disc of Whatman
N° 1 filter paper moistened with 10 mL distilled water.
Darkness was achieved by wrapping the Petri dishes in
aluminum foil. Germination was defined as the protrusion of
a radicle by ≥2 mm through the external integument, as pro-
posed by International Seed Testing Association (Allen and
Alvarez 2019). Germinated seeds under light-exposed
conditions were evaluated daily for 26 consecutive days
and removed from Petri dishes, whereas seeds under
dark conditions were checked at the end of the 26th day.
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Data were arranged in a matrix of treatments and repli-
cates in rows, and daily, non-accumulated germination
in columns. Eight germination parameters were computed
(Table 1) using R version 1.4.2 for Windows (Lozano-Isla et al.
2019).

Statistical analyses
Germination parameters, as listed and described in

Table 1, were calculated using R version 1.4.2 (Lozano-Isla et al.
2019). Statistical analyses were conducted using Sigma-
plot 14.0 (Systat Software, Inc., San José, California, USA).
Pairwise comparisons of germination parameters were
conducted using Pearson correlation analysis. Color
standardization for heatmaps was obtained by express-
ing values as a ratio of the value obtained for seeds har-

vested in December and germinated in the 20/30 °C
temperature regime.

Results

Seed mass
Summer-maturing seeds were heavier than winter-

maturing seeds for all species, although the difference
was not significant for P. divisum (Table 2). Seed mass
positively correlated with germination capacity. This
correlation was far stronger in the winter-maturing than
in the summer-maturing seeds (Table 3).

Collection time and incubation temperature
Winter-maturing seeds exhibited a higher GRP for all

treatments, which were statistically significant for all
except P. divisum at the lower temperature regime. The
difference was most pronounced in P. turgidum, which
showed a 4-fold difference between seed collected in
summer and winter (Fig. 2C). Higher GRP was associated
with a shorter MGT in P. divisum (r = −0.777; P = 0.0004)
and P. turgidum (r = −0.758; P = 0.029), but was not signif-
icant in C. ciliaris (r = −0.444; P = 0.085). An inverse rela-
tionship between MGT and GRP was significant in
P. divisum (r = −0.777; P = 0.0004), and P. turgidum (r =
−0.758; P = 0.029), but not significant in C. ciliaris (r =
−0.444; P = 0.085). Summer-maturing seeds had a 1.7-fold
higher MGT than winter-maturing seeds, regardless of
incubation temperature (Fig. 2).

Synchrony (SYN) and UNC showed a strong negative
correlation in C. ciliaris and P. divisum. Summer-maturing
P. divisum seeds showed much greater SYN (Fig. 2H) but
season had no clear impact in C. ciliaris, and SYN was not
clearly influenced by incubation temperature (Figs. 2G–
2I). For example, in P. turgidum, where germination was
temporally distributed, SYN was not possible to measure
but UNC among treatments was higher than other spe-
cies. The UNC of summer-maturing P. turgidum seeds was
5- and 8-fold higher than winter-maturing seeds, com-
pared with seeds germinated in 20/30 °C and 15/20 °C (Figs. 2J–
2L). The mean SYN of summer-maturing P. divisum seeds was
4.5-fold higher than winter-maturing seeds (Fig. 2H),
while UNC decreased 50% in summer-maturing seeds
when compared with winter-maturing seeds (Fig. 2K).
Winter-maturing C. ciliaris seeds were not significantly
different for SYN and UNC when comparing collection
time or even under different incubation temperatures.
However, summer-maturing seeds germinated in 15/20 °C
showed increased SYN (59%; Fig. 2G) and decreased UNC
(12%; Fig. 2J).

Light
Photoblastic response was different in all of the spe-

cies studied (Fig. 3). Photoblasticity was positive in
C. ciliaris (p = 0.002), negative in P. turgidum (p = 0.015), and
neutral in P. divisum (p = 0.568). Cenchrus ciliaris seeds were
1.5 times more likely to germinate if exposed to light.
Germination in P. turgidum was more likely when ex-

Fig. 1. Monthly rainfall (A), maximum and minimum air
temperature (B), and maximum and minimum relative
humidity during 2017 in Sulaibiya, Kuwait.
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posed to both darkness and a warmer incubation tem-
perature, indicating a preference for seed burial and
later-season germination.

Germination rate over time
Summer-maturing seeds of all species showed a higher

germination percentage than winter-maturing seeds
(Fig. 4). Germination of C. ciliaris continued for 10 days in
all treatments except for winter-maturing seeds germi-
nated in the cooler temperature regime, which required
14 days (Fig. 4A). Germination of P. divisum continued for
5 days after sowing in summer-maturing seeds and
12 days in winter-maturing seeds (Fig. 4B). An intermedi-
ate pattern was exhibited by P. turgidum, with summer-
and winter-maturing seeds reaching maximum germina-
tion on the 9th and 10th day, respectively (Fig. 4C).

Therateofgerminationof thesummer-maturingseedsger-
minated in 20/30 °C, increased 5.3-fold in P. turgidum and
1.3-fold in C. ciliaris (Fig. 5). A 1.1-fold increase in MGT was
observed in C. ciliaris, while P. divisum exhibited a 45%
decrease. Summer-maturing seeds, germinated at 20/30 °C in-
creased 1.1-fold in C. ciliaris and 4.7-fold in P. turgidum. The
UNC of P. divisum decreased 58%. Germination variance
shows a similar pattern to UNC. While VGT decreased
66% in C. ciliaris and 83% in P. divisum, VGT increased
5.5-fold in P. turgidum. All comparisons were made be-
tween summer-maturing seeds germinated at 20/30 °C,
and winter-maturing seeds germinated at 20/30 °C (Fig. 5).

Discussion
Plant survival and growth is strongly influenced by local

stress factors. The timing of seed maturity and germination
is important for population survival (Baskin and Baskin
2014; Lu et al. 2014). Seeds of the three studied species
showed considerable differences across seasons of matu-
rity, morphology (seed mass), and physiology (germination
parameters). Winter-matured seeds were slightly smaller
than summer-matured seeds. Many studies have explored
how the maternal environment affects seed mass (Halpern
2005; Hoyle et al. 2008; Pompelli et al. 2010; Bhatt et al. 2018;
Li et al. 2019). For example, seed mass of Lupinus perennis
varied 1.2-fold to 4.5-fold, with the range of masses span-

Table 1. Germination variable descriptions and formulae.

Variables Abbreviation Unit Summary
Formula
(Ranal and Santana 2006)

Measures of germination volume
Germinated seed number GSN Count Sum of germinated seeds

� �
n�1

k

ni

Germination percentage GNP Percent Percentage of germinated seeds � 100
GSN

NMeasures of germination time
Mean germination time MGT Days Average number of days it takes

for a seed to germinate
� �

n�1

k nii

ni
Mean germination rate MGR Days−1 Average immediacy of germination,

where the maximum value of 1 is
achieved if all seeds germinate
within the first day.

�
1

MGT

Measures of the spread of germination time
Synchrony SYN No units Extent to which seeds germinate

on the same day, where 0 = no
overlap and 1 = complete overlap �

� i�1
k

ni�ni�1�
2

N
Uncertainty UNC Bits (number

of binary
occurrences)

Extent to which germination is
dispersed over multiple days,
where 0 = complete overlap
and 1 = no overlap. Adapted
from the Shannon Index.

� � � i�1
k

ni

GSN
log2

ni

GSN

Germination standard
deviation

SDG Days Standard deviation of MGT
��� � i�1

k ni�ti�t��2�

� i�1
k ni�1

Germination coefficient
of variation

CVG Percent Coefficient of variation for
MGT

� 100
SDG
MGT

Note: The variable ni represents the number of seeds from a batch of size N that germinated on day i, where i varies from 0 (day of moisture
imbibition) to k (day of experiment termination).

Table 2. Seed mass [mean ± SE, g·(100 seeds)−1] calculated
from three 100-seed replicates.

Species

Month of seed harvest

Dec. 2017 May 2018 P

Cenchrus ciliaris 0.11 ± 0.01 0.14 ± 0.01 0.0064
Pennisetum divisum 0.27 ± 0.01 0.28 ± 0.01 0.1682
Panicum tugidum 0.22 ± 0.01 0.23 ± 0.01 0.0325

Note: P values indicate the significance of season on seed mass
for each species, calculated using Student’s t test.
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ning 4–27 mg and the coefficient of variation ranging
from 0.06–0.26 (Halpern 2005). Spring-matured Potentilla
tanacetifolia seeds were 12.4% lighter than summer-
maturing seeds (Li et al. 2019). Plantago lanceolata seeds
that matured in direct sunlight were longer than those
maturing in shade, although neither light intensity nor
light quality alone affected seed length (Van Hinsberg
1998).

Germination of all the studied species differed signif-
icantly between the two observed seasons. This variation
in germination could be due to the variation in maternal
environment during seed development and maturation.
In previous studies, maternal exposure to temperature
regimes, photoperiod, light intensity/quality, soil mois-
ture, and mineral availability were all factors in deter-
mining seed dormancy and germination (Baskin and

Table 3. Correlation between seed mass and time of seed maturation.

Winter-matured seeds Summer-matured seeds

Species Correlation (r) Significance (P) Correlation (r) Significance (P)

Cenchrus ciliaris 0.635 0.041 0.543 0.123
Pennisetum divisum 0.858 0.046 0.102 0.115
Panicum turgidum 0.977 0.004 0.981 0.022

Note: N = 3.

Fig. 2. Percent germination (A–C), mean germination time (MGT; D–F), synchrony (G–I), and uncertainty (J–L) of Cenchrus ciliaris
(A, D, G, J), Pennisetum divisum (B, E, H, K), and Panicum turgidum (C, F, I, L) collected in December 2017 (black columns) and May
2018 (gray columns) and germinated under two temperature regimes. Upper-case letters denote significant differences between
season of seed collection in each temperature regime, and lower-case letters denote significant differences between incubation
temperatures within each season. All values presented are the mean ± SE; � = 0.01.
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Baskin 1998; Qaderi et al. 2003; El-Keblawy and Al-Rawai
2006; Donohue et al. 2008; El-Keblawy et al. 2009). However,
it ishardtopredictwhichfactorscontributetoseeddormancy
and germination among seasons (Bewley et al. 2013).

Seed dormancy is a common phenomenon in plants
that allows them to survive adverse environmental con-
ditions. In general, extent of dormancy was greater when

seeds were matured at lower temperature regimes and
shorter photoperiods (El-Keblawy et al. 2019; Elgabra
et al. 2019; Ye et al. 2019a). This observation is supported
by the present study, because winter-maturing seeds of
all three species exhibited lower germination percent-
ages than summer-maturing seeds. High temperature
regimes during seed maturation can induce gibberellic

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjb-
2019-0194.

Fig. 3. Germination percentage of Cenchrus ciliaris (A), Pennisetum divisum (B), and Panicum turgidum (C), under two temperature
regimes germinated in light (black columns) and dark (gray columns). Upper case letters denote significant differences
between photoperiods in each temperature regime, and lower case letters denote significant differences between incubation
temperatures within each photoperiod. All values presented are the mean ± SE; � = 0.01.

Fig. 4. Cumulative germination rate (%, mean of four replicates) of Cenchrus ciliaris (A), Pennisetum divisum (B), and Panicum
turgidum (C) collected in two seasons and germinated under two temperature regimes.

Fig. 5. Heatmap showing the effect of incubation temperature and seed harvesting time on germination parameters in
Cenchrus ciliaris, Pennisetum divisum, and Panicum turgidum seeds. Bars directed to the left indicate an decrease, and to the right
an increase, for seeds collected in December and germinated under a 20/30 ºC temperature regime. For the statistical analyses,
see the Supplementary data, Table S11.
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acid and reduce abscisic acid levels, which can act to-
gether to increase the mRNA levels for �-amylases and
hydrolytic enzymes and thus increase germination poten-
tial (Kendall et al. 2011; Savaedi et al. 2019). These findings
are similar to previous findings that desert seeds maturing
at warm temperature regimes exhibit lower dormancy
(Huang et al. 2016; Bhatt et al. 2018). Variation in photo-
period might also affect dormancy in these species, be-
cause day length varies with season. At the study site,
daylight varies from approximately 12.5 h in March to
May, to 10.8 h in October to December. Similar results
have been observed in other species such as Aegilops ovata
(Datta et al. 1972), Carrichtera annua (Zaady et al. 1997),
and Polypogon monspeliensis (Gutterman 2000). These re-
sults indicate that environmental and maternal condi-
tions during seed development and maturation have a
critical role in determining the dormancy status of seeds.
Seed maturation environment has been reported to have a
significant effect on the dormancy status of seeds (Baskin
and Baskin 2014). Dormancy level varied among species,
with highest dormancy in P. turgidum and lowest in P. divisum
irrespective of season. Previous studies also reported
that P. turgidum has a higher degree of innate dormancy
than C. ciliaris or P. divisum. These species have physiolog-
ical dormancy requiring one month to two years of dry
storage to overcome dormancy, depending on species
(El-Keblawy 2004, 2013; Parihar and Pathak 2006; Bhatt
and Santo 2018).

The present study demonstrates that optimum temper-
ature regimes for germination vary significantly among the
studied species and collection times. Seeds of P. divisum pre-
sented a higher germination percentage than the other
studied species. Summer-maturing P. divisum seeds showed a
germination percentage near 100%, whereas winter-maturing
seeds showed germination rates of about 80% and 50% in seed
incubated at 15/20 °C or 20/30 °C, respectively. Cenchrus ciliaris
showed a similar pattern to P. divisum, with summer-
maturing seeds germinating more than winter-maturing
seeds. Incubation temperature regimes affected seed ger-
mination. The germination rate of summer-maturing
C. ciliaris seeds incubated at 15/20 °C or 20/30 °C was 1.3-
fold higher than the winter-maturing seeds germinated
at the same temperature regime. The results for P. divi-
sum and C. ciliaris demonstrate that seeds could germi-
nate at any time when moisture conditions are favorable
for their germination and seedling establishment. Panicum
turgidum showed the lowest rate of seed germination of
all the studied species, and the incubation temperature
regimes did not show any significant effect on seed ger-
mination. Previous studies on temperature regimes dur-
ing germination of P. turgidum showed results that
corroborate those presented in this study, reporting that
P. turgidum germinated equally well in a wide range of
temperature regimes (Al-Khateeb 2006; Bhatt and Santo
2018). These results are in accordance with previous stud-
ies, where local climate of seed provenance has been

found to be an important factor and responsible for
changing the germination sensitivity to germination
temperature regimes (El-Keblawy et al. 2016, 2017). How-
ever, winter-maturing P. divisum seeds showed signifi-
cantly higher germination at lower temperature
regimes, but summer-maturing seeds showed no differ-
ence in germination percentage among the tested tem-
perature regimes. The lower temperature regimes for
germination of winter-maturing seeds may be an ecolog-
ical advantage because they may complete germination
more readily after maturation to take advantage of the
better conditions for seedling survival (Omar et al. 2007).

In the present study, P. divisum seeds germinated equally
well in light and dark treatments irrespective of collec-
tion season. Sand burial is common in deserts, thus a
neutral photoblasticity increases the chances of germi-
nation in the natural environment (Lai et al. 2016; Ye
et al. 2019a). However, the germination percentages of
C. ciliaris seeds under both incubation temperature re-
gimes expressed positive photoblasticity, while results
for P. turgidum were mixed but small. Rehabilitation
work therefore requires precautions to minimize the
burial of C. ciliaris seeds. The interseason variation in
seed mass, dormancy, and germination might be associ-
ated with differences in maternal environment. Predic-
tion of this factor would enable batch-specific seed
management.

The results from this study contrast those of another
desert halophyte Brachypodium hybridum (Elgabra et al.
2019). The final germination percentage of B. hybridum
was significantly greater at 15/25 °C and 20/30 °C than at
25/35 °C and in light rather than in darkness. Seeds that
reached maturity at 15/25 °C attained greater germina-
tion rates than those that reached maturity at 20/30 °C.
Lower germination percentage of winter-harvested seeds
of all the studied species could be attributed to lower
water availability, because these seeds faced more severe
temperatures during their formation and maturation,
which might hasten the natural dehydration process of
seed by changing integument structure and enhancing
its permeability (Clua and Gimenez 2004).

Conclusions
This study has demonstrated the use of heatmaps to

visualize the influence of treatments on seed germina-
tion parameters. Germination analysis, however accu-
rate, can often give rise to double interpretation, which
is easily identified by heatmaps. The adoption of this
technique in seed technology and ecophysiology could
provide a powerful tool to seed researchers.
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