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is influenced by the initial moisture content of the seeds
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Abstract

In seeds with impermeable coats, i.e., physical dormancy (PY), dormancy break may occur at room temperature during ex-
situ storage or when seeds experiencing similar conditions when buried in the soil. Here, we tested the influence of initial
seed moisture content and storage on dormancy break in the seeds of Adenanthera pavonina, Bauhinia racemosa, Cassia
fistula, Dodonaea viscosa, and Delonix regia. Drying results in most seeds of these species becoming water-impermeable.
We arbitrarily chose two moisture ranges, shallow (impermeable, high moisture content) and absolute (impermeable, low
moisture content) PY, and stored the seeds at room temperature for 8.5 years. The moisture content at which the permeable
to impermeable transition occurred and the range constituting shallow and absolute PY varied between species. Across
species, the shallow PY group had a significantly higher number of nondormant seeds at the end of storage, whereas the
absolute PY group did not show any germination, except c. 20% germination in A. pavonina and C. fistula. Thus, PY break in
seeds stored at room temperature may occur after several years, but this largely depends on the initial seed moisture content.
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Introduction specialized seed structure called a ‘water-gap’, e.g., the lens

in Fabaceae (Burrows et al. 2018; Geneve et al. 2018) or

The ability of seeds to develop an impermeable coat, i.e.,
physical dormancy (PY), has been known or inferred to
occur in species of many-but not all- genera belonging to
only 19 angiosperm families (Jaganathan 2022). The imper-
meable nature of the seed (or sometimes fruit) coat is due
to one or more layer(s) of palisade layers of macrosclereid
present in the coat, which restricts the entry of water to reach
the embryo, which is required for germination (Baskin et al.
2000; Rolston 1978). For PY seeds to germinate, an entry
pathway characterized by the irreversible opening of a small
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small plug adjacent to the hilum in the Sapindaceae (Turner
et al. 2009) is required for the water to enter and hydrate
the embryo. PY break may occur through a combination of
factors and is thought to be a two-step process (Baskin and
Baskin 2014; Taylor et al. 1991; Taylor 2005). Also, high
summer temperatures with diurnal fluctuation of 15-20 °C
prevalent on the soil surface in the tropics and Mediterra-
nean ecosystems are sufficient to break dormancy (Quinlivan
1966, 1961; Quinlivan and Millington 1962). Further, PY
break can also occur during erratic ecological events such
as fire (Jaganathan 2015) or passage through the animal gut
when herbivores ingest the seeds and the hydrochloric acid
environment in the intestine erodes the coat (Jaganathan
et al. 2016).

Under empirical conditions, PY can be broken after dip-
ping the seeds in boiling water for a few seconds, dry heat,
scarification, radiation, and liquid nitrogen exposure (Baskin
and Baskin 2014). It has been demonstrated that PY seeds
stored at room temperature also break dormancy, but the
proportion of seeds breaking dormancy varies significantly.
For instance, depending on the species, anywhere between
Oxand 100% of the impermeable seeds become permeable
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to water during storage at room temperature within a few
years (Egley 1979; Meisert 2002; Morrision et al. 1992;
Cavanagh 1987; Galindez et al. 2010). Seed traits such
as size (Liyanage and Ooi 2018; Rodrigues-Junior et al.
2018a) and coat thickness (Richard et al. 2018; Venier
et al. 2012) have been linked to PY alleviation. Rodrigues-
Junior et al. (2018b) examined these factors using Senna
multijuga and found that large-sized seeds break dormancy
relatively quickly compared to their small-sized counter-
parts, presumably due to the variation in potential internal
pressure. The explanation that seed size and coat thickness
variation are the likely factors behind the variation during
dormancy break has some limitations. Given that these
traits are affected by the maternal environment, selecting an
arbitrary threshold cut-off point to separate large and small-
sized seeds or thick and thin coats could be an artifact. Thus,
despite the surge of studies offering novel insights into the
PY-breaking mechanisms, there is no unequivocal answer to
why only a proportion of impermeable seeds become per-
meable following a specific dormancy-breaking treatment.

A tight relationship exists between moisture content
and the development of impermeability (Jaganathan 2016,
2022). Although the critical moisture content at which the
seeds become impermeable varies between species and fami-
lies, thus species-specific, this range occurs predominantly
between 15 and 8% moisture content on a fresh weight basis
(Mai-Hong et al. 2003; Ellis and Roberts 1982; Geneve
2009; Hyde 1954; Gladstones 1958; Jaganathan et al. 2017a,
2019; Hay et al. 2010). Furthermore, in several Fabaceae,
the seed coat becomes impermeable when dried to a critical
moisture content. However, the hilum remains open, and
acts as a ‘one-way hygroscopic valve’, which allows the loss
of water from internal tissues to the external environment
under a low relative humidity environment, but when the
seed is dried to lower moisture levels, the hilum closes leav-
ing the seeds sealed permanently until the water gap opens
and facilitates water entry (Hyde 1954; Rangaswamy and
Nandakumar 1985).

Jaganathan (2016) proposed that depending on the mois-
ture content attained by the seeds during development and
post-dispersal conditions, two levels of PY could exist,
namely (i) shallow PY, wherein seeds have higher moisture
content and possibly reverse to a permeable state when RH
increases the moisture content of the seeds; and (ii) abso-
lute PY, where seeds are in a completely dry state with low
moisture content and reversal is impossible, regardless of
the external RH. Plausibly, the requirements for dormancy
break vary between shallow and absolute PY. For example,
in Lupinus varius, seeds with moisture content above 10%
became permeable in moist soil, but the drier counterparts
with c. 8% moisture content required seasonal temperature
fluctuations to break dormancy (Quinlivan 1968). More
recently, Tangney et al. (2019) also found that the drier
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seeds tolerate much higher temperatures than those with
high moisture content, indicating that the moisture content
controls dormancy break. Seeds persisting in the soil seed
banks may dry to different moisture content, and therefore,
the dormancy-breaking requirement might change based on
the moisture content at the time of dormancy break (Magal-
haes et al. 2021; Jaganathan 2022). Further, seeds buried
deep in the soil may experience constant temperature at dif-
ferent moisture levels, which would be a critical factor dur-
ing dormancy break.

We hypothesized that seeds with high vs. low initial
moisture content follow a different pattern of dormancy loss
when stored at room temperature, which is similar to the
conditions experienced by seeds under ecological conditions
when buried at 3-5 cm depths. This hypothesis was tested in
seeds of four Fabaceae and one Sapindaceae species. More
specifically, our explicit aims of this study were to under-
stand (1) the critical moisture content of the seeds at which
impermeability is induced; (2) if seeds dried to different
moisture levels have shallow and absolute PY; and (3) what
are the effects of room temperature storage on dormancy
break of seeds with shallow vs. absolute PY.

Materials and methods
Seed materials

Pods of Adenanthera pavonina, Bauhinia racemosa, Cassia
fistula, Dodonaea viscosa, and Delonix regia were directly
collected from plants in the Western Ghats in Coimbatore,
Tamil Nadu, India (11° 100N, 76° 740E) between Janu-
ary and June of 2014. Before collection, plastic film was
spread on the ground under the tree to ensure that only pods
attached to the trees at the time of shaking were collected.
For B. racemosa, C. fistula, and D. viscosa, collections were
made from 23 trees within 11 km radius, but for D. regia,
pods were collected from 41 trees with a maximum collec-
tion site spanning 82 km. Pods of A. pavonina were col-
lected from 18 trees from one standing population within
a 4 km radius. The pods were gently opened with a scalpel
or struck gently against a wooden table and then opened by
hand to collect seeds. To minimize changes to physiological
maturity, the seeds of each species were cleaned, visually
inspected, pooled into one lot, and used in the experiments
immediately. Seeds were stored in closed plastic containers
under ambient conditions (25-28 °C, 50-60% RH) for three
days before long-term storage experiments began.

Moisture content and imbibition

We used the standard oven drying method at 103 °C for
17 h for moisture content measurement and expressed the



Plant Ecology (2024) 225:491-497

493

final results on a fresh weight basis (ISTA 2009, 2023).
Three replicates of 25 seeds were used for each species.
Imbibition tests were conducted on 90 mm Petri dishes
containing Whatman no. 1 filter paper moistened with dis-
tilled water for 35 days. For each species, four replicates of
25 seeds were incubated at 20/25 °C with 40 pm m2s,
400-700 nm, cool white fluorescent light provided for 12 h
during the warm phase of the cycle. Seeds germinating
during the imbibition test were removed from the Petri
dishes, and water was added whenever the filter paper
began to dry. Germination following other treatments was
conducted by placing seeds on 90 mm Petri dishes contain-
ing Whatman no. 1 filter paper moistened with distilled
water. Germination tests were terminated after 35 days or
when all the seeds had germinated. A seed was considered
to be germinated if the radicle emerged to 2 mm.

Drying of seeds

Preliminary experiments were conducted on fresh seeds to
determine the drying duration required to decrease seed
moisture levels (data not shown). Based on these results,
fresh seeds were dried above silica gel in a ratio of 1:3 for
12, 24, 48, and 96 h in separate airtight containers. For
drying, batches of seeds were placed in airtight plastic
containers held above the silica gel. At the end of each
drying period, four replicates of 25 seeds were tested for
imbibition, and three replicates of 15 seeds were tested for
moisture content. Seeds that remained impermeable for
55 days were mechanically scarified and placed on moist
filter paper for 30 days to observe imbibition and germi-
nation. Three hundred seeds of each species were dried
for 12 or 24 h to represent a shallow dormant state (group
I), and another group containing 300 seeds per species
was dried for 96 h, which is in an absolute dormant state
(group II). Throughout, we refer to the fresh, nontreated
seeds as the control..

Room temperature storage

Impermeable seeds with different moisture contents (groups
I and II) were stored at room temperature in plastic trays (not
airtight) for 8.5 years. In November 2022, 245 seeds from
groups I and II per species were retrieved to test the moisture
content and imbibition. Our earlier studies indicated that
seeds do not dry further because of high RH maintaining
equilibrium moisture content. Four replicates of 50 seeds
from each group were used for imbibition/germination, and
three replicates of 45 seeds were used for moisture content
determination. Seeds that did not absorb water for 55 days
were mechanically scarified and tested for imbibition.

Statistical analysis

The data were explored for violation of assumptions (nor-
mality, heterogeneity, independence, sphericity, interac-
tions) prior to analysis. Data were analysed in Rstudio (R
Core Team 2022) by fitting response variables (moisture
content, germination) to a linear mixed-effects model with
an appropriate link (Gaussian, binomial) with predictors
(legume, absolute and shallow dormancy) as fixed effects
and block as a random effect in package Ime4 (Bates et al.
2014). All models were evaluated through visual assess-
ment of the residuals, and Akaike information criterion
(AIC) were used for model selection. Paired comparisons
between treatments were estimated using the Tukey method
for p value adjustment, and the degrees of freedom method
used was Kenward-Roger (Hu and Spilke 2009; Lenth et al.
2019). Estimated marginal means and significance letters
were extracted from the models using package emmeans
(Lenth et al. 2019).

Results and discussion

The average 100 seed mass ranged between 0.2 g in D. vis-
cosa and 30.3 g in A. pavonina. The moisture content of the
seeds at the time of collection varied significantly between
species. Cassia fistula had 12.65% moisture content, but the
moisture content of the other four species was less than 10%
(Fig. 1). None of the D. viscosa control seeds germinated
when tested for germination, but 50% of C. fistula seeds
imbibed and germinated within 30 days. Seeds of D. regia,
A. pavonina and B. racemosa had 8, 12 and 13% germina-
tion, respectively. We conclude that the high moisture con-
tent (12.65%) and 50% germination of C. fistula seeds at
the time of collection indicates that the seeds had not dried
enough to develop impermeability. On the contrary, the rela-
tively low seed moisture content of the other four species
was correlated with their impermeability and low germina-
tion percentage. In the non-germinated seeds, there was no
evidence of water absorption as determined by weighing
seeds and comparing the mass of control seeds with that of
seeds of moist filter paper for 30 days (data not shown). This
confirms the presence of PY in the seeds of these species and
PY in some of the species had been reported in earlier stud-
ies conducted (Jaganathan and Liu 2014, 2015; Jaganathan
et al. 2017b, 2018). As such, these results agree with the
previous findings available on Fabaceae (Hay et al. 2010),
Geraniaceae (Gama-Arachchige et al. 2011) and Nelum-
bonaceae (Jaganathan et al. 2017a) that moisture content
plays a significant role in the development of PY. However,
similar results are not available for Sapindaceae to compare
the results. Yet, we presume that the moisture content of D.
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Adenanthera pavonina Bauhinia racemosa

Fig. 1 The moisture content of Adenanthera pavonina, Bauhinia rac-
emosa, Cassia fistula, Delonix regia, and Dodonaea viscosa, control,
shallow, and absolute PY seeds. The error bars represent the standard

viscosa (71.4%) was low enough to promote the development
of water-impermeability.

The moisture content declined rapidly when control seeds
were dried in silica gel. Such a decline in moisture content
during drying above silica gel is a common phenomenon for
PY species and other species that do not produce PY (Chris-
tiansen and Moore 1959; Jayasuriya et al. 2007; Jaganathan
et al. 2019; Baskin and Baskin 2014; Roberts 1973). We
chose the moisture range at which all seeds become imper-
meable as shallow PY and at least 2% lower moisture content
range as absolute PY (Fig. 1). Thus, control seeds for all spe-
cies had higher moisture content than absolute and shallow
PY. Further, all absolute PY seeds had significantly lower
moisture content than shallow PY seeds from all species.
Seeds of all five species became 100% impermeable when
dried to shallow MC range. This result further supports the
assertion that seed-to-seed variation might have existed at
the time of collection, leading to a few seeds being perme-
able to water while others were impermeable. When dried,
the latter group also became impermeable. A decline in the
germination percent of species producing impermeable seed
coats during drying was reported before (Heatherly et al.
1995; Hay et al. 2010). To prove that seeds were imperme-
able and not dead, we subjected both shallow and absolute
PY groups of all species to mechanical scarification, which
resulted in 98-100% germination across species (data not
shown), indicating that the seeds were viable.

Across species, the shallow PY group broke dormancy
more than the absolute PY counterpart after 8.5 years of
storage (Fig. 2). In particular, 73% of C. fistula seeds from
shallow PY became permeable, but only 14% of the absolute
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deviation of the mean. Different lowercase letters represent the mois-
ture content differed significantly between treatments (P >0.05)

PY group germinated when retrieved after 8.5 years at room
temperature (df=24; t ratio=—8.18; P <0.001). Similarly,
63% and 14% of shallow and absolute A. pavonina seeds
became permeable when tested after 8.5 years, respectively
(df=24; tratio=—7.03; P <0.001). In contrast, the absolute
PY group of D. regia did not break dormancy even after
8.5 years of storage at room temperature, although the shal-
low group had 11% of the seeds imbibing water (P> NS;
Fig. 2). Likewise, the percentage of D. viscosa seeds becom-
ing nondormant significantly differed between shallow and
absolute groups (stored for 8.5 years) but remained less
than 25% (df=24; t ratio=—2.95; P < 0.05). Previous stud-
ies conducted on room temperature storage of PY species
also showed only a small proportion of seeds came out of
dormancy, but this depends mainly on the duration of stor-
age. For example, 60% of Mimosa foliolos a germinated
after 13 years of storage at room temperature (Nativel et al.
2015), but four years at 15 °C and 15% RH was sufficient
for seeds of Collaea argentina to reach 60% germination
(Galindez et al. 2010). Morrison et al. (1992) showed that
several Fabaceae species maintained PY during 3.5 years of
laboratory storage, with a few species showing an increase
in the number of seeds with impermeable coats at the end
of storage. We presume a seed lot would have a mixture of
shallow and absolute PY, and most shallow PY seeds would
become nondormant after a few years. Thus, the proportion
of dormancy break depends also on initial moisture content.

The ideal dormancy-breaking conditions in species
with PY is understood to be a two-step process (Taylor
2005; Jayasuriya et al. 2009). Firstly, specific environmen-
tal cues, including constant or fluctuating temperatures
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Fig.2 Germination percentage of Adenanthera pavonina, Bauhinia
racemosa, Cassia fistula, Delonix regia, and Dodonaea viscosa shal-
low and absolute PY seeds before and after 8.5 years of storage at

depending on the species, make seeds sensitive to dor-
mancy break, then a second step involves a set of differ-
ent constant or fluctuating temperatures which ruptures
the water gap, thus making the seeds water permeable
(Gama-Arachchige et al. 2012; Geneve et al. 2018). Dor-
mancy break occurring after a particular seasonal tem-
perature increases species fitness because the germina-
tion is synchronized with the growing season (Jayasuriya
et al. 2008; Jaganathan and Liu 2014; Jaganathan et al.
2017b; Jaganathan 2022; Van Assche et al. 2003). When
PY is broken after other ecological cues (e.g., fire) the
optimal germination conditions may not occur immedi-
ately. Yet, dormancy-broken seeds readily survive the
post-dormancy-breaking environment and transition into
seedlings once the soil conditions support germination
and emergence. However, seeds buried at depths may not
experience temperature fluctuations or high temperatures
during the fire, similar to those on the soil surface. These
seeds experience constant temperature close to the room
temperature tested here because the soil is a good insula-
tor of heat; at soil depths > 5 cm, the temperature remains
constant between 20 and 30 °C (Taylor 1984; Silva Dias
et al. 2019; Liyanage and Ooi 2017). Based on the results
of the present study, we propose that such temperature may
break dormancy in a very small proportion of PY seeds.
Seeds stored at depths and retrieved by animals or tillage
to the surface may have a higher number of seeds released
from dormancy cf. non-stored/fresh seeds, similar to those

Species

room temperature. The error bars represent the standard deviation of
the mean. Different lowercase letters represent the moisture content
differed significantly between treatments (P> 0.05)

described in several legumes in Western Australia (Har-
rison et al. 2021).

Jaganathan and Harrison (2023) proposed a strong rela-
tionship between temperature and duration for PY break
and hypothesized that the moisture content might influence
this relationship. Their model suggested that increasing
temperature decreases the duration required to break dor-
mancy. Thus, the seeds may need up to several years at room
temperature to allow dormancy break, but seeds will only
need a few months of a higher temperature, c. 40-60 °C to
precondition, followed by a few months of a certain tem-
perature range to open the water gap. However, dormancy
break occurs in a few seconds when seeds experience high
temperatures resulting from fire. We found that a long time
is required for a PY break to occur at room temperature.
In particular, only a proportion of seeds held at room tem-
perature germinated after 8.5 years, and the initial moisture
content significantly affected the percentage of seeds com-
ing out of dormancy. We presume seeds buried at depths of
c. 5 cm experience a constant temperature and break dor-
mancy in a small proportion. The successful germination
and seedling establishment depend on water availability and
post-dormancy-breaking conditions. However, our study did
not shed any light on how dormancy break occurs in seeds
stored at room temperature. Most dormancy-breaking cues
open the ‘water gap’ in PY species. However, the passage
of seeds through the animal gut may have cracks in the seed
coat due to acid scarification. While we speculate that PY is
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broken in seeds held at room temperature via the opening of
the water gap, further confirmatory studies using scanning
electron microscopy and dye tracking are needed.
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