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Abstract. In species with seeds losing viability shortly after dispersal and exhibiting inherently low
germination, quick decisions are required with respect to seeds that should be selected to maximize
germination success and vigorous growth of seedlings. In ‘hollong’ (Dipterocarpus macrocarpus
Vesque), I address the following questions: (a) are seeds that germinate randomly distributed within
a seed population, (b) are subpopulations of viable and non-viable seeds separable, (c) does seed
size predict which seeds germinate and (d) does seed size predict time required for germination and
seedling vigour? Two estimators of seed size, diameter and weight, demonstrated a significant
positive linear relationship endorsing assumption that accumulation of mass increases with increase
in diameter of seeds. A threshold for selection of potential seeds for germination could not be
derived from diameter measurements since seeds in an entire range of diameter did or did not
germinate. All seeds <l1 g did not germinate, but this threshold lies at the far lower end of the
weight range and allows rejection of only a few seeds and acceptance of many seeds that will not
germinate. A risk of potential seeds being rejected or non-viable seeds being picked exists if
selection was derived from either diameter or weight. However, viable seeds could be better pre-
dicted from a scatter-plot of diameter on x-axis and weight on y-axis. Seeds showed a fan-shaped
scatter and those developing the lower blade of the fan did not germinate while those following the
handle were successful. Hence, two subpopulations segregated, but with a fuzzy edge. Mean
diameter and mean weight of germinated seeds were significantly greater than those of ungermi-
nated seeds. Most ungerminated seeds were those that had relatively smaller weight compared to
their diameter. Although some large diameter seeds with small weight did germinate, but failed to
develop into seedlings. Germination time and seedling vigour parameters (height, leaf number and
collar diameter) were correlated both with diameter and weight. However, weight appears to have
mattered more than diameter in germination success and early seedling growth.

Introduction

Natural regeneration of ‘hollong’ (Dipterocarpus macrocarpus Vesque) is
abundant in proximity of seed-bearing trees and scarce in openings. Regen-
eration success is reduced by pre- and post-dispersal pest attack and explicit
microsite requirements for germination and growth (Troup 1980). Weevils,
especially Alcides craessus attack fruits to reduce germination percentage
heavily (Troup 1980). Wild boars, barking deer, hog deer, sambar, and
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mongoose damage seeds a great deal. Hollong, a fire-adapted species, prefers
mineral soil (rich sandy loam), cannot tolerate waterlogging and grows best on
high tablelands and well-drained slopes. Hollong is shade loving in early stages
of growth, but requires ample light for gregarious growth after it surpasses
lower canopy (Rajkhowa 1960a). If seeds disperse to well-lit microsites not
only light but also grasses, weeds and bamboo brakes impede germination and
early seedling growth. On the other hand, if seeds disperse near or under the
parent canopy, competitive conspecific or associate species’ environment with
the low light suppresses young established poles. Although natural mortality of
established young individuals of hollong is negligible, climbers such as Derris
oblonga, Tapiria hirsute and Mezoneurum cucullatum suffocate and kill hollong
saplings and poles (Rajkhowa 1961). Hence, for flourishing germination and
establishment, hollong seeds must disperse somewhat away from the parent,
but arrive in shady, well-drained and bare microsites with no or little herba-
ceous growth. The end-result of dispersal of winged fruits of hollong is a trade-
off between gravity and wind current. Gravity directs vertical movement of
heavy-weighted fruits to the forest floor. However, large wings aid horizontal
movement to farther distances depending upon the wind current during the
event of dispersal.

Natural regeneration of hollong has been a subject of field study for over
seven decades (Sen Gupta 1939; Srinivasan 1956; Mohan Lal 1960; Rajkhowa
1960a,b, 1961; Seth and Dabral 1960a,b; Vincent 1961; Roy and Kalyan Naha
1967; Troup 1980). Systematic tending is known to have encouraged regener-
ation of hollong. In Lakhimpur Forest Division in Assam, enhanced regen-
eration was noted after retention of natural seedlings, exclusion of weeds,
felling or girdling of inferior trees and manipulation of lower canopy with
progression of regeneration (Seth and Dabral 1960a).

During approximately 1900-1970, massive selection felling of hollong oc-
curred for veneer, railway sleepers, and electric and telecommunication poles
(Srinivasan 1956; Troup 1980). Most often during 1970 and 1996, i.e., until the
Supreme Court of India enforced a blanket ban on clearfelling in northeastern
region of India, selection-felling rules were overlooked and clear felling was
done. Reforestation of cleared lands was a challenge to the silviculturists.
Raising seedlings in nurseries requires minimizing costs (energy and money) by
selection of seeds that germinate and establish healthy seedlings. However, no
such attempt has been made. In this study, I address the following questions:
(a) are seeds that germinate randomly distributed within a seed population, (b)
are subpopulations of seeds that will germinate and will not germinate sepa-
rable, (c) does seed size predict the seeds that germinate, and (d) does seed size
predict time required for germination and seedling vigour? The results have
implication in reforestation programmes of species with large variation in seed
size, short viability after dispersal and inherently low germination, such as
hollong that require quick selection of seeds that would give rise to vigorous
seedlings to curtail investment in sowing seeds not expected to germinate and
establish seedlings.
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Figure 1. (a) Geographical distribution of hollong in Indian sub-continent. (b) A flowering twig of
hollong. (c) A mature fruit of hollong with two calyx lobes developed into wings and three
undeveloped lobes.
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Materials and methods
Fruit collection

Fruits were collected from the Proposed Deomali Elephant Reserve (PDER), a
celebrated home of hollong. PDER (95°10"-95°40E longitude, 26°55—-27°15'N
latitude) is located at the tri-junction of the States of Arunachal Pradesh,
Assam and Nagaland (Figure 1). Ripe fruits of hollong falling early in spring
were collected from the forest floor on March 08, 2002. Two hundred fruits
were collected, sealed in polythene bags and transported to the laboratory. The
persistent calyx was excised at the pericarp level. When necessary the pedicel
was excised too. Henceforth, excised fruits shall be referred to as ‘seeds’.

Seed germination and seedling growth

Fresh seeds were measured for diameter using a calliper to 0.1 mm precision
and weight using a Sartorius digital balance to 1 mg precision. Measured seeds
were labelled and stored in a paper bag until sowing. Seeds were sown without
any nutrition supplement in polythene bags on March 11, 2002. Polythene bags
(16 cm diameter, 22 cm length, with drainage holes) were filled with a mixture
of lateritic loam and sand (1:1 ratio), placed in a nursery shade house, watered
regularly and examined daily for germination. Since germination is hypogeous,
confounding effects of cotyledonary photosynthesis on early growth of seed-
lings are minimal.

Seeds were considered germinated as early as the radicle emerged on the soil
surface (Figure 2a and b). The time between germination and development of
first pair of leaves was recorded as ‘leaf emergence time’ (Figure 2c and d).
Germination ceased 66 days after sowing. Ungerminated seeds were retrieved
to confirm death. Shoot height, root collar diameter and leaf number were
measured (Figure 2¢). Shoot height was measured between the shoot tip and
placental joint. Collar diameter was measured just above the placental joint.
Growth of all surviving seedlings was measured on two occasions, namely, on
August 12, 2002 marking the growth that had occurred during the wet summer
and on November 11, 2002 marking the growth that had occurred during
autumn. One of the seeds produced two seedlings (Figure 2f), but was
discarded from the analyses.

Data analyses

Quantitative analyses are based on seed size measured as diameter and weight.
Seeds were classified in three diameter classes: small (<3 cm), intermediate (=3
to <3.5 cm) and large (23.5 cm) (diameter ranged between 2.53 and 4.06 cm).
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Figure 2. Images depicting stages of seed germination and early seedling growth of hollong. (a)
An excised seed showing emergence of radicle. (b) Geotropic movement of radicle. (c) Emergence of
plumule. (d) First pair of cotyledonary leaves flushing. (¢) A complete seedling still receiving
nourishment from reserves in the seed. (f) An aberration with emergence of two seedlings from a
single seed.

Similarly, seeds were classified in three weight classes: light (<17 g), interme-
diate (217 to <27 g) and heavy (=27 g) (weight ranged between 6.86 and
37.74 g).

The population of observations on diameter and weight were tested for
normality by plotting observed and expected frequency distributions followed
by Kolmogorov—Smirnov (K-S) test (StatSoft Inc. 1995). The variability of
mean values of seed size and seedling growth parameters is represented as
standard deviation (Zar 1984). The differences between group means were
detected by one-way analysis of variance (ANOVA) followed by post hoc pair
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wise multiple comparisons called as Fisher’s Least-Significant-Difference
(LSD) test. Simple or multivariate linear regression models were fitted to seed
size (diameter and weight) and seedling growth (height, collar diameter and leaf
number) parameters.

Seed germination percentage was calculated. The time required between
sowing and emergence of radicle from the soil surface was considered as
‘germination time’. The time spent between radicle emergence and sprouting of
first pair of leaves was considered as ‘leaf emergence time’. Two tailed z statistic
(Hoshmand 1998) was used to determine differences in germination percentages
between two samples and probabilities calculated following StatSoft Inc. (1995).

Results
Seed population and variation in seed size

Of 200 hollong seeds collected from the forest floor, 10 ‘hollow’ seeds (devoid
of cotyledonary mass) were rejected and 190 ‘filled’ seeds (containing cotyle-
donary mass) were measured for diameter and weight. The populations of
diameter and weight measurements followed normal distribution (Figure 3).
Diameter of all 190 sown seeds ranged between 2.53 cm and 4.06 cm and
averaged 3.24 + 0.30 cm. Seed weight ranged between 6.86 and 37.74 g and
averaged 18.84 + 6.63 g.

It is generally assumed that a seed will have an increasingly greater weight
with an increase in its diameter. This is expected to result, as in hollong, in a
significant positive linear relationship (n = 190, r = 0.687, Table 1) between
diameter and weight (Figure 4a). The relationship gets stronger if only seeds
that germinated were considered (n = 92, r = 0.869, Table 1), and seeds that
did not germinate (n = 98, r = 0.564, Table 1) were discarded (Figure 4b).
Often, ungerminated seeds exhibit large diameter but small weight. Mean
diameter of 98 ungerminated seeds (3.19 £ 0.28 cm) was lower than that of 92
germinated seeds (3.29 + 0.31 cm) and the difference in means was statistically
significant (df = 1, F = 5.38, p < 0.021). Similarly, mean weight of unger-
minated seeds (15.43 + 5.69 g) was far lower than that of germinated seeds
(22.47 + 5.56 g) and the difference in means was highly significant (df = 1,
F = 7448, p <0.000).

The scatter plot of seed diameter (x-axis) and weight (y-axis) was fan-shaped
(Figure 4a). Germinated and ungerminated seeds segregated spatially into two
distinct populations (Figure 4b). However, edges of two populations were
fuzzy, partly overlapping. Ungerminated seeds were mostly distributed toward
the lower end of y-axis.

Only 69 out of 92 germinated seeds grew into seedlings. If seeds that died
after germination are excluded, the positive linear relationship between
diameter and weight (Figure 4c¢) gets further stronger (n = 69, r = 0.930,
Table 1). Seeds that died after germination did not exhibit a significant
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Figure 3. Frequency distribution of seeds: (a) diameter. (b) weight measurements of hollong
seeds. The observed distribution (bar) was fitted to an expected normal distribution (curve). For
seed diameter, skewness was 0.024, kurtosis was —0.457 and K-S test yielded d = 0.057 at
p > 0.20. For seed weight, skewness was 0.324, kurtosis was —0.363 and K-S test yielded
d = 0.050 at p > 0.20.

relationship between diameter and weight (n = 23, r = 0.292, Table 1).
However, mean diameter of seeds died-after-germination (3.33 £+ 0.29 cm) was
comparable with grew-to-seedlings seeds (3.27 &+ 0.31 cm) with an insignificant
difference between means (df = 1, F = 0.599, p < 0.441). Similarly, mean
weight of seeds died-after-germination (21.27 &+ 5.00 g) was also at par with
grew-to-seedlings seeds (22.88 + 5.72 g) with an insignificant difference
between means (df = 1, F = 1.436, p < 0.234).

Seed germination

Germination is hypogeous (Figure 2). The radicle emerges from the crown of
the seed (nut) and curves downwards (Figure 2a and b). The cotyledons take
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Figure 4. Regression models. (a) A fan-shaped scatter of seed diameter and weight measurements
with linear regression function. (b) Marked germinated (solid circle) and ungerminated seeds (cross)
in scatter with separate regression functions. (c) Marked germinated and grew-to-seedlings (solid
circle) and ungerminated seeds (hollow circle) in scatter with separate regression functions. (d)
Negative linear relationship between seed diameter and germination time. (¢) Negative linear
relationship between seed weight and germination time.
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up moisture, expand and push the plumule upward (Figure 2c and d). The
fleshy cotyledons dwell underground within the pericarp and testa to nourish
the seedling. After the seedling grows upright with the first pair of leaves
conducting photosynthesis, cotyledons detach from the seedling.

Germination started on day-13 and ceased by day-66. Thus, viability of
hollong seeds in soil lasted longer than is often assumed, i.e., as much as
9 weeks. Mean germination time was 36.6 days and median 35 days. Germi-
nation time declined with increase in seed diameter (Figure 4d) and weight
(Figure 4e). Germination time declined from 48.3 days for small to 35.4 days
for intermediate to 30.6 days for large seeds (Table 2). Similarly, germination
time decreased from 46.1 for light to 37.4 days for intermediate to 27.6 days
for heavy seeds (Table 2).

Overall, germination was 48.4%. Germination increased from 39.1% for
small to 46.6% to intermediate to 63.4% for large seeds (Table 2). Similarly,
germination increased from 19.7% for light to 62.9% for intermediate to
84.0% for heavy seeds (Table 2).

Seedling survival and growth

Survival of germinated seeds was 75%. Survival increased from 60% for light
to 76.8% for intermediate to 80.9% for heavy seeds (Table 2). Survival
increased significantly from 72.2% for small to 81.3% for intermediate, but did
not differ with 65.4% for large seeds (Table 2).

Seedlings resulting from large diameter seeds achieved significantly more
vigour than seedlings from intermediate and small diameter seeds (Table 2).
Similarly, seedlings resulting from heavy-weight seeds achieved significantly
more vigour than seedlings from intermediate and light-weight seeds (Table 2).
The difference in seedling vigour between small and intermediate diameter
classes and light and intermediate weight classes was insignificant. Seed diam-
eter and seed weight were positively correlated with leaf number, collar diameter
and seedling height when measured 154 and 245 days after sowing (Table 1).
Also, seed diameter and seed weight showed positive correlations with a com-
bination of leaf number, collar diameter and seedling height (Table 1). The
differences in seedling vigour within 3 classes of seed diameter or weight were
more pronounced after autumn growth than after wet summer growth, as
indicated by greater F values obtained from ANOVA (Table 2).

Discussion

Seeds, after dispersal from the parent tree, deposit on the forest floor to con-
stitute a seed bank. A large number of seedlings can carpet the ground of rain
forests shortly after seed dispersal (Barnard 1956; Richards 1957; Whitmore
1975). Seed size is an important life history trait influencing regeneration
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success (Gross 1984; Howe et al. 1985; Tripathi and Khan 1990; Paz et al.
1999; Turnbull et al. 1999). Seed size varies many-fold within a species
necessitating segregation of seeds that would and would not germinate and
establish seedlings. In this study, hollong seeds varied more than five fold in
weight and less than two fold in diameter. Nahor (M. ferrea), a large-seeded
species and canopy associate of hollong also varies seed weight by six and
diameter by less than two fold (Khan et al. 1999). A plausible explanation for
variation in seed weight is the ability of the species to establish in a mosaic of
microsites with different physical and biotic conditions, thus broadening its
regeneration niche (Grubb 1977; McGinley et al. 1987). Variation in seed size
is also known to help seeds escape predation (Garrison and Augspurger 1983;
Uma Shaanker et al. 1988).

Assumption that seed weight increases with its diameter was true in hollong
as seed weight showed a positive linear relationship with diameter. The
populations of seed diameter and weight measurements were normally dis-
tributed and made a good case for statistical analyses (Figure 3). If a threshold
of seed weight for germination were to be deduced, all seeds <11 g did not
germinate. Nonetheless, this as a threshold lies at far lower end of the weight
range of 6.8 and 37.7 g and allows rejection of only a few seeds and acceptance
of many seeds that will not germinate. Determining a threshold for seed
diameter was difficult since seeds in entire range of diameter did not germinate.
However, x—y scatter plot showed an interesting fan-like shape of diameter-
weight relationship of 190 seed measurements (Figure 4a). Seeds developing
the lower blade of the fan failed to germinate and if germinated, failed to
establish seedlings. Seeds that followed the handle of the fan germinated and
established seedlings (Figure 4b). The non-random, fan-shaped scatter of seeds
resulted in abundance of seeds in the lower-left quarter of the x—y plot. Such a
fan-shaped scatter may be a common feature in tropical species, and needs
examination.

Germinated and ungerminated seeds can be distinguished in separate clumps
in x—y scatter plot. However, edges are fuzzy, partly overlapping. The scatter
plot does not suggest a precise threshold of seed diameter or weight required
for successful germination and seedling establishment. Seeds that had a rela-
tively smaller weight compared to their diameter and were in the lower-left
quarter of x—y plot were largely unsuccessful.

Although the relationship between diameter and weight was significant for
all seeds sown, it became stronger for seeds that germinated and further
stronger for seeds that germinated and established seedlings. This means the
seeds that lay close to regression line make potential candidates for raising
seedlings. Such seeds can be predicted before sowing from x—y scatter of
diameter and weight measurements. Seeds that died after germination did not
show a significant relationship between diameter and weight. If seeds were
selected based on either diameter or weight deciding an arbitrary threshold
(cut-off) line, percentage of successful seeds will be lower than if seeds were
selected based on a confidence interval of the regression line between diameter
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and weight. A risk of potential seeds being rejected and unlikely seeds being
picked declines if selection was derived from both diameter or weight.

Seed germination in hollong was ‘rapid’, i.e., within 12 weeks, as per the
definition of Ng (1978). The minimum time required for commencement of
germination was 13 days after sowing, well in conformity with that suggested
earlier (Sen Gupta 1939; De 1940). However, germination lasted 66 days and
this was far longer than assumed. Mean germination time was 36.6 days and
very close to the median value of 35 days, signifying that seeds do not con-
centrate around a preferred germination time. Large diameter or heavy seeds
germinated faster than small diameter or light seeds. Hollong by shedding fruits
in spring when temperature has risen and pre-monsoon showers afforded ade-
quate moisture in soil seems to take advantage of large amounts of food reserves
to produce vigorous seedlings. This is contradictory to an associate species,
nahor wherein seeds disperse in autumn and heavy seeds germinate after elapse
of winter though light seeds may germinate early (Khan et al. 1999).

Seed germination success was 48%, but only 37% of seeds could establish
seedlings. Large diameter and heavy seeds showed greater germination per-
centage than small diameter and light seeds. A similar trend has been observed
in large-seeded species such as Quercus spp. (Tripathi and Khan 1990), Quercus
semiserrata (Khan and Uma Shankar 2001) and M. ferrea (Khan et al. 1999).
Large seeds of shade-tolerant species are of adaptive value because they con-
tain relatively large amounts of food reserves that can be used for seedling
establishment in dim light on the forest floor (Foster 1986). Sen Gupta (1939)
found hollong germination between 28% and 50% and accredited ungermi-
nated seeds as unsound. Sen Gupta (1939) also found germination better under
shade than in open.

Survival after germination was as good as 75% and did not vary significantly
among three seed diameter and weight classes. Sen Gupta (1939) emphasized
that survival of hollong is very high if seedlings do not suffer physical damage
and pest attack. Rajkhowa (1961) concluded that mortality of hollong seed-
lings and saplings is very low and practically negligible once they attain a
height of 2 m. The high percentage of survival in hollong is in tune with about
95% survival in nahor (Uma Shankar, personal observation). Seed size, both in
terms of diameter and weight, did influence seedling vigour that was signifi-
cantly greater for seedlings from large diameter and heavy seeds than for those
from intermediate and small classes. As seedlings grew, these differences
amplified. Nine months after seed sowing, mean seedling height was 19 cm,
collar diameter 5.2 mm and leaf number 5.7 seedling™'. Sen Gupta (1939) from
Lakhimpur reported hollong’s seedling height as 37 cm after 1-year and
100-120 cm after 2-year growth in a managed plantation. In Jeypore division,
mean height respectively, was 30 and 105 cm. The present study was conducted
at a relatively higher elevation (1400 m) and cooler climate of NEHU Campus,
Shillong (about 3 °C lesser mean temperature) in comparison to lower elevation
(<1000 m) and warmer climate of Proposed Deomali Elephant Reserve
(PDER) wherefrom seeds were collected. Hence, a caveat must be exercised in
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interpreting results of this study, especially in making comparisons of seedling
vigour with other sites.

Conclusions

Prediction of seeds that would germinate and establish vigorous seedlings is
traditionally based on a threshold value of diameter or weight. This study
unravels a risk of errors when seeds are separated only by weight or diameter.
An x—y plot of diameter and weight yielded a fan-shaped scatter that may be a
general feature in tropical species and needs examination. The viable seeds
cropped up along handle of the fan (regression line). Seeds that were in the
lower blade of the fan (or lying away from regression line, especially in lower-
left quarter) did not germinate. The populations of viable and non-viable seed
were distinguishable, but with a fuzzy edge.
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