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A second dispersal curve was generated by assuming that the tree with
the highest probability of being the mother of each seed was the maternal
parent (Fig. 3.4b). This analysis indicated a gradual increase in dispersal from
2.5 to 37.5m and a gradual decrease in dispersal from 37.5 to 72.5m (Fig.
3.4b). Mean dispersal distance of seeds was 37.9m, almost twice that of the
dispersal distances based on closest possible maternal tree. Over 54% of
seeds from this analysis were dispersed within 37.5m from putative parents.

A third dispersal curve was constructed in which the most fecund
genetically compatible tree was assumed to be the parent of each seed (Fig.
3.4b). In this analysis seed dispersal followed a continual, gradual increase
from 2.5 to 72.5m with no significant decreases in seed dispersal within
72.5m (Fig. 3.4b). Over 53% of seeds were distributed within 47.5m of the
highest cone producing tree and mean dispersal distance was 45.7m.

SEED WING LOADING

A total of 3196 seeds were collected from the 288 seed traps placed
among eight subpopulations. Mean density was 11.1 seeds per m? (Table
3.3), ranging from 1 to 39 seeds per m-. Seed density was significantly
different among the eight subpopulations (d.f.=7, F=51.50, p<0.0001) with
highest seed density around tree #10724 and lowest density around tree
#5444 (Table 3.3).

The overall weights of seeds, which ranged from 0.021 to 0.193g,
averaged 0.102g (Table 3.3). Mean seed weight varied significantly among

the eight subpopulations (d.f.=7, F=28.37, p<0.0001). Lightest seeds
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Table 3.3. Mean number, weight, area, terminal velocity (+ s.e.) of seeds that
landed within 8 subpopulations of longleaf pine (Pinus palustris).

MEAN MEAN MEAN MEAN
SUB- SEED SEED SEED TERMINAL
POPULATION DENSITY . WEIGHT  ARE VELOCITY
(TREE #) (seeds/m?) () (cm?) (cm/sec)

3087 10.8(0.67) 0.111(0.001) 3.24(0.04)  183.5(1.08)
3335 10.3(0.80) 0.101(0.001) 3.00(0.04)  184.2(1.16)
3433 6.8(0.43) 0.108(0.001) 3.15(0.05)  184.8(1.35)
4655 10.7(0.62)  0.109(0.001) 3.18(0.04)  184.8(1.16)
5444 6.6(0.57) 0.101(0.002) 3.31(0.05) 173.7(1.31)
5885 8.9(0.66) 0.107(0.001) 3.34(0.05) 178.5(1.16)
10724 23.3(1.14)  0.093(0.001) 3.04(0.03) 172.9(1.14)
10892 11.4(0.75)  0.102(0.001) 3.18(0.03) 177.1(1.13)

MEAN 11.1(0.39)  0.102(0.000) 3.15(0.01)  179.0(0.46)
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occurred around tree #10724 (mean=0.093) while heaviest seeds occurred
around tree #3087 (mean=0.111g) (Table 3.3). Mean seed surface area was
3.15 cm’ and ranged from 0.438 to 6.122 cm? (Table 3.3). Mean seed areas
also varied significantly among the eight subpopulations with smallest seeds
occurring around tree #3335 (3.00cm2) and largest seeds occurring around
tree #5885 (3.34cm2)(d.f.=7, F=10.06, p<0.0218) (Table 3.3). Mean seed
weight was significantly positively correlated with mean seed area (r=0.5186,
p <0.0001).

v 2) was

Overall mean terminal velocity of intact seeds (wing-loading
calculated as 179cm/sec (Table 3.3). The range among seeds was 85 to
517cm/ sec. Terminal velocity of seeds varied significantly among the eight
subpopulations (d.f.=7, F=17.45, p<0.0001). Seeds around tree #3433 had
the greatest terminal velocity while seeds around tree #10724 had the lowest
(184.8 and 172.9 respectively) (Table 3.3).

Mean potential dispersal distance of seeds varied by almost an order of
magnitude depending on tree height and wind velocities during dispersal
(Table 3.4). Potential dispersal distance was estimated to increase linearly
with increasing wind speeds. Mean potential dispersal distances were four
times as great at wind velocities of 7m per second than at 1.75m per second
regardless of tree height (Table 3.4). Potential dispersal dist'ance also

increased linearly with increasing average tree height. Potential dispersal

distances were doubled by doubling tree height.



Table 3.4. Mean potential dispersal distances of longleaf pine seeds using
different estirlnated wind speeds (1.75m sec’ =4mph; 3.5m sec’ =8mph
and 7m sec ® =15 mph).

TREE HEIGHT (m)
Vg 20 30 40

1.75 2842 4263 56.84
35 5684 8525 113.70
7 113.70 170.50 227.40
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DISCUSSION

Evidence from this study indicates that long-distance seed dispersal is
likely for longleaf pine. Seed dispersal curves generated from the maternity
exclusion analysis and maternity assignment indicate that longleaf pine seeds
can be dispersed more than 75m away from parents. Over 10% of maternal
parents of seeds could not be identified within 75m of seed traps, and aroun'd
some trees, almost 20% of seeds had no maternal parent within 75m. Long-
distance dispersal of seeds also was indicated by the dispersal curve
generated using seeds for which there was only one possible maternal parent
within 75m. This dispersal curve, however, most likely represents a biased
sample from the population. This curve most likely reflects the distribution of
unique genotypes or alleles in the population. The number of trees with rare
alleles increases with increasing distance from seed traps. Thus the highest
frequency of seeds with single parents at distances of 40-60m are likely over-
estimates of mean dispersal distances. Nonetheless, these dispersal
distances strongly support the concépt of long-distance dispersal for a
sizeable proportion of the seeds produced by adult trees on the Wade Tract.

The potential for long-distance dispersal of longleaf pine seeds is further
supported by éstimations of dispersal distances calculated from terminal
velocity and rate of descent of seeds. In this study the rate of descent of
seeds (the rate of fall in still air) was interpolated from Augspurger’s (1986)
regression equation calculated for single-winged seeds (autogyros) using the

estimate of seed terminal velocity obtained from the longleaf pine seed data.
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The estimated mean rate of descent for longleaf pine seeds was 123.2
cm/sec. This value is lower than previously reported for longleaf pine seeds.
Siggins (1933) observed a rate of descent of 176.8 cm/ sec for longleaf pine
seeds. This higher value in descent rate is caused by heavier seeds
measured compared to seed weights obtained in this study (mean=0.12 vs.
0.11g respectively).

The use of different criteria for distinguishing the "most likely" maternal
parent when multiple maternal parents were possible resulted in three very
different seed dispersal curves. The shapes of predicted dispersal curves
differed considerably among the three criteria used for maternity assignment
(Fig. 3.4b). When the nearest possible maternal tree was used to distinguish
among many possible parents, a highly right-skewed distribution with an
extended tail was obtained. This distribution arose from a sharp increase in
dispersal of seeds from 7.5 to 12.5m and a rapid decrease in dispersal from
12.5 to 22.5m from parents. A slow decrease in dispersal from 22.5 to 72.5m
from parents produced an extensive tail on the dispersal curve. This type of
dispersal curve has been reported for many wind dispersed species. For
example, Rabinowitz and Rapp (1981) showed similar distributions for
dispersal in seven prairie grass species. These distributions were produced
from a high frequency of seeds distributed near the parent plant and fewer
seeds found distributed at relatively long distances away from parent plants.
Additional studies have also described this type of distribution for wind

dispersed tree species (Buttrick 1914, Isaac 1930, Pomeroy and Korstian
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1949, Boyer 1958, Barrett 1966, Cremer 1966, Mair 1973, Greene and
Johnson 1989).

in contrast to the minimum dispersal curve above, predicted seed
dispersal of the genetically most likely possible maternal parent followed a
very broad curve with the majority of seeds distributed from 7.5 to 62.5m.
This type of distribution curve has been suggested for some wind dispersed
tropical trees (Augspurger and Hogan 1983). A third curve, generated by
assigning seeds to the most fecund possible maternal parent showed seeds
evenly dispersing at all distances (7.5 to 72.5m), with a gradual increase in
frequency at further distances from parents. This type of distribution'curve
has not been reported in the literature and probably represents the
distribution of cone producing trees (compare Figs. 2 and 4b).

In all cases some proportions of seeds were predicted to be dispersed
more than 75m away from parents. When the closest possible compatible
maternal tree was assigned as the parent, a low frequency of seeds (0.3%)
was predicted to be dispersed 72.5m from parents. About 4% of seeds were
predicted to be dispersed 72.5m when the genetically most likely maternal
tree was assigned as the parent. Eleven percent of seeds were predicted to
be dispersed 72.5m when the most fecund maternal tree was assigned as
the parent.

The three dispersal curves generated in this study most likely describe
the range of dispersal for longleaf pine. For example, the curve resulting from

the closest maternal parent to seed traps probably represents minimum
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dispersal for longleaf pine. Dispersal curves produced by single maternal
parents and most fecund parent probably illustrate maximum dispersal. In
contrast, the dispersal curve representing the most genetically likely maternal
parent describes a broad range of dispersal between the minimum and
maximum dispersal estimates. Thus, the distribution of longleaf pine seeds
most likely follows a broad range of variable shape extending from 7.5m to
more than 75m away from maternal parent.

The rate of descent estimated for longleaf pine seeds in this study is low
relative to seeds of other pines of similar weight. Many studies have shown
that seed weight and surface area (components of wing-loading) strongly
affect the terminal velocity and rate of descent of seeds (Cremer 1977, Green
1980, Augspurger 1986, Augspurger and Franson 1987).The lower rate of
descent found in longleaf pine may be attributable to a greater wing area and
lighter seeds. Longleaf pine exhibits the longest wing length (mean = 1.50
cm) of any pine species in North America (McCune 1988). It also exhibits
relatively light seeds (mean=0.11g), given its large wing length, compared to
other pines. For example, Pinus coulteri exhibits mean wing lengths of 1.2 cm
and its seeds weigh over three times as much as longleaf pine seeds (mean
seed weight = 0.34g). Pines with smaller wing lengths have similar seed
weights to longleaf pine. For example, Pinus jefferyi has a seed wing length
of 1.0 cm and weighs from 0.11-0.14q.

Dispersal distances predicted for longleaf pine, obtained from

estimations of the descent rate and terminal velocities of seeds, were similar
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to distances estimated for other wind-dispersed angiosperm trees. In this
study, a mean distance of 85.25m was estimated given average wind speeds
of 3.5m per sec and average tree heights of 30m. Similar dispersal distances
have been reported for tropical hardwoods. Augspurger (1986) showed that
seeds with terminal velocities ranging from 128.1 to 227.1 cm per sec had
predicted dispersal distances of 79 to 90m, given similar wind and tree height
conditions. Guries and Nordheim (1984) reported potential dispersal
distances of 81.4 to 89.7m for temperate forest species, given estimated
rates of descent from 117 to 129 cm per sec under average wind speeds of
3.5m sec and average tree height of 30m.

Results of this study indicate that the predicted dispersal distancé of
longleaf pine seeds is affected by both wind speed and tree height. Seeds
released from a tree 20m in height under low wind speeds (4mph) are
predicted to disperse seeds an average of 28m whereas under higher wind
speeds, seeds are predicted to be dispersed as much as 114m from the
same seed source. Seeds released from a seed source twice as high are
predicted to disperse 57m under low wind speeds and 227m under higher
gusts. These latter estimates of potential dispersal distances are more likely
to represent maximum dispersibility of longleaf pine seeds. Average height of
cone producing trees on the Wade Tract range from 25 to 40m and wind
speeds in the canopy are likely to be 10-15mph during seed release (Platt et.
al. 1988, W.J. Platt, pers. obs.). Under these conditions potential dispersal

distances of most iongleaf pine seeds is 85m or more from seed source.
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The ability of longleaf pine seeds to be dispersed 85m from the seed
source with maximum distances over 200m, as shown in this study, greatly
exceeds previously predicted distances. Buttrick (1914), in an early attempt to
study seed dispersal in longleaf pine, estimated maximum dispersal distances
for seeds to be 43m (140ft). More recently, Boyer (1958, 1963) found that
longleaf pine seeds did not disperse more than 90m (4.5 chains) from seed
sources with over 70% of seeds dispersed within 20m (one chain) of the
parent seed sources.

Several factors may contribute to the differences in dispersal distances
observed for longleaf pine. First, all previous authors collected seeds from
forest walls and clearings. Many studies have shown that wind patterns along
forest walls and shelter belts are different from patterns within closed stands
(Caborn 1957, Sharpe and Fields 1982). Downdrafts along forest walls may
force séeds downward close to forest edges, preventing achievement of
maximum dispersal distances. Second, forest structure may also affect
dispersal distances. Boyer (1958, 1963) investigated longleaf pine seed
dispersal from trees in a 40 to 60 year old second-growth forest. The current
study looked at seed dispersal from trees of an old-growth forest. There are
many structural differences among these two forests; however, the main
difference that affects seed dispersal distances is mean tree height. In the
second-growth forest, average tree height was 20m, whereas mean tree
height for cone producing trees of the Wade Tract during the 1987 mast year

was 30-40m (Platt et al. 1988). Height of seed source has been shown to
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play a significant role in seed dispersal distances. Increasing the height of
seed source generally increases seed dispersal distance (Isaac 1930, Siggins
1933, Cremer 1966, 1977, Burrows 1975, Augspurger 1986, Greene and
Johnson 1989). Thus, seed dispersal distances are likely greater in old-
growth forests than in second-growth forests based on differences in tree
height.

In conclusion, this study investigates a new method of differentiating
overlapping seed shadows within an old-growth stand of longleaf pine forest.
This study describes seed dispersal using maternity exclusion ahalysis and
different criteria for maternity assignment to predict seed dispersal distances
in longleaf pine. Each criterion used resulted in a different dispersal curve
based on distances to closest possible maternal parent to a more broadly
defined maximum dispersal curve bésed on distances to most fecund
possible maternal parents. Dispersal curves for longleaf pine seeds probably
most closely resemble some combination of all curves, indicating a general
range of dispersal from 7.5 to more than 75m away from maternal parents
that may vary with tree heights, propagule characteristics and wind speeds
during the fall dispersal period.

Evidence from both the isozyme and morphological data suggest that
dispersal distances in the old-growth stand are greater than previously
reported for longleaf pine. Greater distances found in this study are explained
by differences in forest structure (i.e. tree height) among old-growth and

second-growth stands of longleaf pine. Muiltilocus isozyme markers also offer
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a more accurate prediction of dispersal in natural stands than seed
collections in clearcut areas or from isolated trees.

Based on these results, it seems evident that longleaf pine has evolved
characteristics that enhance dispersal. A large seed wing and relatively light
seeds are evolutionary adaptations that increase wing loading potential,
reduce descent rate and increase dispersal distances of seeds. Such
adaptations that promote widespread distribution of propagules. This not only
has an impact on the spatial structure, but it also affects gene flow and the

genetic structure of longleaf pine populations.
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OVERALL CONCLUSIONS

In conclusion, this research has investigated the components of
demographic processes and the life history of juvenile longleaf pines in an
old-growth population. These studies have primarily focused on factors (i.e.,
seed dispersal, seedling survival and juvenile establishment), that influence
the spatial structure observed in longleaf pine. As demonstrated in this
research, environmental components such as surrounding adult density,
needle litter accumulation and fire temperature contribute strongly to the
clumped distributions of juveniles observed in the old-growth population. In
addition, biological variables such as juvenile size and seed dispersal also
influence observed spatial pattérns.

Results of the first study (Chapter 1) demonstrate that adult longleaf
pines play a significant role in the location of juvenile establishment. For the
most part, juveniles have a higher probability of survival in areas where adult
tree densities are lower. One effect of surrounding adults is longleaf pine
needle litter accumulation. There were greater amounts of pine needles in
areas of higher adult density where juvenile size and survival were lower. The
strong effect of pine needle litter on juveniles was not surprising after fire
since pine needle litter contributes to fuel loads and fire temperatures. Areas
of higher needle litter had hotter fire temperatures. What was surprising was
the strong effect of needles on juveniles before fire. This result suggests that
additional work is needed to better understand how needles affect longleaf

pine juveniles in the absence of fire.
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Fire strongly affected juvenile survival and strengthened patterns of
spatial distributions observed before fire. Location was an important
component of juvenile survival following fire. Higher survival occurred in areas
of IoW adult density, low needle density and low fire temperatures. Size of
juveniles also contributed to survival following fire. Survivors of fire were
significantly larger than non-survivors. Juvenile size reflected the ability of
juveniles to recover from fire.

As shown in the second study (Chapter 2), the composition of
surrounding adults also played a significant role in the establishment and
spatial structure of juvenile longleaf pine. Both juvenile size and survival were
significantly affected by the size and proximity of adult neighbors. The
magnitude of adult effects on juveniles increased with increasing size of
adults and decreasing distance from juveniles to aduits. Juvenile survival was
greater in areas more than 18 meters from adults, whereas juvenile size was
greater in areas more than 15 meters from adults. Large-sized adult
neighbors (more than 30 cm in diameter) significantly affected juvenile
survival and size. Small adult neighbors only significantly affected juveniles at
close distances. These effects of the size and distance of adult neighbors
had a significant effect on the spatial structure of juvenile longleaf pines.
Juveniles occurred in areas where neighbor effects were minimized and
tended to be located away from larger trees. Together, the combined results

of the first two chapters indicated that patch development was initiated as
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early as the first year of growth (and in the absence of fire) in the old-growth
longleaf pine population.

The third study (Chapter 3) demonstrates the important role seed
dispersal plays in the spatial structure of the old-growth longleaf pine
population. Two aspects of this study indicate the ability of longleaf pine
seeds to be dispersed long distances from parents. First, results of the
maternity exclusion analysis showed that seeds were widely distributed away
from maternal parents. Second, the potential dispersal distances estimated
from the area, weight and terminal velocity of seeds also indicated long
distance dispersal (on average 85 meters from parents).

The ability of seeds to be dispersed long distances from parents (as
suggested from the results of this study), affects both the spatial and genetic
structure of longleaf pine. Widespread distribution of seeds increases the
probability seeds will be dispersed in areas where effect of surrounding adults
are minimized, thus supporting the spatial patterns observed. Wide
distribution of seeds can result in increased gene flow and low genetic

differentiation in longleaf pine populations.
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