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Expansion espacial potencial de una poblacién de Ulmus macrocarpa en dreas arenosas en Keerqin,
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Abstract. Ulmus macrocarpa Hance can form monodominant
woodlands in the semiarid Keerqgin sandy lands, China. Methods of
sampling at meter intervals from the bases of trees at the woodland
edges and isolated trees, respectively, were employed along vertical
sections in different directions. Using statistical methods based on
the density function of the Weibull distribution, the patterns of seed
dispersal and the spatial expansion response of U. macrocarpa, which
is a typical anemochorous plant, were analyzed. Although as an effect
of the wind direction varying owing to the monsoon, there were dif-
ferences in the degree of dispersal of seeds in terms of distance, and
cumulative seed number for the woodland edges and isolated trees,
the seed dispersal patterns were all the same. That is, the seed dis-
persal patterns can be described by density functions of the Weibull
distribution (P<0.01) for the frequencies of the number of seeds per
unit area away from the tree bases. The shape parameter (a) of the
Weibull distribution associated with the mechanism of seed disper-
sal always had values of a>1 in different directions. Therefore, it is
proposed that U. macrocarpa always displays a “long-distance” seed
dispersal pattern, whether from isolated trees or those at woodland
edges, or whether with or against the wind direction under natural
conditions in the Keerqin sandy lands. This could be understood as
the potential spatial expansion of U. macrocarpa populations in differ-
ent directions always following the same pattern.

Keywords: Plant ecology; Ulmus macrocarpa; Woodland edge;
Isolated tree; Seed dispersal; Weibull distribution.

Resumen. Ulmus macrocarpa Hance puede formar bosques mo-
nodominantes en las dreas arenosas de Keerquin, China. Métodos
de muestreo a intervalos de un metro desde las bases de los drboles
ubicados en la periferia del bosque y los drboles aislados se emplearon
a lo largo de secciones verticales en diferentes direcciones. Usando
métodos estadisticos basados en la funcién de densidad de la distri-
bucién Weibull, se analizaron los modelos de dispersién de semillas
y la respuesta de expansion en el espacio de U. macrocarpa, que es
una planta que dispersa sus semillas por el viento. Aunque por el
efecto de la direccién del viento que varia de acuerdo a los monsones,
hubo diferencias en el grado de dispersién de semillas en términos de
distancia, y nimero acumulativo de semillas en los bordes de bosque
y arboles aislados, los modelos de dispersién de semillas fueron los
mismos. Es decir, los modelos de dispersién de semillas se pueden
describir por funciones de densidad de la distribucién de Weibull
(P<0,01) para las frecuencias del nimero de semillas por unidad
de superficie alejadas desde las bases de los drboles. El pardmetro
forma (o) de la distribucién de Weibull asociado con el mecanismo
de dispersion de semillas siempre tuvo valores de a>1 en diferentes
direcciones. Luego se propone que U. macrocarpa siempre exhibe un
modelo de dispersién de semillas de grandes distancias, ya sea desde
drboles aislados o aquellos en los bordes de bosques, o ya sea a favor
o en contra la direccién del viento bajo condiciones naturales en las
zonas arenosas de Keerqin. Esto se podria entender como la expan-
sién en el espacio potencial de las poblaciones de U. macrocarpa en
diferentes direcciones siempre siguiendo el mismo modelo.

Palab}‘as clave: Ecologia vegetal; Ulmus macrocarpa; Borde de
bosque; Arbol aislado; Dispersion de semillas; Distribucién Weibull.
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INTRODUCTION

'The regeneration of plant populations and the expansion of
their niche space depend on the spread of propagules, which
have different forms, including seeds for sexual reproduction
and the organs of vegetative reproduction (Howe & Small-
wood, 1982). Although the method of vegetative reproduction
is more favorable for the regeneration of populations, its mo-
bility and spatial expansion are limited, so the spatial expan-
sion of populations over longer distances is still dependent on
seed dispersal (Harper, 1977; Xiao et al., 2005).

Darwin, the founder of the theory of evolution, proposed
the importance of seed dispersal in his book “On the Origin
of Species” published in 1859; however, the analysis and inves-
tigation of seed dispersal from experiment to theory has only
become the focus of research within the last 30 years (Silver-
town, 1982).

Plants have developed many types of seed dispersal with the
aid of various dispersal media during the long process of con-
vergent adaptation and evolution (Howe & Smallwood, 1982).
Among these, dispersal by wind is one of the most important
types of long-distance distribution, although the process of seed
dispersal by wind is complicated because of differences in site
conditions, and wind direction and speed (Howe & Smallwood,
1982). However, seed dispersal by wind will generate a continu-
ously distributed pattern over a certain distance compared with
movement and storage, feeding and excretion, and adhesion to
and dispersal by animals. Therefore a model that fit the func-
tion needs to be built to analyze the pattern on the basis of
quantitative analysis, as well as a model of a mechanism to pre-
dict the pattern of seed dispersal based on the characteristics of
the seed morphology and propagation media (Okubo & Levin,
1989; Nathan & Muller-Landau, 2002; Schupp et al., 2010).
Furthermore, the species diversity of the communities will be
increased and community succession could be promoted when
seeds are spread to other communities (Peart, 1989; Moles &
Drake, 1999; Godoy & Jordano, 2001; Silva & Tabarelli, 2001).
At the same time, successfully established populations may
adapt to, and differentiate in, their new habitat when seeds are
spread across the region (Dow & Ashley, 1996; He et al., 2004;
Nathan, 2006; Schnabel et al., 1998). Therefore, the study of
seed dispersal is the basis of the further study of population
and community dynamics (Michael, 1985; Levine & Murrell,
2003). There have been many studies of the spatial pattern of
seed dispersal (He et al., 1999; Murell, 2003; Xing et al., 2004)
and the laws governing seed dispersal (Yang & Zhu, 1994,
1995; Zhang et al., 2005; Yang et al., 2010), but such studies
are still in urgent need of further development (Yu et al., 2007).

Any biological response has its own biological significance,
so that if seed dispersal is regarded as the expansion of a popu-
lation into another space, the laws governing seed dispersal
will imply a mechanism of population development in the

study of plant population ecology.

The Weibull distribution is a statistical distribution of a
continuous random variable, which was originally used for the
analysis of the reliability and longevity testing of engineer-
ing materials. Subsequently, it has been widely used in vari-
ous fields because of its multi-parameter estimation procedure
and multifunctional analysis. The Weibull distribution is also
used for the temporal and spatial distribution of insect popu-
lations (Huang et al., 1989; Chen et al., 1992), the species
abundance of communities (Wu et al., 1997), and population
structure (Fang & Kan, 1987; Hong et al., 1995) in biologi-
cal research. However, for the study of the dispersal of large
amounts of seeds (Hong et al., 1995; Dow & Ashley, 1996;
He et al,, 1999; Hang & Wang, 2002; Nathan, 2006; Zhang
et al., 2007; Zou et al., 2007; Yang et al., 2010) the Weibull
distribution has seldom been used (Yang, 1990; Yang & Zhu,
1994; 1995).

Ulmus macrocarpa Hance is one of the constituent spe-
cies of native forest in the Keergin sandy lands, China. It
has fruits with broad wings, and is a typical anemochorous
plant. U. macrocarpa can usually form monodominant wood-
land over large areas. Although the local area is preserved well
at present, and some regions are set aside for nature reserves
by the government, it plays an important role in maintaining
the ecological balance of the site and the sandy region and in
protecting biological diversity. However, there have been few
basic studies about the biology and ecology of U. macrocarpa
(Han et al., 2008).

The methods of sampling at meter intervals from the bases
of trees at the woodland edges and from isolated trees were
used in different directions in the U. macrocarpa woodland re-
serve. The density function of the Weibull distribution was
used to analyze the laws governing seed dispersal far away
from the seed source of U. macrocarpa. Our objectives were: (i)
to reveal differences in distance and cumulative seed numbers
from seed dispersal in different directions from the woodland
edges and isolated trees of the U. macrocarpa woodland; (ii) to
determine whether the pattern of seed dispersal in different
directions from woodland edges is the same as that for iso-
lated trees; and (iii) to discover the biological and ecological
significance of the parameters after fitting the Weibull distri-
bution, and (iv) to define and put forward the response mech-
anism of the potential spatial expansion of the U. macrocarpa
population. The aim of this study was to provide a scientific
body of evidence for the further study of the spatial expansion
of the anemochorous plant populations, and a reference for
similar research into the application of the Weibull distribu-
tion and its statistical analysis method.

MATERIALS AND METHODS

Natural condition of the study site. The experiment was
carried out in a natural U. macrocarpa woodland reserve with
its original appearance and characteristics, located 2 km
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southwest of Xinglongshan town, Tongyu county, in the west
of Jilin province, China (44° 48’ - 44° 49’N, 122° 22’- 122° 23’
E). The area of the study site is 50 km?. This area has a north-
ern temperate continental monsoon climate. The average an-
nual temperature, number of frost-free days, and rainfall are
6.6 °C (January min: -34.1 °C, July max: 38.7 °C), 162 days,
and 332.4 mm, respectively. The dominant wind direction is
from the southwest in spring, summer, and autumn, and the
northwest in winter. The average wind speed was 5.4 m/s in
May (http://www.weather.com.cn). The soil type of the study
site is sandy. U. macrocarpa saplings are semi-intrazonal forest
vegetation in this area, with two to six individuals growing in
a cluster as shrubs. The species composition of the tree layer
is simple, with the dominant U. macrocarpa only accompanied
by some Ulmus pumila Linn, Morus alba L, Euonymus bun-
geanus Maxim, Rbhamnus davurica Pall, and Armeniaca sibiri-
ca (Linn.) Lam. The main plant species in the intermediate
layer is Ampelopsis aconitifolia Bunge. There are two kinds of
plants in the herbaceous layer, including annual plants: Sezaria
viridis (Linn.) Beauv, Digitaria sanguinalis,(Linn.) Scop and
Chenopodium glaucum Linn, and perennial species: Cleistogenes
squarrosa (Trin.) Keng and Achnatherum avenoides (Honda) Y.
L. Chang (Han et al., 2008). The difference in size of U. mac-
rocarpa individuals is very large because of the anthropogenic
influences of deforestation and grazing: the height of plants
with fruits was between 3 and 8 m. The open area at the forest
edge is usually pasture, whereas some large areas have been
turned into farmland.

Sampling methods of seed dispersal. We carried out
sampling at two types of sites (woodland edges and isolated
trees) by using a GPS after all seeds of U. macrocarpa fell off
in the middle of June 2011. Woodland edges: The environ-
ment of the study site was representative. The average height
of the trees and the spacing between trees were 19.69-26.25
inch (6-8 m) and 4.59-10.50 inch (1.4-3.2 m), respectively.
U. macrocarpa grew homogeneously and the canopy density
was greater than 0.8. The distance of the open area at the
woodland edges was greater than 262.47 inch (80 m) and the
surface was flat. We sampled quadrats along four horizontal
sections in different directions (northeast, north, south, and
west), because some open areas at the woodland edges were
claimed and each direction contained three repeated sections
of the woodland edges. Isolated trees: Single trees of U. mac-
rocarpa growing at a distance of more than 164.04 inch (50
m) from other trees were selected as study objects. We chose
three isolated trees in our study and sampled quadrats in six
directions (north, northeast, east, southeast, south, and north-
west), because of undulations in the local terrain. We marked
out a vertical line by using a tape and set quadrats at intervals
of 3.28 inch (1 m) from the base of each tree. We obtained
one sample per unit area away from woodland edges/isolated
trees until samaras of U. macrocarpa disappeared along vertical
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sections in every direction. We counted the number of intact
and non-fusty seeds, that is to say, the white/faint yellow seeds
that had fallen off in the same year. The quadrat area in this
study was 1.64 inch (50 cm) x 1.64 inch (50 cm).

Data analysis. The number of seeds in each quadrat was
converted into the number per m” Firstly, we calculated the
average number of seeds per m” at every distance from the
woodland edges and isolated trees along vertical sections in
every direction, and the sum of the number of seeds in each
direction. Then we calculated the frequency of seeds at every
distance:

F=[x/Zx] x 100%

where F'is the frequency of seeds per m? at distance 7, x is
the number of seeds per unit area, 3x is the sum of the number
of seeds per unit area along the vertical section of each direc-
tion,and 7 = 1,2,3,...,n.

The density function of the Weibull distribution was used
to fit the seed dispersal away from the seed source along the
vertical sections in different directions (Fang & Xu, 1987):

o (x-pt)? ]

fosafo)= St e -[

0sx <+
B

where 0.>0 was the shape parameter, 3>0 was the scale pa-
rameter, and p=0 was the location parameter, analyzing the
seed dispersal mechanism based on the value of the shape pa-
rameter (o).

In order to test whether the pattern analysis of the seed
dispersal frequency was effective and feasible, we analyzed the
relationship between the average value of the seed dispersal
frequency per unit area away from the seed source along verti-
cal sections in different directions and the expected value of
the frequency simulated by the Weibull distribution theory.

We used SPSS statistical software (version 12.0, SPSS,
Inc., Chicago, IL, USA) to process and analyze the data.

RESULTS AND DISCUSSION

Differences in the seed dispersal distance in different
directions. The seed dispersal distance in the four directions
from the woodland edges varied from 23 to 25 m, whereas
those in the six directions from isolated trees varied from 22
to 26 m. The seed dispersal of U. macrocarpa was continuous,
and the distance of seed dispersal was shortest to the north
and longest to the northeast. In other words, the difference in
the seed dispersal distance was 2—4 m.

'The average value of the total number of seeds accumulated
per unit area along the vertical sections in the different direc-
tions from the woodland edges and isolated trees was greatest
to the northeast. For the woodland edges, the maximum value
in the northeast was greater than that in the south and west,
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and was 2.34 times as large as the minimum value in the west.
For isolated trees, the maximum value to the northeast was
larger than that to the southwest and southeast, and was 3.23
times as large as the minimum value to the southwest. This
was mainly due to differences in wind direction and speed
when the seeds fell off: wind speed affects the distance of seed
dispersal, whereas wind direction affects the number of seeds
in different directions (Yang & Zhu, 1995). The seed dispersal
of U. macrocarpa from the woodland edges and isolated trees
displayed the largest quantities and longest distances to the
northeast, and the smallest quantities and shortest distances
to the west, southwest, and southeast. This is related to the fact
that the dominant wind direction was from the southwest in
summer in this study area (http://www.weather.com.cn). The
northeast is downwind, whereas the southwest is against the
wind direction. Furthermore, there were some differences in
the repeated sampling sections of the same direction in the
data for the range between the maximum and minimum and
the coeficient of variation (11.9-46.6%), as shown in Table 1.
This may be due to differences either in the microtopography
or the coverage or degree of exposure of the surface, causing
some seeds to be dispersed twice (Han & Wang, 2002; Shen
et al., 2004; Nathan, 2006).

In the study of plant ecology, seeds are seen as potential
populations, and only those seeds that can germinate and sur-
vive will contribute to the regeneration and expansion of the
population (Bai & Romo, 1997; Drake, 1998). The greater the
number of seeds, the greater is the probability of germina-
tion and survival. Therefore, the U. macrocarpa population will
expand to the northeast and northern directions more easily
than to the southwest and west directions.

Statistical analysis of the Weibull distribution for the
seed dispersal frequencies. The outcome of the model fit-
ting for the frequency of the seed number per unit area away
from the seed source in different directions reached levels of
extreme significance (P<0.01). This significance was valid for
both woodland edges and isolated trees for fitting a parameter
and as a fitting test of the density function of the Weibull
distribution. The results for the frequencies of the observed
average values of seed dispersal and the fitting curves of the
Weibull distribution are shown in Figures 1 and 2. Although
the extent of seed dispersal in distance and direction displayed
some differences between woodland edges and isolated trees,
they have similar patterns of seed dispersal, and the shape pa-
rameters of both curves were a.>1.

Validity test of the Weibull distribution for the seed
dispersal frequencies. The observational data were directly
used to fit and test the parameters due to small values in the
study of seed dispersal based on the Weibull distribution in
the past (Yang, 1990; Yang & Zhu, 1994; Yang et al., 2010).
We used the frequency to analyze the seed dispersal pattern
of U. macrocarpa, which is a relatively quantitative index that
takes into consideration the entire situation; that is to say,
this analysis is the analysis of the seed distribution spectrum.
The results for the three parameters of the fitted curve used
the direct observational data, which were the same as the
frequency data based on the Weibull distribution. However,
our observational data were generally large, which meant
that the results of the ? test were not applicable. Therefore,
we used an indirect test method to analyze the linear rela-
tionship between the observed values of the seed densities

Table 1. The statistics on total cumulative seeds of Umus macrocarpa and the difference marks on significant tests in the sequential seed
dispersal per unit area away from the seed source in woodland edges and isolated trees along vertical sections of different directions.

Tabla 1. Estadistica del total de semillas acumuladas de Uimus macrocarpa y las marcas de la diferencia en pruebas significativas en la dis-
persion secuencial de semillas por unidad de area desde la fuente de semillas en los margenes del bosque vy arboles aislados a lo largo de
secciones verticales de diferentes direcciones.

Seed source Direction N/D(m)/LA(m?)® Min Max Mean @ SD CV(%)
Woodland edge Northeast 25 3552 4432 3904.0 a 465.7 11.9
North 23 1884 4104 2669.3 ab 1244.3 46.6
South 24 2064 3016 2420.0 b 519.4 21.5
West 24 1224 2132 1668.0 b 454.3 27.2
Isolated tree Northeast 26 1492 3596 2750.7 a 1111.2 40.4
South 23 1420 2488 19853 a 536.8 27.0
East 24 852 2132 1513.3 ab 641.1 42.4
North 22 724 1628 1192.0 ab 452.8 37.9
Southeast 22 708 1332 953.3b 332.7 34.9
Southwest 25 684 956 850.7 b 146.0 17.2

(N, number of samples; D, farthest distance; A, cumulative area; (2) significant difference level of P<0.05 among different letters within

the same seed source.

W'N, nimero de muestras; D, distancia mds alejada; YA, drea acumulada; (2) diferencias significativas (P<0,05) entre letras diferentes dentro de la misma

fuente de semillas.
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Fig. 1. The frequencies of observed average values (column) of
the seed dispersal of Umus macrocarpa and the expected curves,
the parameters of Weibull distribution in the woodland edges along
vertical sections of different directions (***, most suitable level in
X5,9<0.900, the same below).

Fig. 1. Frecuencias de valores promedio observados (histogramas) de la
dispersion de semillas de Uimus macrocarpa vy las curvas esperadas, los
parametros de la distribucion de Weibull en los mérgenes de los bosques

and the expected values of the theoretical frequency from
the Weibull distribution, and test its significance (Fig. 3 and
4). The relationship from the fitting curve reached levels of
extreme significance (P<0.01), so that it is effective and fea-
sible to use the frequency of the seed distribution spectrum
to estimate the parameters.

Pattern analysis of the seed dispersal by Weibull distri-
bution parameters. If we relate the shape parameter (a) to
the pattern of seed dispersal or the spatial expansion response
of the population when estimating the parameters of the seed
dispersal frequency of U. macrocarpa based on the density
function of the Weibull distribution, then different ranges of
o values will represent different spatial expansion responses
of the population. In general, the parameter o will be divided
into three cases: o<1, a>1, and a=1, which represent ‘short-
distance,” random-distance,’” and ‘long-distance’ seed disper-
sal, respectively. The shape parameter () of the seed disper-
sal of U. macrocarpa based on the Weibull distribution in the
10 directions from the woodland edges and isolated trees all
showed values of a>1. Therefore, we know that the popula-
tion was ‘long-distance’ in its seed dispersal pattern, whether
isolated trees or those at woodland edges, whether with or
against the wind direction, under natural conditions in the
Keerqin sandy lands. That is to say, the expansion response of

alo largo de secciones verticales de diferentes direcciones (™, nivelmas UL, macrocarpa populations in different directions will follow
adecuado en X;,<0,900, lo mismo es valido para la Figura 2). the same laws.
15 r  Northeast 15 r  Southeast 15 South
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Fig. 2. The frequencies of observed average values (column) of the seed dispersal of Uimus macrocarpa and the expected curves of
Weibull distribution in the isolated trees along vertical sections of different directions.

Fig. 2. Frecuencias de valores promedio observados (histogramas) de la dispersion de semillas de Ulmus macrocarpa y las curvas esperadas
de la distribucion de Weibull en arboles aislados a lo largo de secciones verticales de diferentes direcciones. Ver texto de la Figura 1.
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Fig. 3. Correlation between observed average values of the seed densities of Umus macrocarpa and the restored expected values
through theoretical frequency of Weibull distribution in the isolated trees along vertical sections of different directions (**, the significant

level of P<0.01, the same below).

Fig. 3. Correlacion entre valores promedio observados de las densidades de semilla de Uimus macrocarpa y los valores esperados restaurados
através de la frecuencia tedrica de la distribucion de Weibull en los arboles aislados a o largo de secciones verticales de diferentes direcciones

(**, P<0,01, lo mismo es vélido para la Figura 4).
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Fig. 4. Correlation between observed average values of the seed densities of Umus macrocarpa and the restored expected values
through theoretical frequency of Weibull distribution in the isolated trees along vertical sections of different directions.

Fig. 4. Correlacion entre valores promedio observados de las densidades de semillas de Uimus macrocarpa y os valores esperados restaurados
através de la frecuencia tedrica de la distribucion de Weibull en los arboles aislados a lo largo de secciones verticales de diferentes direcciones.
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CONCLUSION

'The seed dispersal of U. macrocarpa was continuous in dis-
tance. The seed dispersal distance ranged from 23 to 25 m for
woodland edges and from 22 to 26 m for isolated trees, and
the distance of seed dispersal was longest to the northeast. The
total number of seeds accumulated per unit area for woodland
edges and isolated trees was the largest, and reached the farthest
distance to the northeast, and was the smallest and reached the
shortest distance to the west, southwest, and southeast. There-
fore, the population will expand to the northeast and north di-
rections more easily than to the southwest and west directions.

The coeflicient of variation of the total number of seeds
per unit area ranged from 11.9% to 46.6% along the repeated
sampling sections in the same direction for woodland edges
and isolated trees. This may be due to differences in the micro-
topography of the surface and the mobility of the seed, caus-
ing some seeds to be dispersed twice.

The frequency of the number of seeds per unit area from
the base of the tree is suitable for the Weibull distribution for
woodland edges and isolated trees. The shape parameters of
the fitting curves for different directions were all a>1, so that
the population was long-distance’in its seed dispersal pattern
and its spatial expansion response. This is characteristic of an
anemochorous plant under natural conditions in the Keergin

sandy lands.
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