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Abstract. Two aspects of life stages are important determinants in the spatial pattern of plant populations: one is
spatia digtribution of individua plants within life stages; the other is spatid association between different life stages.
Using Ripley’ s univariate L(¢) and bivariate L ,(¢) functions, we analy zed the spatial pattern within and between life
stages of Cryptocarya chinensis in ah 80 m x 80 m plot in lower subtropical China. Based on stem diameter and
height, fivelifestages (I, I1, I11, 1V, V) were distinguished. Ripley’ sunivariate L(7) function showed clumped distributions
within al life stages, with fine-scale random distributionsin old lifestages V1 and V. From thebivariate L, (#) function,
young life stages|, |1 and 11l appeared significantly attractive to each other at local and intermediate distances, but
independently distributed regarding old life sages VI, V a amog all digances. The oldest life stage, V, was
independently distributed relative to other life stages. Considering these results, we inferred that the existence of
suitable survivd environments (e.g. canopy gaps) are a determinant in shaping the spatial pattern of young life stages
of C. chinensis; with increasing body size with growth, intraspecific competition develops, and a fine-scale random

distribution gppears within old life stages.

Keywords: Cryptocarya chinensis; |ntraspecific competition; Life stage; Spatial pattern; Spatial dtatistics.

Introduction

Plant spatia patterns have long been a major issue in
eocology (Ashby, 1935; Greig-Smith, 1983), and spatid pat-
terns at various life stages or age classes have received
considerable atentionin ecological research (e.g. Lu, 1986;
Sterner et a., 1986; Rebertuset d., 1989; Liu, 1990; Liang,
1992; M oeur, 1993; Xu and Zheng, 1993; Ca and Song,
1997; Barot et d., 1999; Heand Li, 1999; Nanami et d., 1999;
Dovciak et ., 2001). Sinceadults have undergone thelife
stages of seedlings, saplings and juveniles, an anaysis of
the spatial patterns of these early life stages may help re-
vea processesdetermining the spatia patternsat later life
stages.

To do so, two aspectsin life stage spatial pattern have
to beanalyzed. Oneis spatial distribution of individuas
within life stages, and the other is spatial association be-
tween different life stages. Both of them represent impor-
tant aspectsof species’ spatia pattern. Within life stages,
thinning processes might increase distances between in-
dividuas of different cohortsand lead to regular distribu-
tions (Antonovicsand Levin, 1980; Sterner et ., 1986;
Kenkel, 1988; Moeur, 1993); On the other hand, offspring
might be associated with some*“ nurse plants’ (Call away
and Walker, 1997; Haase, 2001) or escape their conspedific
adults due to more predation/pathogen in the periphery
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of adults(Smith and Goodman, 1987; also see Barot et dl.,
1999), leading either to positive or negative associations
between life stages. Environmental heterogeneity, seed
dispersal and other factors also influence spatia patterns
(Duncan, 1991; Barot et d., 1999; Dovdak et d., 2001).

Moreover, numerous studies have demonstrated that
an individual plant competes for nutrient resources with
its immedi ate neighbors (Mack and Harper, 1977;
Antonovicsand Levin, 1980; Connell et d., 1984; Moeur,
1993; Barot et d., 1999), leading to changesin the spatia
patterns within and between life stages on both a small
and large scale. Therefore, analysis of spatial pattern
within and between life stages at different spatial ranges
will aid ininterpreting the goecies spatial and tempord dy-
namicsduring species population development.

In lower subtropical Chinathere have been no reports
to date of plant spatial pattern in different life stages at
different distance ranges. Here we present our research on
Cryptocarya chinensis (Hance) Hemd. (Lauranceae) in this
region. Our aimwasto (1) detect the dynamic aspects of
spatia pattern at different lifestages; (2) examinethe spa
tial association between life stages; and to (3) discussthe
possible mechani sms shaping the species spatial pattern.
As one project to study the role of the spatial dynamics
in determining speciesresponse to forest fragmentation
on timescales of generation, our study, using C. chinensis
in continuous lower subtropical monsoon evergreen
broad-leaved forest, will a so provide basdineinformation
on the natura dynamicsof C. chinensis.
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To measure spatid pattern, quadrat-based methodshave
been the most widely used (Greig-Smith, 1983) and have
been the main methods of detecting spatial pattern of C.
chinensis in previous studies (Lu, 1982, 1986; Peng and
Wang, 1984; Peng and Fang, 1994). Theresults however,
wereinconsistent: Lu (1982), Peng and Wang (1984) and
Peng and Fang (1984) detected clumped patterns of C.
chinensis whileLu (1986) detected random distributions.
Thesestudies al used 10 m x 10 m quadrats, and the quad-
ra number varied: forty-two (Lu, 1982), fourteen (Peng and
Wang, 1984), twelveand sixteen (Lu, 1986), twelve (Peng
and Fang, 1994). Therefore, theincons stent resultsre-
flected thefact that using quadrat-based methods, the size
of the quadrat must be well fitted with the plant dump Sze,
if it exists. One quadrat size may not be adequate for ana-
lyzing spatia patternsbecause of itslack of resolution of
patern (Lu, 1986; M oeur, 1993; Zhang, 1998).

Over thelast decades, efficient spatia statistica meth-
ods using point-mapped data have been developed
(Ripley, 1977; Diggle, 1983),among which Ripley’ sL(f)and
L (¢) functionshavebeenwiddy used (Sterner et a ., 1986;
Kenkel, 1988; Rebertus et al ., 1989; M oeur, 1993; Peterson
and Squiers, 1995; Barot et d., 1999; Coleand Syms, 1999;
Nanami et a., 1999; Haase, 2001; Pélissier and Goreaud,
2001). These analyses consider, not only nearest neigh-
bor pairs, but all theindividua pairsat agiven distance
to characterize spatial patterns. They are therefore more
robust than quadrat and nearest neighbor based methods
(Moeur,1993; Zhang, 1998).

Materials and Methods

Species Description

Cryptocarya chiensis iSa common evergreen tree,
widely distributed in lower subtropical southern China,
growing up to 20 meters high (Li, 1982). It is mesophyte
(Guangdong Ingtitute of Forest, 1964; Peng and Fang,
1994), climax speciesin lower subtropical monsoon ever-
green broad-leaved forest (Heet ., 1991; Kong et a .,
1993; Peng and Fang, 1994), occupying canopy and sub-
canopy story (Guangdong Institute of Forest, 1964; Zheng,
1983; He et d., 1991). Cryptocarya chinensis is ahalf-
shade tolerant species. high dense canopy will prevent its
regenerdion (Guangdong Instituteof Forest, 1964; Zheng,
1983). In our study field, all of the dead individualsof C.
chinensis were found under dense canopy (Wang, Z. F.,
personal observation).

Trees as large as 5-6 cm in dbh (diameter at breast
he ght) can bear fruits(He D. Q., personal communi cation),
which are one-seeded drupes, 9-12 mm in diameter (L1,
1982). Seeds of C. chinensis are dispersed by vertebrates
(eg. birds and amal mammas) and gravity (Mo, D. S., per-
sona communication).

Site Description

Vegetaioninlower subtropical Chinarangesfromgrass-
land to monsoon evergreen broad-leaved forest, including
mixed coniferousand evergreen broad-leaved forests, co-
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niferousforest, shrubland, and others(Wu, 1980; Heetd.,
1991). Monsoon evergreen broad-leaved forest is zond
typical vegetation, dominated by Leguminosae, L auracese,
Theaceae, Moraceae, Fagaceae, Melastomaceae,
My rtacese, Sapindacese, and M agnoliacese (Wu, 1980; He
etal., 1991; Kong &t al., 1993). Because of human adtivities,
theforestshave been largely destroyed, and what remains
are restricted to severa reserves like Dinghushan Bio-
sphere Reserve, where our study sitewas located.

Dinghushan Biosphere Reserve (DHSBR, 112° 30" 39” -
112°33 41"E, 23°09" 21"-23°11" 30" N) islocated in
Guangdong Province, China, near the Tropic of Cancer. It
isone of the most important national nature reservesin
China. This areawas chosen as aforest Ecosystem Sta-
tion of the Chinese Academy of Sciencesin 1978 and as
one of the Biosphere Reserves of the MAB programs of
UNESCOin1979(Kongetd., 1993).

In DHSBR, the mean annual temperatureis20.9° C,and
the mean monthly temperaturevaries from 12° Cto 28° C.
The mean annual precipitation is 1956 mm. The soil type
islateritic-red earth and red earth (Kong & al., 1997).

L ower subtropical monsoon evergreen broad-leaved for-
est hasbeen well preserved in DHSBR for at least 400
years and covers alarge areaof about 125 ha(Kong et al.,
1993). Dueto low human disturbance, thisforestis anided
placefor investigating natura species dynamics(Kong et
d.1993).

Data Collection

InAugust 2001, an 80m x 80 mplot (dtitude300 mas.
[.) was established in the lower subtropica evergreen
broad-leaved forestin DHSBR. The plot wasdivided into
64 quadrats each measuring 10 m x 10 m. All individuas
(total 842) of C. chinensis weremapped in x and y coordi-
nates by measuring in each quadrat the distanceto the
nearest borderline (Figure 1). Stem diameter was recorded
for every individud >2.5 cmdbh. Individuals<2.5 cmdbh
wererecorded by their height.

The population chosen for thisstudy isin thecore area
of DHSBR, near the Permanent Research Plot 1 of
Dinghushan Forest Ecosystem Research Station of Chinese
Academy of Sciences. It has no recorded history of fire
disturbance or evidence of planting activitiesin the past
few centuries (Mo, D. S., personal communication). The
vegetation structure is continuous, and the site has a ho-
mogeneous physiognomy with a dope of about 20°. The
complete soil characteristics are not yet available, but no
obvious patches of tree species are found in this site
(Wang, Z. F., persona observation). Cryptocarya
chinensis isa dominant speci es of the stand, along with
other canopy species such as Schima superba Gardn. et
Champ., Castanopsis chinensis Hance, C. concinna Hance,
Syzygium rehderianum Merr. et Perry and Aporosa
yunnanensis (Pax & Hoffm) Metc. Theherb level indudes
Hemigramma decurrens (Hook.) Copdl. and Arachniodes
exilis (Hance) Ching. Woody vines include Fissistigma
glaucescens (Hance) Merr., Mucuna birdwoodiana
Tutcher, Calamus rhabdocladus Burret. Epiphytesindude
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Dischidia chinensis Champ., Pothos chinensis (Raf.)
Merr.,and Piper arboricola C.DC.

Our interest is in detecting changes in the spatial
pattern of different life stages. However, accurate age
determination of individuas of C. chinensis is at present
impossible, and we used stem diameter and height as
parameters to partition this population into different life
stages. According to Chu’ s method (Chu et d., 1952),
individuals wereclassified into five life stages: lifestage |
(seedlings, height < 0.33 cm, 103 individuals); life stagel|
(younger saplings, 0.33 < height <1 m, 207 individuals);
lifestagelll (older saplings, height > 1 m and dbh <2.5
cm, 213 individuals; lifestagelV (juveniles 2.5<dhb<7.5,
194 individuals); andlifestage V (adults dhb > 7.5cm, 125
individuds).
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Spatial Statistics

Within-life-stage distribution of C. chinenese was ana
lyzed using Ripley’ s univariate L(¢) function
(transformation of K(#), Ripley, 1977;Diggle 1983).Ripley’ s
univariate L(¢) is calculated from the number of conspe-
cificindividualsin concentric circles of radius ¢ around
each individua. We calculated L(¢) at 0.1 minterva up to
half the side of the plot (40 m). Theoretically, when L(¢)
=0, the spatia pattern israndom at the scale of ¢ (null hy-
pothesisof complete spatial randomness); when L(¢)<0, the
distribution tendsto be uniform; andwhen L(£)>0, thedis-
tribution tendsto be clumped.

To assess spatial association between life stages,
Ripley’ shivariate L (¢) function (Lotwick and Silverman,
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Figure 1. The spatid distribution of Cryptocarya chinensis in an 80 m x 80 mplot of lower subtropical evergreen broad-leaved
forest in Dinghushan Biosphere Reserve, China (A) lifestage | (seedlings, height < 0.33 cm, 103 individuals); (B) life stage Il
(younger saplings, 0.33 < height < 1 m, 207 individuas); (C) life stage Ill (older saplings, height > 1 m and dbh < 2.5 cm, 213
individuals); (D) life tage IV (juveniles, 2.5 < dhb < 7.5, 194 individuas); (E) life sageV (adults, dhb > 7.5 cm, 125 individuals).
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1982; Diggle, 1983) wasused. For L (1), two different sta-
tistical null hypotheses correspond to the absence of spa-
tial association between life stages (see Lotwick and
Silverman, 1982; Diggle, 1983). Here we considered thedif -
ferent life stages as different sub-popul ations and used
the null hypothesis of independence of thetwo sub-popu-
lations in order to test the spatia association between life
stages. Calculation of the bivariate L () functionissimi-
lar to the one of univariate L(¢) function, but considering
trees of onelife stage as the central pointsaround which
neighbors of the other life stage are counted. We also
used 0.1 mintervalsto compareL (7). Theoretically, if two
life stages are independent at the scdl e of ¢, the vd ue of
L (7) would be zero; when L (¢)<0, thetwo life stagestend
to beatractive; andwhen L_(1)>0, thetwo life stagestend
to be repulsive. Using the bivariate L () function, we
tested if young life stages of C. chinenes were associ ated
with old lifestages.

Due to random process, both L(7) and L (#) estimates
may fluctuate around their theoretical values. To assess
the gtatistica significance of the deviation from the null
hypotheses, L(¢) and L (#) val ues were compared to 99%
confidence envelopes generated from 10,000 Monte Carlo
simulations of thenull hypotheses. At agiven distance, L
(1) or L_(?) issignificantly different from zero at P<0.01 if
the observed vauefallsabove or below the 99% confi-
dence envel ope.

For earlier uses of both univariate L(¢) and bivariate
L () analyses, see Moeur (1993), Zhang (1998), Barot et
a.(1999), Nanami etd. (1999), Haase (2001), and with dlight
modification, Kenkel (1988), Rebertuset d. (1989), Peter-
son and Squiers (1995). All calculations and simulations
wereperformed using ADS in ADE-4 package (http://pbil .
univ-lyonl.fr/ADE-4/; Thioulouseet d., 1997).

To check if young life stageswere distanced away from
old life stages, we also calculated the mean nearest neigh-
bor distancebetween life stages.

Results

The spatia patterns detected by Ripley’ sunivariate L
(#) function showed an overal significantly clumped dis-
tribution of C. chinensis individuals (Figure 2F), as well
as significant clumped patterns within each life stage
(Figure2 A-E).

Lifegagesl, Il and |11 weresignificantly clumped at al-
mog all digances (Figure2A-C), whilemostly random dis-
tributionswerefound in lifestage IV (Figure 2D) and life
stage V (Figure 2E) inthe range 0-8 m, indicating that old
life stages were spaced farther apart than wereyoung life
stages at small distances.

The spatial association, tested using Ripley’ sbivariate
L _(#) function, revealed a tendency towards attraction
among thedifferent life stages. Attraction between young
life stages was more significant than between young and
old life stages. For example, lifestage | and life stagesl|,
I11 showed significant attractions at various distances,
while non-significant attractions were found between life
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Figure 2. Univariate L(z) function of (A) lifestagel; (B) life
stagell; (C) life stage I11; (D) life stage 1V; (E) life stage V; (F)
al individuas Thidk line obsarved digtribution; Thin lines: 99%
confidenceenveope.

stage | and lifestages 1V, V a most distances (Figure 3).
A significant attraction was aso detected between life
stages |l and 11, in contrast to the pattern between life
stage |l and lifestages 1V, V. This suggests a spatial in-
dependence between the young and old lifestages: young
life stage trees were distributed closer to each other than
totheoldlife stagetrees.

Disscussion

Within Life Stages Spatial Patterns

Unlikethe previous studies, which only detected spa-
tial pattern of C. chinensis in one scae (10 m x 10 m) and
had incond stent results (Lu, 1982, 1986; Peng and Wang,
1984; Peng and Fang, 1994, see introduction section), our
results showed that the spatid pattern of C. chinensis var-
ied at different distance scales and lifestages. In addition,
the areaof 10 mx 10 m wascorresponding to acircle (the
mode of Ripley’ sunivariate L(¢) function) with radius of
~5.64 m. At thisdistance, the overall spatial pattern of C.
chinensis was clumped (Figure 2F). Lifestagesl, |1 and [11
were clumped (Figure2A-C), and lifestages 1V and V were
random (Figure 2D, E). Thiscould partly explaintheincon-
sistent results of previous studies, the use of different or
overlapping life stages. Both Lu (1982) and Peng and Weng
(1984) used individua s higher than 1.5 m, which repre-
sented overlapping life stages, but the life stage informa
tionisnot availablefromeither Lu (1986) or Peng and Fang
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(1994). However, the use of different communities(Hou end
Han, 1997; Barot et d., 1999) and different devel opment
stages of the community (Zhang et d., 1999) may aso con-
tribute to the inconsistency.

Traditionally, theory hypothesized that the spatial pat-
tern of forest stands experiencing competitive thinning
should becomemore regular with time(Sterner et a., 1986;
Kenkel,1988; Duncan, 1991; Moeur, 1993). Howeve, itis
not agenerdization. Many other studies have suggested
that initial clumped distributionsmay becomesimply less
clumped (Heand Li, 1999) or randomacrosslifestages (L u,
1986; Liu, 1990; Liang, 1992; Xu and Zheng, 1993; Cai and
Song, 1997; Dovcigk & d., 2001). Our study dso failed to
detect regular patternsin adult trees, maybe partly because
our adult treesweremultiage (Hughes, 1988; Kenkel, 1988):
differencesin body sizesmight havedecreased inter-indi-
vidual competition. It has also been suggested that both
biotic (Peterson and Squiers, 1995; Nanami eta ., 1999) and
abiotic factors (Rebertusetal., 1989; Duncan, 1991; Berg
and Hamridk, 1994; Barot & d., 1999) might influenceshift-
ing from clumped to regular spatia patterns.

Thespatia pattern of C. chinensis was not significantly
different from arandom distribution at local distances(0-8
m) at old life stages, but it was significantly clumped be-
yond thisdistance (Figure 2D, E). The clumped distribu-
tion was significant a almost the entire 40 m range for
young life stages (Figure 2A-C). Theseresultsindicate that
intraspecific interactions occurred at the local level dur-
ing later devel opment stages We proposed that 8 mwould
characterizethe “ areaof influence’ or “ ecologicaly effec-
tive distance” (Kenkel, 1988) or “local inhibition zone”
(Moeur, 1993) for mature individuals of C. chinensis.
Moreover, these results agreed with the suggestion that
individua sonly competewith immediateneighbors.

Comparing changesin spatial pattern acrosslife stages,
we found that effects of within-life-stages competition

Lile shage T

Life stage 11
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werevisiblefrom stage VI though the competition might
have started at earlier stages(see Dovciak et ., 2001).

Between Life Stages Spatial Patterns

Only afew studiesso far have considered the spatial
associ ation among life stages (Barot et ., 1999; Nanami
etal.,1999; Dovdak et d., 2001).

In our study, a clear trend wasthat young life stage (I,
I, I11) trees were positively associated with each other and
independently distributed relaiveto old life stage(1V, V)
trees, especially at local and intermediate distances. At
larger distances, d most all life stages wereindependent
(Figure3).

Adult trees (life stage V) were independently distrib-
uted rel ative to other life stages at most distances. This
distribution pattern did not agree with the escape hypoth-
esis stipulating that offspring are strongly affected by es-
cape from conspecific adult neighbors, gradually creating
asignificant repulsive pattern (Wada and Ribbens, 1997,
Barot et al., 1999). If it really happened, wewould expect
repulsion between life stageV and the other life stages,
but thiswas not observed. From the mean nearest neigh-
bor distance, we only saw life stage | alittle closer to life
stageV (3.4 m) thantolifestagelV (3.7 m). In addition, no
sharp distance changes occurred between lifestage V and
lifestagell (3.2 m) or 111 (3.6 m). Theindependent distri-
bution between lifestage V and other life stages suggests
that the growth of offspring depends on random occur-
rences of suitable environments.

Although Dovciak et a. (2001) did not observe escape
evidence either, our results differ from theirs. At stand
scale, they found that large s ze classes were distributed
closer to adult trees than younger size classes, which they
attributed to environmental heterogeneity (Dovciak et al.,
2000).
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Figure 3. Bivariate L ,(f) function between life stages, Thick line: observed distribution; Thin lines: 99% confidence envelope.
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In other cases, the dioecy in species aso had effects
on the spatial relationship between offspring and female
or male adults (Barot et d., 1999; Nanami et d., 1999).
However, such influences did not exist in our study, be-
cause C. chinensis was hermaphrodite. All mature adults
wereresponsible for the spatial pattern in offspring, which
pattern wasmainly shaped by seed dispersal and resource
competition.

We were, however, not surprised that young life stages
were significantly positively associated with each other at
local and intermediate distances because they were not
large enough to experience inter-individual competition.
Similar results were also reported for atropica palm tree
Borassus aethiopum (Barotetd., 1999).

Spatial and Temporal Dynamics

Based on these results, we suggest that the spatial pat-
tern of C. chinensis resulted from two phases.

Early establishment phase. Although seed dispersa
mode of C. chinensis isnot yet available, if it wasthemain
factor influencing C. chinensis patia pattern, we would
expect attractive (shelter environmentsin the periphery of
adults) or repulsive (escape from adults) distribution be-
tween young and old lifestages. This was not the case.

Congdering thesignificant fine-scd e clumped distribu-
tion within young life stages, fine-scal erandom distribu-
tion within old life stages and independent distri bution
between young lifestages and old life stages, we propose
the existenceof suitable survival environments asamajor
determinant of the spatial pattern of C. chinensis’ young
life stages. Although what constitutes suitable environ-
ments for seedling and sapling survival is still unclear,
canopy gaps could be of particular importancefor the re-
generation of this speciesin lower subtropical monsoon
evergreen broad-leaved forests. In or near suitable canopy
gaps, the seedling and sapling may become established in
clumps. Thisinterpretation issupported by the half-shade
tolerant characteristics of C. chinensis, for which high
dense canopy precludes regeneration (Guangdong Insti-
tute of Forest, 1964; Zheng, 1983).

Later intraspecific competition phase. Our results sug-
gest that, asindividuals grow in body size over time, in-
traspecific competition probably increases. This was
supported by the local random pattern found in life stages
IV and V (also see Haaseet ., 1996).

Further studiesare however needed to understand how
and to what extent light, other environmental factors, and
inter-specific competition influencethe spatia pattern of
our study species.
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