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Abstract Sex ratio, size, age, and spatial pattern
were investigated for males and females of the
dioecious shrub Ceratiola ericoides ericoides (Em-
petraceae) Michx. within seven mapped populations
in Georgia and South Carolina, USA. Among the
sites studied, two are regularly burned and one site
long-unburned. Age was estimated from node counts
of individual shrubs. Only one (fire-suppressed)
population showed a female-biased sex ratio, while
all others did not differ significantly from 1:1. Mean
age estimates did not differ between sexes at any site
nor did mean shrub canopy diameter. Bivariate
Ripley’s K analysis with a null hypothesis of random
labeling was used to investigate whether any of the
mapped populations exhibited spatial segregation of
the sexes (SSS). No population showed strong
evidence of SSS. Rather all sites but one showed
males and females to be associated (though not
significantly) at a scale of 1-10 m. At a scale of 10—
35 m male and female shrubs were located randomly
with respect to one another at all sites.
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Introduction

Research comparing allocation patterns between
genders in dioecious species indicates that female
plants usually have higher resource requirements and/
or reproduction imposes a greater drain on resources
(Crawley 1997). Perhaps for this reason, a recurring
pattern observed among dioecious plant species is an
increasing proportion of males within populations
along an axis of decreasing site productivity. This can
occur over a range of scales, and with respect to
broad environmental gradients or to microsite pref-
erences. Male frequency has been shown to increase
as environments become more stressful with increas-
ing altitude (Pickering and Hill 2002), lower moisture
availability (Dawson and Ehleringer 1993), increas-
ing salinity (Eppley 2001; Vitale et al. 1987), more
anoxic conditions (Shea et al. 1993), decreasing soil
fertility (Lawton and Cothran 2000), and decreasing
light levels (Nicotra 1998; Thomas and LaFrankie
1993). As related phenomena, higher levels of
parasitism, herbivory, and disease have been detected
in females (Gehring and Whitham 1992; Krischik and
Denno 1990). Perhaps as a result of these patterns,
sex ratios in dioecious plant populations are typically
male-biased—often strongly so. Only rarely have
biased primary sex ratios (sex ratio among seeds or
seedlings) been documented (Eppley 2001). Rather,
differential survival (Krischik and Denno 1990),
differential competitive ability (Cox 1981; Agren
1988) or divergent flowering phenology (Bram and
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Quinn 2000; Purrington 1993) between males and
females are the specific mechanisms invoked most
often to explain apparently skewed sex ratios.

A phenomenon related to sex ratio bias is spatial
segregation of the sexes (SSS) within dioecious plant
species. In environments that are heterogeneous and/
or where resources are patchily distributed, popula-
tions taken as a whole may have equal proportions of
males and females. However, sex ratio bias at a
localized scale—between micosites or landscape
features—results in SSS. SSS may alleviate, at least
in part, the higher reproductive cost of females if they
preferentially occupy resource-rich  microsites.
Whereas dioecy is associated with production of
fleshy fruits (Renner and Ricklefs 1995; Muenchow
1987), among island floras (Sakai et al. 1995), and
with abiotic pollination (Vamosi et al. 2003; Renner
and Ricklefs 1995), SSS has been reported most often
among wind-pollinated dioecious species. SSS has
been shown for Acer negundo (box elder) (Freeman
et al. 1997; Dawson and Ehleringer 1993), Nyssa
aquatica (water tupelo) (Shea et al. 1993) and
Juniperus virginiana (red cedar) (Lawton and Coth-
ran 2000), and spinach (Spinacia oleracea) (Vitale
et al. 1987) among other species.

My objective in this study was to investigate
whether Ceratiola ericoides (Empetraceae) Michx., a
dioecious shrub which grows to 2 m in height and is
found on xeric, sandy sites on both coastal and inland
sites in the southeastern United States: (1) evidenced
any sex ratio bias within surveyed populations, (2)
determine whether SSS at any scale was apparent,
and (3) investigate possible intersexual differences in
mean size and age.

Materials and methods
Study species

Ceratiola ericoides (Empetraceae) Michx. is an
aromatic, needle-leaved, evergreen, wind-pollinated,
which grows to 2 m in height and is found on dry,
sandy soils on both coastal and inland sites in the
southeastern United States. In central Florida where it
occurs most abundantly, C. ericoides is typically
dominant only on xeric, deep sands on the uplands of
old dune ridges. However, on many sites north of the
Lake Wales Ridge in Florida, C. ericoides grows in
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close association with Quercus laevis and Pinus
palustris. Many populations of C. ericoides occurring
in Georgia or South Carolina appear to be suppressed
by Q. laevis, which has encroached probably as a
result of fire exclusion.

Ceratiola ericoides is the sole member of its
genus within the Empetraceae (crowberry family),
which is comprised of three genera and six species,
all but two of which are dioecious (Heywood 1993).
In mature plants, a flower is borne in each leaf axil
of the previous year’s growth during a September—
October bloom period. Pollinated female flowers
develop into 3-mm diameter fleshy fruits which
ripen during the month of January—April. Since
remnant flowers and fruits persist in all seasons,
reproductive shrubs are easily sexed. C. ericoides
has a whorled branching pattern with the main
unshaded branches producing new shoots once a
year, therefore shrubs can be aged nondestructively
by counting the nodes on the main branches
(Johnson 1982). The fruits of C. ericoides are
apparently dispersed by vertebrates and birds such
as towhees are known to consume them. Harvester
ants have also been observed to collect and consume
the fruits of C. ericoides (Johnson 1982).

Study sites

The study was carried out in Georgia and South
Carolina (USA). Individual study sites were located
in the Coastal Plain physiographic province of both
states, sandhill habitats occurring in distinct sub-
provinces (Fig. 1). Populations mapped at Fort Gor-
don and in Burke County, Georgia and Aiken County,
South Carolina are located within the Fall Line
sandhills, a formation of remnant dunes which
marked the Atlantic shoreline during the Miocene
epoch (Ivester et al. 2001). Three other populations
(at the state-owned Ohoopee Dunes Natural Area and
at two sites near Cobbtown, Georgia) were mapped
on riverine sandhills located along the Ohoopee River
in southeastern Georgia. Sites at Fort Gordon are
burned annually whereas most other sites have not
burned within the last 10 years, though detailed fire
histories prior to 1990 are not known for any sites
other than Fort Gordon. Soil substrates also differ
between sites: some sites at Fort Gordon and in Aiken
County occur on kaolin (highly leached clay) rather
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Fig. 1 Mapped adult shrubs, males (A) and females (O) by site: (a)Burke County, (b) Cobbtown 1, (c) Cobbtown 2, (d) Fort Gordon

1, and (e) Ohoopee Dunes Natural Area

than on thick sandy deposits (Table 1). Of the
populations mapped, Ohoopee Dunes site was the
largest population completely mapped and the only
population available for study which spanned a
topographic gradient from floodplain to upper dune.

Field mapping

A total of 1,583 shrubs from seven populations from
three habitat variants were mapped (Table 1) using a

Trimble GeoExplorer 3 GPS unit (and associated
Trimble Pathfinder software to perform differential
correction from base-station files). Trimble advertises
1-5 m accuracy. Comparing deviation of coordinates
of GPS-mapped landmarks (roads, large trees) with
their locations on rectified aerial photos (DOQQs), 1
estimate an accuracy of 1-2 m. GPS mapping was
facilitated by the open terrain and the low, open
canopy of sandhill vegetation. For all populations
except Cobbtown 2, the entire population was
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Table 1 Site summary showing ecoregion, fire regime, soil type and tallies of males, females, and juveniles for each mapped

population

Population Region Fire regime Soil  Latitude (dd) Longitude (dd) Elev. (m) Male Females Juv. Total

Fort Gordon 1 Fall Line Annually burned Sandy 33.32160 -82.33966 130 18 17 22 57

Fort Gordon 2 Fall Line Annually burned Clay  33.39107 —82.17445 130 7377 340 490

Burke County Fall Line <10 years Sandy 33.19952 —82.17660 85 45 46 32 124

Aiken County Fall Line >10 years Clay 33.60645 —-81.74906 160 14 14 38 66

Ohoopee Dunes” Coastal Plain >15 years Sandy 32.54257 -82.45319 102 193 258 123 583

Cobbtown 1 Coastal Plain ? >15 years Sandy 32.27847 —82.16640 76 62 53 0 115

Cobbtown 2 Coastal Plain ? >15 years Sandy 32.31347 -82.21843 76 68 73 78 219
473 538 633 1654

 Sex ratio significantly female-biased (3* = 9.39, df = 1, P = 0.002)

mapped with transects established to find all plants.

For Cobbtown 2, plots were arbitrarily established to L12(r) = K12(r) -

include a sample of 300—400 plants. For each shrub,
sex (male, female, juvenile), canopy diameter, and
maximum number of nodes counted from the tallest
central stem were recorded.

Spatial pattern and comparison of size and age
between sexes

At each site, sex ratio was tallied and a xz test was
used to determine whether ratios differed signifi-
cantly from equality. In addition, size (canopy by
diameter of shrub in meters), and age (estimated from
node counts) were tallied by sex and analyzed
statistically for significant differences between sexes
using the Proc GLM in SAS (SAS Institute, Inc.
2000-2004) to perform an analysis of variance.

The occurrence of spatial segregation between
males and females was investigated for the five
populations larger than 100 individuals using Rip-
ley’s K-function (1981) analysis of spatial pattern.
Ripley’s K is a second-order statistic based on the
distribution of distances of pairs of points. Ripley’s K
and other second-order statistics describe the spatial
correlation of the point pattern. Bivariate Ripley’s K-
function was used to assess patterns of male and
female C. ericoides shrubs in relation to one another.
In order to remove scale-dependence and stabilize the
variance, a square root transformation of K, called the
L-function, is used instead:
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where r = distance. L;,(r) are determined from the
number of males within a distance r of an arbitrary
female, and L,(7) is determined by the number of
females within distance r of an arbitrary male (Diggle
1979).

In bivariate point pattern analyses, the choice of null
hypotheses is between independence and random
labeling. To test the first case, simulations are
performed that involve random shifts of the whole of
one component pattern relative to the other. To test
against a null hypothesis of random labeling, labels (1
or 2) are assigned to points whose locations are fixed.
The null hypothesis of random labeling is applied not to
questions about the interaction between two processes,
but rather about the process that assigns labels to points
(Wiegand and Moloney 2004). Random labeling is
appropriate when the “locations of type 1 and 2 points
result from a completely random process affecting
a posteriori a single spatial pattern (Goreaud and
Pelissier 2003).” Therefore, random labeling is the
appropriate null model in testing for spatial segregation
of male and female shrubs. The specific test for
bivariate random labeling used here corresponds to that
proposed by Goreaud and Pelissier (2003): L,(r) =

L(r). Values of Li>(r) > 0 indicate that there are on
average more points of pattern 2 within distance r of
pattern 1 than expected under the null hypothesis.
Conversely, L, <0 indicates repulsion between the
two patterns up to distance . When L, =0, the
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relationship between the two patterns is interpreted as
random. Analyses were performed using Programita
(http://www.oesa.ufz.de/towi/towi_programita.html),
a software program written by Wiegand and Moloney
(2004). L;»(r) was calculated over an area corre-
sponding to the minimum bounding box of each
population. Results are given as Ly,(r)—-L;,(r), which
represents the dispersion pattern of females to males
relative to the dispersion of all shrubs within the joint
population.

Results
Sex ratio, age, and size

Only at the Ohoopee Dunes site did sex ratios differ
significantly from 1:1 for any age class (Table 1).
However, this difference was not statistically signif-
icant. No significant differences between age or size
of males and females occurs at any site (Table 2).

Spatial segregation of sexes

Maps (Fig. 2) of the five largest populations depict a
random to clumped spatial pattern of individuals
within each population. With the exception of
Cobbtown 2 and Burke County, bivariate Ripley’s
K comparisons of the spatial distribution of males and
females revealed them to be patterned either ran-
domly or associated (though not significantly) with
respect to one another at a scale of 1-10 m, and
randomly with the exception of the Fort Gordon
population. Only the Fort Gordon populations
showed a significant—though barely so—pattern of
association between males and females at a scale of

1-5 m. Cobbtown 2 showed a negative, though
barely significant, association between males and
females at the scale 1-10 m. Burke County exhibits
an alternating, though non-significant, positive and
negative association between males and females. At
all sites, males and females are patterned randomly
with respect to each other at the scale 10-35 m.

Discussion

As a strictly dioecious, fleshy-fruited, wind-polli-
nated species growing in a stressful environment
where resources appear to be both patchy and
distributed along a gradient, C. ericoides was
expected to demonstrate some form of differentiation
between the sexes in growth or survivorship and/or
sex ratio bias or male/female spatial segregation.
Based on the results of this study, there appears to be
little differentiation between sexes in C. ericoides in
either mean age or size within populations suggesting
differences in growth or survivorship between males
and females are unlikely. Nor do there appear to be
skewed sex ratios or evidence for SSS within the C.
ericoides populations mapped. [At Fort Gordon a
marginally significant clumped pattern of association
(the opposite of SSS) probably results from the more
frequent burning which has occurred there. Relatively
few safe sites for shrub establishment and persistence
result in a more clumped pattern of occurrence for all
shrubs and therefore for males and females as well.]
Therefore this study concurs with that of Gibson and
Menges (1994) who investigated spatial pattern in
seaside and central Florida populations of C. erico-
ides, habitats which are more homogeneous than the
sandhill sites included in this study. A similar study

Table 2 Mean age (nodes), and mean size (shrub canopy diameter in meters) by sex and site, standard deviations in parentheses

Site Nodes Diameter
Males Females Males Females

Aiken County 9.36 (3.41) 8.14 (3.01) 0.52 (0.36) 0.57 (0.46)
Burke County 13.00 (2.71) 12.56 (2.03) 1.71 (0.65) 1.78 (0.51)
Cobbtown 1 15.45 (5.89) 13.46 (4.66) 2.42 (0.94) 2.23 (1.18)
Cobbtown 2 12.08 (5.86) 12.00 (7.11) 1.49 (1.07) 1.61 (1.11)
Gordon 1 8.94 (3.84) 7.47 (3.32) 0.74 (0.65) 0.46 (0.27)
Gordon 2 9.49 (3.33) 11.40 (7.33) 0.74 (0.46) 0.90 (0.69)
Ohoopee Dunes Natural Area 17.41 (6.80) 18.76 (6.45) 2.80 (1.50) 3.01 (1.44)
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Fig. 2 Results of Ripley bivariate L(t) analysis of male and
female C. ericoides shrubs. In (a)Burke County, (b) Cobbtown
1, (c) Cobbtown 2, (d) Fort Gordon 1, and (e) Ohoopee Dunes
Natural Area. L;,—L;; values are represented by solid lines.
Dashed lines represent 95% confidence intervals generated
from 1000 Monte Carlo simulations of a randomly distributed

of Corema conradii (Rocheleau and Houle 2001), an
Empetraceous shrub of the coastal dune heathlands of
northeastern North America, also found no spatial
segregation between males and females although
males were significantly larger.

From an evolutionary standpoint there are also
many reasons to predict a finding of little segregation.
Selection can be expected to minimize differences in
reproductive costs between the sexes. Differences
between the sexes in reproductive costs, if they exist
at all, may be very slight given the large volume of
pollen produced by males in the case of C. ericoides
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(Pedro Quintana-Ascencio pers comm.) and the
variability in fruit production by females. Female
reproductive investment may exceed the average
outlay of resources by males in some years, but fall
well short in other years, averaging to a similar or
lesser value.

However, reproductive costs have been inferred
from lower growth, survival, and/or frequency of
flowering often reported for females, and/or by a
more variable reproductive effort through time (Popp
and Reinartz 1988; Obeso et al. 1998). Allen and
Antos (1988), Cipollini and Stiles (1991), Guitian
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et al. (1997), Nicotra (1999), and Rocheleau and
Houle (2001) demonstrate larger investments in
reproduction by females. Where reproductive costs
have been quantified in terms of differential alloca-
tion patterns to flowers and fruits, males frequently
invest more in reproduction at time of flowering
(Rocheleau and Houle 2001; Guitian et al. 1997,
Cipollini and Whigham 1994; Thompson and
Edwards 2001). However, total reproductive invest-
ments in biomass (Thompson and Edwards 2001;
Cipollini and Stiles 1991), N (Cipollini and Whigham
1994) and Mg and Ca (Rocheleau and Houle 2001)
were higher for females than males—as a result of
fruit production.

Determining real reproductive costs in C. erico-
ides, a highly aromatic (terpene-releasing) shrub
which grows in an environment where light is
generally not limiting, is difficult since carbon
compounds probably do not represent a significant
expense. Carbon invested to fruit biomass, for
example, may not always represent a limiting
resource. Some reproductive structures may yield a
significant photosynthetic return and nutrients
expended in reproductive structures may be reab-
sorbed (Ashman 1994). Yet For many plants of arid
or low-productivity environments, growth and repro-
duction may be limited by the availability of critical
nutrients, yet C-based compounds produced through
photosynthesis may be in surplus (Crawley 1997).

If reproductive costs for C. ericoides in either
nutrients or carbon are higher for females as has often
been reported for dioecious species of similarly
stressful habitats, then females may be compensating
via greater allocation of photosynthate to roots or
mycorrhizae. Such a difference in allocation might
not be apparent in intersexual growth differences in
most environments if males are volatilizing more
aromatic compounds and/or expending more photo-
synthate during flowering through pollen and flower
production. However, where a combination of stres-
sors exists, compensation by females may not be
possible. Gehring and Whitham (1992), for example,
found that mistletoe-infested females Juniperus
monosperma trees showed lower rates of root
mycorrhizal infection. In the case of C. ericoides
populations investigated in this study, contrasts in
soils and fire histories did not result in differences in
sex ratios or SSS, nor in mean size or age of males
versus females.
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