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Four natural populations of Cycas micronesica K. D. Hill growing under differing ecological conditions were
surveyed over a 4-yr period to assess the response of juveniles before and after the introduction of the cycad
aulacaspis scale insect (Aulacaspis yasumatsui Takagi) and to test the hypothesis that monopodial ovulate plants
are taller than pollen-producing plants with equivalent diameter (D). Height (H), D, and leaf and stem tip
numbers were recorded for 297 ovulate and 186 pollen-producing (“male” and “female,” respectively) plants and
a total of 493 juveniles (n = 976). Among the 483 adults, mean female plant H and D did not differ significantly
from those of male plants. However, population-specific differences in mean plant size were observed; i.e., female
plants achieve greater H and have significantly smaller leaf and stem tip numbers than do their male counterparts
with equivalent increases in D. Population differences were not statistically significant for juvenile plants.
However, across all populations, taller and thicker-stemmed juveniles were eliminated as a consequence of insect

infestation.
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Introduction

Cycads are long-lived gymnosperms, representative of an
ancient lineage that has received little attention in comparison
to other spermatophytes, despite their many unique chemical,
reproductive, ecological, and evolutionary attributes (Steven-
son 1990; Taylor and Taylor 1993; Norstog and Nicholls
1997). The paucity of field data for the 300-plus cycad species
in existence worldwide (Hill et al. 2004; Hill and Stevenson
2006) is especially distressing because many species are cur-
rently threatened by habitat erosion, resulting from natural di-
sasters, human activity, and the inadvertent introduction of
alien pests (Schutzman et al. 1988; Osborne 1995; Perez-
Farrera and Vovides 2004a, 2004b). One tragic example of
the effect of alien pests on cycad populations is the introduc-
tion of the cycad aulacaspis scale insect (Aulacaspis yasumatsui
Takagi) and its devastating effects on natural populations of
Cycas micronesica K. D. Hill, which is the only native gymno-
sperm from the Mariana Islands (see Hirsh and Marler 2002;
Hill and Stevenson 2006; fig. 1).

This insect was originally collected in 1972 in Thailand,
where it was considered a minor pest controlled by natural
parasitoids (Tang et al. 1997). Its accidental introduction to
Guam marks the first time it became a threat within an en-
demic cycad habitat outside of its native range. It was first
observed in late 2003 on cultivated cycads in the urban land-
scape; within 1 yr, it escaped and spread throughout the island.
Without intervention, adult C. micronesica die within 1 yr af-
ter infestation (Marler and Muniappan 2006). It is therefore
urgent to gather as much field data about C. micronesica as
possible before endemic populations disappear completely.

As part of a long-term study of C. micronesica, juvenile and
adult micro- and megasporangiate (“male” and “female,” re-
spectively) plants growing under natural conditions in four
sites (differing in slope, elevation, wind exposure, and soil
depth) were measured for stem height (H) and diameter (D) to
determine whether the growth (as gauged by allometry) of ju-
veniles is affected by the cycad aulacaspis scale insect and
whether sex- or population-specific differences exist among
adults. Stem H-versus-D allometric relationships are typically
species specific but sensitive to growing conditions. They are
particularly useful for statistically examining the growth of
conspecifics characterized by limited growth in stem girth rel-
ative to growth in H, such as cycads (Niklas 2004; Niklas
et al. 2006). In addition, allometric analyses are capable of
identifying size-dependent trends that are obscured by simple
comparisons of mean plant size.

This study was motivated for two reasons: (1) as noted, nat-
ural populations of this species are rapidly being exterminated
as the result of heavy-scale insect infestations (Marler and
Muniappan 2006; Marler et al. 2006) and (2) little is known
about the H-versus-D allometry of pachycaulis species in gen-
eral or about cycads in particular (see, however, Vovides
1990; Perez-Farrera and Vovides 2004a, 2004b; Niklas et al.
2006); nevertheless, generalizations have been made suggest-
ing that female cycads are shorter than males across many
species (Norstog and Nicholls 1997). In the context of sex-
specific H differences, we hypothesized that the scaling of
H versus basal stem D for female plants would be governed
by scaling exponents and regression curve elevations numeri-
cally larger than those for male plants. This hypothesis was
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Fig. 1 Effects of the cycad aulacaspis scale insect (Aulacaspis yasumatsui) on Cycas micronesica. Left, karsty cliff forest with high-density healthy
specimens (photo taken in 2000). Right, Andersen Air Force Base limestone forest with four dead plants, one biomechanically compromised

(photo taken in 2006).

Stevenson 1988, 1990). In contrast, microsporangiate strobili
are terminal and determinate such that future growth in the H
of male plants requires the formation of new apices. There-
fore, in addition to allometric sex-specific differences in H
versus D, we predicted that statistical sex-specific differences
would be observed in the number of growing stem tips on
adult plants. Finally, we speculated that the scale insect infes-
tation would alter the H-versus-D allometry of juveniles. This
article tests these hypotheses using data collected from a total
of 976 plants (493 juveniles and 483 adults) drawn from four
populations experiencing different abiotic and biotic condi-
tions, which permits statistical comparisons among popula-
tions that can potentially shed light on useful conservation
measures.

Material and Methods

Study Sites and Plant Selection

Adult plants, which were examined as part of a study to de-
termine ecological and biological constraints on seed chemis-
try (see Marler et al. 2005), were surveyed from the following
four localities representing the major Cycas micronesica habi-
tats on Guam: (1) a ravine forest in southern Guam (13°
15.9'N, 144°42.6'E) representative of a typical riparian habi-
tat, with dominant congeners Areca, Artocarpus, Cocos, Cyno-
metra, Ficus, Hernandia, and Morinda (denoted as IJA); (2)
a habitat within the Guam National Wildlife Refuge (13°
38.9'N, 144°51'E) representative of west coast vegetation,
with dominant congeners Aglaia, Neisosperma, Ochrosia, Piso-
nia, and Premna (denoted as RIT); (3) a habitat on the east

coast (13°27.5'N, 144°50.9'E) representative of east coast veg-
etation, with dominant congeners Cordia, Eugenia, Pandanus,
Premna, and Triphasia (denoted as MGC); and (4) a habitat
within the Andersen Air Force Base (13°35.9'N, 144°54.5'E)
representative of typical limestone forests, with dominant con-
geners Aglaia, Ficus, Guamia, and Neisosperma (denoted as
AAFB). These four sites differ in slope, elevation, wind expo-
sure, and soil depth. IJA is deep in a riparian ravine habitat
with acidic soils in volcanic southern Guam at a 50-m eleva-
tion. The site is protected by terrain up to ca. 100 m in eleva-
tion and has almost no exposure to trade winds or threat from
typhoon winds, regardless of direction. RIT is on a broad
bench at the 60-m contour. It is fully protected by cliffs to the
east, with little or no exposure to Guam’s trade winds. It has a
moderate slope with calcareous soils; typhoons from the west
pose a serious threat. MGC is about halfway up a cliff line on
a fairly broad bench at a 30-m contour with calcareous soils.
The site is very exposed to Guam’s easterly trade winds; ty-
phoons from the east are a serious threat. AAFB is on top of
the flat plateau composed of calcareous soils defining northern
Guam at a 150-m elevation.

Reproductive adults were observed and tagged in 2002 and
2003; H and D measurements were made subsequently in
2004. Table 1 provides the sample sizes for male and female
plants from each of the four sites. H was measured (to the
nearest cm) from ground level to the tip of overlapping cata-
phylls at the top of stems; basal stem circumference was mea-
sured (to the nearest mm) and converted to D. Leaf number
and stem tip number were recorded for each plant. Juvenile
plants were surveyed initially in October 2005 to include
the entire range of size categories in the same four habitats
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Table 1

Standardized Major Axis Regression Slopes and Y-Intercepts (i.e., @ and Log B, Respectively)

of Log-Log Linear Cycas micronesica

2

n a (95% CI) log B (95% CI) r
All males 297 1.03 (1.01-1.06) .90 (.86-.94) 444
MGC 54 1.42 (1.32-1.53) 1. 17 (1.00-1.35) 470
RIT 143 1. 06 (1.02-1.10) 1(.85-.97) 512
AAFB 76 8 (.82-.94) 1(.73-.89) 292
IJA 24 7 (.57-.77) 2 (.60-.85) 666
All females 186 1 12 (1.09-1.15) 1. oo (.97-1.04) 599
MGC 49 1.04 (.96-1.11) 1.00 (.86-1.14) 362
RIT 65 1. 42 (1.37-1.47) 1. 11 (1.01-1.20) 408
AAFB 47 4 (.88-.99) 0 (.80-1.00) 255
JA 25 1 oo (.91-1.08) 3 (.80-1.07) 673
Juveniles:
2005 59 (MGC), 351 (RIT) 1.51 (1.48-1.54) 1.19 (1.10-1.26) 757
2006 36 (MGC), 47 (RIT) 1.17 (1.11-1.24) .81 (.68-.95) 594

Note. Stem height (H) versus diameter (D) relationships among ovulate and pollen-producing
adults (“males” and “females,” respectively) and juveniles (surveyed in 2005 and 2006) from differ-
ent sites. CI = confidence interval. AAFB = Aglaia, Ficus, Guamia, and Neisosperma; IJA = Areca,
Artocarpus, Cocos, Cynometra, Ficus, Hernandia, and Morinda; MGC = Cordia, Eugenia, Panda-
nus, Premna, and Triphasia; RIT = Aglaia, Neisosperma, Ochrosia, Pisonia, and Premna.

described previously. Shortly thereafter, cycad mortality in-
creased dramatically in response to the alien cycad aulacaspis
scale insect. (The initial stages of this epidemic were most pro-
nounced on seedling and juvenile plants; see Marler et al.
2006.) Juveniles were surveyed and measured in the same hab-
itats between July and September 2006. (During our survey of
~80,000 m?, only 83 juveniles remained alive.)

Statistical Protocols

Stem allometry was used principally to evaluate sex- and
population-specific differences in populations (see Niklas
et al. 2006). H and D measurements (original units, m) were
logyo transformed after preliminary statistical evaluations re-
vealed log-log linear relationships for each of the juvenile and
adult data sets. Model Type 1I (standardized major axis) re-
gression was used to determine the slope (scaling exponent)
and elevation (Y-intercept; allometric constant) of logH ver-
sus log D linear functions (i.e., @ and log B, respectively; see
Sokal and Rohlf 1981; Niklas 1994). These two regression pa-
rameters were computed using the formulas @ = aors/r and
logB = logH — alog D, where aors is the ordinary least
squares (OLS) regression slope, I is the OLS correlation coeffi-
cient, and log H and log D denote mean values of logH and
log D, respectively.

The software package “Standardized Major Axis Tests and
Routines” (SMATR; Falster et al. 2003; see also Warton and
Weber 2002) was used to determine whether the numerical
values of a and log B8 differed among data sets, because SMATR
provides the Model Type II equivalent of OLS standard
ANCOVA. The significance level for testing slope heterogene-
ity was P > 0.05 (i.e., slope heterogeneity was rejected if P >
0.05). Standard t-test comparisons (at the 5% level) were used
to evaluate whether mean H and mean D differed between
sexes, populations, and juvenile plants surveyed in 2005 and
2006.

Results

Adult Plants

Population-specific differences in mean size were observed
among adults; sex-specific differences in mean plant size were
not observed (figs. 2, 3), although differences in leaf number
and growing stem tips between the two sexes were statistically
significant. The largest adult plants among the four populations
examined were recorded for site AAFB. For males and females
D+ SE=0.37+0.01 and 0.37 +0.01 m and H = SE =
2.70 = 0.09 and 2.96 = 0.11 m, respectively (fig. 2). Among
adults from site AAFB, females and males did not differ statisti-
cally in D or H, although females were slightly taller than
males with equivalent mean stem D (fig. 3). The smallest fe-
males were recorded at site IJA (D + SE = 0.26 = 0.01 m and
H =+ SE = 2.31 + 0.10 m); the smallest males were recorded at
sitt MGC (D = SE=0.26 +0.10 m and H = SE=221 +
0.13 m; fig. 2). Across all four populations, no statistical differ-
ences were observed for the mean D or H of male or female
plants; e.g., H = SE = 2.53 = 0.05 m for males and H * SE =
2.62 = 0.05 m for females. These data were interpreted to indi-
cate that the two sexes, on average, differed little or not at all in
mean size (H or stem D).

Statistically significant sex-specific differences were observed
for mean leaf number (Nj) and growing stem tip number
(Niips). Across male and female plants, N, = 87.4 = 2.33
and 55.4 * 1.35, respectively. Across male and female plants,
Nips = 3.43 = 0.23 and 1.45 =+ 0.15, respectively.

Juvenile Plants

Juveniles from the only two populations examined (MGC
and RIT) differed significantly in size when measured before
and after infestation (fig. 4). The mean size of juveniles mea-
sured before exposure to the scale insect had significantly thicker
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Fig. 2 Mean = SE stem diameters (D) and heights (H; all-pairs
Tukey-Kramer comparison circles, & = 0.05) of male (A, B) and
female (C, D) plants recorded from four sites (AAFB, IJA, MGC, and
RIT; see “Material and Methods” for ecological attributes).

and taller stems (D * SE = 0.086 = 0.00 m and H = SE =
0.394 = 0.01 m) than did their counterparts after exposure
(D = SE = 0.065 + 0.00 m and H = SE = 0.261 * 0.09 m;
fig. 4A, 4B). Before infection, juveniles from site RIT were sig-
nificantly larger than their MGC counterparts (fig. 4C, 4D).
After infection, juveniles from both populations did not differ
in mean H or mean stem D. Mean leaf number also declined
after infestation; i.e., N =9.68 =0.26 in 2005 and
4.76 = 0.33 in 2006. All juveniles had a single growing tip.
These data were interpreted to indicate that scale infestation
had pronounced negative effects on the size of survivors and
that these effects were, by and large, indifferent to population-
specific abiotic differences, such as elevation or wind exposure.

Allometric Trends among Adult and Juvenile Plants

Sex- and population-specific differences were observed for
the scaling of adult plant H with respect to stem D; population-
specific allometric differences were not observed for juveniles,
which differed allometrically before and after insect infestation
(table 1). Across all adult plants and populations, the scaling
exponent for H versus D was significantly numerically lower
for males than for females (i.e., « = 1.03 and 1.12, respec-
tively). The “elevation” of the log-log H-versus-D regression
curve for male plants was also smaller numerically than that of
the regression curve of female plants (i.e., logB8 = 0.90 and
1.00, respectively; table 1). Therefore, across all size categories
and populations, females achieved greater H than males for an
equivalent increase in stem D (fig. 5). However, population-
specific differences were also statistically significant, and, in
one case, the aforementioned H-versus-D trend did not hold
true. Specifically, males from the MGC site were taller than fe-
males with equivalent D (@ = 1.42 and 1.04 and log = 1.17
and 1.00 for males and females, respectively; see table 1). Nev-
ertheless, among the three remaining populations, the allometry
of female plants yielded a greater increment in H for any in-
crease in stem D compared with male plants (see fig. 5).

Although no population-specific differences in the allometry
of juveniles were observed, plants recorded before the scale in-
sect infestation attained greater H for comparable increases
in stem D (¢ =1.51 and logB = 1.19) compared with their
counterparts after infestation (¢« = 1.17 and log 8 = 0.81; ta-
ble 1; fig. 5). These differences were interpreted to reflect the
negative effects of scale insect infestation, although sex-
specific differences could not be ruled out (because juveniles
could not be categorized according to sex).
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Fig. 3 Mean * SE stem diameters (D) and heights (H; all-pairs
Tukey-Kramer comparison circles, @ = 0.05) of male and female
plants recorded from the AAFB site (see “Material and Methods” for
ecological attributes), which yielded the largest adult plants among all
four populations surveyed.
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Fig. 4 Mean * SE stem diameters (D) and heights (H; all-pairs
Tukey-Kramer comparison circles, @ = 0.05) of juvenile plants sur-
veyed before and after scale insect infestation (2005 and 2006,
respectively; A, B) and from two sites (MGC and RIT; see “Material
and Methods” for site ecological attributes) before scale insect
infestation (C, D).

Discussion

Our data provide unprecedented information about size-
dependent variations in an ecologically and evolutionarily
important cycad species that, unfortunately, is currently threat-
ened with extinction in its native habitat as a result of the
introduction of an exotic insect species. For example, Vovides
(1990) reports data for Dioon edule Lindl. stem H versus D
but provides no statistical comparison between the two sexes;
Connell and Ladd (1993) graph leaf length versus D for Mac-
rozamia riedlei (Gaudich.) C. A. Gardner but provide no re-
gression equation for this relationship or for plant H with
respect to D; Perez-Farrera and Vovides (2004b) give regres-

sion equations for Ceratozamia matudae Lundell, Ceratoza-
mia mirandae Vovides, Pérez-Farrera, and Iglesias, and Zamia
soconuscensis Schutzman, Vovides, and Dehgan leaf number
versus D and comment on H-versus-D relationships but pres-
ent no data to support the assertion that trunk girth increases
with H up to some limit beyond which H increases as D re-
mains relatively constant for these three species; and, although
Perez-Farrera and Vovides (2004a) report regression equa-
tions for C. matudae H versus D, the largest among the plants
measured is 0.75 m in H, which is small even in comparison
to many of the juvenile Cycas micronesica specimens surveyed
in this study.

The data presented here are also robust because they come
from 4 yr of observing four natural populations growing un-
der different ecological conditions. As noted by Perez-Farrera
and Vovides (2004b), metapopulation analyses are particu-
larly important to conservation efforts because of natural vari-
ation among populations resulting from habitat differences.
Metapopulation analyses of natural populations are also rele-
vant to inferences regarding sex-specific differences within
species. For example, Norstog and Nicholls (1997) report that
female individuals within cycad species are generally shorter
than their male counterparts. However, they also note (several
times in their discussion) that this generalization is based on
plants grown in cultivation and that natural populations may
not behave similarly.

The analyses presented here support four general conclu-
sions regarding C. micronesica. (1) Across individuals display-
ing sex, female plants are, on average, not taller than their
male counterparts. (2) However, females achieve greater H
than males for equivalent increments in basal stem D (i.e., the
numerical values of a and logB for the allometry of H vs. D
across females exceed those of males). (3) This difference in
allometry appears to be the result of the monopodial growth
habit and architecture of female plants; i.e., the production of
ovulate strobili does not interfere with continued vertical
growth, whereas the production of microsporangiate strobili
interferes with vertical growth (as revealed by the appearance
of more stem apices on male plants). (4) Although the evidence
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Fig. 5 Log-log bivariate plot of plant height (H) versus stem
diameter (D) for female and male adult plants and juvenile plants
surveyed before and after scale insect infestation (2005 and 2006,
respectively; see inset for symbols). Solid lines are standardized major
axis regression curves (see table 1 for summary regression statistics).
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is circumstantial because of high mortality, cycad aulacaspis
scale insect infestation appears to reduce both the rate and
the absolute H increase with respect to basal stem D incre-
ments across juvenile plants (i.e., infestation reduces both «
and log B).

Sex-specific differences have been observed for other cy-
cad species, although, to the best of our knowledge, not for
H-versus-D allometry. For example, Clark et al. (1992) report
that the leaves of female Zamia skinneri Warsz. ex A. Dietrich
(now considered to be Zamia neurophyllidia D. W. Stev.) tend
to be larger and more long-lived than those of males, and Pate
(1993) presents data indicating that leaf production of female
M. riedlei exceeds that of male conspecifics. Unfortunately,
corresponding information is currently not available for C.
micronesica. That these sex-specific differences do not hold
true for all cycad species is evident, however, from other stud-
ies; e.g., Macrozamia communis L. A. S. Johnson leaf number
does not differ between the two sexes (Ornduff 1990), and
leaf number and production rates of female and male Cycas
media R. Br. do not differ (Ornduff 1993). However, if growth
in H with respect to growth in D is positively correlated with
leaf production rates, number, and longevity, then sex-specific
differences in leaf phenology may explain why female C. mi-
cronesica plants are taller (and increase in H faster) than male
conspecifics (thus conferring a possible reproductive advan-
tage by increasing the range of abiotic seed dispersal).

Sex-specific differences, including allometry, have been ob-
served for other pachycaulous species. For example, Niklas
and Marler (2007) report that male and female Carica papaya
L. plants differ in @ and log 8 for the allometry of H versus D.
In contrast to the pachycaulis Cycas, however, male C. papaya
plants achieved greater H than female plants for equivalent in-
crements in basal stem D. Flower position for C. papaya is
not dependent on whether plants are male or female, and re-
productive growth does not interfere with vertical stem growth
because flowers are axillary. That females expressed greater
D for a given H than did males was likely due to the influence
of fruit load on plant biomechanics. Female C. papaya plants,
especially domesticated cultivars, support a heavy fruit load,
while ontogeny of male plants proceeds without the burden of
fruit. These observations indicate the causal factors behind
sex-specific differences in allometry are not universal, even
among species with similar growth habit.

We can adduce no clear correlation between population-
specific abiotic conditions (such as wind exposure) and differ-
ences in mean adult plant H, D, or H-versus-D allometry.
For example, among female plants, no statistically significant
difference was observed for mean H and D for populations
experiencing significant trade wind (or typhoon) exposure
versus very protected wind conditions (MGC and RIT, respec-
tively; see fig. 1). Soil conditions, however, may play a more
important role in this regard.

The effects of the alien cycad aulacaspis scale insect on C.
micronesica H-versus-D allometry is also somewhat specula-
tive, particularly in light of high juvenile mortality within a
year of the spread of this alien pest in natural populations,
which dramatically reduced the number of living plants that
could be measured. However, we believe that the observable
reductions in mean stem H and D and reductions in the nu-
merical values of the scaling exponents and allometric con-
stants reported for juveniles surveyed before and after 2005
reflect the negative effects of this insect regardless of whether
these reductions are an artifact of differential mortality among
stem size classes or a real biological reduction in plant growth
rates.

The rapid decimation of natural C. micronesica populations
by the cycad aulacaspis scale insect draws pointed attention
to the paucity of data for cycad biology in general. Ca. 300
cycad species have been reported worldwide (Hill et al. 2004),
and many are threatened with extinction as a result of habitat
destruction, illegal collection, or the introduction of alien pests
(Schutzman et al. 1988; Perez-Farrera and Vovides 2004b).
We hope the information presented here helps to shed more
light on an understudied group of plants and that it encour-
ages even more vigorous efforts to conserve this evolution-
arily ancient lineage.
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