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Quiny, J. A. (Department of Ecology, Evolution, and Natural Resources, Rutgers University, New Brunswick,
NJ 08901-1582) and 5. J. Meiners (Department of Biological Sciences, Eastern Illinois University, Charleston,
IL 61920-3099}. Growth rates, survivorship, and sex ratios of Juniperus virginiana on the New Jersey Piedmont
from 1963 to 2000. 1. Torrey Bot. Soc. 131: 187-194. 2004 —Studies of the growth, survival, and sex ratios of
dioecious species have been predominantly short-term. This research investigated growth rates, survivorship,
and sex ratios among cohorts of Juniperus virginiana L. from 1963 through 2000. Males (M) and females (F}
in s1x oid-fields of different ages on the New Jersey Piedmont were analyzed, starting with the initial data on
height and sex expression collected by John Small on labeled recruits from 1963 through 1976. These plants
were relocated and censused during the summer and fall of 2000. No changes in sex expression were recorded
between 1976 and 2000. The overall sex ratio was almost 1:1 (333 M, 332 F); only one of the fields showed a
significant departure from 1:1. Males grew slightly, but sigrnificantly, faster in height than females, but relative
growth rates dropped by approximately 50% for both males and females once they became reproductive. Female
trees were on average 23 cm taller {and older) than males at first reproduction. Heights in those males and
females surviving to 2000 were not significantly different. There was no effect of an individual’s sex on its
ukelihood of dying, but plants that became established later were shorter, often non-reproductive, and had an
increased risk of mortality. These long-term results strongly support genetically-determined sex ratios and a lack
of major differences between males and females in growth rates and survival, which had been suggested by
single-year studies elsewhere in the species’ range.
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survivorship.

Lloyd and Webb (1977) suggested that if fe-
males of dioecious species allocated a greater
proportion of their available energy to reproduc-
tion than males, then females should be slower
growing and have lower survival rates. Females
of woody species have been reported to show

reduced growth and/or survivorship (e.g., Arm-
strong and Irvine 1989, Obeso et al. 1998, Ro-

cheleau and Houle 2001, Espirito-Santo et al.

2003). However, the existence of these detri-
mental effects often appear to depend on the
amount of reproductive investment of energy
and/or nutrients relative to that available (e.g.,
Popp and Reinartz 1988, Vasiliauskas and Aars-
sen 1992), to exist at the branch level or ramet
level (e.g., Luken 1987, Obeso 1997), or to af-
fect reproductive frequency rather than annual
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growth or survivorship (e.g., Abe 2002). Indeed,
females of woody species sometimes show
growth rates and survivorship equal to or greater
than males (e.g., Grant and Mitton 1979, Will-
son 1986, Alliende and Harper 1989, Davidson
and Remphrey 1990, Nicotra et al. 2003).

A major shortcoming of prior studies on
growth rates, survivorship, and sex ratios of
woody dioecious species is the lack of infor-
mation on identified individuals over their life-
span. This 1s particularly critical when popula-
tion data at a point in time are used to infer
recruitment, survivorship, constancy of sex ex-
pression, and sex ratios. This paper utilizes long-
term observations on labeled individuals of Jurn-
iperus virginiana L. to overcome these difficul-
ties,

There are 13 dioecious species of Juniperus
(Cupressaceae) native to North America, and
two of the most widespread are J. communis and
J. virginiana (Elias 1989). Females of J. com-
munis do not show reduced growth rates and
survivorship (Marion and Houle 1996), even
when allocating significantly more resources to
reproduction (Ortiz et al. 2002). Single-year
studies of J. virginiana in Ontario (Vasiliauskas
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and Aarssen 1992) and in Alabama (Lawton and
Cothran 2000} have shown a lack of major dif-
ferences between males and females in growth
rates and survival, and suggested that the genet-
ically-determined sex ratio was 1:1. However, it
was not possible in those studies to determine
the long-term survivorship of marked individu-
als and the effect that it may have had on the
observed sex ratio. There have been frequent re-
ports of inconstant sex expression in Juniperus
species (Vasek 1966, Freeman et al. 1981, Lloyd
and Bawa 1984, Jordano 1991), but there have
been no long-term observations on the sex ex-
pression of J. virginiana individuals in natural
populations. |

The objective of this research was to utilize
long-term observations (1963-2000) on cohorts
of labeled individuals of J. virginiana to directly
determine growth rates and survivorship of in-
dividual males and females, constancy of sex ex-
pression, and resulting sex ratios.

Materials and Methods. STUDY SPECIES,
SITE DESCRIPTION, AND DAaTAa COLLECTION. Jun-
iperus virginiana L. (eastern redcedar) grows
throughout the eastern half of the United States,
southern Ontario, and the southern tip of Que-
bec, and is the most widely distributed conifer
of tree size in the eastern United States (Elias
1989, Lawson 1990). The species has an ability
to grow under varying climatic conditions {(an-
nual precipitation ranging from 38 to 132 cm
and growing seasons from 120 to 250 days)
(Lawson 1990) and on a variety of soils ranging
from swampy areas to dry rocky outcrops with
thin soils (Elias 1989, Lawson 1990). Juniperus

virginiana is intolerant to shade, and hardwoods

usually replace it on better sites (Arend 1930,
Bard 1952). However, once established, J. vir-
giniana may persist under shade for long periods

(Lassoie et al. 1983). On the New Jersey Pied-

mont it is the pioneer native woody species that
invades cleared areas and abandoned fields and
pastures, entering primarily through bird inges-
tton and excretion the first 6 yr after abandon-
ment (Bard 1952, Holthuijzen and Sharik 1983).

The study sites were located at the Hutcheson
Memorial Forest Center (HMFC) near East Mill-
stone (Somerset County), New Jersey (40°30'N,
74°34'W). HMFC experiences a continental
temperate climate with 113 ¢m of precipitation
annually and a mean annual temperature of 11.7
C (Collins and Anderson 1994). The soils have
developed from the Triassic red shales of the
Brunswick formation of the Piedmont (Kummel
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1940) and are meoderately well-drained silt
loams (~ pH 5.0} of 46 to 61 c¢m in depth (Ug-
olini 1964).

Six old-fields in a long-term successional
study (Small et al. 1971} were utilized—iwo of
these fields were abandoned from cultivation in
each of 1957, 1959, and 1961, and were rect-
angular, ranging in size from 0.25 to 1.0 ha.
From 1963 through 19760, as Juniperus virgini-
ana seedlings appeared in these old-fields, John
Small and coworkers attached alumunum labels
and recorded their location (compass direction
and distance from permanent grid markers) (He-
len Buell, personal comm.); each year they also
recorded height and sex expression, or mortality,
of these labeled seedlings. These observations
and measurements were made in the fall and
winter when the seedlings, and their male or fe-
male cones if any, were most visible. In the sum-
mer and fall of 2000, we relocated the surviving
individuals, recording their height, degree of
overtopping by hardwoods, and sex expression.
Heights were estimated with a telescopic 1nea-
suring rod. Overtopping in 1963-76 and 1n 2000
was a qualitative ocular assessment. We used the
early years of data collected by John Small and
our data in 2000 to determine growth rates and
heights, survivorship, and sex ratios. Plants were
designated as non-reproductive when they
showed no sex expression in both the initial sur-
veys by John Small and in our census in 2000.

DATA ANALYSES. Analysis of 1mitial height,
height at first reproduction, and final height was
done with ANOVA (Proc GLM) (SAS Institute
1989) including sex (male, female, non-repro-
ductive), field, and the sex X field interaction.
Height at first reproduction included reproduc-
tive individuals only. To determine the effects of
sex and reproductive status on growth rates, the
relative growth rate (RGR) of each tree was cal-
culated for the 3-yr period immediately before
and immediately after the first reproductive
event. Relative growth rate was calculated as [In
(height t,)—In (height t,)] / (t,—t,) (Reiling and
Davison 1993). Where data were missing, RGR
was calculated over the time span available.
Missing data resulted from juveniles being fol-
lowed less than 3 yr before reproducing (18.9%
of all cases) or from being followed for less than
3 yr after becoming reproductive (13.5% of all
cases). Analysis of pre-reproductive and repro-
ductive RGRs were conducted for individuals
which became reproductive during the study us-
ing 2-way ANOVA including field identity and
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sex. To conform to the normality assumptions of
ANOVA, RGR data were log-transformed prior
to- analysis. |

To determine the impacts of sex on time from
first census to reproductive maturity, an AN-
COVA was conducted on all individuals that be-
came reproductive before 2000. The analysis in-
cluded sex and field identity and their interaction
while controlling for the height of individuals at
their initial measurement.

Cox regression (Proc PHREG) (SAS Institute
1989) was used to assess seedling mortality and
to account for variation in time of entry into the
data set. Mortality of Juniperus during the entire
period of sampling was related to time of entry
into the data set (a surrogate for time of estab-
lishment) and to field identity. To standardize
across fields, time since abandonment was used
to relate field age to likelihood of Juniperus
mortality. To account for variation among fields
in risk of mortality, the analysis of time of entry
was stratified by field. Relative risk of mortality
was calculated as the exponential transformation
of the regression coefficients from the Cox re-
gression.

A more detailed analysis of mortality patterns
was conducted using a subset of the data. Only
the two oldest fields, C3 and D1, were used in
this analysis because they contained the majority
(80%}) of individuals of known sex that died dur-
ing this study. The low sample size of dead in-
dividuals in each of the remaining four fields
and varlation in growth rates among these sites
would bias mortality estimates in the Cox re-
gression and were therefore omitted from the
analysis. Mortality in the period from 1975 to
2000 was related to field identity, plant repro-
ductive status (reproductive, non-reproductive),
plant height in 1975, and RGR (from 1973 to
1975) using multiple logistic regression (Proc
LOGISTIC) (SAS Institute 1989). This time pe-
riod was chosen because most of the deceased
individuals of known sex died during this inter-
val. Forward model selection was used with a P
= 0.05 criteria for model entry. This analysis
was repeated using reproductive individuals
only to determine sex-based differences in mor-
tality.

Results. GrRowTH RATES AND HEIGHTS.
Growth rates varied significantly among fields
both before and after individuals became repro-
ductive (Fig. 1; Pre-reproductive: Fs 570 = 26.59,
P < 0.0001; Reproductive: Fs; = 15.05, P <
0.0001). Pre-reproductive males grew slightly,
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FiG. 1. Back-transformed means and standard er-

rors of pre- and post-initial reproduction RGRs for fe-
males and males of Juniperus virginiana in the suc-
cessional fields at the Hutcheson Memorial Forest
Center. Year of abandonment from cultivation is shown
below each field designation, and significant differenc-
es between the fernales and males in a field are indi-
cated by * (P < 0.05), ** (P < 0.01), or *** (P <
0.001).

but significantly (F,5;, = 12.88, P = 0.0004),
faster in height than pre-reproductive females
(male RGR 0.409 + 0.008; female RGR 0.365
* 0.006). However, relative growth rates
dropped by approximately 50% for both males
and females once they became reproductive
(Fig. 1). These trends were shown in each of the
fields. After initiation of reproduction, males
continued to grow at a faster rate than females
(Fis577 = 7.84, P = 0.0053), but the differences
were much less with an overall average growth
rate of 0.175 yr-! (= 0.003) for females and
0.188 yr! (* 0.003) for males.

Females were taller than males at time of first
reproduction in all fields (Fig. 2). They were sig-
nificantly taller than males in four of the fields
and in all fields combined (F,,;; = 20.00, P <
0.0001). Females were on average 23 cm taller
(and older, as indicated by RGRs) than males at
first reproduction. After accounting for field
identity and initial height, an ANCOVA verified
that females took longer to reach reproductive
maturity (F, ¢, = 11.19, P < 0.001). Initial and
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FiG. 2. Height (mean and SE) at first reproduction
for females and males of Juniperus virginiana in the
successional fields at the Hutcheson Memorial Forest
Center (* = P < 0.05; ** = P < 0.01).

final heights for those females and males sur-
viving to 2000 were not significantly different,
although non-reproductives were significantly
shorter (Fig. 3). The percentage of individuals
in a field observed by Small and the authors to
be suppressed or overtopped by hardwoods
ranged from 3.5 to 41.9% (Table 1).

SURVIVORSHIP. Of the 818 individuals initially
measured and Iabeled in the six fields, 81.8%
survived to 2000 (Table 1). Risk of mortality
varied significantly among fields (Fig. 4; Wald
¥* = 110.85, df = 5, P < 0.0001), but there was
no effect of an individual’s sex on its likelihood
of dying (4.8% and 7.2% mortality for females
and males, respectively) (Table 1). However,
non-reproductives (usually later in establishment
and shorter in height) had a mortality of 72.0%
(Table 1).

A detailed analysis of mortality patterns was

conducted only in the two oldest fields, C3 and

D1, because they contained the majority of the
individuails of known sex that died in this study
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FiG. 3. Heights (mean and SE) at time of initial

measurement and at final measurement in 2000 for fe-
males, males, and non-reproductives of Juniperus vir-
giniana in successional fields at the Hutcheson Me-
morial Forest Center,

(Table 1). Using multiple logistic regression
(Proc LOGISTIC) (SAS Institute 1989), mortal-
ity was related to sex, time of establishment,
height in 1975, RGR from 1973 to 1975, and
reproductive status (reproductive, non-reproduc-
tive). Individuals that became established later
were more likely to die with risk of mortality
increasing 36.5% with. each year after abandon-

Table 1. Numbers of female, male, monoecious, and non-reproductive individuals of Juniperus virginiana
initially measured and labeled, degree of overtopping, and their survivorship to 2000, in the successional fields

at the Hutcheson Memorial Forest Center.

Number of each with dead in parentheses

D Total P
Field and Mono- Over- Individ- Total  Survivor-

Year Female Male ec1ous Non-repro. topped? uals Deaths ship
C3/1957 63 (5)** 36 (6) 0 48 (40) 22.4 147 51 65.3
D1/1937 41 (9) 42 (13) 0 55 (49) 27.5 138 71 48.6
D2/1959 19 (1) 17 (2) 0 7 (4) 41.9 43 7 83.7
D3/1959 63 () 64 (0) 1(1) 16 (1) 19.4 144 2 98.6
E1/1961 76 (1) 85 (1) 1(0) 12 (5) 4.6 174 7 06.0
E2/1961 70 () 89 (2) 1{(0) 12 {9) 3.5 172 11 03.6
ALL FIELDS 332 (16) 333 (24) 3(1) 150 (108) 16.0 818 149 81.8

** Significantly different from a 1:1 expectation at the 0.01 level.
* Percentage of individuals recorded by Small and/or by the authors as suppressed or overtopped by hardwoods.
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FiG. 4. Proportional risk of mortality from Cox re-
gression for individuals within each of the fields re-
ported as the mean risk (+ 1 SE). Risk of mortality is
calculated relative to field C3, which is for that reason
set to a risk of 1.0, Fields with the same letter are not
significantly different at the 0.05 level.

ment (Wald ¥? = 82.09, df = 1, P < (0.0001).
Just as for the entire data set, when we separated
out the reproductive individuals there was no ef-
fect of sex on the likelihood of dying (P > 0.05).
For this reason we classified individuals as re-
productive or non-reproductive only. The mul-
tiple logistic regression retained three variables
as significantly affecting the likelihood of mor-
tality in J. virginiana (model Wald x? =68.87,
df = 3, P < 0.0001). For each 25 cm less 1n
height in 1975, individuals were 1.39 times
more likely to die (Wald 2 = 42.09,df =1, P
< (0.0001), for each decrease of 0.01 in RGR,
individuals were 1.25 times more likely to die
(Wald x2 = 2259, df = 1, P < 0.0001), and
non-reproductives were 4.61 times more likely
to die than reproductive individuals {(Wald x* =
10.46, df = 1, P = 0.0012). All interactions and
field identity (C3 vs D1} were non-significant
and dropped from the model. The overall model
fit was adequate as tested by a Homer and Le-
meshow goodness of fit test (y2 = 11.98, df =
8, P = 0.1523) (SAS Institute 1989).

SEX EXPRESSION AND SEX RaTiOS. No changes
in sex expression were recorded between 1976
and 2000. The overall sex ratio was almost 1:1
(333 M, 332 E and 3 monoecious); only one of
the fields (C3) showed a significant departure
(female bias) from a 1:1 expectation (Table 1).
El and E2 both had a non-significant greater
number of males.
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Discussion. Our 1963-2000 results from la-
beled J. virginiana in central New Jersey strong-
ly support a lack of major differences between
males and females in growth rates and survival,
and a genetically-determined sex ratio of 1:1,
which had been suggested by the prior single-
year studies 1n Ontario (Vasiliauskas and Aars-
sen 1992) and in Alabama (Lawton and Cothran
2000).

GROWTH RATES AND HEeIGHTS. We found that
pre-reproductive males grew significantly faster
in height than pre-reproductive females (Fig. 1).
Because males initiate cone development earlier
than females (4 vs 10 years in age, Van Haver-
beke and Read 1976), this early height growth
may lead to crowns that extend above the dense
herbaceous canopy of early-successional envi-
ronments, facilitating wider pollen dispersal. In
addition, since pollen transfer 1s passively me-
diated by wind, increased height would increase
distance of transport. Because of their later pro-
duction of cones, females were significantly tall-
er at the ttme of first reproduction (Fig. 2).

Relative growth rates dropped by approxi-
mately 50% for both males and females once
they became reproductive (Fig. 1), but this oc-

curred significantly later for females (see AN-
COVA 1n Results). Because of this delay in the

50% drop in RGRs for females, heights in those
males and females surviving to 2000 were not
significantly different (Fig. 3), even though
RGRs after the initiatton of reproduction were
still slightly higher for males. In the Ontario
study (Vasiliauskas and Aarssen 1992), males
were taller than females 1n 3 of the 20 stands
and in the pooled data; this was attributed to

. sexual selection for greater success as a pollen

donor, especially in dense monospecific stands
characteristic of this species. Adult females may
compete less effectively than males in less pro-
ductive habitats, such as in the Ontano popula-
tions at the northern limits for J. virginiana and
1n the mountainside population in the Alabama
study (Lawton and Cothran 2000). In Alabama,
rachal growth and the effects of shade were sim-
ilar for males and females. Thus, the three stud-
ies on sex-specific growth rates in J. virginiana
indicate that although there may be a trend for
slightly greater height growth in males, there
were no major or consistent differences in
growth rates and trunk diameters.

SURVIVORSHIP. We found that sex had no ef-
fect on an individual’s likelihood of dying (Table
1}, but the risk of mortality as assessed by Cox
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regression varied significantly among fields (Fig.
4). Substratum and topography were relatively
consistent from field to field (Ugolini 1964), but
those fields with the greatest risk of mortality
(C3, D1, and D2) were adjacent to or shared the
greatest border with an upland forest where, ac-
cording to the notes of John Small and our ob-
servations in 2000, a high proportion of the la-
beled J. virginiana were subjected to overtop-
ping and shading by hardwoods (Table 1). In
contrast, helds D3, El, and E2, which either
shared a border with woody vegetation along a
stream or were isolated from the upland forest
by intervening fields had a reduced incidence of
overtopping by hardwoods and a greater fre-
quency of open or partially open canopy (Table
1). In addition, the low rainfall of 1962 (Small
et al. 1971) may have reduced hardwood seed
preduction and seedling recruitment in E1 and
E2, resulting in a high density of J. virginiana
but few overtopping hardwoods. Although J.
virginiana has been classed as very intolerant to
the shade of hardwoods (Lawson 199(Q), Wil-
liamson (1957) emphasized the failure of J. vir-
giniana to self-thin; thus, the greatest risk of
mortality existed in those fields with a greater
density of overtopping hardwoods.

Our detailed analysis of meortality in C3 and
D1 using multiple logistic regression again
showed that there was not a significant effect of
sex on the likelihood of dying, but in regards to
time of establishment, the risk of mortality in-
creases 36.5% for each year after abandonment.
For each 23 cm less in height in 1975, individ-
uals were 1.39 times more likely to die by 2000,
and for each decrease of 0.01 in RGR, individ-
uals were 1.25 times more likely to die. Non-
reproductives were 4.61 times more likely to die
than reproductives. These regression results
from C3 and D1 help to explain the overall mor-
tality of non-reproductives of 72% in the six
frelds, 1n relation to a mortality of only 6% for
-~ reproductives. Relative growth rates reflect the
relative health and competitive environment of
individuals. Growth rates in woody species have
been linked with the survivorship of seedlings
and adults (Kobe et al. 1995, Kobe and Coates
1997). Individuals that are more actively grow-
ing are typically much less likely to die than
individuals with reduced growth. The positive
relationship between growth rate and survivor-
ship 1s clearly seen in this study. Similarly, non-
reproductive individuals became established lat-
er, were shorter on average, and were probably
expeniencing greater competition for light than
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reproductive individuals. These individuals also
exhibited the greatest mortality rates.

In Ontario, the sex ratios and age structures
of the populations at the time of measurement
provided no evidence for differential survival of
the sexes (Vasiliauskas and Aarssen 1992), and
in Alabama, the male-biased population on the
mountainside was interpreted as due to a lower
frequency of reproduction among females, since
the likelihood of observing females among the
reproductively active trees increased with tree
size (Lawton and Cothran 2000), i.e., a size-re-
lated delay in onset of reproductive activity sim-
ilar to our observations.

SEX EXPRESSION AND SEX RATIOS. By utilizing
multiple-year observations on the sex expression
of labeled individuals, we were able to eliminate
bias 1n the sex ratio that would be produced by
those individuals not reproducing in a single
year of observation. Although we had a female
bias in C3 and a non-significant excess of males
in E1 and E2 (Table 1), our overall sex ratio was
1:1, with no changes in sex expression between
1976 and 2000. The authors of the prior studies
had suggested that the genetically determined
sex ratio was 1:1. In Ontario, 19 of 20 stands
had 1:1 ratios, although the pooled data from all
stands showed a slight male bias (Vasiliauskas
and Aarssen 1992); it was suggested that at the
northern limit of the species suppressed or
young male trees might produce a few cones un-
der conditions that would preclude cone devel-
opment by females. In Alabama, a population on
the fertile soil of the Tennessee Valley floor with
a high proportion of reproductives had a 1:1 ra-
tio (Lawton and Cothran 2000); however, a xeric
population on the rocky slopes of the Cumber-
land Plateau with only 24% reproductives had a
male bias, attributed by the authors to a lack of
reproduction by a greater proportion of the
smaller temale individuals—this coincides with
our results that females were taller and older
than males at first reproduction.

The three studies in combination produce
strong evidence for a genetically-determined 1:1
ratio, but although WVasiliauskas and Aarssen
(1992) reported that male trees did not have a
greater representation in the younger or older
age classes, 1.e., no differential survival, we
have no evidence as to the primary (at fertiliza-
tiont) and secondary (at germination) sex ratios.
Only a sex-linked DNA marker (e.g., Alstrom-
Rapaport et al. 1998, Kafkas et al. 2001, Urasaki
et al. 2002), not yet available for J. virginiana,
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that could be used on seeds and seedlings would
help to clanfy if there are any reasons other than
chance for the occasional local bias in sex ratio.
Such a marker could also be used to determine
the sex of non-reproductives, testing the hypoth-
esis of the lack of reproduction by a greater pro-
portion of the smaller female individuals under
more limiting conditions.
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