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REPRODUCTIVE ECOLOGY OF CARYA (JUGLANDACEAE):
PHENOLOGY, POLLINATION, AND BREEDING
SYSTEM OF TWO SYMPATRIC
TREE SPECIES'

Brian C. MCCARTHY? AND JAMES A. QUINN
Department of Biological Sciences, Rutg‘:ers University, Piscataway, New Jersey 08855-1059

ABSTRACT

Observations and experiments on both shaghark (Carva ovaia; 2n = 32) and mackernut (C.
tomentosa, 2n = 64) hickaries in a New Jersey forest were performed over a 2-year period ta
determine the mechanisms aperating both to maintain reproductive fidelity and to regulate fruit
initiation. Phenalogical observations indicated. significant differences between the species for
almost all vegetative and repraductive characters examined; however, a large amount of overlap
was also aobserved. Pollination experiments indicated that pollen limitation is not a significant
factor in reducing fruit set in these anemophilous species. Pollen-avule ratios ranged from 1 to
25 x 10% Pollen was §0-90% viable at time of shedding. The large surface area af vegetative
structures {e.g., leaves) at the time of pollination may retard the flow of pollen into and out of
the canopy and thus increase self-pollination. A full diallel cross, replicated 5 times, was made
among 8 trees (4 trees of each species) to characterize combining ability and compatibility
relationships. All trees were found ta be hath geitonogamous and xenagamous to varying degrees,
A high frequency of putative interploidal cross-compatibility was also abserved. Fruits from
these interspecific crasses were found to be germinahle. Observations on individual trees sug-
gested that dichogamy may help to reduce selfing and promate outcrassing in this breeding
system., While most trees exhibited a temporal separation of genders, the trait was found to be
quite plastic (i.e., trees switched between protogyny and protandry between years). Pistillate
flowers were receptive for all trees within a species during the same general time period; however,
pollen shedding varied considerably among trees and between years. Bath species appear to be
utilizing a braad array of mechanisms in arder to maintain reproductive fidelity and adequate

fruit set.

Hickories (Carpa spp., Juglandaceae) are a
widespread and important genus in eastern
Narth America {Fowells, 1965). They have been
observed to be dominants ar codominants in
many eastern deciduous forest types (Braun,
1950). Perhaps more importantly, this genus
possesses a set of life history characteristics
which are shared among many co-occurring
North American taxa (e.g., Carya, Castanea,
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Fagus, Juglans, Quercus); all have a similar
complex life cvele, pollination syndrome
(anemophily), breeding system (monoecy), dis-
persal syndrome (mammalian predator-dis-
persers), and regeneration strategy {shade-tol-
erant, slow growth, etc.). Additionally, many
of the species within certain genera (most no-
tably Querciis) can and do hybridize (Gleason
and Crongquist, 1963), probably due to the non-
directional nature of the pollination process.
Perhaps a single characteristic, that of the ar-
boreal habit, has resulted in a dearth of pub-
lished experimental information on the early
reproductive biology (flower to fruit set} of most
of these hardwood taxa in natural populations.

We have selected two hickory species (Carya
ovata and C. tomentosa), growing in a natural
community, to assess the reproductive char-
acteristics influencing both the transfer of pol-
len and fertilization. Much significant research
has been done with this genus for applied pur-
poses {L.e., forestry and horticulture). The re-
productive biology of Carya ilinoensis, the
cultivated pecan, has been well studied (re-
viewed by Madden and Malstrom, 1975).
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Fig. 1. Daily maximum and minimum temperatures
(top and bottorn limits of bars) during the peak flowering
periods of Carya spp. in 1986 and 1987 at Hutcheson
Memeorial Forest, Somerset Co., NJ.

Studies of C. illinoensis cultivars suggest that
fruit set may be substantially affected by in-
viable pollen (Woodroof, 1930; Adnance,
1931); metaxenia {pollen influences), female
choice, and heterosis {(Romberg and Smith,
1944); and degree of dichogamy (Stuckey, 1916;
Smith and Romberg, 1940; Madden and
Brown, 1973).

The extent and degree of biotic factors af-
fecting fruit set (i.e., fruit initiation) in natural
populations of Carpa, as well as many other
tree species sharing its general life history pat-
tern, are virtually unknown. If we are to un-
derstand the demographic dynamics of natural
plant populations in an evolutionary context
(Harper, 1967), it is imperative that analyses
follow the dynamics of individual plants from
“zygote to zygote” (Harper, 1977, Solbrig, 1980;
Nakamura, 1988). Both genetic and environ-
mental factors are significant sources of mor-
tality affecting the dynamics of papulations

[Vol. 77

early in the life cycle of plants (Lee, 1988).
Both natural and sexual selection may produce
differential mortality patterns favoring the
progeny of some members of the papulation
while rejecting others. As pointed out earlier
{(McCarthy and Quinn, 1989), data on repro-
ductive allocation in long-lived woody species
are sorely needed for the development, testing,
and generality assessment of many theoretical
expectations concerning the reproductive bi-
ology of plants {(e.g., plasticity of sex expres-
sion, factors influencing seed set, mate choice,
and mate competition),

We studied the flowering and reproductive
biology of single populations of Carya ovata
and C. tomerttosa in a New Jersey mixed oak
forest to answer the following questions: 1) Are
reproductive events temporally partitioned and
does phenological separation promote species
fidelity? 2) What degree of dichogamy (tem-
poral separation of genders) is expressed within
and among individuals of a species? 3) How
plastic is this trait (i.e., does dichogamy vary
from year to year)? 4) What proportion of the
pollen is viable? 5) What is the pollen—ovule
ratio? 6) Is pollen limiting fruit set, and what
factors might impede successfill pollination?
7) Are these two species, differing in ploidy
levels, cross-compatible and with what fre-
quency might they cross in nature? 8) Is there
any evidence of female choice?

MATERIALS AND METHODS — Study site— Field
work was conducted at the Hutcheson Me-
morial Forest (HMF) located in Somerset
County, New Jersey (40°30'N, 74°34'W). HMF
experiences 4 subcontinental temperate cli-
mate with 112 cm of precipitation annually
and a mean annual temperature of 11.7 C
(Robichaud and Buell, 1973). Daily high/low
temperatures during the peak flowering periods
are presented in Fig. 1. Foresis of the region
are generally considered as mixed oak (Robi-
chaud and Buell, 1973; Forman and Elfstrom,
1975) and were included in the oak-chestnut
region of Braun (1950). The forest lies on soils
developed from the Triassic red shales of the
Piedmont (Wolfe, 1977). These soils may be
generally classified as Penn Shaly Silt Loams
(Kirkham, 1976). All work was conducted on
trees in a wooded hedgerow adjacent to the
south end of the forest,

Study species— Carya ovata (Mill.) K. Koch
(shagbark hickory, 2r = 32, Stone, 1963) and
C. tomentosa (Poir. ) Nutt. (mockernut hickory;
21 =64, Stone, 1963) are common tree species
in many eastern North American deciduous
forests (Braun, 1930; Fowells, 1965). Both
species are sympatric throughout much of their
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Phenological categories, and assoctated levels, examined far shaghark and mockernut hickorvies in 1986 and

Phenolopical eatepary Class levels

Deseriptian

Shoot develaopment No shaoot present
Shoots initiating

Shaots elongated
No leaves present
Leaves protruding?
Leaves open

No catkins present
Catkins pendant
Catkins shedding
Catkin senescence
No flowers present
Flowers visible
Flowers receptive
Flower senescence

Leaf development

Catkin development

Pistillate flower development

Prebud burst, no new shoat growth

Pastbud burst, active growth phase

Shoots have reached >90% of primary growth
Prebud burst

Bud burst, leaves appear but blades folded
Period of leaf hlade unfolding and expansion
No visible staminate inflorescences

Postbud burst

Catkins mature, period of pollen release
Postpallen shedding, catkin withers and is shed

Na visible pistillate flowers

Postshaoat initiation, pistillate flowers not develaping
Stigmatic surface sticky

Either flower is aborted or fruit is set (initiated)

range along with several other congeners
(McCarthy and Wistendahl, 1988). The south-
ernmost portion of the Hutcheson Forest has
. ovata and C. tomentosa as the primary co-
occurring congeners; C. ovalisis present at HMF
but with a much lower abundance and is not
within 300 m of any study tree. Species iden-
tifications were made using Manning (1950)
and Gleason and Cronquist (1963). Nomen-
clature follows Gleason and Cronguist (1963).
Voucher specimens have been deposited at the
Chrysler Herbarium of Rutgers University.
Four shagbark and four mockernut trees were
selected for study. The intensive nature of this
study, and the lack of other Carya trees in the
area with comparable microenvironments and
of similar age, size, and reproductive status,
precluded larger sample sizes. The eight trees
used for this study are the same trees as those
described in McCarthy and Quinn (1989; see
Table 1). Observations and experiments were
conducted from sampling towers erected ad-
Jjacent to each tree (see McCarthy, 1988).
Carva ovataand C. tomentosd are both mon-
oecious and anemophilous. Flowers appear
concurrently with the unfolding of leaves
(Daniel, Helms, and Baker, 1979); however,
pollen may not be shed until leaves are almost
fully expanded (personal observation, BCM).
The morphology of the staminate inflores-
cences, pistillate flowers, and fruits has been
described in detail by Manning (1940, 1948).
The reproductive biology has been summa-
rized in Madden and Malstrom (1975) and
McCarthy and Quinn (1989). Briefly, apical
buds give rise to a leafy shoot that may dif-
ferentiate terminal pistillate flowers and 1-12+
proximal {axillary to bud scales) staminate in-
florescences (catkins). Thus, these species are

herkogamous; the male and female genders are
separated by the length of the newly formed
shoot. Catkins are initiated in the early sum-
mer of the year prior to the year in which they
produce pollen (Woodroof and Woodroof,
1927). Pistillate flowers, each bearing a single
orthotropic ovule, are borne in a terminal clus-
ter of 1-5 flowers and differentiate in early
spring after shoot initiation (Shuhart, 1927).

Phenology observations—1In 1986 and 1987,
before the buds had swollen in early spring, 10
shoots were randomly selected from that por-
tion of the canopy accessible via the sampling
tower of each of the eight study trees. These
80 shoots were then individually evaluated and
scored every 24 hr for ca. 50 days. Four phe-
nological categaries were recognized: shoot de-
velopment, leaf development, catkin devel-
opment, and pistillate flower development (see
Table 1). These categories were selected for a
determination of both the rate of phenological
change and the correlation between stages (e.g.,
what and how much interference may be con-
tributed by vegetative structures to pollen dis-
semination) both within and between species.
Detailed information on the timing of pollen
shedding and stigma receptivity was used to
determine the extent and degree of dichogamy.

Pollination observations and experiments—
Determining exactly when pollen is shed from
the catkins can be difficult. To circumvent this
problem we selected 20 shoots from each tree,
stratified such that 10 were from the top of the
tree and 10 were from the bottom, and bagged
only the catkins. We used transparent Slip-Ezy
pollination bags (Model 3295, 8 x § X 24 cm,
available from Corn States, St. Lows, MO).
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Carya pollen is bright vellow, and thus we were
able to determine exactly when pollen was shed,
and to what degree, based on the yellowness
of the transparent pollination bags. The pollen
from these bags was subsequently used for per-
forming viability tests and experimental pol-
linations.

At the time of pollen shedding, data were
also collected on shoot morphometrics from
10 shoots (5 at each height position). We re-
corded the length (to nearest 0.1 ecm) and width
(to nearest 0.1 mm)} of the twig, and number
of leaves produced. Leaves were then har-
vested, stored in plastic bags, and brought to
the laboratory to determine leafarea (cm?) us-
ing a Li-Cor area meter. All morphometric
variables were subsequently used to derive area
variables to determine the percentage of non-
stigmatic interfering tissues.

At time of pollen shedding, the bagged cat-
kins from 5 shoots were brought to the laba-
ratory for determination of pollen viability.
Pollen from each shoot was allocated to two
different storage methods: half was stored at
room temperature (ca. 20 C), and the other
half was stored in a freezer at — 10 C. Pollen
was analyzed for viability that day, and each
day thereafter (for 7 days), at the two pollen
storage temperatures. Viability was deter-
mined by the fluorochromatic test procedure
described by Heslop-Harrison and Heslop-
Harrison (1970). Pollen-ovule ratios were de-
termined by collecting matured catkins ca. 1-
3 days before anther dehiscence. Individual
anthers were excised, squashed on a micro-
scope slide, and stained (using the technigues
emplaoyed for pollen viability tests) to deter-
mine the number of grains per anther. The
number of grains per shoot was extrapolated
from the number of anthers per catkin and
catkins per shoot. Upan collection of the pal-
len, the number of catkins and pistillate flowers
was recorded for each shaot {of the 10 shoots
from which morphometric data were collect-
ed). Pollen-ovule ratios were determined based
on the number of pollen grains and female
flowers per flowering shoot.

We performed an experiment in 1987 to de-
termine if pollen was limiting to fruit set by
comparing naturally-pollinated flowers to
hand-pollinated flowers. Twenty shoots were
randomly selected within each canopy; ten were
allocated to an experimental pollen-supple-
mentation treatment, while the other ten were
allocated to an apen-pollination control. Pol-
linations were performed using pollen collected
from the same tree {or nearest conspecific
neighbor if dichogamy was close to complete)

AMERICAN JOURNAL OF BOTANY
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and applied with a small sable-haired brush.
Stigma receptivity is reliably indicated when
the stigmatic surfaces become visibly sticky
with a mucilaginous substance {(Madden and
Malstrom, 1975), A pilot project performed
the previous year employing two pollen loads,
low (<100 grains) and high (saturated with
> 1,000 grains), did not indicate any difference
in fruit set (¢-test, P = 0.50, ¥ = 10). Therefore,
we concluded that stigma clogging is probably
not a problem and performed the pollinations
by saturating the stigma with pollen.

Breeding system experiments—Ta deter-
mine general combining ability (Wright, 1976)
and compatibility relationships (within trees,
among conspecifics, and between congenerics),
we established a full dialle]l cross among the
eight trees (four of each species). Each tree thus
served as both a pollen donor (paternal parent)
and a pollen recipient (maternal parent) for
crosses with itself and every other tree (64 total
possible crosses). Forty shoots were randomly
selected, emasculated, and bagged on each tree
prior to pistillate flower formation. Since the
pistillate flowers are subtended by the devel-
oping leaves we chose to bag the entire shoot
using 40 x 17 % 12 cm Pollen-Tector polli-
nation bags (Model 1250/0T, available from
Carpenter Paper, Des Moines, 1A). These 40
shoots were subdivided into eight sets of five
replicates, one set for each pollen donor tree
including itself. Pollen collection and appli-
cation procedures are the same as described
above for the pollination limitation experi-
ment. Here, however, pollinations were always
performed before 0900 hr; previous studies
have shown that airborne pollen is lowest in
the morning (Traub and Romberg, 1933). In
this way we are relatively confident that the
only pollen arriving on the stigma was that
coming from the designated pollen source.

The success of the crosses was determined
approximately 60 days later. A cross was con-
sidered successful if the flowers set fruit and
maturation was initiated (i.e., both ovary wall
expansion and kernel filling) for the majority
of fruits on that shoot. Unfortunately, these
fruits require a maturation period of ca. 150
days and many never reach maturity due to a
variety of nongenetic reasons (e.g., shoot re-
sources, environment, predation, etc.). Ac-
cordingly, we were unable to collect a sufficient
number-of matured fruit that year for the fur-
ther study of offspring quality. We were able
to collect small samples of fruits (& = 10-15)
from self, conspecific, and congeneric crosses
(trees pooled) to determine germinability. Seeds
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Shoot phenology patterns for 40 shoots each of Carya avarta (shaghark hickory) and C. tamentosa (mockernut

hickory) in 1986 and 1987. See Table | for a description of categories.

were packed in trays of 50:50 vermiculite:sand,
moistened, cold-stratified at 5 C for 90 days
and germinated in a greenhouse,

a

Data analyses and presentation — Phenolog-
ical data were analyzed using various univar-
iate descriptive and nonparametric test pro-
cedures provided by STATGRAPHICS (STSC,
1986). Kolmogorav-Smirnov two-sample tests
(Sokal and Rohlf, 1981) were used to analyze
differences between species, within years, for
each of the categorical levels described in Table
1. Due to the large number of pairwise com-
parisons we selected an alpha level of P = 0.01
in order to reduce the probability of commit-
ting Type I errors, Data are presented as dis-
tribution functions (by year and species) for
each categorical level.

Pollination data were also evaluated using a
variety of procedures provided by STAT-
GRAPHICS (STSC, 1986). Differences be-
tween species for twig and leaf area were ana-
lyzed using ¢-tests after square root
transformations. Backtransformed means +1
SD are presented. Pollen viability and pollen-
ovule relationships among trees and between
species were campared using the Kruskal-Wal-
lis test. Data from the pollination limitation

KO LEAYES PRESENT

LEAVES PRAOTRUDING

experiment were analyzed by z-test at an alpha
of P = 0.05.

Due to the small number of matured fruits
available, quantitative genetic covariances
could not be determined. Instead, data are
qualitatively presented in terms of relative
crossabilities, based on the number of repli-
cates which successfully initiated fruit (three
categories: poor [no fruit set], fair [1 or 2 reps
set fruit], good [3-+ reps set fruit]).

RESULTS — Phenology —Shoots of both
species tend to follow a predictable pattern in
a phenological sequence. Buds would swell
(early April) for ca. 2 weeks prior to bud break.,
At bud break, the juvenile catkins would emerge
first and begin to unfold; the catkins would
take 2-5 days to become pendant and an ad-
ditional 10-20 days to reach maturity (i.e., pol-
len shed). Generally, any given catkin would
release its pollen over a period of 1 day; how-
ever, pollen release for the whaole tree might
last 3—4 days (usually only 1-2 days). Leaves
would begin to protrude from the bud 4-8 days
after bud break and catkin emergence, and be-
gin to unfold 1-4 days thereafter. As the Jeaves
unfold and the blades expand, shoot growth 1s
initiated, requiring 3—-7 daystoreach near max-
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Fig. 3. Leaf phenology patterns for 40 shoots each of Carpa ovata (shaghbark hickory) and C. tomentasa (mockernut

hickory) in 1984 and 1987. See Table 1 for a description of categories.
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imal elongation. Upon (or slightly before)
reaching maximal primary growth of the shoot,
the pistillate flowers would appear and require
4-10 days to became receptive. The period of
receptivity (determinable by a viscid fluid which
covers the stigmatic surface) lasts ca. 1 week.
In each year, both species typically respond-
ed in z similar fashion (Fig. 2-5). The phe-
nological sequence of shoot development was
at least as similar for different species within
the same year as it was for the same species
between years. However, in over 90% of the
phenological traits examined (Fig. 2-5) there
was a highly significant difference (P < 0.0001)
between species within a year (28 pairwise K-S
tests). While there may be a statistical differ-
ence in the cumulative distribution frequen-
cies, a considerable amount of averlap (> 50%)
is also indicated in almost all traits (Fig. 2-5).
Airborne pollen and receptive stigmas are pres-
ent for both species within a similar period.

No striking relationship between pollen
shedding and temperature (Fig. 1, 4) is indi-
cated other than the tendency for a tree to shed
pollen on a day (or immediately after a day)
of relatively cool minimum temperatures. No
pollen was observed to be released on rainy or
high humidity {>>85%) days. The exact time
of pollen shedding must be largely induced by
the environment because some trees were ob-
served to have anthers with mature pollen many
days before actual release.

The response patterns of individual trees (Fig.
6, 7) demonstrate two important points. First,
shoot growth and leaf expansion are almost
always initiated at ar befare the time of pol-
lination (except for tree H in 1986). Thus, a
considerable amount of leaf and twig area is
present at the time of pollination (Table 2).
These surfaces represent nontarget (i.e., non-
stigmatic) tissues; the total area tends to vary
more between years than within a year and is
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(mockernut hickory) in 1986 and 1987. See Table | for a description of categories.

clearly correlated with the other measured phe-
nological traits. There is no clear relationship,
however, between the amount of nontarget sur-
face area at the time of pollen shedding and
the fruit set for 1986 and 1987 (Table 2).

Second, while shoots of individual trees tend
to be synchronous in gender state, the range
and extent of dichogamy are variable. Some
trees within a species were praotandrous, some
protogynous; separation of genders within a
given species varied both among trees and be-
tween years (Fig. 6, 7). The temporal separation
of genders was complete (i.e., no overlap) on
some trees in some vears and incomplete (some
averlap) in others. Tree J (shagbark) only pro-
duced 9 catkins and 12 pistillate flowers in
1987, there was an insufficient number of cat-
kin-bearing shoots to determine pollen shed-
ding in this year (Fig. 6).

Pollination—Pollen viability determined at
the time of shedding in 1987 was found to be

quite high (> 84%) for all trees of both species
(Table 3). Pollen viability decreased ca. 10%
(£ = 0.1Q) over the 7-day measurement period
for bath species at hoth storage temperatures
(data not shown).

Pallen-ovule ratios ranged from 670,656 to
21,003,640 and tended to be slightly higher (£
= (0.883, P = (L.377) for mockernut (Table 4}.
The difference between species in pollen-ovule
ratios is much more pronounced (Z = 1.746,
P = 0.081) if the data for mockernut tree H
are deleted; the catkins of this tree consistently
exhibited a bizarre development pattern where
the distal portion of each catkin was sterile,
bearing no anthers or pallen. However, the
pollen produced in the functional anthers was
viable.

The pollen supplementation experiment in-
dicated that pollen is not a limitation on fruit
set for either shagbark or mackernut hickories.
While the mean fruit set was slightly higher for
pollen-supplemented flowers, there was no sig-
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nificant difference in fruit set (¢-tests, ns). Mean
fruit set was 76% for pollen-supplemented
flowers and 70% for flowers receiving a natural
pollen load in shagbark; the values were 85 and
70%, respectively, for mockernut.

Breeding system—The diallel ¢cross was not
completely balanced for several reasons. The
fermale flowers of tree A {shagbark) were not
receptive long enough to make any other cross-
es{with a great degree of confidence} other than
A to itself. As mentioned earlier, tree H did
not produce a sufficient amount of pollen, dur-
ing the peak flowering period, to be used for
experimental purposes. Various other crosses
were also nat possible due to the timing of
pollen production and flower receptivity.

The crosses that were made (Table 5) indi-
cate a high degree of compatibility both within
and between species. However, one maternal
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SHAGBARK HICKORY TREES

Mean (+5D) phenological patterns for selected traits among trees of Carpa avata in 1986 and 1987,

tree in each species (C and G) showed dispro-
porticnate incompatibility (i.e., failure to set
fruit) regardless of whether the paternal parent
was conspecific or heterospecific. No tree per-
formed disproportionately poorly as a paternal
parent.

Fifteen nuts, from crosses where the paternal
parent was a Carya ovata, were collected from
various C. tomentosa trees. Twelve of these
fifteen {80%) seeds germinated and produced
a radicle twice the [ength of the seed. Fourteen
nuts, originating from crosses where the pa-
ternal parent was a C. tomentosa, were col-
lected from various C. ovata trees. Eight of
these fourteen (37%) seeds germinated and pro-
duced a radicle twice the length of the seed. A
total of 1,750 nuts, arising from natural pol-
lination, were collected from tree E {i.e., pa-
ternity unknown, all at least half-sibs) for other
purposes and 1684 germinated (96%) and pro-
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Mean (£ 8D) phenological patterns for selected traits amang trees of Carya romentosa in 1986 and 1987,
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TapLe 2, AMean (£5D) of vegetarive and reproductive characters of shoots (N = 40) of shaghark and mockernut hickories

in 1986 and 1987

Character

1986 1987

No. of catkins® Shagbark
Mackernut
P
Shaghark
Mackemnut
P
Shagbark
Mackermut
P

Shagbark
Mockernut
P
Shaghark
Mockernut
B
Shaghark
Mockernut
P
Shaghark
Mockemut
P

No. of flowers

No. of fruits

No. of leaves

Leaf area® at pollen shedding

Twig area® at pollen shedding

Total area? at pollen shedding

60+ 22 4.9 % 5.6
6.7 £ 3.5 10.3 £ 8.2
0.2501 0.0004
2.0+ 0.8 1.3 = 1.0
24 1.5 1.9 = 1.0
0.1401 0.0166
0.9 + 09 0.9 = 0.9
14+ 1.1 14 = L.l
0.0114 0.0201
42+ 1.1 4.1 £ 1.1
6.1l 1.8 446 = 0.9
0.0001 0.0477
227.9 £ 99.5 181.5 £ 78.35
1166 + 45.8 172.3 = 84.8
0.0884 0.8705
108.2 + 20.3 80.6 = 14.8
241.5 + 431 1420 = 70.5
0.0032 0.0374
1,094.2 = 500.6 785.6 = 375.2
1,028.9 = 358.8 949.8 = 4354
0.8389 0.5885

* Actual number of catkins, divide by 3 to obtain number of peduncles.

b Surface area of ane leaf in em?,

= Surface area of twig (cm?) calculated for an equivalent cylinder of that length and width.
4 Total surface area per shoot; calculated as TSA = {no. of leaves * leaf area) + twig area.

duced relatively uniform seedlings in the green-
house, with the exception of one seedling which
was an albino.

DiscussioN— Flowering phenology — Both
Carya ovata and C. tomentosa share the same
temporal window for reproduction. the eco-
logical and evolutionary consequences of over-
lapping flowering times have been primarily
studied by those interested in zaophilous pol-
lination systems {e.g., see Rathcke, 1983; Real,
1983; Waser, 1983); fewer studies have ex-
plored the implications for co-occurring wind-
pollinated congeners which may suffer from
interspecific pollen transfer (Waser, 1983).

Separation of flowering times i a common
isolating mechanism for sympatric anemoph-
ilous species. The nondirectional nature of the
pollination vector (wind) would logically dic-
tate the expectation that congenerics should be
isolated in time; conspecifics should produce
pollen and receptive stigmas in a highly syn-
chronous fashion. However, we did not ob-
serve nonaverlapping flowering at HMF in
either year. Both species share an array of re-
productive features deployed during the same
general time period resulting in no obvious
reproductive isolation. Statistically, between-
species comparisons indicated that most of the
reproductive events examined were tempo-

rally separated; however, the large amount of
overlap (usually >50%) among reproductive
phases resulted in a complicated reproductive
continuum rather than a series of synchronous
reproductive episodes. This lack of clear tem-
poral partitioning may result in hybridization.
Species identity is surely not being nraintained
totally by temporal differences in flowering, but
the degree of temporal differentiation observed
clearly contributes to species integrity.

Pollination and fertilization—Pollen 1s pro-
duced in enormous quantities by these two
species. The production and release of a large
number of pollen grains are characteristic of
the wind pollination syndrome (Whitehead,

TaBLE 3. Percenfage pollen viahifity at pollen shedding
in 1987 for trees of shaghark and maockernut hickory

Species Tree i 8D

Shaghark A 96.7 £ 1.1
B 87.0 £ 4.6

~ C 935 £ 1.2

I 92,1 £ 1.8

Mockernut D 338 + 7.4
E 93.7 = 4.1

G 95.0 £ 1.3

H 39.5 + 0.9
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TaBLE 4. Pallen-ovide ratios for shagbark and mockernut hickaries. There was no significant difference between species

(Z =0.883, P = 0.377)

Species Trese B0 for tres Species mean + 8D
Shagbark 2,211,661 + 803,118
A 2,055,061
B 1,498,376
C 3,081,546
J Na data
Mockernut 9,411,475 + 8,575,828
D 9,687,150
E 6,284,453
G 21,003,640
H 670,656

1969, 1983, Faegri and van der Pijl, 1971;
Proctor and Yeo, 1972; Niklas, 1985). Mad-
den, Brison, and McDaniel (1969) determined
that the average pecan catkin produces 2.5 mil-
lion pollen grains. Woodroof (1924) deter-
mined the number of pollen grains produced
by one tree to be 2.9 x 1019,

Pollen-ovule ratios are a good indicator of
the breeding system; wind-pollinated, xenoga-
mous species tend to have high pollen-ovule
ratios (10°-10%, Cruden, 1977). In this respect,
Carypais typically representative. Interestingly,
our observed P:Q ratios ranged from ca, 1-20
x 10% and are among the highest cited for any
natural or cultivated plant species (Pohl, 1937;
Cruden, 1977). To what extent this is char-
acteristic for other upland hardwoods is un-
clear—there are too few data to make adequate
comparisons.

The pollen supplementation experiment in-
dicates that the amount of available pollen im-
posed no obviouslimitations on fruit set during
the year we conducted our study. The vast
majority of pollen that was produced was quite
viable, and this viability was maintained over
time {1 week). Presumably, the longer a grain
can stay ajrborne the greater its chances of
effecting pollination.

A number of factors lead us to postulate that
most hickory trees regularly self-, rather than
cross-pollinate, and that gene flow is not par-
ticularly extensive within and between these
species. First, pollen dispersion has been shown
to be strongly leptokurtic for all temperate tree
species examined to date (Wright, 1976), in-
cluding Carya illinoensis {Woodroof and
Woodroof, 1927). Pollen is rarely disseminat-
ed more than 100-150 m from the parent plant,
although long-distance dispersal events in Car-
ya are not uncommon (Woodroof and Wood-
roof, 1927). Secondly, our data show hickaories
to have already leafed out, to various degrees,

by the time pollen is shed. This can result in
a containment effect because the catkins are
borne proximally to the leafy shoots, thus pro-
moting a vertical dribble of pollen within a
canopy rather than an angular dispersion of
pollen away from the canopy. The overwhelm-
ing surface area of nontarget tissues {i.e., leaves
and branches) relative to stigmatic surface area
(see madel by Faegri and van der Pijl, 1971)
associated with a tree and its nearest neighbors
suggests that, in the absence of strong turbu-
lence, horizontal or vertical pollen movement
out of the canopy may be minimal. The pres-
ence af so much leafy tissue probably promates
geitonogamy over xenogamy. Thirdly, we note
that one of the best nut-producing trees (H;
>90% of flowers set fruit) was the most isolated
tree (ca. 150-200 m from the nearest conspe-
cific pollen-producer), further confirming our
suspicion that fertilization is probably effected
foremost through self-pollination. Mature fruits
from this tree (H) were almost all germinable
and produced vigorous seedlings.

Breeding systemi—Results from the diallel
cross indicate that hickories are highly self-
compatible, The morphological considerations
discussed above suggest that geitonogamy is
favored over xenogamy. Dichogamy, the tem-
poral separation of genders, may however re-
duce the frequency of self-pollination. Qur data
indicate that hickory exhibits interfloral, in-
complete, synchronous dichogamy (see Lloyd
and Webb, 1986). Individual plants may be
protandrous in one year, while being proto-
gynous the following year. Dichogamy amang
cultivars of Carya illinoensishas generally been
found te be more or less complete (i.e., no
overlap of staminate and pistillate flowers) and
has posed substantial problems for tree breed-
ers (Smith and Romberg, 1940). Both C. i/li-
noensis (Stuckey, 1916) and Juglans spp. (Del-
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Resuits of full diallel cross in which every tree served both as a pollen donor and pollen recipient. Each crass

was replicated 5 times. Abbreviations: nd = no data (cross was not executable due to complete dichagamy), 0 = alf
5 reps failed to set fruit, + = 1-2 reps set fruil, ++ = 3-3 reps set fruit

Male

Female trees (pollen recipients)

trees Carpa owata . tamentesa

{palien

danars) A B C N | D E G H
A ++ ++ ++ ' + 0 + + +
B nd ++ ++ nd + + 0 +
C nd + 0 nd + a ++ ++
I nd nd 0 + ++ nd 0 ++
D nd ++ ++ + ++ ++ + T+
E nd + 4] ++ + + Q ++
G nd + 0 nd + + - ++ ++
H nd nd nd nd nd nd nd nd

pino, 1871, described in Darwin, 1888; Stout,
1928; Gleeson, 1982) have been characterized
as having a specialized form of synchronous
dichogamy known as heterodichogamy (Lloyd
and Webb, 1986), which involves a protan-
drous-protogynous dimorphism. Average
flowering times of the complementary mating
types are synchronized to the extent that mat-
ing is almost completely disassortative. Our
observations on the between-year variation in
the timing of gender state would suggest that
natural papulations of Carya are not in fact
heterodichogamous but more accurately de-
scribed as “one-cycle™ (Lloyd and Webb, 19886).
As Pendleton et al. {1988) point out, the prot-
androus-protogynous dimorphism in the Ju-
glandaceae has been reported almost exclu-
sively for cultivated varieties rather than from
natural populations.

Dichogamy has been considered as a mech-
anism to promote outcrossing, and in fact we
believe this to be the case here, Wyatt (1983)
and Lloyd and Webb (1986) have challenged
the hypothesis that dichogamy evolved solely
as an outcrossing mechanism; they note that
there are a large number of self-incompatible
species which also exhibit the trait and thus
create a paradox. They suggest that dichogamy
may have an important role in promoting pol-
len dispersal and reducing {self] pollen-stigma
interference. However, in this case, it is un-
likely that dichagamy is needed to reduce pol-
len-stigma interference because the stigmas
were generally saturated with self-pollen when
hand-pollinated, and even then they produced
excellent fruit set. In addition, neither of these
species have optimized morphological char-
acteristics to promote pollen dispersal {e.g., the
lack of leaves at pollen shedding). The extent
to which herkogamy contributes to outerossing
is unclear, but it may contribute to pollen dis-

persal and reduce pollen-stigma interference
(Webb and Lloyd, 1986).

Previously, we have noted a strong genetic
basis to flowering and fruiting in these trees
{McCarthy and Quinn, 1989), staminate flow-
ering was found to be more variable than pis-
tillate flowering. Phenological patterns (Fig. 6,
7y indicate that the plasticity of male flowering
{particularly time of pollen shedding) deter-
mines both the type and degree of dichogamy.
The sensitivity of anthers to atmospheric con-
ditions apparently dictates the extent to which
a given plant will be protandrous or protogy-
nous. The environmental conditions dictating
anther dehiscence seem to be universal (Faegri
and van der Pijl, 1971; Whitehead, 1983; Nik-
las, 1985). Thus, the degree and extent of di-
chogamy are quite plastic and apparently not
under rigid genetic control,

We found some evidence, based on our
crossing design, to suggest selective fertiliza-
tion (Stephenson and Bertin, 1983), i.e., in-
compatibility of pollen (or pollen tubes) and
pistils in self- and cross-pollinations. Some
maternal parents would consistently reject
crosses with specific paternal parents. The
prevalence of maternal choice in natural pop-
ulations of North American hardwood trees
hasrarely been examined. Romberg and Smith
(19446), studying the effects of crass-, self-, and
sib-pollination in cultivars of C. iffinoensis,
found no evidence of pollen-stylar incompat-
ibility or selectivity of pollen tubes in the fer-
tilization of egg cells. There was always good
fruit set as long as stigmas were receptive when
the pallen was applied. Adriance (1931) also
found exéellent fruit set among eight cultivars
of C. illinpensis. However, Romberg and Smith
(1946) determined that the quality of nuts was
lower far nuts arising from self-pollinations,
suggesting that the vigor of seedlings might be
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reduced due to inbreeding. Due to a lack of
matured nuts, our data were not sufficient to
determine the effects of inbreeding on offspring
quality.

The putative interploidal cross-compatibil-
ity of these two species indicates that poly-
ploidy (and the production of sterile hybrids)
has not vyet led to the evolution of effective
prezygotic isolating mechanisms. However,
except for the potential production of unre-
duced gametes by C. ovata, progeny of these
two species should be triploid {or rarely pen-
taploid) and sterile. While our interspecific
crosses produced filled, germinable nuts, we
know nothing about the vigor of seedlings re-
sulting from these crosses; abviously the de-
termination of F, or F, fertility would reguire
a prohibitive amount of time. We can, how-
ever, say that interspecific hybridization in na-
ture is possible.

SIGNIFICANCE FOR FUTURE STUDIES — No sin-
gle mechanism operates to maintain the re-
productive fidelity of these two sympatric
species of Carya. In the absence of strong tem-
poral separation of flowering or other prezy-
gotic isolating mechanisms, sympatric conge-
ners of anemophilous hardwoods should
accasionally produce interspecific hybrids in
natural populations. Few studies have empir-
1cally addressed the ecological and evolution-
ary implications associated with nondirection-
al pollination vectors such as wind —studies of
this nature should be encouraged. Qur data
suggest that a variety of mechanisms may con-
tribute to reproductive fidelity throughaut the
early stages of zygote production. Further stud-
ies of parent-offspring relationships, utilizing
complete crossing designs, would be quite prof-
itable in determining what pre- and/or postzy-
gotic mechanisms were operating to regulate
offspring quality; our data are equivocal in this
respect. Parental regulation of offspring quality
might be one of the few ways in which hy-
bridizations among anemophilous congenerics
in natural populations might be minimized.
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