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MATING SYSTEM DYNAMICS OF OCOTEA TENERA

(LAURACEAE), A GYNODIOECIOUS TROPICAL TREE!

J. 

PHIL GmSON2 AND J. 

of of of of auraceaeAE), J. predominantly outcrosses. However, significant heterogeneity in single-locus outcrossing rates was found among loci.
Two loci (FeZ, Fe2) gave high outcrossing estimates, and a third locus (Gdh) gave much lower outcrossing estimates.
Heterogeneity in Gdh pollen allele frequencies, consanguineous matings, and selection against homozygous zygote genotypes
at the FeZ and Fe2 loci are factors contributing to the discrepancy in outcrossing rate estimates among loci.FeThe cowe arnoTj 
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TABLE 1. Multilocus and single-locus outcrossing rate estimates (t) for
1991,1992, and 1993. Nfand Ns indicate the sample size of families
and seeds, respectively.
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a Outcrossing rate significantly different from 1.00 based on compar-
ison of 95% confidence intervals.

Study species and study site-Ocotea tenera Mez & J. D. Smith 

standard errors of t.. values were calculated via Thkey's jackknife (Sokal
and Rohlf, 1981). This method provides a parametric procedure for
evaluation of unique statistics, such as t, for which distributional prop-
erties have not been resolved (Gibson and Hamrick, 1991). Single and
multilocus outcrossing rates were estimated for the entire population
and separate groups of individual trees (see below). Outcrossing rates
were also separately estimated for pooled groups of females and her-
maphrodites. Ninety-five percent confidence intervals were calculated
for each outcrossing estimate to compare t values with 1.00 and for
pairwise comparisons of t values among different groups of trees.

Tissue collection and electrophoresis-Fruits were collected from
hermaphroditic and female trees in February of 1991, 1992, and 1993
and taken to the University of Colorado at Boulder. Since we could not
sample the same number of progeny from females and hermaphrodites
due to differences in fruit production, we attempted to sample similar
proportions of the available seed crops from female and hermaphroditic
trees. Seeds were planted in potting soil and germinated on a mist bench
until seedling establishment. Leaf tissue was collected, processed, and
analyzed according to standard techniques for starch gel electrophoresis
(Mitton et aI., 1979; Soltis et al., 1983). Samples were surveyed for
three loci resolved in previous isozyme surveys of the adult O. tenera
trees (Gibson and Wheelwright, 1995): fluorescent esterase (Fe], Fe2)
and glutamate dehydrogenase (Gdh). Details of isozyme electrophoresis
and allele frequencies for these loci in the Monteverde 0: tenera pop-
ulation are given in Gibson (1995).

Data analysis-Multilocus (t,.) and single-locus (tJ outcrossing rates
were estimated using Ritland and Jain's (1981) mixed-mating system
model (updated by Ritland [1990] as a series of FORTRAN programs).
Standard errors of single-locus estimates were calculated by the com-
puter program, but standard errors were not available for all multilocus
estimates due to statistical difficulties caused by singularity of the in-
formation matrix (Ritland, 1990). Because variance in the multilocus
outcrossing estimate is due to variation among the individual loci, the

RESULTS
Most individuals were scored for all three loci. OnlyOnly
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TABLE 2. Multilocus and single-locus outcrossing rate estimates for
trees heterozygous (th.,) or homozygous (thorn) at the Gdh locus. Nf
and N, are sample sizes of families and seeds, respectively.

TABLE 3. Multilocus and single-locus outcrossing rate estimates for
maternal trees that were female (tf) or hermaphroditic (th). Nf and
Ns indicate the sample size of families and seeds, respectively.
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q  236.16 0 0 20.16 313.92 488.64 cm /Ob214 Do Q 
 q BT 3 Tr  /FontHelvetica 8.0 Tf 
1 0 0 1 315.1 504.0 Tm (a ) Tj 
1 0 0 1 319.0 504.0 Tm (Outcrossing ) Tj 
1 0 0 1 364.1 504.0 Tm (rates ) Tj 
1 0 0 1 383.3 504.0 Tm (significantly ) Tj 
1 0 0 1 428.6 504.0 Tm (differ ) Tj 
1 0 0 1 450.5 504.0 Tm (between ) Tj 
1 0 0 1 481.7 504.0 Tm (genders. ) Tj 
1 0 0 1 513.1 504.0 Tm (P ) Tj 
1 0 0 1 522.7 504.0 Tm (< ) Tj 
1 0 0 1 530.6 504.0 Tm (0.05.) Tj 
1 0 0 1 315.1 495.1 Tm (b ) Tj 
1 0 0 1 319.9 495.1 Tm (Outcrossing ) Tj 
1 0 0 1 364.3 495.1 Tm (rates ) Tj 
1 0 0 1 383.8 495.1 Tm (significantly ) Tj 
1 0 0 1 428.9 495.1 Tm (different ) Tj 
1 0 0 1 461.3 495.1 Tm (from ) Tj 
1 0 0 1 481.9 495.1 Tm (1.00, ) Tj 
1 0 0 1 500.6 495.1 Tm (P ) Tj 
1 0 0 1 510.0 495.1 Tm (< ) Tj 
1 0 0 1 517.7 495.1 Tm (0.05.) Tj 
ET Q 
q  255.36 0 0 149.76 38.40 324.48 cm /Ob217 Do Q 
 q BT 3 Tr  /FontHelvetica 10.0 Tf (heterozygous ) Tj 
1 0 0 1 100.8 465.4 Tm ((theJ ) Tj 
1 0 0 1 121.4 465.4 Tm (families ) Tj 
1 0 0 1 159.8 465.4 Tm (were ) Tj 
1 0 0 1 184.8 465.4 Tm (also ) Tj 
1 0 0 1 205.9 465.4 Tm (high ) Tj 
1 0 0 1 228.5 465.4 Tm (in ) Tj 
1 0 0 1 240.5 465.4 Tm (all ) Tj 
1 0 0 1 254.6 465.4 Tm (3 ) Tj 
1 0 0 1 262.3 465.4 Tm (yr, ) Tj 
1 0 0 1 277.0 465.4 Tm (but) Tj 
1 0 0 1 38.4 455.0 Tm (some ) Tj 
1 0 0 1 65.3 455.0 Tm (were ) Tj 
1 0 0 1 91.7 455.0 Tm (significantly ) Tj 
1 0 0 1 149.0 455.0 Tm (less ) Tj 
1 0 0 1 169.4 455.0 Tm (than ) Tj 
1 0 0 1 193.2 455.0 Tm (1.00 ) Tj 
1 0 0 1 215.5 455.0 Tm ((Table ) Tj 
1 0 0 1 247.0 455.0 Tm (2). ) Tj 
1 0 0 1 262.6 455.0 Tm (Multi-locus ) Tj 
1 0 0 1 65.8 444.5 Tm (thel ) Tj 
1 0 0 1 79.7 444.5 Tm (values ) Tj 
1 0 0 1 110.9 444.5 Tm (were ) Tj 
1 0 0 1 136.6 444.5 Tm (not ) Tj 
1 0 0 1 154.3 444.5 Tm (significantly ) Tj 
1 0 0 1 211.4 444.5 Tm (different ) Tj 
1 0 0 1 252.0 444.5 Tm (from ) Tj 
1 0 0 1 276.5 444.5 Tm (thornvalues ) Tj 
1 0 0 1 69.8 433.9 Tm (calculated ) Tj 
1 0 0 1 116.9 433.9 Tm (in ) Tj 
1 0 0 1 128.2 433.9 Tm (all ) Tj 
1 0 0 1 141.1 433.9 Tm (3 ) Tj 
1 0 0 1 149.3 433.9 Tm (yr. ) Tj 
1 0 0 1 163.2 433.9 Tm (Single-locus ) Tj 
1 0 0 1 220.1 433.9 Tm (estimates ) Tj 
1 0 0 1 263.3 433.9 Tm (withinheterozygous ) Tj 
1 0 0 1 100.8 423.6 Tm (and ) Tj 
1 0 0 1 120.2 423.6 Tm (homozygous ) Tj 
1 0 0 1 180.2 423.6 Tm (families ) Tj 
1 0 0 1 219.4 423.6 Tm (showed ) Tj 
1 0 0 1 256.1 423.6 Tm (no ) Tj 
1 0 0 1 270.7 423.6 Tm (con-) Tj 
1 0 0 1 39.4 413.0 Tm (sistent ) Tj 
1 0 0 1 71.3 413.0 Tm (patterns ) Tj 
1 0 0 1 111.6 413.0 Tm (except ) Tj 
1 0 0 1 145.2 413.0 Tm (that ) Tj 
1 0 0 1 166.8 413.0 Tm (outcrossing ) Tj 
1 0 0 1 221.3 413.0 Tm (rates ) Tj 
1 0 0 1 246.5 413.0 Tm (calculated) Tj 
1 0 0 1 39.1 402.5 Tm (from ) Tj 
1 0 0 1 63.6 402.5 Tm (Fe ) Tj 
1 0 0 1 79.2 402.5 Tm (data ) Tj 
1 0 0 1 101.3 402.5 Tm (were ) Tj 
1 0 0 1 126.7 402.5 Tm (high, ) Tj 
1 0 0 1 152.4 402.5 Tm (while ) Tj 
1 0 0 1 180.5 402.5 Tm (estimates ) Tj 
1 0 0 1 225.6 402.5 Tm (from ) Tj 
1 0 0 1 250.1 402.5 Tm (Gdh ) Tj 
1 0 0 1 272.9 402.5 Tm (data) Tj 
1 0 0 1 38.6 392.2 Tm (tended ) Tj 
1 0 0 1 71.5 392.2 Tm (to ) Tj 
1 0 0 1 83.5 392.2 Tm (be ) Tj 
1 0 0 1 98.4 392.2 Tm (lower ) Tj 
1 0 0 1 126.2 392.2 Tm ((Table ) Tj 
1 0 0 1 157.4 392.2 Tm (2).) Tj 
1 0 0 1 49.4 381.4 Tm (Hermaphroditic ) Tj 
1 0 0 1 122.9 381.4 Tm (and ) Tj 
1 0 0 1 142.8 381.4 Tm (female ) Tj 
1 0 0 1 177.1 381.4 Tm (trees ) Tj 
1 0 0 1 201.8 381.4 Tm (were ) Tj 
1 0 0 1 227.5 381.4 Tm (both ) Tj 
1 0 0 1 250.6 381.4 Tm (predomi-) Tj 
1 0 0 1 39.4 371.0 Tm (nantly ) Tj 
1 0 0 1 70.3 371.0 Tm (outcrossed ) Tj 
1 0 0 1 121.7 371.0 Tm (in ) Tj 
1 0 0 1 134.6 371.0 Tm (most ) Tj 
1 0 0 1 159.8 371.0 Tm (years ) Tj 
1 0 0 1 187.4 371.0 Tm ((Table ) Tj 
1 0 0 1 218.4 371.0 Tm (3). ) Tj 
1 0 0 1 235.7 371.0 Tm (In ) Tj 
1 0 0 1 250.1 371.0 Tm (1993, ) Tj 
1 0 0 1 277.0 371.0 Tm (the) Tj 
1 0 0 1 38.6 360.7 Tm (multilocus ) Tj 
1 0 0 1 91.2 360.7 Tm (tf ) Tj 
1 0 0 1 97.0 360.7 Tm (was ) Tj 
1 0 0 1 117.8 360.7 Tm (high ) Tj 
1 0 0 1 140.6 360.7 Tm (as ) Tj 
1 0 0 1 153.8 360.7 Tm (in ) Tj 
1 0 0 1 165.4 360.7 Tm (previous ) Tj 
1 0 0 1 206.6 360.7 Tm (years, ) Tj 
1 0 0 1 236.2 360.7 Tm (but ) Tj 
1 0 0 1 253.2 360.7 Tm (the ) Tj 
1 0 0 1 269.8 360.7 Tm (mul-) Tj 
1 0 0 1 38.6 350.4 Tm (tilocus ) Tj 
1 0 0 1 72.5 350.4 Tm (th ) Tj 
1 0 0 1 81.8 350.4 Tm (was ) Tj 
1 0 0 1 103.7 350.4 Tm (significantly ) Tj 
1 0 0 1 161.3 350.4 Tm (lower ) Tj 
1 0 0 1 189.4 350.4 Tm (than ) Tj 
1 0 0 1 214.8 350.4 Tm (tf ) Tj 
1 0 0 1 220.8 350.4 Tm (and ) Tj 
1 0 0 1 241.2 350.4 Tm (1.00 ) Tj 
1 0 0 1 263.0 350.4 Tm ((Table3). ) Tj 
1 0 0 1 53.5 339.8 Tm (As ) Tj 
1 0 0 1 69.8 339.8 Tm (in ) Tj 
1 0 0 1 81.6 339.8 Tm (other ) Tj 
1 0 0 1 106.8 339.8 Tm (analyses, ) Tj 
1 0 0 1 150.0 339.8 Tm (single-locus ) Tj 
1 0 0 1 206.2 339.8 Tm (outcrossing ) Tj 
1 0 0 1 259.2 339.8 Tm (rate ) Tj 
1 0 0 1 277.7 339.8 Tm (es-) Tj 
1 0 0 1 38.6 329.3 Tm (timates ) Tj 
1 0 0 1 73.9 329.3 Tm (were ) Tj 
1 0 0 1 98.9 329.3 Tm (high ) Tj 
1 0 0 1 122.4 329.3 Tm (for ) Tj 
1 0 0 1 138.7 329.3 Tm (both ) Tj 
1 0 0 1 162.0 329.3 Tm (Fe ) Tj 
1 0 0 1 177.4 329.3 Tm (loci ) Tj 
1 0 0 1 196.8 329.3 Tm (and ) Tj 
1 0 0 1 217.0 329.3 Tm (low ) Tj 
1 0 0 1 236.9 329.3 Tm (for ) Tj 
1 0 0 1 252.7 329.3 Tm (Gdh.) Tj 
ET Q 
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1 0 0 1 133.2 308.2 Tm (DISCUSSION) Tj 
1 0 0 1 49.2 290.9 Tm (The ) Tj 
1 0 0 1 70.6 290.9 Tm (data ) Tj 
1 0 0 1 92.6 290.9 Tm (indicate ) Tj 
1 0 0 1 131.8 290.9 Tm (O. ) Tj 
1 0 0 1 147.1 290.9 Tm (tenera ) Tj 
1 0 0 1 178.3 290.9 Tm (has ) Tj 
1 0 0 1 197.0 290.9 Tm (a ) Tj 
1 0 0 1 206.2 290.9 Tm (predominantly ) Tj 
1 0 0 1 272.9 290.9 Tm (out-) Tj 
1 0 0 1 38.9 280.3 Tm (crossing ) Tj 
1 0 0 1 81.1 280.3 Tm (mating ) Tj 
1 0 0 1 116.9 280.3 Tm (system. ) Tj 
1 0 0 1 155.0 280.3 Tm (These ) Tj 
1 0 0 1 186.7 280.3 Tm (results ) Tj 
1 0 0 1 220.8 280.3 Tm (were ) Tj 
1 0 0 1 247.9 280.3 Tm (consistent) Tj 
1 0 0 1 39.1 270.0 Tm (with ) Tj 
1 0 0 1 61.9 270.0 Tm (other ) Tj 
1 0 0 1 87.1 270.0 Tm (studies ) Tj 
1 0 0 1 121.2 270.0 Tm (of ) Tj 
1 0 0 1 133.0 270.0 Tm (tropical ) Tj 
1 0 0 1 169.7 270.0 Tm (tree ) Tj 
1 0 0 1 189.6 270.0 Tm (mating ) Tj 
1 0 0 1 222.7 270.0 Tm (systems ) Tj 
1 0 0 1 259.7 270.0 Tm ((Bawa,) Tj 
1 0 0 1 39.4 259.4 Tm (1974; ) Tj 
1 0 0 1 67.7 259.4 Tm (Murawski ) Tj 
1 0 0 1 115.4 259.4 Tm (et ) Tj 
1 0 0 1 126.2 259.4 Tm (al., ) Tj 
1 0 0 1 143.8 259.4 Tm (1990; ) Tj 
1 0 0 1 171.1 259.4 Tm (Loveless, ) Tj 
1 0 0 1 216.7 259.4 Tm (1992; ) Tj 
1 0 0 1 243.8 259.4 Tm (Murawski,) Tj 
1 0 0 1 38.4 248.9 Tm (Dayanandan, ) Tj 
1 0 0 1 101.3 248.9 Tm (and ) Tj 
1 0 0 1 122.9 248.9 Tm (Bawa, ) Tj 
1 0 0 1 155.0 248.9 Tm (1994). ) Tj 
1 0 0 1 189.1 248.9 Tm (A ) Tj 
1 0 0 1 202.1 248.9 Tm (majority ) Tj 
1 0 0 1 243.8 248.9 Tm (of ) Tj 
1 0 0 1 257.5 248.9 Tm (tropical) Tj 
1 0 0 1 38.4 238.6 Tm (tree ) Tj 
1 0 0 1 58.6 238.6 Tm (mating ) Tj 
1 0 0 1 92.4 238.6 Tm (system ) Tj 
1 0 0 1 124.8 238.6 Tm (analyses ) Tj 
1 0 0 1 164.4 238.6 Tm (have ) Tj 
1 0 0 1 188.6 238.6 Tm (been ) Tj 
1 0 0 1 211.2 238.6 Tm (conducted ) Tj 
1 0 0 1 259.7 238.6 Tm (on ) Tj 
1 0 0 1 273.4 238.6 Tm (spe-) Tj 
1 0 0 1 38.6 228.0 Tm (cies ) Tj 
1 0 0 1 60.7 228.0 Tm (of ) Tj 
1 0 0 1 73.9 228.0 Tm (low ) Tj 
1 0 0 1 93.6 228.0 Tm (elevations ) Tj 
1 0 0 1 142.6 228.0 Tm (in ) Tj 
1 0 0 1 154.6 228.0 Tm (Central ) Tj 
1 0 0 1 190.6 228.0 Tm (America. ) Tj 
1 0 0 1 235.7 228.0 Tm (Our ) Tj 
1 0 0 1 256.6 228.0 Tm (study ) Tj 
1 0 0 1 283.2 228.0 Tm (is) Tj 
1 0 0 1 38.6 217.7 Tm (the ) Tj 
1 0 0 1 56.2 217.7 Tm (first ) Tj 
1 0 0 1 77.0 217.7 Tm (of ) Tj 
1 0 0 1 89.5 217.7 Tm (which ) Tj 
1 0 0 1 119.0 217.7 Tm (we ) Tj 
1 0 0 1 135.4 217.7 Tm (are ) Tj 
1 0 0 1 152.2 217.7 Tm (aware ) Tj 
1 0 0 1 181.4 217.7 Tm (to ) Tj 
1 0 0 1 193.4 217.7 Tm (investigate ) Tj 
1 0 0 1 243.8 217.7 Tm (the ) Tj 
1 0 0 1 261.1 217.7 Tm (mating) Tj 
1 0 0 1 39.6 206.9 Tm (system ) Tj 
1 0 0 1 73.4 206.9 Tm (dynamic.0 Tm (Central ) /206.g ) 1.8 259.4 Tm (1990;  0 0 1p6.g ) 1.8nera 

loci have been found in other species and suggested to
be the result of population substructuring and correlated
matings among individuals (Ritland and Ganders, 1985;
Yeh and Morgan, 1987; Boshier, Chase, and Bawa,
1995).

There are several means by which departures from ran-
dom mating could occur in o. tenera. One possibility is
that the Gdh marker locus is somehow related to timing
of flowering, anthesis, or other aspects of floral phenol-
ogy, such that individuals with similar Gdh genotypes
breed simultaneously. Such association between allozyme
genotypes and floral phenology has been proposed by
Allard (1990). All O. tenera trees in the Monteverde pop-
ulation flower during some period in the flowering sea-
son, although not all trees bloom synchronously (Wheel-
wright, 1985). It is therefore possible that, for example,
individuals homozygous for Gdh-l flower during one
time, individuals homozygous for Gdh-2 flower predom-
inantly at a different time, and individuals heterozygous
for Gdh-l and Gdh-2 flower during a period intermediate
to and overlapping with the flowering of the homozy-
gotes. Chaisurisri, Mitton, and EI-Kassaby (1994) studied
Sitka spruce and found a phosphoglucomutase (Pgm) lo-
cus gave a different outcrossing rate than other single and
multilocus estimates. Comparison of pollen and ovule al-
lele frequencies in the see 217.0 Tm (cus ) 3dtr1 0 501e81 353e a 
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ficiency of nutrient allocation in gender system evolution
of O. tenera and related species.

onstrated that consanguineous matings can give estimates
of selfing at some loci and random matings at others. We
have previously shown high relatedness among individ-
uals within O. tenera subpopulations (Gibson and Wheel-
wright, 1995). Pollinators tend to move among neigh-
boring trees, so if relatedness among individuals is par-
ticularly evident at Gdh, then outcross matings among
closely spaced trees would give artificially lower out-
crossing estimates for that locus. Thus, family structure
within the adult subpopulations may promote heteroge-
neity in pollen allele frequencies over maternal trees
among subpopulations and limited pollinator flight dis-
tances may generate fine-scale heterogeneity in pollen al-
lele frequencies within subpopulations, thereby causing
neighborhood size to be relatively small. Although pol-
linators tended to move among closely spaced trees, we
note that some intrapopulational pollen movement oc-
cuued over distances of several metres (2.5-20 m) as
determined by the occuuence of the rare Gdh-4 allele in
the seeds of various trees.

A final, potential explanation for dissimilar outcrossing
rates is that postpollination selection acted differentially
among loci. Selection acting in differing directions and
intensities among loci can cause different outcrossing es-
timates (Schoen, 1982; Linhart et al., 1987). Therefore,
high outcrossing estimates for both Fe loci could be
caused by selection against embryos with homozygous or
inbred genotypes at the Fe or closely linked loci, while
low t values for Gdh could have resulted from selection
acting against heterozygous genotypes (Tables 1-3). Fur-
ther investigations using larger progeny auay sample
sizes and controlled pollinations are necessary to detect
patterns of differential selection among loci, as well as
reduce any ambiguity in outcrossing estimates that may
be due to small sample sizes. Although anyone of the
phenomena described above may be acting alone in this
population, it is most likely that 



[Vol. 83894 AMERICAN JOURNAL OF BOTANY

Bonpl.: Lecythidaceae). 2. Mating system. Theoretical and Applied
Genetics 76: 929-932.

RENNER, S. S., AND J. P. FElL. 1993. Pollination of tropical dioecious
angiospenns. American Journal of Botany 80: 1100-1107.

Rm.AND, K. 1990. A series of FORTRAN computer programs for es-
timating plant mating systems. Journal of Heredity 81: 235-237.-, 

AND E R. GANDERS. 1985. Variation in the mating system of
Bidens menziesii (Asteraceae) in relation to population substruc-
ture. Heredity 55: 235-244.-, 

AND S. JAIN. 1981. A model for the estimation of outcrossing
rate and gene frequencies using n independent loci'. Heredity 47:
35-52.

SCHOEN, D. J. 1982. The breeding system of Gilia achilleifolia: vari-
ation in floral characteristics and outcrossing rate. Evolution 36:
352-360.

SOKAL, R. R., AND E J. ROHLF. 1981. Biometry, 2d. ed. Freeman, San
Francisco, CA.

SOLonS, D. E., C. H. HAUFLER, D. C. DARROW, AND G. J. GASTONY. 1983.
Starch gel electrophoresis of ferns: a compilation of crushing buf-
fers, gel and electrode buffers, and staining schedules. American
Fern Journal 73: 373-380.

THOMSON, J. D., AND J. BRUNET. 1990. Hypotheses for the evolution
of dioecy in seed plants. Trends in Ecology and Evolution 5: 11-
16.

WHEFLWRIGHT, N. T. 1985. Competition for dispersers, and the timing
of flowering and fruiting in a guild of tropical trees. Oikos 44: 465-
477.

WHEFLWRIGHT, N. T., AND A. BRUNEAU. 1992. Population sex ratios
and spatial distribution of Ocotea tenera (Lauraceae) trees in a
tropical forest. Journal of Ecology 80: 425-432.

Y AMPOLSKY, E., AND H. Y AMPOT _-:KV 1922 n;"tribution of sex fonns
in the phanerogarnic flora. Biblioteka Genetj~p. 3: 1-62.

YEH, F. C., AND K. MORGAN. 1987. Mating system and multi1ocus as-
sortative associations in a natural population of Pseudotsuga men-
ziesii (Mirb.) Franco. Theoretical and Applied Genetics 73: 799-
808.

-, 

J. B. MITrON, AND Y. B. LINHART. 1981. Levels of genetic
variation in trees: influence of life history characteristics. In M. T.
Conkle [ed.] , Isozymes of North American forest trees, Pacific
Southwest forest range experimental station technical report 


