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Abstract.-Contemporary gene flow is a major mechanism for the 
maintenance of genetic diversity. One component of gene flow is the 
mating system, which is a composite measure of selfing, mating with 
relatives, and outcrossing. Although both gene flow and mating 
patterns contribute to the ecological sustainability of populations, a 
focus of many forest management plans, these processes are often 
overlooked in forest management studies. As part of the Missouri 
Ozark Forest Ecosystem Project (MOFEP) we conducted a study of 
mating patterns in flowering dogwood (CornusfirIda L), an insect- 
pollinated tree that is abundant and ubiquitous under story tree of 
upland Missouri Ozark forests. In 1998 and 1999, we collected h i t  
from over 200 Cornus_florida individuals located in six compartments 
(MOFEP sites 1-6; -250-500 ha each), which were subjected to one of 
three management treatments: even-aged, uneven-aged, and no 
harvest. To see whether the management treatments influenced tree 
density surrounding the study trees, we measured and compared tree 
density across treatments. Because differential germination could 
reflect either genetic or environmental factors affecting the mating 
system, we measured germination success on a per maternal tree 
basis. We then measured the outcrossing rate, the rate of consan- 
guineous mating (mating with relatives), and the effective number of 
pollen donors for each of the six sites and tested the hypotheses that 
both treatment and local tree density have no influence on these 
aspects of mating. Furthermore, the percent germination among 
mothers was not significantly influenced by the application of forest 
treatments. Multilocus outcrossing, tm (range 0.98 1 - 1.000). single 
locus outcrossing, t, (range 0.976-0.996). and the genetic effective 
number of pollen donors (range 4- 11) did not differ among manage- 
ment treatments. For 1998, mating with relatives tended to increase 
with local density (df= 1.28, F=4.07. P=0.053, 1998 only), suggesting 
local familial structure at the site level. No trend in consanguineous 
mating was observed in the data collected in 1999. The overall results 
show that the first cycle of timber harvesting had little effect on 
insect-mediated pollen movement in C. Jlorida. This lack of impact 
could be due to the fact that the treatments did not alter pollinator I 
behavior. Thus, to evaluate the general impact of forest management 
on gene flow and mating in woody plants, we recommend ongoing v 

monitoring as management treatments are continued and further 
studies on additional plant species. 
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Pollen-mediated gene movement that occurs 
through mating patterns is crucial to the viabfl- 
ity of plant populations in at least two impor- 
tant ways. First; outcrossing can promote or at 
least maintain genetic diversity, which is critical 
to the ability of populations to adapt to environ- 
mental change (Avise 1995, Falk and Holsinger 
199 1, Hedrick and Miller 1992, Lande 1995, 
Riggs 1990). Disruption or impediments to gene 
movement by anthropogenic landscape change 
may restrict the amount of genetic variation 
available to succeeding generations. Second, 
pollen-mediated gene movement can affect the 
fitness of progeny through its impact on the 
extent of outcrossing and inbreeding. For 
populations with an evolutionary history of 

I outcrossing, inbred matings often lead to in- 
breeding depression and lowered population 
fitness (Charlesworth and Charlesworth 1987) 
and eventually a decrease in the likelihood of 
local persistence (e.g., Ellstrand and Elam 
1993, Gilpin and Soule 1986, Ledig 1992, Soule 
1980). Thus, the mating patterns of plants are 
critical to the long-term sustainability of plant 
populations although their genetic impact may 
be unseen until some time in the future. 

Ecological sustainability is a focus of many 
forest management plans (CMstensen et aL 
1996, Franklin 1996, Grumbine 1994, Kohm 
and Franklin 1997, United Nations 1992) and 
often sustainability relies on biological diversity 
(Undenrnayer et aL 2000). Ecosystem 
sustainability is defined in terms that identify 
"desired future trajectories" for a specific eco- 
system (CMstensen et aL 1996). To determine 
whether defined goals are being achieved, 
management plans must include short-term 
and long-term monitoring (Gram et aL 2001). 
These monitoring efforts often focus on indi- 
vidual species (e.g., birds. Clawson et al. 1997; 
invertebrates, Harper and Guynn 1999; leaf- 
chewing insects, Marquis and LeCorff 1997; 
toads, Johnson 1997). species diversity (e.g.. 
Hansen et al. 199 1, Hunter 1990. Margules et 
aL 1988, Noss and Cooperrider 1994, Pickett et 
a2. 1997, Scott et al. 1987). as well as the 
maintenance of ecosystem integrity (e.g., 
Grumbine 1994, Likens 1992. Pickett et aL 
1997). In the Missouri Ozark Forest Ecosystem 
Project (MOFEP), which is monitoring the 
impact of ecosystem management collectively as 
well as separately, some species in animal 
communities are increasing while others are 
decreasing (Gram et al. 200 1). 

Landscape change may influence mating pat- 
terns (Sork et al. 1999). For example, Mitton 
(1992) found that outcrossing rates in low- 
density stands were lower than those in high- 
density stands. He postulated that a tree's 
probability of receiving its own pollen is in- A 

creased with fewer individuals contributing to v 

the local pollen pool. Furthermore, Dyer and 
Sork (2001) found that the local forest struc- 
ture, including con- and hetero-specific indi- 
viduals can significantly influence pollen pool 
diversity in shortleaf pine, P[nus echfnata, in the 
Missouri Ozarks. These results suggest that 
pollen movement can be impeded by increased 
local stand density. In terms of outcrossing 
rates, if timber management has created large 
clearings in a manner that promotes pollen 
movement, we predict that outcrossing will 
increase because each mother is sampling a 
larger population of pollen donors. Both Young 
et al. (1993) and Fore et aL (1992) analyzed 
fragmented populations of Acer sacc- and 
found that fragmentation may actually increase 
pollen-mediated gene flow. They concluded that 
landscape fragmentation promotes long-dis- 
tance gene flow by changing wind patterns. 
Similarly, in a study of an animal-pollinated Sri 
Lankan tropical tree, Shorea rnegistophylla, 
Murawski et aL (1994) observed lower outcross- 
ing rates in disturbed than in undisturbed 
populations. In contrast, in the insect-polli- 
nated canopy tree Spondias rnombtn, N%on and 
Hamrick (1997) found rates of pollen irnmigra- 
tion into small, insular forest fragments (1 to 4 
adults each) to be 100 percent. Yet, both fruit 
set and germination rates were significantly 
lower in small fragments than in continuous 
forest populations. Their study illustrates the 
benefits of measuring germination rates as 
additional information about mating. 

Less is known about the impact of landscape 
change on pollen pool composition. One dethod 
of gauging the influence of landscape altwtion 
on pollen pool composition is to examine the 
genetic effective number of pollen donors, N,,. 
The effective number of pollen donors is an 
excellent indicator of the genetic diversity of a 
seed crop. If the number of pollen donors is 
small, the progeny may be less genetically 
diverse than when the number of pollen donors 
is larger. The literature in conservation and 
population genetics is just starting to accumu- 
late estimates of N,, for forest tree populations. 
Previously, we found that the effective number 



for Quercus alba is about eight individuals, and 
the average pollen movement is only about 1 1 m 
(Smouse et aL 2001). In a study of shortleaf 
pine (Plnus echinata) within all MOFEP sites, 
the estimated pollen pool structure ($,=0.095) 
can be translated into a value of Ne =10.5 
individuals (Dyer and Sork 2001). fn contrast. a 
considerably smaller number of pollen donors 
have been reported for both sugar pine in 
California (Plnus lambertiana, Ne,=l, Westfall, in 
prep.) and the insect-pollinated mimosa in 
Georgia (Albiziajulibrissin, Nep= 1-2, Hamrick et 
al., in prep.). In general, pollen donor neighbor- 
hood size seems small across many of these 
species. If landscape alteration influences the 
dispersal Of pollen in natural populations, then ' we eqect  to see those changes reflected in the 
genetic composition of sampled pollen pools. 

Here, we present a case study of the impact of 
forest management in MOFEP on mating pat- 
terns in an insect-pollinated tree species, 
Cornus florida MOFEP is designed to monitor 
the ecosystem effects of three management 
treatments: even-aged, uneven-aged, and no- 
harvest management (Brookshire and Hauser 
1993, Sheriff 200 1, Sheriff and He 1997). We 
had three specific objectives. First, we tested 
whether the density of con-specific adults 
surrounding our study trees differed across 
forest management treatment. Because local 
tree density has been shown to influence polli- 
nator behavior, it is essential to determine 
whether treatments altered the density of 
flowering Cornus individuals. Our second 
objective was to test whether germination 
success differed across management treat- 
ments. Differential germination could reflect 
genetic processes associated with pollen move- 
ment, and it could reveal the environmental 
impact of management on seed quality that 
could influence the outcome of mating patterns. 
Third, we tested whether the mating system was 
influenced by landscape alteration. Specifically, 
we measured the single- and multi-locus out- 
crossing rates, rate of consanguineous mating 
(i.e., mating with relatives), and genetic effective 
number of pollen donors. 

METHODS 

Study Species 

Cofnus florida, flowering dogwood, is an under - 
A 

story, insect-pollinated, self-incompatible woody 
plant, ubiquitous throughout MOFEP sites. It 
flowers from late March through April (Radford 
et aL 1968). Numerous insect visitors have been 
documented for C. floridu, primarily andrenid, 
and halictid bees (J. Grant, personal communi- 
cation), as well as beetles, flies, and butterflies 
(Eyde 1988). The inflorescence consists of four 
white or cream colored bracts subtending 15 to 
35 individual, perfect flowers, each with a single 
ovule. A single C. florida inflorescence matures 
up to eight drupes (Apsit and Sork, personal 
observation) that turn bright red as they ripen 
during late September and October. The seeds 
are dispersed by birds, mammals, and gravity 
(McLemore 1990). 

The Study Site 

MOFEP is a long-term large-scale, landscape- 
level experiment administered by the Missouri 
Department of Conservation (MDC) to examine 
the effects of forest management practices on 
multiple ecosystem components, both biotic and 
abiotic (Brookshire et al. 1997). MOFEP in; 
cludes study sites located across Carter. 
Reynolds, and Shannon Counties in southeast- 
ern Missouri. The study area has a history of 
anthropogenic-mediated disturbance through 
intensive harvesting and then burning and 
grazing. Since 1880, this disturbance has 
transformed the local forest structure from 
predominantly shortleaf pine (Pinus echinata) 
stands to a mixture of oak (Quercus &a, Q. 
coccinea, Q. stellata, 9. velutina) and hickory 
(Carya tornentosa, C. glabra; Cunningham q d  
Hauser 1989). At the onset of this experiment. 
these counties were 84 percent forested witH 
agricultural activity limited to bottomland 
streams (Xu et al. 1997). 

The MOFEP experiment has three treatment 
types (no-harvest, uneven-aged management, 
and even-aged management) over nine experi- 
mental sites divided into three blocks (Sheriff 
and He 1997). The nine sites. which range in 
size from 266 to 527 ha, were divided among 



three blocks based on spatial proximity sites 1- 
3 to block 1, sites 4-6 to block 2, and sites 7-9 
to block 3 (see map in Sheriff 200 1). Treatments 
were assigned randomly to each site within a 
block. In this analysis, we examined only the 
northern sites 1-6. 

The uneven-aged and even-aged treatments 
were initially implemented in 1991-1992 ac- 
cording to MDC "Forest Land Management 
Guidelines" (1986). These guidelines call for 
even-aged areas to be managed for regenera- 
tion, poletimber, and sawtimber tree size 
classes, while uneven-aged managed areas are 
to be for oak-hickory-pine regeneration and a 
balance of tree size classes equivalent to even- 

& aged sites. Treatments were applied through 
regulated harvest of approximately 10 percent 
of the standing biomass per site. Ten percent 
per site was left as old growth forest with no 
timber harvest. Harvesting occurred over differ- 
ent spatial configurations in each treatment 
type. Under uneven-aged management, 5 
percent of the timber harvest was single-tree 
selection to balance tree size classes and 5 
percent was harvested as group openings (2 1 to 
43 m in diameter depending on slope aspect) to 
promote regeneration. Even-aged harvesting 
occurred over six to nine 3- to 12-ha clearcut 
areas per treatment site. No timber was har- 
vested on the no-harvest (control) sites. 

Field Sampling 

We sampled 252 trees across 57 locations 
within MOFEP sites 1-6. At each location we 
sampled a cluster of two to five trees, resulting 
in 57 clusters total. Trees within a cluster were 
20- 100 m apart and distance between cluster 
perimeters was a minimum of 75- 100 m. Within 
every site we selected five clusters at each of 
two ecological landtypes (ELT): ridgetop (ELT 
19) and south to southwest (SSW or ELT 17; see 
Meinert et al. 1997 for more details on ecologi- 
cal landtypes). Cluster location varied according 
to treatment. Clusters within wen-aged treat- 

. ments (sites 3 and 5) were located within a 50- 
m border of the clearcut areas at the proper 
ELT or aspect. Clusters within the uneven-aged 
treatment (sites 2 and 4) were situated within a 
50-m border surrounding group cuts, as well as 
within the group cuts themselves. Clusters in 
no-harvest sites 1 and 6 were established only 
with respect to ELT. 

In fall 1998 and 1999, we sampled sufficient 
fruit from the 252 study trees to ensure 25 
germinants for each maternal tree. During 
spring 1998, we collected fresh leaf material 
from all adults for identification of maternal 
genotypes. During our field sampling, we also A 

measured the density of neighboring adult trees * 
by counting all con-specific individuals (d.b.h. 
22.54 cm) within a 25-m radius about each 
tree. Local density estimates were converted 
into the number of flowering individuals pei 
hectare (-0.405 acres). 

Germination Studies 

Sampled fruit was transported to the laboratory 
where we removed seeds from fruit and surface 
sterilized in 10 percent bleach solution for 10 to 
15 minutes. The seeds were then planted in 96- 
well flats, four seeds per well. Seeds from each 
maternal tree were planted in consecutive wells. 
in columns starting with the upper left well and 
finishing at the lower right well for each flat. A 
plastic stake with the maternal tree identiflca- 
tion number marked the beginning of each 
family. Seeds were cold stratified at 5°C for 120 
days. Flats were moved to the University of 
Missouri - St. Louis Biology Department green- 
house in early spring of both years and kept at 
18°C. Germination rates were calculated for 
each maternal tree for both 1998 and 1999 as 
the proportion of seeds germinated out of the 
total number of seeds planted per individual. 
We then calculated the average proportion 
germinated per family per cluster. 

Laboratory Analysis 

After the seeds germinated, we collected freshly 
harvested leaf material from approximately 12 
to 18 germinants per maternal tree (table a). We 
extracted enzymes by grinding the leaf m~terial 
in 1 ml of a modified phosphate buffer (Alvarez- 
Buylla and Garay 1994) with mortar and pestle, 
absorbing the exudate onto chromatography 
paper wicks, and storing the wicks at -70°C. We 
identifled four polymorphic allozyrne loci 
(Kephart 1990. Soltis et al. 1983, Sork et al. 
1993) on two gel/electrode buffer systems (table 
2): fluorescent esterase (Fe, 3.1.1.1, 3) and 
triosephosphate isomerase (wi, 5.3.1.1) on a 
modified system 8 (Soltis et al. 1983); isocitrate 
dehydrogenase (Idh, 1.1.1.42) and phosphoglu- 
comutase (Pgm, 2.7.5.1) on morpholine m a t e  
pH 8.0 (Soltis et aL 1983). 
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Table 1 .-Number of C. florida seeds analyzed in 1998 and 1999 

1998 1999 
Treatment - Site # Trees # Seeds per Tree # Trees # Seeds per Tree 

No harvest 1 18 215 12-21 115 289 7-50 A 

No harvest 6 14 21 1 7-36 16 31 3 12-32 v 

Uneven-aged 2 28 337 1 2-1 4 15 287 8-24 
Uneven-aged 4 28 324 7-1 2 22 433 7-5 1 
Even-aged 3 33 386 8-1 2 24 386 8-28 , 

5 30 337 22 396 Even-aged 8-1 2 7-36 
Totals 151 1,810 114 2,104 

Table 2.-42. florida adult allelefrequencies by sites within each treatment type. 
I 

AUozyme name is foUowed by the locus number: Locus nwnber is given when more 
than one bcus is present for an enzyme. 

No harvest Uneven-aaed Even-aaed 
Locus Allele # Site 1 Site 6 Site 2 Site 4 Site 3 Site 5 

Idh 2 
3 
5 

Data Analysis 

To assess whether management treatments 
influenced density of adult C. _florida trees 
surrounding the study trees, we used a rnixed- 
model ANOVA (Proc GLM, SAS) with three main 
effects--block, treatment, and ELT. In this 
model, ELT and treatment were Axed effects, 
and block was treated as a random effect. Adult 
density was log transformed to achieve normal- 
ity. The analyses were done using average 
density per cluster. We calculated germination 
fates for each maternal tree as the proportion of 
seeds germinated out of the total number of 
216 

seeds planted per individual. We analyzed tHk 
effects of treatment on germination separately 
each year with block as a random effect (Proc 
GLM, SAS). The dependent variable was mean 
germination per cluster, which was arc sine 
square root transformed for the analysis to 
achieve normality. 

Mating system parameters, which were esti- 
mated for each site using MLTR (Ritland and 
Jain 198 1. Ritland 1990). include the following: 
the average adult inbreeding, F; the average 
multilocus outcrossing rate, t,; the average 
single locus outcrossing rate, ts; the consan- 



guineous mating rate, t,-ts; and the probability 
that a random pair of individuals within a 
progeny array share a father, rp. The average 
effective pollen donor number per site (NeJ was 
calculated as  the reciprocal of rp (Ne = 1 /rJ. The 
multllocus outcrossing rate, t,, is often consid- 
ered a better estimate of the "true" selfing rate, 
while the average single locus outcrossing rate, 
tS, includes inbreeding through selfing and 
mating with relatives. Estimates of the mating 
system parameters used in hypothesis testing 
were generated from 100 bootstrapped values of 
the grouping procedure of the MLTR mating 
system program (Ritland 1990, Ritland and Jain 
198 1). 

I 
To test whether the mating system differed 
among treatments or ELT, we estimated the 
mating system parameters separately for each 
cluster. Then, using two of those parameters, 
mating between related individuals (tm-ts) and 
Nep, we conducted a mixed-model ANOVA with 
the same model that we used for adult tree 
density. The estimate of (t,-ts) was arc sine 
square root transformed to achieve normality. 
In addition to the ANOVA, we performed two 
separate regression analyses (Proc REG, SAS 
Institute) for 1998 and 1999 to examine the 
relationship between adult tree density and 
mating among relatives (tm-ts). Both variables 
were transformed as before. 

RESULTS 

For the locations that we sampled, adult densi- 
ties of Cornusflorida individuals averaged over 
clusters among sites tended to be lowest in A 
uneven-aged treatments (127 to 129 per ha), v 
intermediate in no-harvest sites (135 to 151 per 
ha), and highest in even-aged treatments (148 
to 175 per ha; fig. 1). The effect of treatment 
was significant although the overall model was 
not (table 3). Adult densities for our samples 
were somewhat greater in block 2 (sites 4-6) 
than in block 1 (sites 1-3, see fig. 1). In spite of 
these trends, results of the mixed-model ANOVA 
on adult density indicated that none of the main 
effects or their interactions were significant 
(table 3). 

Germination rates were analyzed for every tree 
with fruit in both 1998 and 1999, regardless of 
whether that tree was included in the mating 
system analyses. Overall, there was no signifi- 
cant treatment effect on the germination rate in 
either 1998 or 1999 (table 4) although the trend 
in germination success increased with the 
degree of canopy removal adjacent to the cluster 
(fig. 2). With an alternate statistical design, this 
trend might be significant. However, with the 
current design, we run the risk of a type I1 
error. 

40 
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Block 1 Block 2 

Figure 1.-Mean density of Cornus florida adults at sample locations of this study by management 
type. Block 1 consists of sites 1 ,  2, and 3. Block 2 consists of sites 6, 4, and 5.  Vertical lines 
indicate 95 percent confidence intervals. 
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Populations at all six sites for both years 
showed essentially 100 percent outcrossing 
based on the multilocus outcrossing rate. The 
rates of single locus outcrossing, which includes 
both mating with relatives and selfing, were also 
quite high but always signficantly less than 1.0 
(table 5). Estimates of mating with relatives (tm- 
t,) varied between 0 and 2 percent. Values for 
consanguineous mating were quite low in all 
sites both in 1998 (t,-t, ranged from 0.000 to 
0.0 19) and 1999 (t,-t, ranged from 0.004 to 
0.0 19). Estimates of (t,-t,) were not significantly 

different from zero in site 4 in 1998 and in site 
6 in 1999. The outcrossing rate estimates (tm) 
had very similar ranges for all sites in both 
1998 (t, ranged from 0.98 1 to 1 .O) and 1999 (t, 
ranged from 0.995 to 1.000; table 5). Estimates 
oft, were not significantly different from 1.0 for A 

one site in 1998 (site 2) and for three sites in 
1999 (sites 2, 4. and 6; table 5). 

The most variable mating system parameter, 
across sites is the correlation of paternity (rp; 
table 5). Converting rp into the effective number 

Table 3.-ANOVA results for C. florida adult density, averaged by cluster, using a 
3-way mixed model wfth block as a random effect 

Source d f MS F P 

Model 
Block 
Treatment 
Block*Treatment 
ELT 
ELT*Block 
ELTTreatment 
ELTTreatment*Block 
Error 

Table 4.-Results of mixed model ANOVA of C .  florida germination rates in 1998 
and 1999 

Source d f MS F P 

1998 
Model 
Block 
Treatment 
BlockTreatment 
ELT 
ELT*Block 
ELT*Treatment 
~~~*~rea t rnent*~lock  
Error 

1999 
Model 
Block 
Treatment 
Block*Treatment 
ELT 
ELT*Block 
ELT*Treatment 
ELT*Treatment*Block 
Error 



No Harvest Uneven-Aged Even-Aged 

Figure 2.-Germination rates for Cornus florida in 1998 and 1999 by treatment type. Vertical lines 
indicate +/- 1 standard error. 

Table 5.-Mating system parameter estimates for C. florida in 1998 and 1999. Numbers in parentheses are 95 percent con_Edem 
intervals based on 100 bootstrapped values of the data set. 

Year Site Treatment Fa tm ts tm-ts r~ 

1998 1 No harvest 0.019 (0.010,0.028) 0.997 (0.996, 0.998) 0.978 (0.972, 0.984) 0.019 (0.013, 0.025) 0.137 (0.1 11,0.163) 

6 No harvest 0.060 (0.026, 0.094) 0.981 (0.958, 1.004) 0.981 (0.979, 0.983) 0.000 (-0.020,0.020) 0.165 (0.145,0.1 b5) 

2 Uneven-aged 0.032 (0.026,0.038) 1.000 (0.999. 1.001) 0.990 (0.989,0.991) 0.010 (0.009,0.011) 0.243 (0.213,0.283) 

4 Uneven-aged 0.024 (0.021,0.027) 0.999 (0.998, 1.000) 0.987 (0.986, 0.988) 0.012 (0.01 1, 0.013) 0.200 (0.1 70,0.230) 

3 Even-aged 0.145 (0.101,0.189) 0.995 (0.994,0.996) 0.976 (0.975,0.977) 0.019 (0.018,0.020) 0.132 (0.080, 0.184) 

5 Even-aged 0.569 (0.51 1,0.627) 0.988 (0.982,0.994) 0.984 (0.982,0.986) 0.004 (0.000, 0.004) 0.1 37 (0.1 13,0.161) 

'Mean adult inbreeding rate, not to be confused with the F-statistic reported in other tables. 219 
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Figure 3.-EffectSe pollen donor number (N,. of Cornus florida per sife by treatment type in 1998 (a) 
and 1999 (b). Vertical lines indicate 95 percent con_Edence intervals. 

of pollen donors (Nep=l/rp), we see that the 1998 
pollen donor number (Nep ranged from 4.3 to 
1 1.4) was greater than that for 1999 (Nep ranged 
from 4.1 to 7.6; fig. 3). These estimates are 
heterogeneous across treatments, blocks, and 
years. Site 3 (block 1) had the lowest Ne (4.3) in 
1998 but the highest in 1999 (Nep=7.6 donors). 
Site 2 (block 1) had the highest Nep in 1998 
(1 1.4) but the lowest in 1999 (4.1). 

Our examination of mating system parameters 
estimated for each cluster revealed no signifi- 
cant pattern in consanguineous mating by 
treatments, blocks, or ELT (table 6). The current 
sampling design with blocks, treatments, and 
ELT, and associated interactions, caused some 
problems with the analysis of consanguineous 

mating in 1999 (table 6). In this mixed-model 
design, the error terms are estimated by equat- 
ing the observed Mean Square values (MS) to 
the expected (E[MSl) to provide the test statistic. 
Our data show that there are no sigmficant 
effects in this model. We then examined the 
association between adult density surrounding 
study trees and tm - t, in separate regressions for 
the 2 years. In 1998, clusters with higheradult 
density had higher consanguineous mating 
(df= 1.28; F=4.07; P=0.053; R2=0. 131; fig. 4). The 
scatter plot demonstrates that adult densities 
vary a great deal within and among manage- 
ment treatments (fig. 4). In 1999, we found no 
trend toward significance for an effect of adult 
density on tm-ts (df=1,29; F=0.9; P=0.332; 
R2=0. 032). 

Table 6.-Mixed-model ANOVA results of related mating (t,-tg) in C. florida in 1998 and 1999 
I 

I 

Source 

Model 
Block 
Treatment 
Block*Treatment 
ELT 
ELT*Block 
ELT*Treatment 

* ELI *Treatment*Block 
Error 



Local Adult Density 

Figure 4.-Mating between related indfviduals (t,-tJ of Cornus florida per cluster and average local 
density of adult trees within 25 m of each adult within each cluster in 1998. (Least squares 
regression: dfi1.28; Eit.4.07; e0.053; R2 =O. 131). 

DISCUSSION 

The foremost finding of the study is the lack of 
differences in mating patterns of Comusfirida 
across three types of forest management. This 
finding is noteworthy because this study is the 
first to test a hypothesis concerning the impact 
of landscape change on a component of gene 
movement. The question is whether this Anding 
will be true for other species as well. Dogwood 
may have been unaffected by the first phase of 
MOFEP management treatments for several 
reasons. Because dogwood is highly abundant 
throughout the MOFEP area, a change in 
landscape may not affect the availability of trees 
as pollen sources or hamper the behavior of its 
pollinators. It is also self-incompatible, which 
may account for essentially 100 percent 
multilocus outcrossing rate and the extremely 
high but not especially variable see - locus  
outcrossing rate, which includes mating with 
relatives. 

Having acknowledged that the abundance of C. 
firida may have buffered the mating patterns 
against the impact of landscape change, we 
should point out that the way we sampled study 
trees may have reduced our sensitivity in 
detecting an impact. One might expect that the 
clearcuts, group cuts, and intermediate tree 
thinning associated with uneven-aged and even- 
aged treatments could cause loss of available 
mates for some species in the MOFEP lanb- 
scape. Instead, we observed that the lo@ 
densities of Comusfirida adults surrounding 
the study trees did not differ sigdcantly 
among treatments. Relative to the no-harvest 
treatment, the uneven-aged treatment showed 
slightly lower local densities and the even-aged 
treatments had slightly higher local densities, 
but these trends were not strong enough to 
produce an overall significant result. The low- 
ered densities in the uneven-aged treatment are 
expected due to the thinning that took place 
throughout the sites. The slightly higher densi- 
ties in the even-aged treatment are 



counte.rintuitive except that our study trees 
were sampled adjacent to, not within, the forest 
clearings. Nonetheless, these two treatments 
may not have created sufficient landscape or 
population density changes to shape mating 
patterns in C. jbridd 

The effective number of pollen donors (NeJ is an 
aspect of mating system that one might expect 
to be influenced by landscape change, especially 
if that landscape change influenced availability 
of mates. Although we observed a great deal of 
heterogeneity in Nep across years and treat- 
ments, this parameter did not differ according 
to management treatment. The genetic effective 
number of pollen donors is a measure of the 

\ 

genetic diversity in the pollen pool and a good 
indicator of pollen movement (Smouse et al. 
200 1). Our estimates of Nep in C. jbrida (4 to 1 1 
individuals) are similar to those observed in 
MOFEP populations of white oak, Quercus alba 
(Ne,,-8 indiyiduals, Smouse et d 200 1) and 
shortleaf pine, Mus echfnuta (Nep-10 individu- 
als, estimated from Dyer and Sork 2001). These 
values are much higher than that found for a 
savanna population of California valley oak, 
Quercus lobata (Nep4 individuals, Sork et al., 
in press). Other studies report Nep in the one to 
two individual range (wind-pollinated Pinus 
lambertiana, Westfall, in prep., and insect- 
pollinated A l b W  julibrissin, Hamrick et d , in 
prep.). The high variation in estimates across 
studies demonstrates the need for further work 
on the relationship between landscape and 
pollen donor numbers in range of species and 
pollen vectors. As we suggested for the out- 
crossing rate result, the first cycle of landscape 
change may not be sufficient to influence this 
component of mating. So, in spite of the obser- 
vation that our estimates of Nep ranged from 4 to 
1 1, management treatments do not show a 
consistent effect. 

To support our suggestion that local tree den- 
sity can be expected to influence the patterns of 
mating, we examined its relationship between 
mating system of tree clusters sampled 
throughout MOFEP. In general, the amount of 
consanguineous mating is relatively small, 
ranging from 1 to 9 percent across clusters. 
During one of the years, we found that sites 
with higher density showed higher lwels of 
consanguineous mating or more inbred mating. 
One explanation for this trend is that in denser 
locations, trees are more likely to be pollinated 
by neighboring plants, which tend to be related 
in many plant populations (Bradshaw 1972). 
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One implication for MOFEP of the positive 
relationship between mating with relatives and 
local density is that a reduction in density 
should lead to decreased levels of inbreeding in 
C.*jbrida populations and perhaps decreased a 
inbreeding depression. If true, then as the v 

continuation of tree thinning reduces local 
densities of C. jbrida, we might observe reduced 
inbreeding. . 
The first cycle of management treatment ap- 
peared to have no strong influence on germina- 
tion rates. This finding is consistent with the 
observations that removal of canopy individuals 
has no influence on the probability of producing 
inbred offspring. If there are no differences in 
inbreeding in terms of multilocus selfing (table 
5). consanguineous mating (table 6) or the 
density of local pollen donors (table 3) caused 
by the treatments, then the only other possible 
factor influencing germination would be local 
environmental factors. Local factors that may 
influence germination include light, water, and 
nutrient availability, which may be particularly 
important for an understory tree. Our results 
suggest that timber removal did not alter local 
environmental factors to such a degree that 
germination in C.  jbrida was changed. 

It is important to discuss the general applicabil- 
ity of our results to other woody plant species 
and the future of MOFEP. First, we have studied 
an insect-pollinated tree species in the MOFEP 
study sites. Wind-pollinated species may be 
more influenced by landscape architecture than 
insect-pollinated species. In the latter, the 
pollinators can fly to the next tree, even when 
forest treatment has increased the inter-tree 
distance. In wind-pollinated species, pollen 
movement can be affected by stand density. For 
example, Dyer and Sork (2001) found that 
genetic diversity in Pinus echinata was lowera 
locations with high overall tree density. In fact. 
Dyer and Sork (unpublished data) have fouad 
sigmfkant differences across treatments. 
including lower consanguineous mating in 
wen-aged treatments and higher number of 
pollen donors in the uneven-aged and even- 
aged treatments. Thus, we know of at least one 
other species whose mating patterns were 
changed by the MOFEP experiment, and the 
difference may be that wind-pollinated species 
are more affected by changes in vegetative 
structure. Second, we have studied an abun- 
dant understory tree that was generally har- 
vested only when it fell within a clearcut or 
group selection opening. A less abundant 



species or one whose density was more affected 
by thinning between openings may be more 
sensitive to management. Third, this study was 
conducted after a single phase of stand treat- 
ments. We did not predict how the mating 
patterns of C. _florida and other species might 
respond to long-term change. 

In summary, the pattern of pollen movement h 
CornusJlorida after the first phase of timber 
harvest seems to be unaffected by the MOFEP 
management treatments. Because it is generally 
feared that the consequences of landscape 
change are always negative, the results of our 
study we encouraging in that landscape change 
can occur without necessarily harming the 
genetic diversity or fitness of a plant population. 
It is also encouraging that the direction of 
results favors retention of genetic diversity and 
reduction of inbreeding. We cannot resolve 
whether the results will remain the same as 
timber harvest continues for another 90 years 
when overall adult densities are reduced. Thus, 
to truly understand the long-term consequence 
of forest management on gene flow and future 
genetic diversity, it will be necessary to continue 
monitoring pollen movement in this and other 
species. 

ACKNOWLEDGMENTS 

We would like to thank R. Jensen and W. Gram 
for their invaluable support. In addition, we 
thank S. Paige and M. Williams for field and 
laboratory assistance and we thank K. Bailey, J .  
Fernandez, P. Smouse. J. Wall, and B. Westfall 
for numerous discussions and comments on all 
phases of this project. This project was sup- 
ported by the Missouri Department of Conserva- 
tion through the Missouri Ozark Forest Ecosys- 
tem Project. VLS received support while a 
Sabbatical Fellow at the National Center for 
Ecological Analysis and Synthesis, a center 
funded by NSF (Grant #DEB-0072909), the 
University of California, and the Santa Barbara 
campus. 

Avise, J.C. 1995. Mitochondrial DNA polymor- 
phism and a connection between genetics 
and demography of relevance in conserva- 
tion. Conservation Biology. 9: 686-690. A 

u 

Bradshaw, A.D. 1972. Some of the evolutionary 
consequences of being a plant. Evolutionary 
Biology. 5: 25-47. . 

Brookshire, B.; Hauser, C.H. 1993. The Mis- 
souri Ozark Forest Ecosystem Project: the 
effects of forest management on the forest 
ecosystem. In: Gillespie. A.R.; Parker, G.R.; 
Pope, P.E.; Rink, G.R., eds. Proceedings of 
the 9'h Central Hardwood Forest conference; 
1993 March 8- 10; West Lafayette, IN. Gen. 
Tech. Rep. NC- 16 1. St. Paul, MN: U.S. 
Department of Agriculture, Forest Service, 
North Central Forest Experiment Station: 
289-307. 

Brookshire, Brian L.; Jensen, Randy; Dey, 
Daniel C. 1997. The Missouri Ozark Forest 
Ecosystem Project: past, present, and 
future. In: Brookshire, Brian L.; SMey, 
Stephen R,  eds. Proceedings of the Missouri 
Ozark Forest Ecosystem Project symposium: 
an experimental approach to landscape 
research; 1997 June 3-5; St. Louis, MO. 
Gen. Tech. Rep. NC-193. St. Paul, MN: U.S. 
Department of Agriculture, Forest Service, 
North Central Forest Experiment Station: 1- 
25. 

Charlesworth, D.; Charlesworth, B. 1987. 
Inbreeding depression and its evolutionary 
consequences. Annual Review of Ecology 
and Systematics. 18: 237-268. 

CMstensen, N.L.; Bartuska, A.M.; Brown, J.H. ; 
Carpenter, S.; D'Antonio, C.; Francis, P.; 
Franklin, J.F.; MacMahon, R.; Noss, F.; 
Parsons, D.J.; Peterson, C.H.; Turnel?M.G.; 
Woodmansee, R.G. 1996. The report of the 
Ecological Society of America Committee on 
the scientific basis for ecosystem manage- 
ment. Ecological Applications. 6: 665-69 1. 

LITERATURE CITED Clawson, R J.; Faaborg, J.; Seon, E. 1997. 
Effects of selected timber management 

Alvarez-Buylla. E.R.; Garay, A.A. 1994. Popula- practices on forest birds in Missouri oak- 
tion genetic structure of Cecropia obtusijolia, hickory forests: pre-treatment results. In: 
a tropical pioneer tree species. Evolution. Brookshire, Brian L.; SMey, Stephen R., 
48: 437-453. eds. Proceedings of the Missouri Ozark 



Forest Ecosystem Project symposium: an Gram, W.E.; Sork, V.L.; Marquis. R J.; Renken, 
experimental approach to landscape re- R ;  Clawson. L.; Faaborg, J.; Fantz, D.K.; 
search; 1997 June 3-5; St. Louis, MO. Gen. LeCorff, J.L.; Lill, J.; Porneluzi, A. 2001. 
Tech. Rep. NC-193. St. Paul, MN: U.S. Evaluating the effects of ecosystem manage- 
Department of Agriculture, Forest Service, ment: a case study in a Missouri Ozark 
North Central Forest Experiment Station: forest. Ecological Applications. 1 1: 1667- 
274-288. 1679. 4 

b 

Cumbgham, RJ.; Hauser, C. 1989. The de- 
cline of the Missouri Ozark forest between 
1880 and 1920. In: Waldrup, T.A., ed. 
Proceedings of Pine hardwood mixtures: a 
symposium on management and ecology of 
the type. Gen. Tech. Rep. 530-58. Atlanta, 
GA: U.S. Department of Agriculture, Forest 
Service, Southern Forest Experiment 

I Station: 34-37. 

Dyer, 'R.J.; Sork, V.L. 2001. Pollen pool hetero- 
geneity in shortleaf pine, Plnus echinata 
.MU. Molecular Ecology. lO(4): 859-866. 

Ellstrand, N.C.; Elam, D.R. 1993. Population 
genetics of small population size: implica- 
tions for plant conservation. Annual Review 
of Ecology and Systematics. 23: 217-242. 

Eyde, R.H. 1988. Comprehending Cornus: 
puzzles and progress in the systematics of 
the dogwoods. Botanical Review. 54(3): 233- 
235. 

Falk, D.A.; Holsinger, K.E., eds. 1991. Genetics 
and conservation of rare plants. New York, 
W. Oxford University Press. 

For&, S.E.; Hickey, J.; Vankat, L.; Guttrnan, RI.; 
Schaefer, R.L. 1992. Genetic structure after 
forest fragmentation, a landscape ecology 
perspective on Acer s a c -  Canadian 
Journal of Botany. 70: 1659- 1668. 

Franklin, J.F. 1997. Ecosystem management: 
an overview. In: Boyce, M.; Haney. S.. eds. 
Ecosystem management: applications from 
sustainable forest and wildlife resources. 
New Haven, CT: Yale University Press: 2 1 - 
53. 

Gilpin, M.E.; Soule, M.E. 1986. Minimum viable 
populations: processes of species athction. 
In: Soule, M.E., ed. Conservation biology: 
The science of scarcity and diversity. 
Sinauer Press: 135-149. 

Grumbine, RE. 1994. What is ecosystem 
management? Conservation Biology. 8i 27- 
38. 

Harper, C.A.; Guynn, D.C., Jr. 1999. Factors 
affecting salamander density and distribu- 
tion within four forest types in the Southern 
Appalachian Mountains. Forest Ecology and 
Management. 114: 245-252. 

Hansen, A.J.; Spies, T.A.; Swanson. F.J.; 
Ohmann, J.L. 199 1. Conserving biodiversity 
in managed forests: lessons from natural 
forests. BioSdence. 4 1 : 382-392. 

Hedrick, P.W.; Miller, P.S. 1992. Conservation 
genetics: techniques and fundamentals. 
Ecological Applications. 2: 30-46. 

Hunter, M.L. 1990. Wildlife, forests, and for- 
estry: principles of managing forests for 
biological diversity. Englewood CWs, NJ: 
Prentice Hall. 

Johnson, T.R 1997. The amphibians &d 
reptiles of Missouri. Jefferson City, MO: 
Missouri Department of Conservation. 

Kephart. S.R 1990. Starch gel electrophoresis 
of plant isozymes: a comparative analysis of 
techniques. American Journal of Botany. 
77: 693-712. 

Kohm, K. ; Franklin, J. F. 1997. Forestry in the 
21"' century. Covelo, CA: Island Press. 

1 

Lande. R. 1995. Mutation and conservatien. 
Conservation Biology. 9: 782-79 1. 

Ledig, F.T. 1992. Human impacts on genetic 
diversity in forest systems. Oikos. 63: 87- 
108. 

Likens, G.E. 1992. The ecosystem approach. its 
use and abuse. Oldendorf/Luhe, Germany: 
Ecology Institute. 



Lindenrnayer, D.B. ; Margules, C.R. ; Botkin, 
D.B. 2000. Indicators of biodiversity for 
ecologically sustainable forest management. 
Conservation Biology. 14: 94 1-950. 

Margules, C.R.; Nicholls, A.O.; Pressey, RL. 
1988. Selecting networks of reserves to 
maximize biological diversity. Biological 
Conservation. 43: 63-76. 

Marquis. R J.; LeCorff, J. 1997. Estimating pre- 
treatment variation in the oak leaf-chewing 
insect fauna of the Missouri Ozark Forest 
Ecosystem Project. In: Brookshire, Brian L.; 
Shiiley, Stephen R., eds. Proceedings of the 
Missouri Ozark Forest Ecosystem Project 
symposium: an experimental approach to 
landscape research; 1997 June 3-5; St. 
Louis, MO. Gen. Tech. Rep. NC-193. St. 
Paul, MN: U.S. Department of Agriculture. 
Forest Service, North Central Forest Experi- 
ment Station: 332-346. 

McLemore, B.F. 1990. Cornusflorida L. flower- 
ing dogwood. In: Burns, Russell M.; 
Honkala, Barbara H., tech. coords. Silvics of 
North America. Vol. 2. Hardwoods. Agric. 
Handb. 654. Washington, DC: U.S. Depart- 
ment of Agriculture, Forest Service: 278- 
283. 

Meinert, D.; Nigh, T.; Kabrick, J. 1997. Land- 
forms, geology, and soils of the MOFEP 
study area. In: Brookshire. Brian L.; Shifley, 
Stephen R ,  eds. Proceedings of the Missouri 
Ozark Forest Ecosystem Project symposium: 
an experimental approach to landscape 
research; 1997 June 3-5; St. Louis, MO. 
Gen. Tech. Rep. NC-193. St. Paul, MN: U.S. 
Department of Agriculture, Forest Service. 
North Central Forest Experiment Station: 
56-68. 

Missouri Department of Conservation. 1986. 
Forest land management guidelines. 
Jefferson City, MO: Missouri Department of 
Conservation. 

Mitton, J. 1992. The dynamic mating systems of 
conifers. New Forests. 6: 197-2 16. 

Murawski, D.A. ; Nimal-Gunatilleke. L.A.U. ; 
Bawa, K.S. 1994. The effects of selective 
logging in inbreeding in Shorea 
megistophgUa (Dipterocarpaceae) from Sri 
Lanka. Conservation Biology. 8: 997- 1002. 

Nason, J.D.; Hamrick. J.L. 1997. Reproductive 
and genetic consequences of forest fragmen- 
tation: two case studies of neotropical 
canopy trees. Journal of Heredity. 88: 264- 
276. 4 

* 

Noss, RF.; Cooperrider, A.Y. 1994. Saving 
nature's legacy: protecting and restoring 
biodiversity. Washington, DC : Island. Press. 

Pickett, S.T.A.; Ostfeld. RS.; Shachak, M.; 
Likens, G.E., eds. 1997. The ecological basis 
of conservation: heterogeneity, ecosystems, 
and biodiversity. New York, NY: Chapman 
and Hall. 

Riggs, L.A. 1990. Conserving genetic resources 
on-site in forest ecosystems. Forest Ecology 
and Management. 35: 45-68. 

Ritland, K. 1990. A series of FORTRAN com- 
puter programs for estimating plant mating 
systems. Journal of Heredity. 81: 235-237. 

Ritland. K.; Jain, S.K. 198 1. A model for the 
estimation of outcrossing rate and gene 
frequencies using n independent loci. Hered- 
ity. 47: 35-52. 

Searle. S.R 1997. Linear models. Wiley Classics 
Library edition. New York, NY: JO& Wiley 
and Sons. 

Scott, J.M.; Csuti, D.; Jacobi, J.D.; Caicco. S. 
1987. Species richness: a geagraphic ap- 
proach to protecting future biological diver- 
sity. BioScience. 37: 782-788. 

Sheriff, Steven L. 2002. Missouri Ozark Forest 
Ecosystem Project: the experiment. In: 
Shifley, S.R.; Kabrick, J.M. 2002. Proceed- 
ings of the second Missouri Ozark ~ckest  
Ecosysem symposium: Post-treatmemt 
results of the landscape experiment; 2000 
October 17-18; St. Louis, MO. Gen. Tech. 
Rep. NC-227. St. Paul, MN: U.S. Depart- 
ment of Agricult , Forest Service, North 
Central ResearcGtation: 1-25. 

Sheriff, Steven L.; He, Zhuoqiong. 1997. The 
experimental design of the Missouri Ozark 
Forest Ecosystem Project. In: Brookshire, 
Brian L.; Shifley, Stephen R., eds. Proceed- 
ings of the Missouri Ozark Forest Ecosystem 



Project symposium: an experimental ap- 
proach to landscape research; 1997 June 3- 
5; St. Louis, MO. Gen. Tech. Rep. NC-193. 
St. Paul, MN: U.S. Department of Agricul- 
ture, Forest Service, North Central Forest 
Experiment Station: 26-4 1. 

Smouse, P.E.; Dyer, R. J.; Westfall, R.D.; Sork, 
V.L. 200 1. Two-generation analysis of pollen 
flow across a landscape. I. Male gamete 
heterogeneity among females. Evolution. 55: 
260-271. 

Soltis, D.E. ; Haufler, C.H.; Darrow, D.C.; 
Gastony, G.J. 1983. Starch gel electrophore- 
sis of ferns: a compilation of grinding buff- 

\ 

ers, gel and electrode buffers, and staining 
schedules. American Fern Journal. 73: 9- 
27. 

Sork, V.L.; Huang, S.; Wiener, E. 1993. Macro 
geographic and fine-scale genetic structure 
in a North American oak species, Quercus 
rubra L. Annals des Sciences Forestieres. 
50(Suppl. 1): 261s-270s. 

Sork, V.L.; Nason, J.; Campbell, D.; Fernandez, 
J.F. 1999. Landscape approaches to the 
study of gene flow in plants. Trends in 
Ecology and Evolution. 14: 2 19-224. 

Soule, M.E. 1980. Thresholds for survival: 
maintaining fitness and evolutionary poten- 
tial. In: Soule, M.E. ; Wilcox, B.A., eds. 
Conservation biology: An evolutionary- 
ecological perspective. Sinauer Press: 15 1 - 

A 
169. 

United Nations. 1992. Agenda 21: the United 
Nations programme of action from Rio. New 
York, MT: United Nations. 

Xu, M.; Saunders, S.C.; Chen, J .  1997. Analysis 
of landscape structure in the southeastern 
Missouri Ozarks. In: Brookshire, Brian L.; 
Shiiley, Stephen R., eds. Roceedings of the 
Missouri Ozark Forest Ecosystem Project 
symposium: an experimental approach to 
landscape research; 1997 June 3-5; St. 
Louis, MO. Gen. Tech. Rep. NC-193. St. 
Paul, MN: U.S.' Department of Agriculture, 
Forest Service, North Central Forest Experi- 
ment Station: 41-55. 

Young, A.G.; Warwick, S.I.; Merriam, S.G. 1993. 
Genetic variation and structure at three 
spatial scales for Acer s a c c h a m  (sugar 
maple) in Canada and the implications for 
conservation. Canadian Journal of Forest 
Research. 23: 2568-2578. 

Sork, V.L.; Davis, F.W.; Smouse, P.E.; Apsit, 
V.J.; Dyer, R. J.; Fernandez, J.F.; Kuhn, B. 
2002. Pollen movement in declining popula- 
tions of California valley oak, Quercus 
iobata: Where have all the fathers gone? 
Molecular Ecology. 




