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Abstract

Steady reduction of once-extensive forested habitats into isolated fragments will have unintended consequences for

genetically disrupted tree populations. Gene flow in forest trees involves both pollen and seed flow, and here we describe

two alternative analytical models for pollen flow analysis, PARENTAGE and TWOGENER. With PARENTAGE models, we can

assess the numbers and frequency spectra of pollinating males for a single female, and the spatial distribution of those pollinating

males. Parentage analysis establishes the male parentage of offspring, and uses the inter-parent distances to establish the spatial

distribution of pollination. With TWOGENER analysis, we gauge the degree of pollen pool non-overlap of widely spaced

females, to derive estimates of the effective number of fathers per mother and the average distance of pollination. Parentage

analysis suggests large numbers of fathers per mother while TWOGENER analysis suggests smaller numbers of ‘effective

pollinators’. Because of TWOGENER’s emphasis on ‘‘effective pollen flow’’, it tends to yield shorter average pollination distances.

The two approaches are complementary, but suited to different sampling designs and questions. Here, we attempt to reconcile

sometimes-divergent findings while also discussing emerging findings on pollen movement across complex landscapes.
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1. Introduction

With our ever-larger human footprint on natural

landscapes, our forested habitats have become increas-

ingly fragmented (Ledig, 1992). Abundant theory tells

us that we should expect a reduction in gene flow

among populations of many species, with all the

maladaptive consequences that can follow from

genetic isolation (Templeton et al., 1990; Ellstrand

and Elam, 1993), but the real question of how much

genetic isolation we can expect remains unanswered

(Ehrlich, 1996). For those tree populations that

remain, many are managed in some fashion that

potentially alters future genetic structure, either

because individuals are being removed or because

pollen and seed flow are being modified (Sork

et al., 1999). For both of these scenarios, assessments

of the extent of gene flow and risk of genetic isolation

are timely.

Traditionally, gene flow has been estimated indir-

ectly, using genetic structure statistics (Neigel, 1997;

Sork et al., 1999). Standard theory tells us that at

evolutionary equilibrium, there should be a balance

between the genetic population radiation caused by
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genetic drift and the convergence caused by gene flow,

expressed as a relationship between y ¼ 4Nem (mea-

suring the effective number of immigrants received by

a subpopulation, each generation) and Fst (a measure

of genetic divergence among subpopulations), usually

expressed as Fst � [y þ 1]�1 (Cockerham and Weir,

1993), or some analogue such as Gst (Nei, 1972), for

which estimates are standard in population genetic

survey of forest tree species (e.g., Loveless and Ham-

rick, 1984).

We can assess whether subpopulations show ‘iso-

lation by distance’ with an analysis of the pair-wise

decay of the per generation rate of migration among

subpopulations, m, with geographic separation (Slat-

kin, 1993). Elaborate analytical methods have been

developed to describe paired population differences,

given a multi-population migration matrix and infor-

mation on local population sizes (reviewed in Smouse

and Long, 1992). These methods have continued to be

developed, allowing us to estimate the scale of the

neighbor area (Rousset, 1997). All of these approaches

assume equilibrium conditions, but in view of the level

of disruption recently experienced by most popula-

tions, it would be unreasonable to expect historical

processes to continue at their pre-disturbance rates.

Traditional ‘genetic survey’ estimates of y will be

useful in setting a ‘population structure’ baseline, but

will be of limited utility for predicting the future

course of the genetic structure of fragmented and

remnant populations, particularly where pollination

dynamics are changing, due to anthropogenic distur-

bance. We need to be able to assess ‘real time’ gene

flow in forest species, and we need that information for

various species and breeding systems, under a variety

of ecological conditions and forest management prac-

tices likely to be encountered in routine practice.

Both seed and pollen dispersal aspects are of critical

interest, but for the immediate future, the colonization

implications of seed dispersal are a different issue

from the genetic connections provided by pollen dis-

persal, and we will confine ourselves here to the latter.

The need to understand contemporary processes

requires that we examine current mating episodes.

For any particular species of interest, there are two

primary questions needing attention: (1) What are the

numbers and frequency spectrum of pollinating males

for a single female? (2) What is the spatial distribution

of those pollinating males? These questions are

fundamental to evolutionary biology, because they

concern the effective size of the population that

experiences evolutionary processes and the area of

connectedness among individuals and populations.

Our object here is to concentrate on a pair of com-

plementary approaches used to address these ques-

tions (PARENTAGE analysis and TWOGENER

analysis), and to learn what we may about the pattern

of pollen flow in forest tree species.

2. Parentage methods

The most direct approach for examining pollen flow

is provided by paternity analysis. Its basic thrust is to

use genetic markers to: (1) determine the precise

fathers for each of numerous offspring from each of

a small number of focal mothers, (2) measure the

maternal–paternal distances, (3) ascertain the number

of males contributing pollen to a focal female, and (4)

then summarize the frequency and spatial spectrum of

those contributors (cf., Devlin et al., 1988; Adams

et al., 1992; Chase et al., 1996b; Dow and Ashley,

1998; Smouse et al., 1999; Streiff et al., 1999; Burczyk

et al., 2002). Because this method requires an exhaus-

tive and thorough map of all the reproductive adults

within some circumscribed area, the sample size is

constrained by practical limitations. For most forest

tree studies, a few focal females are chosen, centrally

located within the area, and mature seed are collected

from those mothers. All of the potentially contributing

adults are genotyped, as are a large sample of offspring

from the focal females.

Consider Fig. 1, with mother Mi, receiving gametes

from a potentially large array of fathers (Fk: k ¼ 1, . . . ,

K). For each offspring, we compute the Mendelian

probability of obtaining its genotype, given its known

mother and each of the potential fathers (from within

the area), using standard paternity procedures (Essen-

Moller, 1938). With enough genetic markers, only one

male will be possible for each of her offspring, all the

others being excluded by paternity analysis (cf., Mea-

gher and Thompson, 1986; Roeder et al., 1989), but as

a practical matter, our allozyme batteries have had

limited exclusion probability, and until the advent of

microsatellite markers, the challenge of excluding all

but one male was elusive (Chakraborty et al., 1988).

Moreover, in most practical situations, the array of

22 P.E. Smouse, V.L. Sork / Forest Ecology and Management 197 (2004) 21–38



potential males is so large that it is beyond our ability

to characterize exhaustively. The best approach is to

allocate paternity proportionately, using likelihood

methods (Devlin et al., 1988; Smouse and Meagher,

1994) and also allow for the possibility of unsampled

males (cf., Adams and Birkes, 1991; Burczyk et al.,

1996). If we can assume, for Fig. 1, that we have

sampled the candidate males exhaustively, we can

compute the posterior likelihood (Lijk) that candidate

male Fk is the father, by denoting the mendelian

probability of the genotype of the jth offspring of

the ith mother, Oij, given the genotypes of Fk and Mi,

as Xijk, where 0 � Xijk � 1, and multiplying that

probability by lik, his a priori probability of fertilizing

the ith female. In the absence of any other information,

the posterior likelihood that the kth male has fathered

the jth offspring of the ith mother is

Lijk ¼
likXijkPK
k¼1likXijk

; (1)

where these posterior likelihoods, Lijk, sum to unity

over the collection of all possible males.

2.1. Non-informative priors and auxiliary

information

Recourse to likelihood estimation of reproductive

parameters frees us from the necessity of categorical

determination of the precise fathers, and shifts attention

to the l-parameters themselves. The usual (minimalist)

starting point is a non-informative prior, with lik ¼ 1/K,

proportional contributions of all males to all females.

The larger point of the exercise is that the true l (to be

estimated) are anything but equal, and more elaborate

specifications allow us to incorporate auxiliary infor-

mation that might impact on a candidate father’s per-

formance. We can model lik on features of the male

candidates themselves, say on their size or reproductive

dominance or pollen volumes (Smouse et al., 1999),

lik / expfa0 þ a1z1k þ a2z2k þ � � � þ aHzHkg; (2)

where the a are regression coefficients to be estimated,

and the zhk are the potentially predictive measures of

the male phenotype for the kth male. Morgan and

Connor (2001) have extended this treatment to include

both linear and quadratic terms, allowing us to model

both selection gradients and adaptive peaks. It is also

possible to model lik on features of male–female pairs

(cf., Adams et al., 1992; Burczyk and Prat, 1997;

Smouse et al., 1999), such as the distance between

them (d1ik) or their phenological overlap (d2ik), but one

could easily incorporate any set of interesting pair-

wise features, say (d3ik � � � dHik)

lik / expfb0 þ b1d1ik þ b2d1ik þ � � � þ bHdHikg;
(3)

Potential  Fathers 

 F1           F2           F3            •• • • Fk • • • FK 

λ i1 λ i2 λ i3 λik λ iK

                          Xijk

Prior probabilities

Mi

Mother (i)                                           Genetic Probabilities

Oij 

Offspring ( j)

Fig. 1. Likelihood paternity analysis, from an array of potential fathers (Fk: k ¼ 1, . . . , K), for the jth offspring (Oij) of the ith mother (Mi),

where lik (k ¼ 1, . . . , K) are the prior probabilities that each of the potential fathers produced the jth pollen grain sampled by the ith mother,

where Xijk are the genetic probabilities that potential father (Fk) and mother (Mi) could have given the genotype of offspring (Oij)
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where the b are the regression coefficients that must be

estimated. The difference between Eqs. (2) and (3) is

that the zhk-variables characterize features of the males

themselves, whereas the dhik-variables reference pair-

wise features of the ith female and the kth male.

2.2. Flow from outside

It is often possible to genotype only the paternal

candidates close to the mother, say within a circle of

arbitrary (but convenient) radius, say 25 or 50 or

100 m, and then treat the collective pollen coming

in from unsampled males beyond the circle as

‘inflow’. It is usual to model the l from inside the

circle as exponentially declining functions of inter-

mate distance, while treating the incoming pollen as a

global pollen cloud, whose allele frequencies are

either sampled from the surrounding population or

estimated from the data. One can even add a provision

for selfing (cf., Adams et al., 1992; Burczyk et al.,

2002). The likelihood model for the jth seedling for

the ith mother takes the form of a NEIGHBORHOOD

model,

Lij / sXiji þ ð1 � m � sÞ
XK

k¼1

likXijk þ mXijo

" #
; (4)

where s is the selfing rate, m the proportion of incom-

ing pollen (from outside the circular ‘neighborhood’),

Xiji the probability of the ith mother yielding both

gametes for the jth offspring, and Xijo the probability

of the ith female yielding the jth offspring, given the

allele frequencies from the pollen pool outside the

neighborhood. The usual finding is that the l within

the circular neighborhood decay rapidly, as a function

of inter-mate distance, but that a considerable fraction

of the pollen comes from outside the neighborhood

(Table 1). An added plus for the NEIGHBORHOOD

treatment is that it can also be used to estimate the rate

of selfing, as well as selection gradients for local

populations, where inter-mate distance may be only

one of the several interesting determinants of mating

pattern.

Table 1

Eleven studies using paternity analysis to estimate gene flow in tree species, with inflow rate equal to the fraction of pollen coming in from

outside the arbitrary circle defining the ‘neighborhood’ and with d equal to the average pollination distance

Name of species Type of

landscape

Selfing

rate (s)

Inflow

rate

Distance

(d)

#

Seed

#

Mothers

#

Sites

Area of

Site (ha)

Literature

citation

(a) Wind-pollinated species

Pinus attenuata Mixed forest 0.03 0.56 15 880 4 4 0.04 Burczyk et al. (1996)

Pinus flexilis Coniferous forest na 0.06 140 518 71 5 na Schuster and

Mitton (2000)

Quercus humboldtii Forest fragment �0.06 0.32 na 406 3 5 na Fernández-

Manjarrés (2002)

Quercus macrocarpa Savanna fragment 0.00 0.57 76.9 282 3 1 5 Dow and

Ashley (1998)

Quercus petrae & Q. robur Deciduous forest �0.02 0.67 43.6a 984 13 1 5.8 Streiff et al. (1999)

(b) Animal-pollinated species

Calophyllum longifoloium Tropical forest 0.00 0.06 na �400 5 1 84 Stacy et al. (1996)

Eucalyptus regnans Seed orchard 0.13 0.50 21.4 �1800 30 9 1/2 Burczyk et al. (2002)

Neobalanocarpus heimee Dipterocarp forest 0.03 0.32 191.2a 238b 5 1 42 Konuma et al. (2000)

Pithecellobium elegans Tropical fragment 0.13 0.29 142 167 6 1 �80 Chase et al. (1996b)

Spondias mombum Tropical forest 0.00 0.45 na na 8–10 2 �3 Nason and

Hamrick (1997)

Spondias mombum Tropical fragment 0.00 0.90 na na 1–22 7 0.5–4 Nason and

Hamrick (1997)

Turpinia occidentalis Tropical forest 0.00 0.01 na 115 3 1 5.3 Stacy et al. (1996)

Note that the studies vary in type of marker used, level of genetic resolution, sample sizes, and sample area: (a) wind-vectored pollination, and

(b) animal-vectored pollination.
a Within-stand estimate; beyond-stand extrapolation yields 287 m for Q. petraea, 333 m for Q. robur, and 542 m for N. heimee.
b Determined at sapling stage.
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We can elaborate the treatment to include multiple

external sources, but that extension is only useful if we

can also provide estimates of the allele frequencies

from those external sources. For Cecropia obtusifolia,

where this has been done (Kaufman et al., 1998), the

results show that the probability of paternity decays

outward for kilometers. Similar results are available

from Swietenia humilis (White et al., 2002). Evidently,

the homogeneous ‘global pollen pool’ is an expedient

statistical myth, but while the ‘global pollen pool’ may

not actually exist, the essential message is robust;

many fathers contribute from outside the neighbor-

hood.

2.3. Limitations of paternity analysis

With the advent of microsatellite markers, the hope

has been expressed that if we can improve our genetic

battery sufficiently, we can designate virtually all of

the fathers precisely. Resolution improves with exclu-

sion probability, but to exclude (K – 1) other males,

where K is a large number, is an extremely daunting

challenge (Chakraborty et al., 1988). In the absence of

categorical genetic delineation of all paternal parents,

the estimates of their relative contributions are biased,

upward for the (mostly unobserved) rare contributors

and downward for the apparent major contributors. As

it is, one must iterate to a solution to minimize the bias

(cf., Smouse et al., 1999). We can use iterative propor-

tional allocation procedures, but that still leaves one

critical issue unresolved. To measure the distance to

any particular male, we have to be able to locate and

sample it; without having the father’s location, we lose

much of the value of being able to identify the

genotype exactly. Establishing paternity is only a

means to an end here. Parentage precision is no

substitute for sampling the relevant males. To work

out the pollination distance distribution, we need to

know where they are, not just who they are.

As a statistical consequence of the fact that much of

the pollen is coming in from outside the circle, we are

in a position to model l as a declining function of

inter-mate distance for the males inside the circle, but

must extrapolate outside the circle. If, as seems to be

the case in many studies (see Table 1), a large fraction

of the pollen is coming in from outside the circle, our

statistical delineation of the tail of the distribution

from the distribution inside the circle amounts to little

more than informed conjecture. As we shall see later,

the shape of the decay curve is not all that well

established, and we are not currently reaching out

far enough to establish the shape of the tail of that

distribution with much credibility. The use of a ‘global

pollen pool’ to represent the incoming male gametes

implies that homogeneous frequencies apply region-

ally. While that may be an expedient assumption, the

few data that do exist on this point suggest that the

assumption is not warranted (Kaufman et al., 1998).

Burczyk et al. (2002) have shown that we can

relax that assumption, and can even proceed without

additional samples from that pollen pool, but the

matter needs a great deal more attention in the near

future.

The use of paternity analysis requires consideration

of whether it is preferable to use a paternal assignment

approach or a fractional paternity allocation approach.

Some ML-based software programs, in the presence of

paternal uncertainty, assign offspring to the most

likely of the sampled male parents. A less biased

procedure is to allocate paternity proportionately,

while allowing for the possibility of inflow from out-

side the sampled area. Jones and Ardren (2003) review

the software packages available and their optimal use.

On balance, the paternity approach provides valuable

precision for determining where pollen is coming

from and how much comes from outside the area,

but since the external pollen sources are imprecisely

identified, the estimated rates of inflow are subject to

non-trivial sampling error (see discussion of sampling

and other issues related to paternity analysis in Sork

et al. (1998).

3. TWOGENER method

The TWOGENER model is an indirect method of

estimating pollen movement that is a hybrid of tradi-

tional paternity and genetic structure analyses (Aus-

terlitz and Smouse, 2001a; Smouse et al., 2001). The

approach is based on the idea that mothers, spaced

across the landscape, sample partially or completely

non-overlapping sets of pollen donors. Typically, we

sample many mothers, with few offspring each, so we

can investigate a wide variety of situations. The idea is

to space the mothers out widely, but to have some

clusters that are relatively close together, so that we
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can examine the effect of inter-maternal distance on

the degree of overlap in pollen pools (Smouse et al.,

2001). We genotype both mothers and offspring, but

ignore the potential fathers.

3.1. Genetic assay

We determine the male gametes by ‘subtraction of

the female genotype’ from the genotypes of each of

her offspring, in the same fashion that is done for

paternity analysis. In conifers, we can genotype hap-

loid megagametophytes, revealing the female gametic

contribution and rendering the male contribution

obvious by inspection. For angiosperms, there is some

gametic ambiguity, but we can allocate the paternal

contribution among the possible male gametes in the

same fashion we use for paternity analysis (Smouse

et al., 2001). In either case, given a battery of N male

gametic characterizations, we compute a pair-wise

genetic distance between each pair of male gametes.

We pack the pair-wise distances into an N  N matrix,

and extract an analysis of molecular variance

(AMOVA: Excoffier et al., 1992) from that distance

matrix, using the sampled mothers as strata and their

male gametes as the within-stratum replicates

(Table 2). The intra-class correlation of male gametes

within a female (Fft) measures the divergence of

maternal pollen pools, measuring non-overlap of the

males they have sampled.

3.2. Effective number of pollinators

It is possible to convert our measure of pollen

structure (Fft) into other measures of interest, the first

of which is the ‘effective number of fathers’, Nep ¼
[2Fft]

�1 (Austerlitz and Smouse, 2001a). The basic

question is: ‘‘Having drawn a random male gamete

from a particular female, what is the probability that

the next male gamete, drawn randomly and indepen-

dently from the same female, will have come from the

same male?’’ If we had Nep ‘ideal males’, all con-

tributing with the same probability, that probability

would be simply one over the number of those ideal

males, [Nep]�1.

Real males are neither ideal nor do they contribute

with equal probability, but whatever the array of

contributors and however uneven their contributions

to a given female, there is some calculable probability

that two pollen grains, drawn from that same female,

are from the same male, and that probability is denoted

[Nep]�1, where Nep is the ‘effective number’ of fathers,

i.e., the number of idealized males that would give the

same result.

The early empirical returns from TWOGENER

analysis show that the effective number of fathers is

sometimes quite small; for Quercus alba, Nep � 8.22

(Smouse et al., 2001); for Q. lobata, Nep � 3.43 (Sork

et al., 2002); for Q. velutina, Nep � 6.25 (Fernández-

Manjarrés and Sork, unpublished); for Pinus echinata,

Nep � 3.4–5.5 (Dyer, 2002); for Albizia julibrissin, Nep

� 2.87 (Irwin et al., 2003); for Cornus florida,

Nep ¼ 2.9–5.6 (Sork et al., unpublished), smaller than

we might have imagined, given what we have learned

about pollen flow from the parentage studies. For some

species, on the other hand, Nep can be quite large; in

Pinus sylvestris, Nep > 70, and dependent on silvicul-

tural regime (Robledo-Arnuncio et al., 2004). As is the

case with any effective number, Nep is sensitive to the

unevenness of paternal contribution, so Nep is often

considerably smaller than the number of potential

males, i.e., Nep ! N.

3.3. Average pollination distance

Austerlitz and Smouse (2001a) show that Fft can

also be related to the average distance (�z) between

sampled mothers, because

Fft ¼
Q0 � Qð�zÞ
2 � Qð�zÞ ; (5)

Table 2

Molecular analysis of variance for pollen variation within and among sampled females, with M mothers, J progeny within each mother, and

with Fft defined as the intra-class correlation of male gametes

Source of

variation

Degrees of

freedom

Sums of

squares

Mean squares Expected

mean squares

Variance

estimates

Intra-class

correlation (Fft)

Among mothers (M � 1) SS(a) MSðaÞ ¼ SSðaÞ=ðM � 1Þ V(w) þ JV(a) V̂ðaÞ ¼ ðMSðaÞ � MSðwÞÞ=J Fft ¼ V̂ðaÞ=ðV̂ðwÞ þ V̂ðaÞÞ
Within mothers M(J � 1) SS(w) MSðwÞ ¼ SSðwÞ=MðJ � 1Þ V(w) V̂ðwÞ ¼ MSðwÞ
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where Q0 is the probability that two pollen grains,

drawn at random from the same mother, came from the

same father (i.e., Q0 ¼ 1/Nep), and Qð�zÞ is the com-

parable probability for two pollen grains, drawn from

two different mothers, an average distance (�z) apart. If

we can assume the distribution of pollen flight dis-

tances, we can also translate Fft into the average

distance of pollination (Austerlitz and Smouse,

2001a). We have modeled bivariate normal and bivari-

ate exponential models, both of which lead to transla-

tions of Fft (or equivalently, Nep) into an estimate of

the average distance of pollination, d. Defining D as

the adult stem density per hectare, we have

Nep ¼ 8d2D for the bivariate normal; (6a)

and

Nep¼2pd2D for the bivariate negative exponential:

(6b)

More recent work has considered more general pollen

flight distributions, of which the normal and exponen-

tial are special limiting cases, and the matter is still

under active investigation (Dick et al., 2003). The

essential assertion is that the pollen distribution has a

‘fatter’ tail than either the normal or exponential. As a

purely empiric matter, that is a difficult issue to settle,

given our penchant for restricting attention to a circle

of �100 m in radius for most such work.

Distributional details aside, it would appear that

while pollen can (and does) move long distances,

much of it is not moving very far, with closer males

contributing a disproportionate fraction of the pollen.

Using TWOGENER analysis, we estimate that the

average pollination distance is d � 17 m in Q. alba

(Smouse et al., 2001), d � 65 m in Q. lobata (Sork

et al., 2002), d � 22 m in Q. velutina (Fernández-

Manjarrés and Sork, unpublished), d � 17–21 m in P.

echinata (Dyer, 2002). The accumulated experience

from parentage studies (Table 1) indicates that the

average distance of pollination is in excess of 20 m

and sometimes much greater.

3.4. Population pattern among the adults

The adult stand often exhibits some form of ‘genetic

structure’, representing the residual historical signa-

ture of past selection, gene flow and genetic drift, and

that signature can inflate our estimates of Fft. As an

initial attempt to deal with ‘genetic structure’ among

the adults, Dyer et al. (2004) have described the

inflation of Fft by subtle allele-frequency gradients

across the study area, and have developed methods for

measuring and correcting for such gradients. Imagine

that there are trends in the allele frequencies among

the adults, spread across an extended landscape, and

that the usual TWOGENER estimate of Fft, in addi-

tion to including the usual ‘among-mothers’ variation,

is inflated by the effects of the gradient. The essence of

the solution is to embed the AMOVA used by TWO-

GENER within a more general linear model frame-

work, and then to extract the variation attributable to

the gradient, before testing the ‘among-mothers’ com-

ponent of variation. We have explored this extension

with the ST AMOVA analysis of Q. alba (Dyer et al.,

2004), and show that the intra-class correlation

decreases from Fft ¼ 0.063 (ignoring the adult gra-

dient) to Fft ¼ 0.056 (correcting for that gradient), a

modest but significant difference. That change

increases the estimate of Nep from 7.9 to 8.9 and that

of d from 16.3 m to 17.4 m. In Q. alba, the bias from

ignoring the gradient is modest, but in other organ-

isms, it might not be. Whether the bias from ignoring

the gradient is large or small, it can be estimated and

extracted (Dyer et al., 2004).

For many forest species, consanguinity and local

genetic structure among the adults also complicates

our assessment of pollen structure, since the historical

signature of population structure tends to inflate our

estimates of Fft (Austerlitz and Smouse, 2001b).

Consanguinity among the adults, representing histor-

ical population structure, yields

F ¼ ½Q0 � Qð�zÞ�ð1 þ FÞ
2 � Qð�zÞð1 þ FÞ ; (7)

where F is the consanguinity coefficient among adults.

For Quercus and Pinus, sampled in the Missouri Ozark

Forest Ecosystem Project (MOFEP), which evaluated

three forest treatments—clearcut, selective cuts, and

uncut controlled stands (Dyer, 2002), F � 0, but

departures from panmixia are evident in C. florida,

ranging from �0.105 � F � þ 0.024 (Sork, unpub-

lished). Allowance for that adult structure alters our

estimates of Fft from 0.174 to 0.170 for uncut control

stands, from 0.125 to 0.140 for selectively cut stands,

and from 0.090 to 0.091 for clearcut stands, all of

which lead to small derivative changes in Nep and the
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average distance of pollination, d. Adult structure is a

complication, because it is confounded with pollen

structure, but with independent information on adult

structure, we can separate their effects.

We should distinguish between adult consanguinity

and selfing, the probability that the female is sampling

her own pollen. Current versions of TWOGENER do

not deal with selfing. Since a great many species that

are facultative selfers will soon come under examina-

tion, and since an elevated selfing rate will inflate our

estimate of Fft, elaboration of the standard TWOGE-

NER estimation scheme (to include selfing) would be

timely. Pending such developments, analysis of inbred

species may require the NEIGHBORHOOD model

(cf., Burczyk et al., 2002).

3.5. Temporal variation

Studies of pollen movement are generally restricted

to a single reproductive season, by virtue of the field

and laboratory effort required. Questions remain about

the adequacy of single-season measures for long-

lived, iteroparous forest species. Drawing from a

multi-year study of A. julibrissin, Irwin et al.

(2003) were able to estimate the difference between

single- and multi-year sampling, relative to estimation

of Nep. They demonstrated less among-year variation

within mothers than variation among-mothers, but

showed that Nep � 2.0, when estimated from the

traditional single-season study, but increased to Nep

� 2.9 with allowance for year-to-year variation in

pollen profile for a single mother, a 40% increase.

Clearly, we must devote some serious attention to the

question of year-to-year variation in future studies of

pollen flow.

3.6. Limitations of TWOGENER analysis

For TWOGENER, we have given up pursuit of the

fathers, focusing on what we can learn from mothers

and offspring. That choice has moved us along

rapidly, and our comparative work is accelerating.

We are now beginning to answer some larger ques-

tions, and larger patterns are beginning to emerge,

but all of this comes at a price. There are two major

limitations of TWOGENER. First, Nep—while it

does constitute a convenient and generic gauge of

pollen structure—conceals more than it reveals. We

expect that Nep should be smaller than N, but how

much smaller? We know that Fft can be upwardly

biased by either consanguinity or the historical

remnants of adult genetic structure (Austerlitz and

Smouse, 2001b; Dyer et al., 2004), and with inde-

pendent assessments of both factors, we can (in

principle) correct for these potential confounding

effects, but how much attention are we going to need

to devote to sampling and analysis of those factors in

the adult population? Our deeper interest is in ‘pol-

len flow’, but for populations with suspected high

inbreeding or substantial local genetic structure, it is

desirable to pay some serious attention to ‘adult

structure’, and that will be costly. So far, biases in

F̂ft from these sources have not been great, but future

work will be needed to demonstrate whether adult

structure is generally a serious confounding factor or

a only a minor aggravation.

A second limitation is the estimation of the distance

of pollen movement, a problem that plagues paternity

analysis as well. Our estimation of the average dis-

tance of pollination from TWOGENER is indirect,

and is based on particular assumptions about the shape

of the pollen dispersal curve. We initially modeled

bivariate normal and exponential functions (Austerlitz

and Smouse, 2001a), but empiric data now suggest a

distribution that is steeper near the origin, with a fatter

tail than either the normal or exponential (Dick et al.,

2003), better modeled with the exponential power

distribution,

pða; b; x; yÞ ¼ b

2pa2GðbÞ exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
a

 !b
0
@

1
A;

(8)

where G(b) is the classical gamma function (Abramo-

witz and Stegun, 1964). The parameter b is the shape

parameter, determining the form of the dispersal

function, and a is the scale parameter for distance.

When (b < 1—subexponential), the distribution is both

steeper and fatter-tailed than the exponential, and d is

greater (Fig. 2a). For b ¼ 1, Eq. (8) becomes the

bivariate exponential distribution (with a ¼ g�1),

where g is the classic scale parameter of the expo-

nential function (Fig. 2b). When (1 < b < 2—sub-

normal), the distribution (and average distance, d)

are intermediate between the normal and the expo-

nential (Fig. 2c). For b ¼ 2, the distribution becomes a
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bivariate normal, with a ¼ ðs
ffiffiffi
2

p
Þ as the scale para-

meter (Fig. 2d). Using non-linear estimation techni-

ques, Austerlitz and Smouse (2002) modeled different

possibilities and estimated a and b from the data,

rather than assuming them a priori. Dick et al.

(2003) found that b � 0.9 for Dinizia excelsa and

noted that other tested species also showed b < 1

(subexponential). Most paternity work fits the data to

an exponential model (b ¼ 1), by virtue of the con-

struction of Eq. (3). There is nothing, in principle, to

prevent fitting Eq. (8) as dij ¼ inter-mate distance in

Eq. (3), but that has not entered standard practice to

date, and the limitations of using the exponential

model plague current parentage analysis as well. More

recently, Austerlitz et al. (2004) have explored several

competing models with fat tails, and it now seems

clear that whether we assume the shape of the dis-

tribution beforehand or attempt to estimate it from the

data, the estimates are somewhat model-dependent.

As is also evident from Eq. (6a) and (b), our

translation of Fft (or equivalently, Nep) into an estimate

of the average distance of pollen movement, d, comes

in the form of the product (d2D). We have commented

elsewhere (Austerlitz and Smouse, 2002) that the adult

stem density is almost surely an overestimate of

‘effective adult density’. Some pollen donors produce

less pollen; others are out of synchrony phenologi-

cally; others are (potentially) incompatible mates with

the mother in question. Accumulated experience with

paternity methods, where such factors have been

explicitly modeled (Adams et al., 1992; Burczyk

et al., 1996, 2002; Smouse et al., 1999; Morgan and

Connor, 2001) inspires limited confidence that we can

describe the nuances of variable male reproductive

availability with any precision, but the effects are

surely there, and they contribute to the unevenness

of male parentage contributions. To the extent that

stem count per hectare (D) is an overestimate of De,

then our estimate of d is an underestimate of its

analogue, ‘effective distance’ de. Rousset (1997) uses

Fst to estimate the product (d2D) among adults, effec-

tively scaling distance inversely with density, and

Smouse et al. (2001) use Fft to do the same thing

for male gametes. In either case, estimates of d and D
are highly confounded. We can obtain a partial separa-

tion of de and De (Austerlitz et al., 2004), but it has to

be said that those estimates are negatively (and

strongly) correlated. A better joint-estimation scheme

has yet to emerge, and the matter requires some

additional work.

Fig. 2. Illustrative pollen distributions under four different scenarios, described in terms of the a- and b-parameters of Eq. (8): (a) bivariate

sub-exponential (a ¼ H2, b ¼ 1/2); (b) bivariate exponential (a ¼ H2, b ¼ 1); (c) bivariate sub-normal (a ¼ H2, b ¼ 1.5); and (d) bivariate

normal distribution (a ¼ H2, b ¼ 2); the tail probability increases as b declines.
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4. Number of fathers versus Nep

Parentage and TWOGENER studies would seem to

be telling us two different stories. The parentage

studies yield a general impression of widespread

pollen flow, with male contributions declining with

distance, at least within (say) 100 m of the focal

mother, but with many males contributing from out-

side the circle. Distance is ignored from those males,

because the incoming pollen is usually (though not

always, see Kaufman et al., 1998) viewed as a homo-

geneous ‘global pollen pool’. TWOGENER studies,

on the other hand, yield the impression of a small

number of pollen donors (small Nep) and a short

average distance of pollination (d), though there is

circumstantial evidence for a pollen distribution with a

longer and fatter tail, miming the ‘global pollen pool’

of the parentage studies. To resolve the apparent

inconsistencies compellingly, we will need some

direct studies that facilitate both approaches on the

same material. The difficulty is that parentage studies

work best with small numbers of sampled mothers, a

restricted set of genetically delineated competing

fathers, and large numbers of offspring from each

mother (Roeder et al., 1989; Devlin and Ellstrand,

1990), not a particularly convenient design for forest

species with widely-dispersed pollen and large num-

bers of (unsampled) candidate fathers. Conversely,

TWOGENER works best with large numbers of

mothers and few offspring each (Smouse et al.,

2001; Irwin et al., 2003), which would be too few

offspring to characterize the paternal array for any one

mother with any accuracy or precision. We are going

to need large numbers of mothers and large numbers

of offspring per mother, and we will have to locate and

genotype a large fraction of the potential fathers over

an extended area, if we are to mount a compelling

‘head to head’ comparison. The challenge is not out of

reach, but it is formidable. We will have to choose our

species and ecological setting carefully, if we are to

mount a compelling ‘head to head’ comparison.

In the meantime, we are inclined to ask whether the

discrepancy itself is real, or whether it results from

divergent, albeit reconcilable perspectives. For exam-

ple, even though the paternity studies reveal a large

number of fathers, they also show that these males

contribute unevenly to the seed pool and that nearby

males father a disproportionate share of the progeny

(e.g, Burczyk et al., 1996; Kaufman et al., 1998;

Streiff et al., 1999). So, it is quite possible to have

a large number of actual fathers but a low number of

effective fathers, in the same way that the census

population size does not equal the effective population

size. To illustrate what we mean by that, consider the

ith mother, who draws pollen from a potentially

infinite array of male contributors. Just to simplify

the mathematical illustration, imagine a geometric

distribution, describing the unevenness of the relative

probabilities of those males contributing to the ith

mother, where the l-value for the kth most prolific

male, contributing to ith mother, is defined as

lik ¼ að1 � aÞk�1; (9)

where a is the ‘dominance’ parameter, the expected

relative contribution of the most prominent pollen

donor. The a-value might vary among females, and

the ordering of male prominence would certainly vary

among females, but the important point here is that as

a decreases from 1 to 0, the evenness of male

contributions increases. For example, if a ¼ 0.90, then

the series of lik-values is li1 ¼ 0.9, li2 ¼ 0.09, li3 ¼
0.009, li4 ¼ 0.0009, etc. However, if a ¼ 0.30, then

the series is flatter, li1 ¼ 0.30, li2 ¼ 0.21, li3 ¼ 0.147,

li4 ¼ 0.1029, etc., and if a is as low as 0.10, then the

series becomes very flat, li1 ¼ 0.10, li2 ¼ 0.09, li3 ¼
0.081, li4 ¼ 0.0729, etc.

All three examples are drawn from an infinite array

of potential fathers. The number of different fathers,

EðK̂Þ, expected from a sample of J offspring will

increase with sample size, but it will also depend

on the value of a, via standard rarifaction logic

(Chakraborty et al., 1988)

EðK̂Þ ¼
X1
k¼1

½1 � ð1 � að1 � aÞk�1ÞJ �; (10)

plotted in Fig. 3a, as a function of sample size, J. For

a ¼ 0.9, a sample of J ¼ 50 offspring (per mother)

could be expected to yield a majority of offspring from

the dominant male, a few from the first subdominant

male, and a smattering of essentially unpredictable

singletons from all the other males; the expected

(average) number of fathers sampled per mother

would be only EðK̂Þ � 2:40. For the case of

a ¼ 0.30, that same sample of J ¼ 50 offspring would

yield a more balanced array of paternity, with no one
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male represented quite so heavily, and more males

represented; the average number of fathers sampled

per mother would be EðK̂Þ � 9:74. For the case of

a ¼ 0.10, the frequency distribution of male parentage

would be quite flat, and the expected number of fathers

per mother would be EðK̂Þ � 21:4. While the number

of different fathers recovered is expected to rise with

sample size, J, for an uneven distribution of lik-values

(larger a), the expected number recovered will asymp-

tote more quickly.

In contrast to the number of expected fathers, the

number of ‘effective fathers’ is not very sensitive to

sample size, because small lik-values contribute

almost nothing to Nep. From a given array of J off-

spring, drawn from the ith mother, we can compute

the probability that two pollen grains were drawn from

the same male, which is the definition of (1/Nep),

computed as

1

Nep

¼
X1
k¼1

l2
ik ¼

X1
k¼1

a2ð1 � aÞ2ðk�1Þ ¼ � � �

¼ a
2 � a

; (100)

so evidently, Nep ¼ (2 � a)/a, which decreases with

increasing unevenness of the male parentage distribu-

tion in a predictable way (Fig. 3b), even though the

array of potential males is infinite. For a ¼ 0.9,

Nep ¼ 1.22; for a ¼ 0.3, Nep ¼ 5.67; for a ¼ 0.1,

Nep ¼ 19.00.

Reworking Eq. (6a) and (b), we discover that (Nep/

8—bivariate normal) < d2D< (Nep/2p—negative expo-

nential), so the estimate of average pollination dis-

tance (d) is meant to represent Nep effective (idealized)

individuals, all contributing equally and without

regard to their location within the population. By

computation, Nep is closer to a harmonic than to an

arithmetic mean, so d will be smaller than the arith-

metic mean, not measured directly with TWOGENER

methods, but separately estimable (at least for the

fraction of fathers within the ‘neighborhood’) from

NEIGHBORHOOD methods (see Section 2.1).

Now, the geometric distribution is too simple to

represent the real pollen distribution, but the essential

point survives changes in the specification of that

distribution. The effective number of males Nep

increases with the evenness of male parentage dis-

tribution, and small Nep represents a very uneven

distribution of relative male contributions, with a

few repeat contributors and many minor contributors,

represented once each or not at all. Burczyk et al.

(1996) have used a different treatment but the same

basic premise (unequal contributions from a poten-

tially infinite pool) to extract estimates of Nep from the

NEIGHBORHOOD model. The essential result is the

same; whatever the detailed male parentage distribu-

tion may be, the evidence supports the assertion that

the local males are more frequent contributors.

5. Discussion

We began this review with questions about the

expectation of reduced pollen flow across disturbed

and fragmented landscapes. A major motivation for

measuring gene flow is that we need to assess the
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impact of various contextual disturbances (human-

generated or natural) that fragment the population,

reduce conspecific density, or otherwise alter the

reproductive landscape. The paternity allocation

approach has generated valuable insights concerning

the extent of immigration into a local stand (reviewed

in Adams et al., 1992; Sork et al., 1999; Burczyk et al.,

2002; see Table 1). Many studies of fragmentation

have used this approach because identification of

parents within the sample also informs us about

how many progeny were sired from outside the sample

area. In contrast, studies of the impact of forest

management practices that tend to alter conspecific

density and canopy closure have tended to use the

TWOGENER approach, which can be mounted under

a wider variety of circumstances. Both approaches

have yielded valuable lessons about gene flow under

different circumstances.

5.1. Fragmentation

The paternity approach is particularly useful for

isolated populations in a delimited area, because every

adult within the patch can be genotyped, and the

progeny that must have resulted from incoming pollen

become categorically obvious. Chase et al. (1996b),

examining Pithecellobium elegans, a self-incompati-

ble, hawkmoth-pollinated species, showed that 28% of

the progeny found within a fragment containing 28

adults were pollinated from outside (and distant)

pollen sources. From identifiable male parents, inside

the fragment, the average distance of pollen move-

ment was 142 m. Pollen coming in from outside the

fragment could only make that average larger. Nason

and Hamrick (1997) report that 90–100% of Spondias

mombin progeny produced in small fragments were

the product of gene flow events from forest stands

located 80–1000 m away (see Table 1).

The evidence suggests that fragmentation can

sometimes lead to increased pollen flow. Dick

(2001) reports that African honeybees, which have

replaced native insects in isolated pastures, facilitate

extensive pollen movement across the landscape.

Mean pollinator distance for pasture and gallery forest

trees was 1288 m, while that into a 10 ha fragment was

only 417 m. It is not always clear whether pollen flow

into fragments is greater because, with fewer ‘inside

males’, a greater fraction of successful pollen must

have come from ‘outside males’, or whether pollen

simply moves farther across open landscapes. How the

increased pollen dispersal that results from opening

the forest canopy translates into changes in Nep will

depend on the local conspecific density, before and

after disturbance. Sometimes, increased pollen flow

will more than make up for the reduction in local mate

availability; but sometimes, it will not. The tradeoffs

for pollen-dispersal between conspecific density and

canopy closure are complex.

5.2. The impact of forest management

A major effect of forest management is the altera-

tion of conspecific density and/or general canopy

closure. Early TWOGENER studies of Q. alba, in a

closed-canopy, mixed conifer-deciduous forest, with

conspecific stand density on the order of 93 trees per

hectare, yielded Nep � 8.22 and d � 17 m (Smouse

et al., 2001), whereas a similar study of Q. lobata,

growing under savanna conditions, with conspecific

density less than two trees per hectare, yielded Nep �
3.43 and d � 65 m (Sork et al., 2002). At face value,

these studies suggest that pollen flow is wider under

open stand conditions, but in this case greater pollen

movement translates into a decrease in Nep. We

caution that this comparison involves two different

species, growing in two different regions, with con-

specific density and canopy closure confounded.

An opportunity to examine canopy closure alone

was provided by a silvicultural study of P. echinata,

through the Missouri Ozark Forest Ecosystem Project

(Mofep), which evaluated three forest treatments—

clearcut, selective cuts, and uncut control stands

(Dyer, 2002). The cutting treatments removed all tree

species except P. echinata, which altered canopy

closure with minimal consequences for the density

of P. echinata itself. The parameter estimates were Nep

� 5.5 and d � 22 m for clearcut, Nep � 5.2 and d �
17 m for selectively cut, and Nep � 3.4 and d � 17 m

for uncut controls, respectively. Opening the canopy

both enhances the average distance of pollen move-

ment and increases Nep, with no change in the con-

specific density of P. echinata. In the same MOFEP

landscape as for the P. echinata study, Sork et al.

(unpublished) found for C. florida, an insect-polli-

nated understory tree, that Nep and d were both highest

in clearcut areas and lowest in uncut control areas. For
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C. florida, however, conspecific density varied slightly

with treatment (Apsit et al., 2002), remaining con-

founded with canopy closure.

A direct comparison of silvicultural practices that

changed conspecific density is provided by studies of

P. sylvestris (Robledo-Arnuncio et al., 2004), growing

in monospecific stands in Spain. Both shelterwood and

group selection cuts were compared with uncut (but

otherwise matched) controls in mature stands. The

shelterwood cut yielded D � 183 trees ha�1, Nep � 83

and d � 24 m, compared with control values of D �
315 trees ha�1, Nep � 71 and d � 17 m. The group

selection system yielded D � 80 trees ha�1, Nep � 1
and d � 1, while its uncut control yielded D � 183

trees ha�1, Nep � 125 and d � 29 m. Here, both d and

Nep values increase with stand thinning, but the pollen

distance results reflect the fact that uncut canopies

were densely packed. For the most open stand (group

selection), pollen was moving freely across the

area.

These three case studies illustrate the potential

impact of forest management on pollen movement in

both wind and insect-pollinated species. The evi-

dence raises the question of whether the impact is

due primarily to the modified forest canopy structure

or reductions in conspecific density, and future

studies that clearly separate the two effects are

needed.

5.3. The importance and utility of Nep

The TWOGENER work draws attention naturally

to the effective number of fathers, Nep, which pro-

vides a natural link to theoretical discussions of

effective population size among the standing adults

(e.g., Chesser et al., 1993; Lande and Barrowclough,

1987). It develops that Ritland’s MLTR analysis

(Ritland, 1989, 1990) can also be used to estimate

Nep, and Burczyk et al. (2002) show that parentage

analysis can provide an estimate as well. Greef et al.

(2001) discuss and illustrate the concept of Nep for

hermaphroditic plant and animal populations, with

an interesting application to Ficus. Statistical nuan-

ces of different estimation schemes aside, however,

the point here is that Nep is a parameter of general

interest and utility.

As a summary parameter, Nep allows ready com-

parison among species, among habitats, and among

circumstances. A question of emerging interest is

whether the type of pollination system influences the

effective number of fathers, which would have dif-

ferent implications for genetic drift across extended

landscapes for species that were wind pollinated,

versus those that were animal-pollinated. Drawing

from a set of available studies reporting such data for

woody species, and from which we can extract an

estimate (Table 3), we discern three trends.

First, we note that some wind-pollinated species

show much higher values of Nep than do animal-

pollinated species, suggesting that Nep is inherently

smaller in animal-pollinated than in wind-pollinated

species, in spite of the fact that the pollinators can be

shown to move considerable distances. While wind-

dispersed pollen can move great distances, given

open-stand aerodynamic conditions, Nep tends to

be smaller under closed canopy conditions, every-

thing else being equal. In general, Nep is inversely

correlated with the level of pollen flow across the

local landscape, with all of the consequences that

usually follow from genetic drift, and the data sug-

gest that pollen flow is more affected by the land-

scape context than by the pollination system.

Second, Nep increases with conspecific density,

everything else being equal. With fewer near neigh-

bors, the number of effective contributors is higher,

notwithstanding the fact that the most frequent con-

tributors remain the near neighbors (Stacy et al.,

1996). White et al. (2002) have shown, with S. humilis,

that the fraction of incoming pollen increases as

fragment population size (stem density) decreases.

Third, thinning the canopy (of other species) seems

to increase the distance of pollination (Dyer, 2002;

Sork et al., unpublished) and in some cases increases

the effective number of fathers.

5.4. Seed flow

We have arbitrarily concentrated this paper on

pollen flow, indicating at the outset that estimation

of seed flow has its own set of issues and problems.

Several workers are beginning to report studies of

contemporary seed flow (e.g., Aldrich and Hamrick,

1998; Godoy and Jordano, 2001; Nathan et al., 2002).

Colonization considerations aside, seed flow into frag-

ments may be common enough that it contributes to

real-time gene flow. In instances where seed flow
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exceeds pollen flow, estimation of the rate will be

imperative.

Genetic studies of seed flow are more challenging

than pollen flow studies, because once the seed is

separated from its maternal tree, we have entered the

inferential realm of the ‘two-parent’ problem (Mea-

gher and Thompson, 1986), where neither parent is

known a priori. Most workers have been forced to

assume that seed collected from the ‘seed shadows’

of different mothers are progeny of those same

mothers, and while that is (probably) a reasonable

first approximation under field conditions, it

necessarily confines the approach to low-density

situations, with non-overlapping seed shadows.

Aldrich and Hamrick (1998), in studying gene flow

in Symphonia globulifera, a hummingbird-polli-

nated and bat-dispersed tropical canopy tree, dis-

covered that a majority of seedling recruitment in

remnant forest was derived from pasture trees.

Apparently, high fruit production of these pasture

trees attracted foraging bats, while the dense foliage

of the remnant forest provided more suitable

feeding and roosting sites, resulting in the movement

of seed from pasture trees into the fragment. The

authors were unable to separate pollen-versus seed-

mediated gene flow events definitively, but they

could estimate that total gene flow into fragmented

forest (m ¼ 0.16) was less than that into continuous

forest (m ¼ 0.56), but higher than the rate of

pollen flow alone. For this species and setting at

least, seed constituted a major component of propa-

gule flow.

More recently, genetic assay methods have been

developed for diploid seed coats (diploid maternal

tissue), which can be used for powerful ‘maternity

analysis’, uncoupled from male parentage (Godoy and

Table 3

A selection of Nep-values, estimated via MLTR analysis (Ritland, 1989; Ritland, 1990), TWOGENER analysis (Smouse et al., 2001), or direct

assessment of the paternity spectrum (Burczyk et al., 2002), for tree species sampled from different landscape situations: (a) species that have

wind-vectored, and (b) animal-vectored pollination

Species under study Landscape context Effective number of males Literature citations

Nep Method

(a) Wind-vectored pollination

Larix occidentalis High density 50–100 MLTR El-Kassaby and Jaquish (1996)

Larix occidentalis Low density 10–16 MLTR El-Kassaby and Jaquish (1996)

Picea abies Dense forest 33–46 TWOGENER Finkeldey (1995)

Picea glauca Seed orchard 1–2 Paternity Schoen and Stewart (1986)

Picea mariana Boreal forest 6–9 MLTR Perry and Bousquet (2001)

Pinus echinata Closed forest 3–6 TWOGENER Dyer and Sork (2001)

Pinus sylvestris Dense forest >70 TWOGENER Robledo-Arnuncio et al. (2004)

Pinus washoensis Coniferous forest 14 MLTR Mitton et al. (1997)

Quercus alba Closed forest 8 TWOGENER Smouse et al. (2001)

Quercus humboldtii Forest fragments 1–2 MLTR Fernández-Manjarrés (2002)

Quercus lobata Savanna 3–4 TWOGENER Sork et al. (2002)

Quercus velutina Montane forest 6 TWOGENER Fernández-Manjarrés and Sork

(unpublished)

(b) Animal-vectored pollination

Acacia melaxylon Eucalypt forest 16–33 Paternity Muona et al. (1991)

Albizia julibrissin Scattered clumps 3 TWOGENER Irwin et al. (2003)

Carapa pocera Tropical forest 12 MLTR Doligez and Joly (1997)

Caryocar brazielensi* Cerrado fragments 5–12 MLTR Collevatti et al. (2001)

Cornus florida Northern aspect 11 MLTR Bailey (2002)

Cornus florida Southern aspect 5 MLTR Bailey (2002)

Enterolobium cyclocarpum Closed forest 2–4 MLTR Rocha and Aguilar (2001a,b)

Enterolobium cyclocarpum Open pasture 10 MLTR Rocha and Aguilar (2001a,b)

Ficus (4 species) Scattered trees 3–11 Paternity Greef et al. (2001)

Jacaranda copaia Scattered dryforest 4–5 TWOGENER James et al. (1998)
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Jordano, 2001). Armed with well-identified maternal

genotypes, we can (at least in principle) extend stan-

dard parentage models to separate established progeny

into: (a) those with both parents from within the

fragment, (b) those with an internal mother and exter-

nal father, (c) those with an internal father and external

mother, and even (d) those for whom both parents are

external. It is becoming obvious that we are going to

have to separate gene flow into pollen- and seed-

mediated components, for which we will need to

follow the movements of both paternal and maternal

gametes. Where the parentage approach is used, we

will have to map and assay exhaustively over a con-

siderable area. With a generalized population struc-

ture-like approach, we will have to develop cross-

classified TWOGENER analogues that use both the

females and males as strata. For conifers, with sepa-

rately inherited maternal (mtDNA), paternal

(cpDNA), and biparental (nuclear) genomes, the ana-

lytical way forward is clear, but for angiosperms,

without a paternally inherited genome, the nature of

that analysis is not yet clear. In any case, all of these

challenges, representing unfinished business, lie ahead

of us.

5.5. Conclusions

Analytical challenges aside, the accumulating evi-

dence from the field suggests that forest tree popula-

tions occupying human-altered landscapes will

sometimes experience reduced gene flow and some-

times enhanced gene flow, depending on the species

and circumstances. The challenge is detecting this

impact, when it occurs. In this manuscript, we

reviewed two major approaches one can take and their

findings thus far. Each has its own virtues and vices.

The parentage approach provides a description of who

came from where, the total number of pollen donors

that came from within a circumscribed area, and the

number of progeny that represent pollen-mediated

immigration. If one can identify potential fathers at

great enough distances, this approach should also help

us to document the shape of the dispersal curve and the

length of the tail. Its requisites are the ability to

identify every potential father within a specified area,

high genetic resolution (ideally >99%), and larger

numbers of progeny than potential fathers, preferably

for each seed tree. The need to identify all potential

pollen donors will be challenging for tree species that

occur at low densities, with specialized long-distance

pollinators.

TWOGENER methods estimate the effective dis-

tance of pollen movement and the effective number

of pollen donors per maternal tree. This method is

ideal for studies where the geographical scale is

sufficiently large that identification of all pollen

donors is beyond reach. In addition, this model

can be deployed even when the genetic resolution

for the battery of available markers is less than 95%.

TWOGENER estimates are influenced by assump-

tions of the distribution of the pollen dispersal

curve, but not to such an extent that it obviates

hypothesis tests about differences among sites ex-

periencing different conditions (e.g., fragmented

versus continuous forest, or clear-cut versus selec-

tive cut forest management). Average pollen move-

ment distances may be underestimated, due to an

emphasis on effective pollen movement. Pollination

distances can also be underestimated if the density of

reproductive adults is substantially lower than the

nominal stem count. As we continue studying the

impact of habitat disturbance on forest species,

parentage and TWOGENER analyses will provide

complementary tools that can be expected to eluci-

date the factors that impact gene flow across the

landscape.
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