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Abstract The genetic consequences of natural in situ

recovery for rare or threatened species are not as well

understood as the impact of population bottlenecks, frag-

mentation and admixture, particularly the mechanisms by

which genetic diversity is lost or preserved as populations

recover. Here we examine how mating patterns, dispersal

and ecologically constrained regeneration influences genetic

diversity and kinship in a naturally regenerating population

of a threatened temperate forest tree, Juglans cinerea L.

(butternut). Butternut regeneration is now rare throughout

the native range due to the butternut canker, a lethal fungal

disease from Asia, and land use changes. In this study of one

of the only known regenerating patches large enough for

kinship and parentage analysis, we used 12 microsatellite

markers, direct and inferred parentage analyses and

Bayesian clustering of 152 trees to show that natural

regeneration at this site resulted in loss of allele richness due

to a small number of parents, most of which are spatially

proximal to the regenerants. Of the 116 potential parents

tested, one contributed 20.8 % and the top four contributed

71.1 % of the gametes in 36 regenerants. Parent-parent and

parent-offspring distances revealed limited pollen and seed

dispersal (\100 m). Regenerants were highly related and

spatially clustered in sibling groups. Proximity to the

regenerating patch was the most significant factor in parental

success. Our results suggest that in situ regeneration of forest

trees with limited propagule dispersal and specific site

requirements may be insufficient to preserve native genetic

diversity in protected areas with few suitable sites.
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Introduction

Many investigators have studied genetic and ecological

consequences of census decline and fragmentation in forest

trees (Sork et al. 2002; Oddou-Muratorio et al. 2004;

Bacles et al. 2005; Sork and Smouse 2006; Pardini and

Hamrick 2008) but fewer have focused on dynamics of in

situ demographic recovery, the consequences of which

remain difficult to predict (Born et al. 2008; Pardini and

Hamrick 2008). An understanding of the mechanisms that

influence genetic shifts during rapid in situ regeneration,

could improve restoration and management outcomes

(Frankham 1995; Reusch et al. 2005; Pertoldi et al. 2007;

Liu et al. 2008) for species currently in decline from biotic

and abiotic stresses, suboptimal management practices, and

climate shifts.
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In natural populations of wind-pollinated, temperate

forest trees, dispersal kernels generally show leptokurtosis

(Vekemans and Hardy 2004; Dick et al. 2008), with sub-

stantial fractions of pollen dispersal often exceeding 1 km

(Sork and Smouse 2006; Craft and Ashley 2007; Pluess

et al. 2009). As expected given these results, many studies

on forest disturbance and fragmentation have detected low

differentiation among fragmented populations (Hamrick

2004; Bacles et al. 2005; Victory et al. 2006; Kramer et al.

2008), high diversity in founding populations (Born et al.

2008), and/or high gene flow between fragments (Craft and

Ashley 2007; Fernández-Manjarrés and Sork 2007). In

some cases, the genetic consequences of contemporary

demographic fluctuations are negligible (Hamrick 2004;

Bacles et al. 2005; Kramer et al. 2008).

However, once a species becomes increasingly rare, the

spatial, temporal, and biological circumstances of local

regeneration may profoundly influence genetic diversity.

These include the number and spatial distribution of par-

ents, variance in reproductive success across individuals

and seasons, pollen and seed dispersal functions, size and

spatial distribution of suitable recruitment sites, length

of juvenile period, and depth of generation overlap

(Vekemans and Hardy 2004; Oddou-Muratorio et al. 2005;

Sork and Smouse 2006). These factors may in turn be

influenced by competition, predation, disease, and recur-

ring abiotic stress (e.g. drought), producing a range

of genetic consequences (Loveless and Hamrick 1984;

Sork et al. 2002; Grivet et al. 2009; Hampe et al. 2010).

However, studies of recovering populations are divided in

their findings; some suggest that diversity is maintained

(Thomas et al. 1999; Rajora and Pluhar 2003), while others

reach opposite conclusions (Oddou-Muratorio et al. 2004;

Fernández-Manjarrés and Sork 2007).

The descriptive statistics for differentiation, heterozy-

gosity and allele richness commonly used in studies of

population dynamics do not reveal the spatial distribution

of alleles or mating patterns within populations, critical

considerations for genetic diversity studies in long-lived

forest trees (Jones et al. 2007; Sork et al. 2002). Parentage

analysis, realized dispersal patterns, pair-wise kinship,

Bayesian clustering and other individual-based approaches

can add mechanistic insights. For example, Born et al.

(2008) observed high diversity in a spatially expanding

juvenile cohort of Aucoumea klaineana, and used parent-

age assignment to show that [75 % of potential parents

contributed successful offspring. In contrast, Grivet et al.

(2009) found high genetic differentiation between Quercus

lobata seedling patches and adults, attributable to very few

(1–3) seed parents. Jones et al. (2007) used SGS analyses

across juvenile and mature cohorts in Eucalyptus globulus

and spatial interpolation of ordination axes to reveal spatial

shifts in genetic variation due to prevailing winds in seed

dispersal. These studies showed that the degree of genetic

shift in regenerants can be a function of the proportion of

parents contributing offspring, the evenness of their contri-

bution, and the importance of seed dispersal mechanisms.

Here we examine the genetic consequences of a rare in

situ regeneration in a population of Juglans cinerea (but-

ternut), a wind-pollinated canopy tree. The lethal disease

butternut canker has decimated butternut throughout its

native range (Eastern United States, Ontario, Quebec and

New Brunswick) during the last eighty years, causing

regional census declines up to 90 % and widespread local

extinctions (Fleguel 1996). Seedlings are especially sus-

ceptible and typically die within the first season if infected

(Fleguel 1996; Schlarbaum et al. 1997). Our study site in

Tennessee is one of the few locations within the native

range with substantial regeneration.

A null model of genetic and spatial dynamics for in situ

regeneration requires that (1) contributing parents represent

a random sample of the potential parent population, (2) the

number of offspring per parent tree is randomly distributed

and (3) seeds disperse at random (Born et al. 2008; Pardini

and Hamrick 2008). Our main objective was to test this null

model by using two complementary methods of parentage

analysis (the Bayesian inference in PARENTAGE and the

maximum likelihood method in CERVUS) to quantify the

number of parents, the number of offspring per parent, and

the distribution of parent-offspring and sibling-cluster dis-

tances. If regenerants arise from few parents (who may

themselves be related), the regenerating population may

show strong genetic differentiation, even over short dis-

tances (Loveless and Hamrick 1984; Jones et al. 2007;

Pardini and Hamrick 2008). Our synthesis of descriptive

statistics, kinship estimates, and genetic structure analyses

enables us to test the validity of the null model for the genetic

impact of in situ regeneration on genetic diversity in an early

successional forest tree. Our objective is to contribute to

understanding of genetic change during forest tree estab-

lishment, knowledge which may help predict responses to

management practices and to future environmental change.

Methods

Species and site

Butternut, native to Eastern North American riparian forests,

experienced a 20th century decline due to land use and forest

management changes, loss of habitat, and a lethal fungal

disease, butternut canker (Ostry et al. 1994). Contemporary

populations are scattered and small (tens to hundreds of trees

per population). Butternut is a fast growing (age of maturity

* 10 years, depending on conditions), light-demanding,

comparatively short-lived (60–70 years), early successional
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species typically occurring along waterways, or in upland

forest gaps. The large fruits are dispersed by gravity, water

and rodents (Fleguel 1996). Butternuts are monoecious and

heterodichogamous, so selfing is not expected. No published

studies address seed or pollen dispersal for butternut, but the

shade-intolerant seedlings are unlikely to survive beneath a

closed canopy (Rink 1990; Schultz 2003). The population

(Fig. 1) is located in central Tennessee, USA, in a riparian

forest valley previously used for small-scale agriculture.

There is no record of tree planting, harvest or other man-

agement practices since abandonment 50–75 years ago.

This site contains *240 butternuts, the largest known

census of butternut for an equivalent area in the entire

native range (Fig. 1). Our collection strategy was to obtain a

representative sample of the size classes at the site. We

classified individuals having DBH (diameter 1.4 m above

ground) between 1 and 7.6 cm as juveniles and the rest

as adults. We also recorded tree height. In black walnut

(J. nigra), a riparian zone species which grows to similar

sizes, this size class is considered immature (Bruckerhoff

2005). Based on this, we are relatively certain that the

individuals classified as juveniles are immature. However,

as reproductive maturation (the age of first flowering and

successful fruiting thereafter) depends highly on local

conditions, some individuals classified as adults may also

still be immature. As open sites in a riparian forest are

quickly occupied and butternut establishment depends on

availability of these sites, this cohort likely stems from

recruitment over a small number of seasons. Our study

focused on successful recruitment, i.e. established juveniles

likely to survive long enough to reproduce. We also

recorded number of cankers from the butternut canker dis-

ease on the main trunk.

The stand occupies one side of a V-shaped valley,

growing along *4 km of a stream at the bottom of the

valley. Most juveniles occupy a patch *20 m 9 100 m

(Fig. 1). Natural disturbance (tree fall, stream incision)

tends to occur in patches, so patches of regenerants are

expected for early successional species. All but two of the

116 adults and two of the 36 juveniles genotyped for this

study have UTM reference points. We know of no other

butternut stands in this valley, but wind-pollination from

isolated trees or distant small populations is a possibility.

Genotyping

We genotyped all sampled individuals successfully for 12

microsatellite markers as previously described (Hoban

et al. 2010), with an average success rate of 11.7 markers

per individual. Using previously described methods

(Hoban et al. 2009; McCleary et al. 2009), individuals were

tested for hybridization with the introduced J. ailantifolia

(Japanese walnut). We detected five hybrids and excluded

them from further analysis. We have previously tested

these markers for gametic equilibrium and found no con-

sistent patterns of disequilibrium among loci (Hoban et al.

2008).

Genetic diversity and population structure

We use FSTAT (Goudet 1995) to calculate number of alleles

(A), allelic richness (Ar) and FIS for juveniles and adults

separately. We expect a difference in allele richness

immediately following a bottleneck, but heterozygosity

(assuming random mating) may decline slowly if at all,

unless the effective population size remains small over

many generations. As each statistic (except for allelic

range) showed some departure from normality (Shapiro-

Wilks test, data not shown), we used Wilcoxon sign-rank

tests to detect significant differences between juveniles and

adults for these statistics.

We calculated FST between juveniles and adults to

reveal whether the juveniles represented a random sample

of the adult gene pool. We expect the FST values to be

similar if this is true. We calculated FST between each of

two clumps of adult trees (b and e, Fig. 1) and the rest of

the adult population to provide a useful comparison for

level of differentiation among groups of trees within the

population.

We used SPAGEDI (Hardy and Vekemans 2002) to cal-

culate Nason’s kinship coefficient, Fij, which performs well

for microsatellite data (Vekemans and Hardy 2004) for

pair-wise relationships among juveniles only, adults only,

and adult-juvenile pairs only (as in Hampe et al. 2010), and

over all individuals. The kinship coefficient complements

our other results by enabling us to calculate mean relat-

edness among juveniles, among adults, and between adults

and juveniles (Hampe et al. 2010).

We complemented FST with TESS, a Bayesian clustering

technique for visualizing population genetic structure

(Chen et al. 2007). TESS simultaneously infers allele fre-

quencies and assigns individuals to clusters. TESS and other

clustering methods cluster genetically differentiated groups

on scales ranging from families to subpopulations to spe-

cies, as well as populations across time (Anderson and

Dunham 2008; Lepais et al. 2009; Pearse et al. 2009;

Fonseca et al. 2010). This method also utilizes spatial

information as prior, useful in situations in which shared

ancestry varies across space, a reasonable expectation for

regenerating patches. TESS employs a formal statistical

method for determining the ‘‘best K’’ (number of clusters),

the Deviance Information Criteria (DIC), in which gain in

model fit as parameters are added is balanced by a penalty,

similar to model selection in multiple regression. Settings

for TESS: admixture model, 125,000 MCMC sweeps

(25,000 sweeps for burn-in), and 20 reps for each K from 1
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to 10. We also used STRUCTURE (Hubisz et al. 2009), using

the LnP(D) and Delta K methods to evaluate K. Settings for

STRUCTURE: admixture model, infer alpha (mixing param-

eter), allele frequencies correlated, assume different FST for

each population pair, 500,000 MCMC sweeps (100,000

sweeps for burn-in), Q updated every 10 steps.

Parentage analysis

We used two approaches to analyze parentage of juveniles:

(1) categorical parentage assignment using CERVUS (Kali-

nowski et al. 2007), in which genotypes of potential parents

are evaluated against genotypes of progeny and the likeli-

hood of parentage calculated and (2) Bayesian inference in

PARENTAGE (Emery et al. 2001), which, given a set of off-

spring, determines the most likely number of mothers and

fathers, and groups offspring into sibling clusters. Neither

requires known parent-offspring relationships a priori.

CERVUS assigns parentage to individual juveniles, permit-

ting us to determine the number of offspring per parent

and, using UTM coordinates, the geographic distance

between parent-offspring pairs, between both parents, and

among siblings. However, CERVUS provides no information

on the number of parents that might have contributed to

unassigned offspring, a disadvantage in the absence of

exhaustive sampling. PARENTAGE provides additional

information by using offspring genotypes to estimate the

total number of contributing parents and number of off-

spring produced by each, without actually assigning par-

ticular relationships. PARENTAGE also reports a measure of

shared parentage for each offspring pair, from which

probable sibships can be reconstructed. Together the

approaches give a more complete view than either

approach yields independently.

The settings used for CERVUS were 10,000 simulated

offspring and a genotype success rate of 97 %. As error

rates in CERVUS may be influenced by the parameters of the

simulations that guide its likelihood analysis (Herlin et al.

2007; Oddou-Muratorio et al. 2004), we tested a range of

values for genotyping error (1, 5 and 10 %), proportion of

parents sampled (55, 70, and 85 %) and level of inbreeding

(0.0, 0.05 and 0.10), based on observations in range-wide

populations (Hoban et al. 2010). Parentage analysis was

performed using the allele frequencies of all adults,

Fig. 1 Spatial distribution of adults (open triangles) and juveniles

(open circles), unsampled individuals in gray. a all individuals, boxes

b–f indicate areas shown in expanded view. b–f expanded views.

g range map showing study site (star). Large triangles (all but one

shown only in expanded view) indicate the number of single parent-

offspring relationships assigned with 95 % confidence to the indicated

individuals. Light gray- one assignment, gray- three to six, black- ten

to 15
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because a priori we have no knowledge of where parents

are located in the population. We report strict (0.95 prob-

ability) parentage assignments (Oddou-Muratorio and

Klein 2008). For each set of input parameters, we observed

\5 parentage assignments at the relaxed but not strict level,

as parentage was usually assigned with very high or near

zero likelihood. If, for a given juvenile, assignment could

be made with strict probability to more than two parents,

we assigned the parents with highest probability. This

occurred \4 times for each parameter set. Using these

assignments, we counted the number of parents contribut-

ing, and the number of offspring per parent.

We performed four sets of runs with PARENTAGE. First

set: weak priors: uniform prior on number of fathers (1–50)

and mothers (1–25), and a gamma distribution for muta-

tions with parameters of (2, 0.0001), the span of micro-

satellite mutations observed in literature (Emery et al.

2001). Second set: prior weight on few parents: a normal

distribution (mean = 2, standard deviation = 10). Third

set: prior weight on many parents: a normal distribution

(mean = 20, standard deviation = 10). Fourth set: popu-

lation allele frequencies provided as prior. All analyses

were done with 2 9 106 steps, 2 9 105 discarded as burn-

in and samples taken every 400 steps, resulting in

4.5 9 103 samples from the posterior, similar to previous

investigations (Emery et al. 2001).

Individual size, inter-individual distance, genetic

incompatibilities, resource availability, and landscape fea-

tures can cause differences in parental success. To deter-

mine whether distance and other factors were important in

determining parental success, we performed Kolmogorov-

Smirnov tests to compare observations to null distributions.

(1) To examine whether success of adults is a function of

distance to juveniles, we test whether the frequency dis-

tribution of distances between assigned parents and off-

spring is different from the frequency distribution of

distances between all potential parents and offspring (the

null model). We actually perform three tests here: one with

all observed single parent assignments, one with inferred

paternal assignments, and one with inferred maternal

assignments. (2) To examine whether the success of parent

pairs is explained well by distance between the parents in

the pair, we test whether the frequency distribution of

distances between assigned parents (realized parent pairs)

is different from the null model of inter-parent distance, the

frequency distribution of distances between all potential

parent pairs. (3) To examine whether the success of adults

is predicted well by three different measures (height, the

number cankers on the main trunk and DBH), we test

whether the frequency distribution of a given measure for

each parent in an assigned parent-offspring relationship is

different from the frequency distribution of that same

measure for all potential parents.

Results

Genetic diversity and intra-population substructure

Size classes show a distinct bimodal distribution (Fig. 2)

suggesting a recent (*10 years) burst of regeneration.

Juveniles had significantly lower allele richness than adults

(Table 1) but FIS and heterozygosity were not significantly

different. Juvenile vs. adult FST (0.0451) was high, as was

FST between clump b vs. the rest (0.0379) and clump e vs.

the rest (0.0696). Results from STRUCTURE and TESS were

congruent. DIC indicated an optimal K of 2, while Ln

P(D) and Delta K indicate 6 and 5 respectively (Supple-

mental Fig. 1). As suggested by Pritchard, the weak sup-

port for K = 6 indicates hierarchical structure. In all cases,

population structure clearly delineates adults and juveniles,

but further structure emerges among adults (Supplemental

Fig. 2). Juveniles show admixture and assignment proba-

bilities consistent with the inference of parentage from

those individuals identified as parents by CERVUS. Mean

kinship was much higher among juveniles (0.097) than

among-adults (0.034), between adults and juveniles (0.014)

and among all individuals (0.031).

Parentage analysis

Nearly identical results were obtained using different sam-

pling, mistyping, and inbreeding assumptions, even assum-

ing only 55 % of potential parents were sampled (Table 2),

indicating robust parentage assignment. Under the worst-

case scenario (55 % of parents sampled and 10 % mistyping

rates), we were able to assign with high confidence (mean

LOD = 8.90) one or both parents to 32 (88.9 %) of the 36

offspring. Under relaxed confidence, 34 offspring (94.4 %)

were assigned one or both parents. In the following

description, we report relaxed confidence results in paren-

theses next to the strict confidence result. For 20 offspring

(22), both parents were assigned. Among the 52 (56) suc-

cessful single parent assignments, there were 10 (12) unique

parents from the 116 potential parents genotyped. The

remaining 106 contributed no gametes. We identified eight

half-sib groups with size ranging from 15 to 3, and four full-

sib groups, sized from 2 to 6. Most assigned individuals were

members of at least a half sib cluster, and *38 % (relaxed-

47 %) were members of a full sib group. High variance was

observed in parental success. One parent contributed 15

gametes, the top two parents contributed 25 gametes, and the

top four parents contributed 37 gametes (20.8, 48.1, and

71.1 % of successful assignments).

Nearly all parent-offspring distances were \100 m, but

five (seven) exceeded 500 m (Table 3, Fig. 3). For off-

spring with both parents assigned, if we assume that the

shorter distance is the maternal parent–offspring distance,
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all seed dispersal distances were\100 m, with most under

40 m (mean = 25.8 m). Most pollen dispersal distances

were\100 m (mean = 88.2 m), but four are[100 m, with

one [500 m. While the observations are relatively few,

leptokurtosis is apparent for both distributions.

Even within the small area of regeneration, offspring

were markedly clustered. Mean distance between individ-

uals assigned to the same half or full sib group was sub-

stantially smaller than the size of the patch, typically less

than 20 m, with full sib clusters having the smaller dis-

tances (Table 3). We did not arbitrarily delimit an area in

which to genotype regenerants but genotyped the trees we

were able to sample, regardless of size class. Thus the

marked difference in the area occupied by juveniles as

opposed to adults is a characteristic of the site as we found

it and not an artifact introduced by our sampling design.

Analysis with PARENTAGE revealed that the most likely

total number of parents contributing to the juveniles was

16–19 (Fig. 4a), regardless of priors (Supplemental Fig. 3),

suggesting high information content in the data. Variance

in parental success was high, with most parents contribut-

ing to one or two offspring, and a small proportion of

parents contributing many (Fig. 4b). Four groups of 2, 3, 5,

and 9 full sibs were supported with probability [0.999.

CERVUS and PARENTAGE clearly indicate that that a small

number of parents contribute most of the offspring.

The K–S test was significant for comparing the observed

distribution of parent offspring distances to the null dis-

tribution of all potential parent-offspring distances, as well

as for inferred paternal and maternal distributions (all

p values \0.0001). The distribution of distances between

two successful parents was also significantly different from

the distribution of distances between all potential pair pairs

(p = 0.0001). Height was not significant (p = 0.6826),

DBH was significant (p = 0.0026), and number of cankers

was not significant (p = 0.9470, Supplemental Fig. 1).

Discussion

The dynamics of demographic recovery will affect the

long-term efficacy of protection, translocation, assisted

regeneration, and habitat restoration efforts (Frankham

1995; Pertoldi et al. 2007). We have shown that extensive

natural regeneration of a threatened forest tree at a single

favorable site resulted in shifts in allele frequencies and a

loss of diversity due to a small number of contributing

parents, most of which are close to the patch of highly

related and spatially clustered juvenile sibling groups. We

note that greater age range in adult trees might potentially

inflate diversity within their cohort, which should be kept

in mind when interpreting the statistical comparison

between adult and juvenile diversity. Our findings were

robust to methodologies and demographic assumptions,

including rates of inbreeding and relatedness in the popu-

lation, assumed number of potential parents sampled and

priors on parental contributions.
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Fig. 2 DBH (a) and heights (b) for juveniles (black) and adults

(white). Dashed line indicates change of scale on x-axis

Table 1 Descriptive statistics for juveniles and adults

Statistic Juveniles

(N = 36)

Adults

(N = 116)

p value

Meana SD Mean SD

Observed

heterozygosity (Ho)

0.737 0.159 0.782 0.124 0.1514

Wright’s inbreeding

(FIS)

0.053 0.133 0.039 0.067 0.7334

Number of alleles (A) 9.17 3.24 14.7 5.19 0.0025

Allelic richness (Ar) 8.92 3.18 10.9 3.59 0.0015

Number of private

allelesb
9 75

Differentiation (FST) 0.045 \0.05

Differentiation (RST) 0.049 \0.05

a Means across loci
b Sum across loci
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The loss of diversity and the clear population structure

between juvenile and adult cohorts are consistent with

some studies of restored or regenerating populations

(Oddou-Muratorio et al. 2004), but not others (Thomas

et al. 1999; Travis et al. 2002; Rajora and Pluhar 2003).

However, these studies did not examine parent-offspring

distances, parental success, and sibling clusters. Consistent

with a study that did examine these factors (Hampe et al.

2010), we show that the parents of most offspring were

close to the patch, likely due to limited seed dispersal, and

close to each other. While distance is a major factor, it is

plausible that among the closest trees, those that are largest

are likely to produce more seed and shed more pollen, but

distant trees seem to have a poor chance no matter their

size. Further, small distances among siblings suggest co-

dispersal, perhaps due to squirrels caching multiple seeds

Table 2 CERVUS assignment for number of offspring per parent, given assumptions on proportion of parents genotyped (PPG), genotyping error

rate (GER) and level of inbreeding

Category Assumed values

PPG 0.55 0.55 0.70 0.85 0.85 0.85 0.85

GER 1 10 1 1 1 5 1

Inbreeding 0.05 0.05 0.05 0.05 0.00 0.05 0.10

Parent/s Number of offspring per parent

1213a 0 1 0 0 0 1 0

1227 3 3 3 3 3 3 3

1229 4 4 4 4 4 4 4

1230 15 15 15 16 16 15 15

1231 10 10 10 10 10 10 10

1232 6 6 6 6 6 6 6

1303 1 1 1 1 1 1 1

1344 6 6 6 6 6 6 6

1367 1 0 1 0 0 1 1

1227/1230b 1 1 1 1 1 1 1

1227/1344 1 1 1 1 1 1 1

1229/1230 1 1 1 1 1 1 1

1229/1303 1 1 1 1 1 1 1

1230/1232 3 1 4 4 4 4 1

1230/1231 6 3 6 6 6 6 3

1231/1367 1 6 1 1 1 1 6

1231/1367 0 1 0 0 0 0 1

a One parent identified
b Both parents identified

Table 3 Number of siblings and distance between pairs of siblings in sibships with [3 sibs, as constructed by CERVUS and PARENTAGE

Sibships based on actual parentage assignments from CERVUS Sibships inferred from PARENTAGE

Half sib familiesa Full sib familiesa Full sib familiesa

Descriptors CH1 CH2 CH3 CH4 CH5 CF1 CF2 PF1 PF2 PF3 PF4

N 16 4 10 6 6 4 6 4 9 3 2

D Meanb 16.6 20.6 12.9 17.0 17.8 15.4 12.5 15.4 12.0 9.1 9.2

D Maxb 44.6 34.5 25.7 26.4 35.1 20.6 24.2 20.6 24.2 13.2 9.2

D Minb 2.0 1.0 1.4 6.7 5.4 7.6 2.0 7.6 1.4 1.0 9.2

D sdb 7.0 13.5 6.7 6.4 8.7 4.5 6.7 4.5 6.5 7.0 9.2

a Relationships among sib groups are complex as one parent can be male or female across multiple groups, thus the number of genetically

distinct groups is not a simple sum
b Mean, maximum, minimum and standard deviation of distance between pairs of individuals in that particular sibship
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from the same tree. Grivet et al. (2009) also examined

patch regeneration in oak, and found very few maternal

parents (\2), more paternal parents (15), and strong sibling

groupings in patches of similar numbers of offspring. From

this we can infer that in situ regeneration, when ecologi-

cally or spatially constrained, is likely to result in loss of

allele richness and heterozygosity. Key factors in these and

related studies (Born et al. 2008) include space limitation,

passive seed transport, and rodent caching.

If our study population is representative of butternut

range-wide, co-dispersed siblings from few parents into

favorable microsites may be a natural feature of butternut,

contributing to differentiation over small scales and across

generations. Jones et al. (2007) in an investigation of

Eucalyptus globulus, another species subject to recurrent

regeneration, refers to these as ‘‘spatially coherent cohorts.’’

It is further possible, although certainly not proven, that a

shifting mosaic of spatially and genetically coherent cohorts

may be a natural phenomenon in butternut, Eucalyptus,

and other early successional sub-dominant species. In

these cases, which we call ‘‘windfall’’ situations, the

opportunity for seed establishment may be rare but when

the opportunity does arise, many related seeds may suc-

ceed simultaneously. From an evolutionary point of view,

windfall dynamics may cause wide fluctuations in popu-

lation allele frequencies, which could drive neutral,

mildly deleterious, or potentially favorable alleles to high

frequencies in the absence of strong selective pressures,

an intriguing possibility.

The question of how contemporary in situ regeneration

in this patch may differ from past intergenerational change

at this and other sites is important. Regeneration opportu-

nities are likely to be more restricted than they were in the

past, due in part to combined threats of disease and envi-

ronmental change. This site represents a rare combination

of site favorability, the presence of seed-producing parents,

land-use abandonment and subsequent protection, and the

relatively low level of butternut canker. Under these cir-

cumstances, a relatively large cohort of progeny from a few

parents may establish over a short time in the available

space, a burst of regeneration that increases the census but

decreases the effective population size if continued envi-

ronmental pressures or restricted space provide adult trees

with few or no other opportunities to produce successful

descendants. While our site is only one case, the loss of

sites favorable for regeneration and the shrinking size of

those that remain is an increasingly common occurrence

with rare and threatened species.

The results that we have shown in a small regenerating

patch are similar to work demonstrating a loss of diversity in

colonizing populations, where successful offspring in a small

site descend from few parents (Pardini and Hamrick 2008).

However, some studies have shown that recolonizing or

expanding populations of wind-pollinated trees maintain the

genetic diversity of source populations (Born et al. 2008). An

explanation for some conflicting results in this field may be

the spatial scale and the dispersal agents involved: coloni-

zation of distant sites, in situ bottlenecks, regeneration, and

expansion into adjacent locations each may involve different

demographic processes. Clearly, the location and number of

adults, the temporal and spatial availability of suitable sites

and species-specific dispersal kernels must be considered for

predictive models of regeneration, in many tree species.

Other critical factors during regeneration may include gen-

eration time, extent of overlap among generations, and per-

iod of occupancy of favorable sites. The relevance of each

factor could be explored in future computer simulations

(Hoban et al. 2012).

Considerations for management

Regenerating populations, while a positive sign for con-

servation efforts, may not represent past genetic composi-

tion. Our results suggest that in species with limited

dispersal, a spatially or ecologically restricted naturally

regenerating patch may possess significantly altered

genetic composition. While this may be intuitive, the
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number of parents and the variance in reproductive success

have proven rather difficult parameters to estimate empir-

ically in forest trees (Smouse and Sork 2004; Grivet et al.

2005, 2009; Sork and Smouse 2006).

Small regenerating patches in which kinship is high

could ultimately suffer from inbreeding, as well as loss of

diversity. It is possible that a shifting mosaic of regenera-

tion sites over time and space could ameliorate these

effects, providing different cohorts of parents the oppor-

tunity to contribute to regeneration. However, suitable

regeneration sites may be increasingly rare for some early

successional species. For example, in even aged stands, a

common management practice, gaps may rarely occur from

tree fall during the entire reproductive life of most trees.

Other management practices or human impacts (e.g., dams,

agricultural diversion, urban development) could also alter

natural disturbance regimes and reduce the number of

suitable sites for regeneration.

Natural regeneration is now almost unknown in this

species. Butternut seedlings require water and sunlight, a

constraint that limits this species to riparian zones subject

to disturbance and incidental gaps in upland forests. The

abandonment of formerly cleared land along a narrow

riparian corridor at our study site provided butternut with a

windfall, an opportunity for a sudden burst of regeneration

over a relatively large area. In newly protected sites, such

opportunities for a regenerative burst may be more frequent

than in more ‘‘natural’’ settings but the long-term viability

of this in situ regeneration is doubtful unless humans insure

that the genetic base of the species is conserved. This may

require deliberate introductions of seed from other areas in

similar ecoregions and gap creation, approaches proven

effective in other tree species (Ledig 1988; Frankham

1995). Until more regenerating sites are found, we cannot

conclude that small size of the regenerating patch at our

study site is typical for butternut. However, deliberately

created large gaps or a series of small, spatially distributed

gaps within propagule dispersal ranges could facilitate

reproductive success by a greater number of adults.

Empirical studies of regenerating sites in similar species

and mathematical modeling should enable quantitative

estimation of size of gaps or number of parents needed to
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contribute representative diversity under particular situa-

tions. In the long term, forest management practices that

facilitate naturally occurring gaps (rather than labor

intensive felling) seem desirable, for this and other threa-

tened early successional species.

No parent-offspring distances were less than five meters,

in spite of large, heavy fruits, a result in agreement with

shade intolerance in this species, a useful consideration for

managed plantings of butternut. However, many juveniles

were separated by less than 5 m, suggesting that intraspe-

cific competition is weak enough to allow trees from the

same cohort to grow together at this spacing for a time.

Performing parentage analyses on naturally colonized and

restored populations, (Travis et al. 2002; Liu et al. 2008;

Fant et al. 2008; Cloutier et al. 2007) promises to reveal

species-specific and well as more general responses to

forest management and restoration projects. While our

study is based on only one population out of necessity, we

anticipate that comparative studies on multiple species

across years and locations could reveal more about

regeneration dynamics in early to mid-successional trees.

Conclusions

The ecological and economic services of forest biomes

(carbon sequestration, habitat, sustainable timber supply)

depend on successful long-term restoration and sustainable

management practices. While continued study of declining

and stable populations is needed to better understand

human impact and set a baseline for future restoration, an

understanding of consequences of restoration and conser-

vation activities is a research priority, for guiding adaptive

management and predicting consequences of future human

activities. We demonstrated the utility of combining sev-

eral recently developed techniques that offer fine resolution

and a temporal-spatial perspective, for such investigations.

The information we garnered illustrates the usefulness of

diverse analytical approaches to quantify parentage, mating

patterns and diversity in threatened species. Our findings

indicate that multiple aspects of population biology,

including location of potential parents, location and size of

recruitment sites, and seed dispersal, are crucial consider-

ations for ensuring a broad genetic base for adaptation.

Accumulated data from additional studies will facilitate

prediction and assessment of the consequences of alterna-

tive conservation strategies or environmental change over

multiple generations, a critical advance given the threa-

tened or endangered status of many long-lived taxa.
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