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Abstract

1) For this demographic study, a set of field and analytical methods are used to develop demographic parameters (survivorship, growth, realized fecundity, and recruitment from seedbank) for populations of a dioecious, sandhill endemic shrub, Ceratiola ericoides, which have experienced two distinct fire histories, 15 years of fire suppression versus an annual cycle of dormant season controlled burning for the last 30 years.  
2) We employ both short-term data collection (censuses for 3 years) to estimate rates of survivorship and recruitment, and longer-term growth estimates based on age-size.  We also apply GIS approaches to map and quantify neighborhood effects on plant demography. A mechanism for increased recruitment following fire, germination stimulated by smoke, was also tested by a greenhouse experiment.  
3) Statistical models were designed to test i) the relative importance of periodic fire versus rainfall cycles in determining temporal patterns of fecundity and mortality; ii) whether, given the spatial heterogeneity of both intraspecific and vegetation and abiotic patterns on sandhills, fecundity and mortality are spatially structured and can be related to neighborhood factors; and iii) whether differences exist in patterns of maturation, growth, and mortality in males versus females.

4) Because modeling the demography of many long-lived species requires estimating both vital rates (and their variability) often from limited data sets, a broader goal of this study was to implement methods for analyzing short-term demographic data to capture both key vital rates and variability within those rates. 
5) We found a rainfall effect on survivorship, but only a weak fire effect.  We found a sizeable effect of fire on realized fecundity though no rainfall effect.  Fecundity, but not mortality, is significantly spatially structured.  At all sites, (realized) female fecundity decreases with distance from males. Age-specific mortality increases and age-specific fecundity (for females) decreases in shrubs > 4 m in diameter (>25 years).  Few gender-specific differences in demographic processes were detected.  
Keywords: Allee effects, fire ecology, hierarchical Bayesian models, plant population biology, pollen-limitation, sandhills, senescence, smoke-induced seed germination, spatial pattern, dioecy

Introduction   
 Although models of plant demographic processes in relation to fire form an extensive literature (Burgmann and Lamont 1992, Menges and Kofeldt 1995, Enright et al. 1996, Gross et al. 1998, Kaye et al. 2001), efforts to derive population parameters for long-lived perennial plant species face multiple challenges.  Fecundity and recruitment generally cannot be measured directly, and data on recruitment and mortality gathered over a few years are unlikely to capture the true variability in these rates.  Plant populations are often size-structured, and size of individual plant is frequently reported as a key correlate of plant fate, often strongly predicting reproductive status (juvenile or adult), fecundity, and likelihood of survival (see references in Hutchings 1997, Rees et al. 1999).  In addition, many state variables extrinsic to the individual plant such as intraspecific density, proximity of interspecific neighbors, and impact of disturbance and climatic cycles may have strong effects on individual plant survivorship, growth, and fecundity.  Within communities of species adapted to regular fire, effects on mortality and recruitment can be extremely patchy and localized due to the interaction of fire with abiotic variables such as landscape position and soil moisture or biotic factors such as inter- and intraspecific competition and facilitation (Vila and Sardans 1999, Glitzenstein et al. 1995, Rebertus et al. 1989a, 1989b).  Population processes of species within fire-adapted communities are, therefore, likely to exhibit strong spatial dependencies.  

In this study, we employ a set of field and analytical methods to develop demographic parameters for Ceratiola ericoides, a shrub endemic to xeric sandy soils in the southeastern U.S.  The species is dioecious, wind-pollinated, and atypical of long-lived woody shrubs within the southeastern flora, is not fire-resistant.  Unable to resprout from rootstocks following fire, the species is dependent instead on recruitment from seed.  We compare populations which have experienced two distinct fire histories, 16+ years of fire suppression versus an annual cycle of dormant season controlled burning for the last 30 years.  Pinus palustris (longleaf pine), a dominant tree species in sandhill environments, produces a highly combustible litter which promotes fire (Glitzenstein et al. 1995).  Therefore, distance from individual shrub to P. palustris overstory was considered a variable of potential importance in predicting survivorship of C. ericoides shrubs on burned sites.  Another spatial effect, proximity to males, was hypothesized to be a factor limiting female fecundity in this wind-pollinated dioecious species (Davis et al. 2004, Koenig and Ashley 2003).   

We estimated crucial aspects of the demography of a fire-sensitive, obligate reseeder: 1) survivorship as a function of fire and rainfall, 2) shrub growth rate, 3) time to first reproduction, 4) relative importance of episodic (post-fire) versus continuous recruitment from seed, 5) female fecundity, and 6) recruitment from post-fire seedbank. To derive parameters for these demographic elements, we employ both short-term data collection (censuses for 3 years) to determine rates of survivorship and, and longer-term growth estimates based on age-size relationships to estimate population parameters for subsequent demographic modeling.  We also apply GIS approaches to infer measures realized female fecundity, dispersal, and neighborhood (spatial) effects on plant demography.  Shrub diameter, distance from nearest longleaf pine, and rainfall were used to predict annual survivorship.   Similarly, size of shrub, distance from nearest male, and rainfall were used to predict annual realized female fecundity (recruited seedlings) in fire and non-fire years.  Coordinates of individual shrubs were also incorporated into models to test for spatial structure in fecundity and mortality.  Because male and female functions are segregated between individuals, dioecious plant species have been a focus of studies of reproductive costs in plants (Obeso 2002).   Therefore, we also investigate whether growth, mortality rates, or relationship between size and reproductive maturity differ between sexes. In a previous study, Schmidt (2000) found that, unlike those reported for other dioecious plants, sex ratios were not strongly skewed in C. ericoides nor did males and females segregate spatially.

Statistical models were designed to investigate 1) the relative importance of periodic fire versus rainfall cycles in determining temporal patterns of fecundity and mortality; 2) whether, given the spatial heterogeneity of both intraspecific and vegetation and abiotic patterns on sandhills, fecundity and mortality are spatially structured and can be related to neighborhood factors; and 3) whether differences exist in patterns of fecundity and mortality of males and females. Because preliminary fieldwork and previous work on C. ericoides (Johnson 1980, Gibson and Menges 1994) suggested much higher recruitment following fire, a mechanism for this phenomenon, smoke-induced germination, was also tested by a greenhouse experiment.  An overarching objective of this study was to construct models of population processes which incorporate the variability and uncertainty inherent in the demographic data available.  

Methods

Study species--Ceratiola ericoides (Empetraceae) Michx. is a long-lived, dioecious, wind-pollinated, evergreen shrub commonly occurring on xeric sandy environments within the southeastern U.S. (throughout Florida, west to Mississippi, and north to South Carolina).  Sandhill, sandridge, and dune ecosystems are characterized by sterile soils and drought.  Excluding coastal dunes, these communities experienced frequent fire historically, though fire exclusion is typical on many sites in recent decades.  Unlike most woody species adapted to xeric, fire-prone environments of the Southeast, C. ericoides is not resistant to fire (only very rarely resprouting) and, following fire, reestablishes only by seed (Johnson 1982).  However, fire appears to stimulate germination in C. ericoides (Gibson and Menges 1994), and seeds have been reported to germinate from seed banks formed beneath female shrubs for at least 8 years after parent plants have been destroyed by fire (Ken Boyd, Environmental Officer, Fort Gordon, pers. comm.).  C. ericoides has a whorled branching pattern with the main unshaded branches producing new shoots once a year.  Therefore, shrubs can be aged nondestructively by counting the nodes on the main branches.  Mature shrubs bear a flower in each leaf axil of the previous year’s growth.  
Study sites—This study was carried out in Georgia (U.S.A.).  Individual study sites were located in the Coastal Plain physiographic province in sandhill habitats occurring within two distinct sub-provinces.  One population was mapped at Fort Gordon (33°18'N,-82° 20'W, 145 m elevation) which is located within the Fall Line sandhills, a formation of remnant dunes which marked the Atlantic shoreline during the Miocene epoch (Ivester and Leigh 2003).  The two other populations mapped were at the state of Georgia-owned Ohoopee Dunes Natural Area (32°-32'N,-82° 27'W, 90-100 m elevation) and on private land near Cobbtown (32°18'N,-82° 12'W, 75 m elevation).  Both these populations were located on riverine sandhills along the Ohoopee River in southeastern Georgia.  A central contrast between sites is the frequency of fire and time since last burn (Table 1).   Both factors are expected to strongly influence C. ericoides population dynamics.  Sandhills at Fort Gordon have been burned annually since 1970—with fire estimated by site managers to reach the study population approximately every 3 years.  Tree ring records from fire-scarred Quercus laevis (turkey oak) indicate the most recent fires at the Ohoopee Dunes Natural Area have occurred 16-20 years ago.  The fire history of the Cobbtown site is unclear.  Based on tree ring data and evidence of recent fires, the site seems to have experienced small-scale fires at short intervals within the last decade.  Of the populations mapped, the Ohoopee Dunes population was the largest population mapped completely. Additional study sites—a second Fort Gordon population and a nearby site near Keysville, Georgia (33°12'N,-82° 11'W, 80 m elevation) —were utilized to obtain estimates of recruitment from the persistent seed banks beneath dead females at burned sites.  At both sites, all adults were killed as a result of past controlled burns, and the dates of the burns known and recorded by managers.  
Table 1: Sites

	
	 # plants mapped
	                fire history
	location

	Fort Gordon
	490
	 burned every 3 years since 1970
	Fall Line 

	Cobbtown
	334
	 burned within last 10 years
	Coastal Plain

	Ohoopee Dunes NA
	512
	 last burned 1985-1989
	Coastal Plain


Data collection—During the summer of 2002 (Ohoopee Dunes and Cobbtown) and winter of 2003 (Fort Gordon), 1430 shrubs from 3 populations (Table 2) were mapped using a GPS (Trimble GeoExplorer 3), and tagged with numeric labels.  Subsequently, Trimble Pathfinder (Trimble, U.S.A.) software (incorporating data from base-station files) was used to perform differential correction to improve the accuracy of point locations. Comparing deviation of coordinates of GPS-mapped landmarks (roads, large trees) with their locations on rectified aerial photos, digital ortho-quarterquads (DOQQs), I estimate an accuracy of 0.5-1.5 m for shrub locations.  GPS mapping was facilitated by the relatively level terrain and the low, open canopy of sandhill vegetation.  For the Fort Gordon and Ohoopee Dunes populations, the entire population was mapped with transects placed to include all plants.  For Cobbtown, plots were established to roughly encompass several subpopulations.  For each population, sex, age, size (height and diameter), age (estimated by node counts), and distance, dbh and species for all trees within a 3 m radius were recorded for each mapped shrub.   (In a companion study, spatial pattern in this mapped data is compared to IBM output as a method of model validation.)


Because P. palustris (longleaf pine) is known to promote the spread of fire on sandhills (Rebertus 1989a and 1989b, Glitzenstein 1995), P. palustris locations were captured from 1999 DOQQs—orthorectified color infrarred aerial NAPP photography which has a 1 meter spatial resolution.  As no other species of pine were observed on sandhill sites during fieldwork, all pines evident on air photos were assumed to be P. palustris. The evergreen canopies of individual trees, clearly visible on sandhill sites, were digitized as points using Arcview GIS software.  Once digitized, P. palustris coordinates were compared to C. ericoides points at each site to estimate minimum distances from C. ericoides to nearest mature P. palustris.  Annual 
Table 2. Mapping and recensus schedule

	
	2002
	2003
	2004
	2005

	Summer  
	Ohoopee Dunes
	Ohoopee Dunes
	Ohoopee Dunes
	 

	Summer  
	Cobbtown
	Cobbtown
	Cobbtown
	

	Winter
	
	Fort Gordon 
	Fort Gordon
	Fort Gordon


rainfall totals were obtained from National Weather Service climate data stations closest to each study site. 
Populations at Ohoopee Dunes Natural Area and Cobbtown were originally mapped in the summer of 2002 and recensused during the summers of 2003 and 2004.  The Fort Gordon population was originally mapped during the winter of 2003 and recensused during the winters of 2004 and 2005 (Table 2).  At Fort Gordon, controlled burns are done every winter across the entire sandhill portion of the installation, yet fuels and, therefore, fires are patchy and discontinuous. The 2003 mapping at Fort Gordon was done after controlled burns had been conducted, yet no evidence of recent burn effects was apparent during the mapping—indicating that fire did not reach the mapped population during that season.  Controlled burns carried out in 2004 did reach the Fort Gordon population, and survivorship over the 2003-2004 interval, therefore, reflects increased mortality due to fire.  There was no evidence that fire had recently burned through the population during recensus visits in the winter of 2005.  

Sampling fecundity directly as number of fruits with viable seeds per female would have been difficult and complicated in a species producing hundreds of small fruits.  Therefore, female fecundity was measured as realized fecundity.  By transferring the original GPS points representing individual shrubs and their attributes (age, size, sex) into a GIS (Arcview 3.3, ESRI 2005), distances between female and juvenile—operationally defined as shrubs with 4 or fewer nodes—shrubs were calculated, and the nearest neighbor female—operationally defined as females 1 m or greater in diameter— was found for each juvenile.  The number of juveniles were then tallied for each female, and, based on age estimates of juveniles to each recruitment year (2000-2004).  Mapped data from Fort Gordon were analyzed in the same way, but restricted to only three recruitment years (2001-2003), because seedling and juvenile plants were much more abundant and potentially high mortality due to fire could confound estimates.   Direct counts of seedlings at recensuses were an additional data source.

Undispersed seeds collect, but do not germinate, under female shrubs—forming a seedbank.  To collect data on recruitment from post-fire seedbanks, 25 dead female shrubs were identified, 10 at Fort Gordon and 15 at Keysville.  Both populations occurred at sites where past C. ericoides mortality had been total following a burn.  Shrubs without any recruits were assumed to be male.  Juveniles within a 3 m radius from the center of each dead shrub were counted and aged by counting nodes.  Using these methods, the number of recruits per year following fire was recorded, and size of shrub at time of death was estimated from the radius of the debris shadow.  Seedlings were censused 2003-2005.  In order to estimate the contribution of persistent seed banks at unburned sites, a similar census of seedlings and young shrubs was done within a 3 meter radius of dead shrubs (n=50) within a large patch of dead and senescent shrubs at Ohoopee Dunes.


Germination experiments—To investigate the relationship between germination of C. ericoides seeds and fire, a simple experiment was performed.  Ripe fruits were gathered and seeds extracted in September and October 2004.  All seeds were scarified using fine sandpaper following the protocol of Ann Johnson at the Florida Natural Heritage Program.  Smoke and the effect of dissolved wood combustates is known to stimulate germination in species from pyric communities (Brown and Botha 2004, Morris 2000).  Therefore, half of the seeds were soaked in Liquid Smoke, a commercial solution of wood combustates dissolved in water.  Exposure to Liquid Smoke was meant to mimic the effect on seeds of post-fire soil solution chemistry.  The two germination treatments (scarification only and scarification plus exposure to Liquid Smoke) were sown in flats containing a sandy medium, placed in a greenhouse, and watered twice a week.

Statistical analyses

When sampling in space, the tendency is for locations which lie closer together to be more similar in all attributes.  Similarly, data consisting of repeated measures of the same individuals over time cannot be assumed to be independent.  In this case, there is a hierarchy of relative spatial and temporal dependence between data points.  Although still under-utilized in ecological studies, a hierarchical approach accommodates this dependence (Raudenbush & Bryk 2002).  A Bayesian approach to hierarchical modeling facilitates prediction at unobserved environmental states, while incorporating uncertainty from each level of the model. In addition, Bayesian models are extremely useful in ecological prediction because they 1) accommodate more complex structures, and 2) offer the possibility of using prior knowledge (Wikle 2003a, 2003b, Clark 2005).  

A hierarchical Bayesian formulation allows for landscape-level differences owing to unmeasured site conditions, but a sharing of data across sites to reflect a common process and allow greater inferential power (Gelman et al. 2004).  The models estimate the background probabilities and means at each site and for each year, but assume that these rates are sampled from a “parent” aggregate distribution.  The product is the result of a Markov Chain Monte Carlo (MCMC) implementation, a numerical method for obtaining samples of all unknown quantities (e.g., parameters) from the joint posterior distribution.  The joint posterior distribution can be analyzed to obtain point estimates (e.g., the mean, median, or mode of the parameter distribution), and to characterize the uncertainty in the estimated parameters (e.g., using the standard deviation of the distribution, or 95% “credible intervals”).


Hierarchical modeling overview and example—The first stage in hierarchical Bayesian statistical analysis is to specify the observation process or “data model” ([data | process, parameters) (Wikle 2003a, 2003b).  Following the presentation of McMahon and Diez (2007), survival of each shrub i at site j in year k, the was considered a Bernoulli process, such that

Yijk ~ Bernoulli (
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where Yijk  is the survival status of each shrub  i in year j and population k, and 
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represents the probability of surviving for each shrub.


The “process model” forms the second stage of the ([process | parameters) (Wikle 2003a, 2003b). The logit transformation or link is used to linearize the parameters so that the first-level process model is
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 represents the log-odds of surviving for an individual shrub and is related directly to the year-site intercept  
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, related to shrub diameter and distance from longleaf pine (more details are given below).  A varying-intercept 
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 is chosen to capture variability in survivorship between years and sites, but single regression coefficients to describe the effects of size and distance from longleaf which are viewed as a fixed effect.  The relationship between size and survivorship is not expected to differ between sites and years. 


At the second level, the year-site intercepts are modeled as a function of global-level (all years, all sites) and year-site covariates.  This second-level model is
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where year-site intercept is determined by a global-level intercept,
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. The vector of Q year-site-level covariates are rainfall in the year of sampling, and rainfall in the year previous.    Their relationship to the 
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 parameters is described by the regression coefficients 
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 is a normally distributed error term. The P individual-level parameters, Q site-level parameters, and 
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 were assigned variance σβ2, and the coefficient π's were assigned with variance σπ2, and finally the ε's were assigned with variance σε2. Then inverse of these three variances were each assigned Gamma(0.01, 0.01) where the first parameter of the Gamma(,) expression signifies shape, and the second signifies scale. 

Process models— A central feature of the Bayesian approach is that there are no fixed parameters, but rather every parameter has a probability distribution.  The goal of Bayesian statistical analysis is therefore to estimate the probability distributions of the parameters, called posterior distributions.  To derive the posterior probability distribution for each parameter of the logistic or Poisson models, a normally distributed prior distribution (which is uninformative since I have no previous results to inform the analyses), and the results of data analysis are combined.  

Survivorship –We used logistic models for analysis of data on survivorship, and reproductive maturity.  Probability of survival of the ith female shrub at site j in year k is denoted by pijk  and modeled as 

logit pijk  = β0 + β1Rainij  Rainij + β2gender Gender(m,f,j)ij + β3D Dij + β4D2 Dij2 + β5X Xij + β6Y Yij +  β7jkFire(0,1)  d_longleafij

where β0 is an intercept term, β1 Rainij is a site by rain/year effect on survivorship, β2gender is a vector regression coefficient corresponding to a categorical variable form male (m), female (f), or juvenile (j), β3D and  β4D are diameter and diameter2 (m) effects, β5X and β6Y are terms for x and y coordinate effects, respectively, and  β7jkFire(0,1)  d_longleaf  corresponds to the interaction of fire and distance from nearest P. palustris (longleaf). Normal(0, τRain2) priors were assigned to β1Rainij. All other β parameters were assigned Normal(0, 100) priors. The inverse of τRain2 parameter was assigned a Gamma prior with mean 10 and variance 10.  Covariates were normalized to stabilize computations. 


Realized fecundity – For realized fecundity of for living females and recruitment from seedbank (dead females),  we used a zero-inflated Poisson (ZIP) model (Rathbun and Fei 2006, Agarwal et al. 2001, Lambert 1992) in order to handle statistically the large number of females without any recruits.    For realized female fecundity, ZIP is a conditional model in which zero is generated with probability, r, and data from a Poisson distribution with probability 1 – r.  Logistic regression is used to model the probabilities of the excess zeros, while the log linear model is used for the Poisson mean. Thus conditional on the event that a shrub is going to having recruits, the number of recruits for that shrub is a Poisson process. 

Recruitment probability of the ith female shrub at site j in year k is denoted by rijk  and modeled as 

logit rijk =  β0  + β1Rainij Rainij +β2RainPij RainPij + β3D Dij  + β4D2 Dij2+ β5d_male d_male ij+

 β6 d_female d_femaleij + β7X Xij + β8Y Yij +  β9Fireij  Fireij,

where β0 is an intercept term, β1 Rainij and β2 RainPij are site by rain/year effects on recruitment where Rain = rainfall in the year of recruitment and RainP = rainfall in the year previous, D and  D2 are diameter and diameter2 (m) terms,  d_male = distance from nearest neighboring male > 1 m in diameter, and d_female = distance from nearest neighboring female > 1 m, variables X and Y  denote the  x and y coordinates, respectively, and  Fireij = 1 if fire reached site I in year j,  = 0 otherwise.  

Conditional on the event that a female shrub could give rise to recrutits, the distribution of the number of recruits was assumed to follow Poisson(µijk,)  and the mean number of recruits per female, µijk,   was assigned a log linear regression model:

ln (µijk)  = α0 + α 1 Rainij Rainij   + α 2RainPij  RainPij + α 3D  Dij  + α 4 D2  Dij2 + α5d_male  d_maleij + α6 d_female  d_femaleij  + α 7X  Xij   + α 8Y Y ij  +  α 9Fireij  Fireij .

For both models, covariates were normalized to stabilize computations. All β and α 15arameters are assigned Normal(0, 10) priors. 

Recruitment from seedbank –At burned sites, seed bank recruitment beneath dead females was modeled similarly to that of living females using a ZIP model, because there seemed to be a large number of zeros to account for in this model. We assume that recruitment is a process that can be expressed as a product of two independent random variables, so that





 Ri = Zi Yi 

where Zi is a Bernoulli variable with probability rsi  of success and Yi is Poisson random variable with mean µi .  Probability of recruitment of  the i-th female shrub is hence rsi and is modeled as  

logit rsi = β0 + β1D + β2Yearsi ,

where β0  is an intercept term, the effect of random dead female i, Years is years since death of female shrub, and D is diameter (m) of the debris shadow of the dead female.  The mean of Yi is modeled as 

ln(µi) = α 0 + α 1 D i + α 2 Yearsi  .

For both models, covariates were normalized to stabilize computations. Here ln denotes the natural log transformation. All β and α parameters are assigned Normal(0, 10) priors.

Age, size, and reproductive status – To test for gender specific differences in growth and age, we employed a lognormal model corresponding to the diameter of the shrubs. The lognormal model for diameter/size yielded 

ln(diameter) = β0[gender] + β1 [gender] ln(nn_dist)*ln(nn_dist) + β2[gender]ln(age+0.01)*ln(age+0.01)

+ β2 [gender] ln(height)*ln(height) + β2 [gender]X* X +  β2 [gender]Y* Y + е[gender]

where ln(diameter) was modeled as a function of  a gender-specific (male, female, juvenile) terms: intercept β0[gender], intraspecific density (ln distance to nearest neighbor), β1[gender] ln(nn_dist), gender-specific age (nodes) β2[gender] ln(age+0.01), height, β2[gender]ln(height), gender-specific x and y coordinate effects,  β2 (gender)X  X ,  β2 (gender)Y Y, respectively, and an error term, е(gender)  assumed to follow Normal(0, τ [gender]2). This model was intended to capture spatial structure (biotic and abiotic conditions) and neighborhood density, but also to control for shrub form by including height as a covariate.  For all regression coefficients priors were set as conjugate normal/inverse gamma with large variance.


We compared the lognormal model above to a Gompertz model—an asymptotic growth curve similar to the 2 parameter logistic (Zeger and Harlow 1987).  For i-th sample, the Gompertz model yields

Sizei ~ Normal(μi, τ)

μi = a(exp(-exp(-b(agei - m)))

where a + c = upper asymptote, c = lower asymptote, m = point of inflection, b = slope parameter, and y = diameter.The equation can also be modified to constrain the lower asymptote to 0 by setting parameter c of the equation to 0.  Whereas the logistic curve is constrained to be symmetrical about the point of inflexion, the Gompertz curve is more flexible.  The Gompertz curve is, therefore, more appropriate for fitting static age by size data where actual growth increments for shrubs of varying sizes under varying environmental conditions are not known.  Posterior distributions of c, b, and m, therefore, reflect differences in shrub growth environment as well as measurement error, but those sources of variation cannot be partitioned.  Priors are all gamma with large tails.


To estimate size at reproductive maturity Logistic regression was used to model reproductive maturity as a function of size (D=diameter).  Probability of flowering of the ith shrub at site j is denoted by pij and modeled as

logit pijk = β0jk  + β1jkdiameter

β parameters were assigned Normal(0, 100) priors.

Implementation – The MCMC estimation is implemented in this study by Bayesian inference using Gibbs sampling (BUGS) software system (Spiegelhalter et al. 2003), with the Metropolis-Hastings or Gibbs sampling method.  All models were fit using WinBUGS (Spiegelhalter et al., 1996) version 1.4 and inference based on 50,000 samples after the first 5000 were discarded as burn-in.  Where auto-correlation among MCMC samples was found, chains were thinned and burn-in periods extended to increase independence between samples, but with a total of 50,000 samples after discarding thinned or burn-in samples.  Convergence of the model on a probability distribution for a given parameter was assessed using trace plots and by running multiple (MCMC) chains from dispersed starting values (Gelman and Rubin 1992).  For each coefficient, a posterior probability distribution and 95% credible interval were estimated.  

Results

Survivorship—The DIC best model included diameter, diameter2, and rainfall terms only.  Rainfall is significant in 2 of 6 years.  Using DIC, fire is not retained in the best model.  Rainfall only models scored significantly higher (delta DIC > 20) than fire only models, though some fire terms were signficant.  The difference in DIC between the best model and a model including fire but not fire by distance from longleaf effects was only 0.147.   Recensuses revealed that some shrubs had been consumed by fire.  However, since surveys at Fort Gordon followed both drought and fire, it is not clear whether mortality resulted from drought may have made plants more prone to subsequent fire.  Fire, therefore, appears to be a possible explanatory model, but rainfall seems to explain more of the variation.   Significantly, no shrubs > 3.5 m exist at frequently burned Fort Gordon.  At sites other than Fort Gordon, mortality is low (<5%) in most years, though highest during establishment (< ~10 years, < 1 m diameter) and reaching the lowest point at ~ 20 years, 3 m diameter (Table 3, Fig. 1).  The Ohoopee Dunes NA population showed the highest survivorship with greater than 95% survivorship in all census periods.   By contrast, mortality at Fort Gordon following reached >40% in 2003.  Although this was a year when fire reached the population at Fort Gordon, it was also a drought year.  Rainfall ranged from a high of 1524 mm at ODNA in 2002 to a low of 908.8 mm at Fort Gordon in 2004.  Rainfall was intermediate (1360 mm) at Cobbtown in 2004.  Although controlled burning is carried out every year, fires did not reach the Fort Gordon population during 2005 winter burns.  The relatively high mortality of the Cobbtown population during the 2002-2003 census period may also be attributable to drought over that period.  Unexpectedly, lack of significance for coordinate terms or fire by distance from nearest longleaf pine interactions in the model indicate mortality was not significantly structured spatially.

Table 3. Posterior distributions for the distributions of covariates for a logistic regression of survivorship, significant terms in boldface

	term
	 mean
	 sd
	2.50%
	median
	97.50%

	β0
	2.5920
	0.2848
	2.0240
	2.5860
	3.1670

	β diameter
	0.9112
	0.3648
	0.2003
	0.9082
	1.6040

	β diameter2
	-0.5990
	0.4049
	-1.3450
	-0.6060
	0.2258

	β rain[1,1]
	1.2380
	0.1924
	0.8780
	1.2340
	1.6500

	β rain[1,2]
	-0.1270
	1.0320
	-2.2540
	-0.1200
	1.9590

	β rain[2,1]
	-0.7890
	0.3542
	-1.5190
	-0.7760
	-0.1025

	β rain[2,2]
	0.3483
	0.9349
	-1.4720
	0.3078
	2.2870

	β rain[3,1]
	0.8875
	0.5130
	-0.0377
	0.8535
	1.9820

	β rain[3,2]
	1.1790
	0.8089
	-0.2294
	1.1270
	2.9750

	τ rain
	1.0990
	0.8655
	0.1440
	0.8579
	3.5010


Realized fecundity and recruitment from seedbank – Because DIC cannot be calculated for the ZIP model, we selected the best model based on the posterior distributions of covariates (Table 4).  Terms with 95% confidence intervals which included 0 were eliminated.  For the logistic component of the model diameter, diameter2, distance from nearest female, distance from nearest male, and fire retained in the final model.  Fecundity appears to reach a peak at ~ 4 m and declines thereafter (Fig. 2).  The positive relationship between distance from male and probability of 0 recruits was threefold that of the negative relationship to distance from female.  Recruitment was low over all, mean probability of 0 recruits was 0.90 (0.006 s.d.), but significantly higher at Fort Gordon in all years, 0.53,0.53, and 0.32.  In the Poisson model, diameter, diameter2 and fire were retained in the final model.  Coordinates (x, y) were also significant indicating spatial structure in realized fecundity.  Rainfall was not significant in any model.   Fire has a sizeable effect on recruitment (Fig.2). Diameter and years dead were both retained in the logistic component of the seedbank ZIP model (Table 5).  Only years dead was retained in the Poisson model.  The mean probability of 0 recruits was 0.52 (0.037 s.d.) much lower than in the ZIP model for living females.  Seedbanks appear to decay over a 10 year period.  The credible interval for recruitment probability is large given the paucity of data (Fig. 3).  The distribution of the mean probability of 0 was also used to assess model goodness of fit.  Low standard deviations and narrow credible intervals indicate a good fit for both ZIP models. Of 1430 shrubs, 346 were females, and 88 were females with recruits (42 at Fort Gordon, 46 at Cobbtown and Ohoopee Dunes N.A.
Table 4. Posterior distributions for the distributions of covariates for a ZIP model of realized fecundity, significant terms in boldface

	term
	mean
	 sd
	2.50%
	median
	97.50%

	α0
	0.12
	0.1256
	-0.1426
	0.1124
	0.3596

	α diameter
	0.43
	0.2334
	-0.0059
	0.4213
	0.9329

	α diameter2
	-0.64
	0.2707
	-1.1860
	-0.6236
	-0.1283

	αFire
	0.06
	0.1298
	-0.1853
	0.0637
	0.2938

	α X
	0.19
	0.1163
	-0.0289
	0.1719
	0.4055

	α Y
	0.2
	0.0529
	0.1099
	0.1920
	0.3159

	α distFemale
	0.54
	0.1111
	0.2821
	0.5448
	0.7544

	α distMale
	-1.66
	0.3324
	-2.3050
	-1.6290
	-0.9524

	β0
	-2.36
	0.1713
	-2.7010
	-2.3550
	-2.0320

	β diameter
	1.76
	0.4995
	0.7850
	1.7460
	2.7240

	β diameter2
	-1.07
	0.4948
	-2.0350
	-1.0800
	-0.0501

	β fire
	1.08
	0.3862
	0.3488
	1.0410
	1.9340

	β X
	0.36
	0.1446
	0.0857
	0.3684
	0.6154

	β Y
	1.01
	0.1021
	0.8001
	1.0030
	1.2110

	β distFemale
	-0.07
	0.1946
	-0.4938
	-0.0693
	0.2861

	β distMale
	0.12
	0.5273
	-0.8338
	0.1628
	1.1850

	mean prob. 0
	0.9
	0.0060
	0.8911
	0.9030
	0.9142

	mean prob. 0 FG1
	0.53
	0.0470
	0.4371
	0.5331
	0.6278

	mean prob. 0 FG2
	0.53
	0.0467
	0.4350
	0.5305
	0.6248

	mean prob. 0 FG3
	0.31
	0.0558
	0.2052
	0.3093
	0.4149


Table 5. Posterior distributions for the distributions of covariates for a ZIP model of seedbank recruitment, significant terms in boldface

	term
	 mean
	 sd
	2.50%
	median
	97.50%

	α0
	0.0874
	0.1246
	-0.1528
	0.0898
	0.3245

	α diameter
	0.4942
	0.0993
	0.2980
	0.4935
	0.6858

	α years 
	-0.6972
	0.1194
	-0.9386
	-0.6958
	-0.4671

	β0
	4.0540
	1.5560
	1.4360
	3.9510
	7.6670

	β diameter
	0.5252
	0.4327
	-0.3174
	0.5267
	1.4250

	β years
	-3.5710
	1.2570
	1.3000
	3.4500
	6.4250

	mean prob. 0
	0.5202
	0.0373
	0.4492
	0.5203
	0.5948


Germination experiment results –Results of the seed germination experiment suggest that smoke and, secondarily, day-length—promoting late winter/early spring emergence—appear to cue germination in C. ericoides.   In February 2006, seven months after seeds were treated and sown, the smoke-treated seeds had germinated in large numbers in greenhouse flats.  None of the scarified, but not smoke-treated, seeds had germinated.  


Age, size, and reproductive status –Using DIC, the final lognormal model of size by gender included age (nodes), and distance from nearest neighbor as covariates.  Coordinates were also significant indicating spatial structure in size by age patterns.  Mean size of females was larger than that of males (Table 6).  While marginally significant, the magnitude of the difference is small.  Despite the significance of covariates in the lognormal model, the Gompertz model was a better fit to the data (DIC = 1626 versus DIC = 199).   The Gompertz curve fitted to the data shows a point of inflection (where growth rates are maximal) at approximately age 12 and 2 m in diameter (Fig. 5).  Over half of plants are reproductive at 0.4 m in diameter and  ~99 % diameter at 1 m (Fig. 4).

Table 6. Posterior distributions of covariates for a lognormal model of shrub diameter as a function of gender, height, and distance to nearest neighbor – significant terms in boldface

	      term
	 mean
	      sd
	2.50%
	       median
	97.50%

	β0[juv]
	-0.5000
	0.0460
	-0.5871
	-0.4960
	-0.4073

	β0[fem.]
	-0.7900
	0.1360
	-1.0620
	-0.7932
	-0.5309

	β0[male]
	-1.0500
	0.1810
	-1.4110
	-1.0560
	-0.7000

	β age[juv.]
	0.0600
	0.0150
	0.0314
	0.0598
	0.0884

	β age[fem.]
	0.3730
	0.0560
	0.2651
	0.3729
	0.4819

	β age[male]
	0.4790
	0.0750
	0.3313
	0.4795
	0.6259

	β nndist[juv.]
	0.0380
	0.0230
	-0.0083
	0.0378
	0.0829

	β nndist[fem.]
	0.0470
	0.0160
	0.0158
	0.0467
	0.0774

	β nndist[male]
	0.0570
	0.0180
	0.0206
	0.0567
	0.0925

	β ht[juv.]
	0.8730
	0.0200
	0.8335
	0.8735
	0.9126

	β ht[fem.]
	1.1180
	0.0620
	0.9959
	1.1190
	1.2390

	β ht[male]
	0.9020
	0.0780
	0.7500
	0.9013
	1.0590

	β X[juv.]
	-0.1100
	0.0310
	-0.1676
	-0.1081
	-0.0487

	β X[fem.]
	0.0540
	0.0160
	0.0229
	0.0540
	0.0844

	β X[male]
	0.0140
	0.0170
	-0.0193
	0.0144
	0.0477

	β Y[juv.]
	0.1470
	0.0400
	0.0687
	0.1464
	0.2269

	β Y{fem.]
	0.0960
	0.0240
	0.0488
	0.0964
	0.1422

	β Y[male]
	0.0160
	0.0270
	-0.0357
	0.0162
	0.0694

	τ [juv.]
	3.3420
	0.2010
	2.9690
	3.3360
	3.7520

	τ [fem.]
	8.3170
	0.5570
	7.2570
	8.3070
	9.4480

	τ [male]
	7.2580
	0.5130
	6.3000
	7.2450
	8.2970

	juv. mean
	0.1400
	0.0040
	0.1325
	0.1403
	0.1483

	fem. mean
	2.0890
	0.0390
	2.0120
	2.0880
	2.1660

	male mean
	1.9600
	0.0410
	1.8800
	1.9590
	2.0430


Discussion 

Suvivorship, fecundity, growth—Despite the marginal significance of fire as a covariate of survivorship, mortality was much higher at Fort Gordon where fire is frequent than at Ohoopee Dunes NA or Cobbtown.  Importantly, drought appears to be a more critical determinant of survivorship than fire at least in our short-term data set.  A liability of this data set is the coincidence of fire at Fort Gordon with a period of severe drought.  Furthermore, frequent fire at Fort Gordon seems to have caused C. ericoides to be restricted to a few areas of sparsely vegetated dune which may be more protected from fire.  The lack of vegetation at these sites probably indicates deeper, more drought-prone sandy soils.  

While survivorship was more uniform across age and size classes over non-burn census periods than post-burn at Fort Gordon, mortality was highest in the juvenile and establishment phase but decreased toward a low at 3 m.  In the absence of fire, this is likely because young plants are more prone to drought and other stochastic processes.  At burned sites,  1) young plants face high mortality if they germinate within  fire-prone zones, 2) the longer shrubs live, the cumulative risk of fire to survival increases (in order to reach the oldest age classes, plants must survive multiple fire threats), and 3) older, larger shrubs are bigger targets for ignition.  

Levels of recruitment are much greater at burned than unburned sites.  The relationship between realized female fecundity and size—likelihood of recruits increases with size up to 4 m in diameter then declines—suggests that reproductive value (vx expected reproduction of an individual from their current age onward) of female shrubs > 4 m declines with age (Fig. 2).   From the Gompertz model fitted to size by age data, a diameter of 4 m corresponds to an age of 25 years (Fig. 5) when shrub growth has also leveled off.    Growth rates decrease after age 12 (point of inflection of growth curve) by which time most plants become reproductive perhaps reflecting tradeoffs (Silvertown et al. 1993) between growth and reproduction.  Senescence (increased age-specific mortality due to physiological deterioration) at > 25 years is consistent with the expected life-history strategy of a fire-sensitive, woody species of the pyric sandhill community (Menges and Kohfeldt 1995).  The largest shrub at Fort Gordon was 3.4 m in diameter with an estimated age of 15.  
Based on an analysis of plant demographic studies, Silvertown et al. (2001) describe 3 distinct patterns of age-specific mortality. Type 1 showed an asymptotic increase in mortality with age, Type 2 showed an asymptotic decrease in mortality with age, and for Type 3, mortality was lowest at an intermediate value between youngest and oldest.  The apparent pattern of mortality in C. ericoides corresponds to Type 3 which included one-third of herbaceous and two-thirds of woody plants surveyed in Silvertown et al.  Of 4 curves describing the relationship of reproductive value with age in Silvertown et al., C. ericoides corresponds to Type 3 in which vx is highest at an intermediate value.  Only 9 % of 65 species, mostly long-lived trees, showed declining reproductive value with age, whereas 77 % showed an increase in age due to increased size-dependent fecundity.  C. ericoides may be somewhat anomalous among Silvertown et al.’s 65 species in being a non-clonal, relatively short-lived woody plant.  Ricklefs (1998) used a Weibull function in an attempt to modal senescence without the confounding effect of extrinsic mortality.  Ricklefs’ results suggest that species senesce proportionally to extrinsic mortality.  Our results appear to concur with Ricklefs’ predictions. While increases in mortality with age for C. ericoides in this data set appear mostly attributable to extrinsic causes (either drought or fire), declines in realized fecundity suggest a physiological decline with age that may interact with extrinsic factors.  There was no evidence for density-dependent mortality in this short-term data set.
Although annual rainfall is an important determiner of temporal patterns of recruitment in many arid and semi-arid plant communities (Watson et al. 1997, Wiegand et al. 1995, Burgman and Lamont 1992)—a class to which longleaf pine-turkey oak sandhills arguably belongs—rainfall was not a predictor of yearly survivorship or recruitment in this short-term data set.  This is in part due to fact that realized fecundity and seedbank recruitment were quantified retrospectively so that to recruitment includes an seedling survivorship component.  Clearly, a longer time series is needed to establish relationships between rainfall and recruitment and fecundity in this system. Moreover, rainfall aggregated by year or season may not capture the effect of drought during shorter, but critical, periods during the year.  For example, seeds germinate during March, therefore, an especially dry early spring may prevent seedlings from establishing. 

Gender-specific demography – Reproductive class, juvenile, female, male, were not significant predictors of mortality.  However, mean diameter of females in the lognormal model of growth is greater than that of males.  This suggests that females either become mature later than male, live longer, or must divert more resources from growth to reproduction – all of which have been demonstrated to occur in dioecious plants species (see Crawley 1997 for references).  Yet, the difference, controlled for other factors such as neighborhood density and height, is small and only marginally significant.  In temperate regions, dioecious species are associated with wind pollination, and fleshy-fruited shrubs (Renner and Ricklefs 1995, Muenchow 1987) which has led to theories that dioecy is a means of optimizing partitioning of reproductive costs (see Crawley 1997, Obeso 2002 for references).   C. ericoides fits these categories and in certain past (dry) climatic periods was an important component of the southeastern upland vegetation (Watts 1980).  Although spatial segregation of males and females has been shown for a number of woody, wind-pollinated species (see Schmidt 2008 for references), it has not been demonstrated for C. ericoides (Schmidt 2008, Gibson and Menges 1994).  
Allee effects – Probability of recruits increases with proximity of female shrubs to males.  Recent studies have demonstrated that pollen availability frequently limits fecundity even in bisexual, wind-pollinated tree species (Koenig and Ashley 2003, Davis et al. 2004, Gascoigne et al. for further references).  Wilcock and Neiland (2002) propose that pollen limitation may be quite common in wind-pollinated plants.  Concordantly, realized fecundity in C. ericoides appears to be pollen-limited at all study sites.  Reduced population growth at lower densities is known as an Allee effect (Allee 1941).  While it is not clear in the case of C. ericoides is whether pollen-limitation contributes to a “component Allee effect“(positive relationship between a fitness component, e.g. number of recruits per female, and population size or density, Stephens et al. 1999) or a “demographic Allee effect“ (positive relationship between mean overall fitness and population size or density) , we expect that pollen limitation and demographic stochasticity in the form of sex ratio and spatial proximity and density of male and female shrubs offers an additional constraint to colonization of new sandhill habitats by C. ericoides over those experienced by other fleshy-fruited woody plants with less constrained mating systems.  Curiously, in the only study we know of  to investigate pollen limitation in a dioecious, wind-pollinated plant, Berry and Gorchov (2007) found no evidence of Allee effects in populations of an understory palm growing at a range of densities.  
Seedbank – Results concur with estimates of seed bank longevity reported by researchers in Florida (Gibson and Menges 1994, Johnson 1982) who estimate that for inland populations of C. ericoides (which experienced stand-replacing fires historically unlike Florida coastal dune populations) most recruitment occurs within 10 years following a major fire (Fig. 3).  Note that the credible intervals for the ZIP model of seedbank recruitment are large reflecting the paucity of data.  At unburned sites where recruitment levels are generally low, seedling recruitment from persistent seed banks appears to be negligible.  Even though the data suggest that persistent seed banks are present beneath dead females at unburned sites, apparently the absence of a strong environmental trigger to germination from smoke results in extremely low rates of germination as the viability of seeds within these seed banks decays over time.  The presence of a persistent seed bank of up to 10 years in a shrub of fire-prone habitats agrees with theoretical studies (Cohen 1966, 1967) which predict that persistent seed banks will be most important to the survival and viability of plant populations in highly variable environments.  In the case of C. ericoides, seed bank emergence appears to be strongly linked to fire events thus cueing seed germination to mineralization of nutrients and the opening of canopy, and dampening the effect of fire on mortality.  Probably because of litter buildup around dead shrubs and lack of a smoke cue inhibit germination, in the absence of fire, a persistent seed bank appears to confer little advantage to populations of this fire-adapted shrub.  

Smoke-induced germination – Evidence from experiments I conducted suggests strongly that C. ericoides seeds germinate in response to smoke as a trigger.  The very large difference in fecundity between Fort Gordon and the other sites, therefore, probably reflects the effect of fire on seed germination.   Fire-stimulated seed germination has been reported for a variety of fire-adapted South African fynbos species, and species in the Asteraceae, Ericaceae, Proteaceae and Restionaceae have all shown a germination response to smoke and/or aqueous smoke extracts (Brown and Botha 2004).  Smoke treatment increased seed germination of seven Australian species of Grevillea (Proteaceae) (Morris 2000).  Brown et al. (1994) report increases in seed germination following smoke treatment in species of the South African Restoniaceae family of 147-25,300%.  Despite the importance of fire in stimulating germination in C. ericoides, some germination is clearly possible in the absence of fire given the low, but continuous recruitment recorded at long-unburned sites.  Interannual variation in recruitment may also be related to increased fruit production or higher seedling survivorship as a result of increased rainfall in spring and summer of the survey year and/or the year preceeding, however, no trend could be detected from this data set which spans only 6 seasons. 
Summary – We found a rainfall effect on survivorship, but only a weak fire effect.  We found a sizeable fire effect on realized fecundity though no rainfall effect.  While fire and rain are likely to have effects on both mortality and fecundity in a xeric, periodic environment, the signal was not detectable in this data set.  Fecundity, but not mortality, appears to be spatially structured.  This is related most strongly to neighborhood effects on pollination.  We used a simple metric (distance to nearest male) as a surrogate for pollen density, but included spatial data (coordinates) as a way of incorporating more complex relationships.  Quantifying fecundity as we did has limitations.  Realized fecundity includes a mortality component when tallied retrospectively, and assigning juveniles to the nearest neighboring female simplifies dispersal patterns.  Similar simplifying assumptions were necessary to provide data on recruitment from seedbank. Yet, these methods combined with hierarchical modeling revealed patterns, (reproductive senescence, pollen limitation) which were robust across sites.  Though mean size (diameter) of females was slightly larger than that of males, few gender-specific differences in demographic processes were detected.  
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Fig. 1. Median predicted values resulting from logistic regression of survivorship for each site and year.  Points depict data ranges, i.e. diameter values for which survivorship was recorded. At Fort Gordon, no shrubs exceeded 3.4 m.
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Fig. 2. Median and 95% credible interval and data for Poisson mean annual number of recruits in a) fire (n = 42 shrubs) and b) non-fire years (n = 88 shrubs) as a function of females shrub diameter.  Data was collected for 3 years at Fort Gordon, and 8 years at Cobbtown and Ohoopee Dunes N.A.
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 Fig. 3. Median and 95% credible interval for probability of recruits from seedbank (logistic component of ZIP) as a function of years dead for 18 shrubs surveyed 8 years post-fire.
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Fig. 4. Bayesian logistic regression model of reproductive status by shrub size. Solid line represents median value, dotted lines are 95% confidence intervals (n=1269).  The histogram shows proportion of shrubs which are reproductive for each range. 
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Fig. 5. Gompertz growth model fit to estimated age (nodes) and diameter (m) data across sites (n= 1430). Solid line represents median, and dashed lines represent 95% confidence intervals for Gompertz parameters a, b, and m. Points depict the data range.
3

_171851188.unknown

_172119380.unknown

_172218924.unknown

_172268636.unknown

_172448284.unknown

_172473884.unknown

_172401428.unknown

_172232596.unknown

_172168492.unknown

_171997164.unknown

_172062684.unknown

_171879028.unknown

_170796492.unknown

_170949188.unknown

_171823556.unknown

_170835468.unknown

_170650860.unknown

_170711420.unknown

_170472700.unknown

