Inference for tree growth, reproduction, and survival
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This document contains a brief summary of the hierarchical model used to fit the data.  It is rough and lacks references.  I am in the process of including climate variables to allow for the climate modeling we discussed.

The relationship between growth, fecundity, and survival

We exploit the hierarchical Bayes framework to integrate the complex process of demographic processes and their responses to resources, incorporating information at multiple scales and allowing for uncertainty at all levels.  The Bayesian approach allows us to specify the joint distribution of unknowns conditioned on all knowns and to decompose it into p(data|process, parameters) p(process|parameters) p(parameters) (Berliner **, Wikle **, 2003, recent reviews of Clark 2005, Clark and Gelfand 2006).  These three elements can be further decomposed to densities sufficiently simple to permit sampling from the posterior, using Gibbs sampling (Gelfand and Smith 1990).  Recent applications in forest ecology include **.

The basic process model assumes individuals are immature when small, growth occurs each year, and, with increasing size, trees make the transition to maturity, after which reproduction can occur.  Each year new growth accumulates, there is risk of death, and, if mature, seed may be produced.  Diameter plays an important role, because i) it can be determined with more confidence than other state variables, ii) it is highly responsive to resources (Lorimer **, Fritz **), and iii) it can be predictive of both fecundity (Thomas **, Clark et al. 1998, 1998, 2004, BCI papers) and survival risk in trees (Wyckoff and Clark **).  The rate of diameter growth is one of the best indicators of underlying vigor of trees and has long been used as a predictor of mortality in forest stand models (Shugart **, Urban **, Pacala et al. 1996).  Diameter and diameter increment are both predictors and response variables in our model, in the conditional sense.  A key feature of the process model is the assumption that responses for trees in immature and mature states can differ.  We view this aspect of the model to be critical, allowing for the fact that mature individuals must allocate to reproduction and the range of diameters represented by mature individuals is sufficiently large that it needs accommodation.  We note that this important distinction is rarely made even in models of fecundity, where it makes no sense at all to include both mature and immature individuals in models of fecundity responses to covariates.  We use the techniques developed previously to model fecundity conditional on underlying status (Clark et al. 1998, 1999, 2004, LaDeau and Clark 2001, 2006) and extend them here to the joint growth/fecundity response.  Here we describe the joint modeling of demography in trees.

Immature trees grow and are subject to mortality risk.  Diameter growth for tree i in stand j and year t is modeled as a regression
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where dij,t is the diameter increment (cm) from year t-1 to year t, 
[image: image4.wmf] is the design vector for intercept and canopy light availability, respectively, a(d) is the corresponding vector of fixed effects, and 
[image: image5.wmf] is the random intercept. As long as individuals remain immature, this model is used to estimate growth.  This maturation state is designated as Qij,t, with the immature state being Qij,t = 0.  

With increased size individuals make the transition to the mature state Qij,t = 1.  Because the transition cannot be directly observed, it is modeled as a hidden Markov process. Further let qij,t be the increasing probability of maturation with diameter Dij,t, having likelihood 
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There are also observations of status, with qij,t = 0 being the observation that an individual is not observed to have reproductive structures in yr t and qij,t = 1 being the event that reproductive structures are observed.  In the absence of observation, ij,t is the probability that an individual of diameter Dij,t-1 is mature. Depending on the observational history of an individual the likelihood for a given individual and year can take one of several forms.  We use the missing value approach from capture-recapture studies described by Dupris (**) and Clark et al. (2005) and applied to maturation by Clark et al. (2004).  If an individual has ever been observed to have reproductive structures in the past, and there is an observation for year t, the likelihood is 
[image: image8.wmf], where t* is taken to be all previous observations on the individual.  If it was ever observed to be in the mature state, it remains mature 
[image: image9.wmf].  If an observation is not available in year t, and the tree has never been observed in the mature state, the probability is 
[image: image10.wmf]. The diameter at which this transition occurs D*ij is important for fecundity modeling that follows.  The tree began producing seeds when it reached this diameter and may increase seed production with diameter increase thereafter.

For dioecious trees, having gender h = 1 for female and h = 0 for male, we need the probability of being both mature and female.  If males and females become mature at about the same size, we have the probabilities given in Table, which depend on the type of observation made.

Table 1. State probabilities for maturation and gender given observations q.

	
	State probabilities

	Observation qij,t
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	No observation
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	No repro detected
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	Female detected
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	0
	0
	0
	1

	Male detected
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	0
	1
	0
	0

	Reprod detected
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	0
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	0
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For mature individuals, fecundity must be modeled.  Because both diameter growth and fecundity are response variables, we model them together as a multivariate regression.  Let 
[image: image30.wmf] be the response vector consisting of ln diameter increment (cm) and ln fecundity (seeds). The response vector is modeled as a multivariate regression
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where xij,t is a design vector, A is matrix of fixed effects parameters, bt are fixed time effects, bij are random intercepts with covariance Vb, eij,t is the vector of errors, and  is the 2 by 2 covariance matrix for the 2 responses in yij,t.  This model for mature individuals involves diameter in excess of that at which maturation was first achieved. For the most basic model discussed here the design vector is


[image: image34.wmf]
where the five terms correspond to, respectively, 1) intercept, 2) ln diameter, 3) a quadratic term (to accommodate a changing relationship to log diameter with size), 4) canopy light availability, and 5) previous ln diameter increment.  This amounts to a state space model in which diameter increment (and, thus, diameter) is both a predictor and a response, being updated each year.  By including previous diameter increment in the design vector we have an AR(1) model for diameter increment.  Together, this represents a minimal model with effects of size and resources (in this case, light availability) on reproduction and growth.  This design matrix can accommodate additional covariates, such as climate.

The survival model is semiparametric model including relationships for the increase in mortality risk that occurs with decreasing growth rate (a composite index of vigor, Kobe **, Wyckoff and Clark **) and with increasing diameter (Platt **).  We could not fully capture the strong non-linearities in these relationships with parametric forms and thus applied a model similar to the non-parametric model of Wyckoff and Clark (**).  We do not assume a functional form for these relationships, only monotonicity, which is specified as the prior.  First, bins d(m) are defined for a sequence of 0 < m < max dij,t for all growth rates dij,t.  For each bin there is a corresponding mortality rate 
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[image: image36.wmf].  For diameter there is a corresponding sequence for mortality rates 
[image: image37.wmf].  Each individual in each year has a pair of bins (m, n), independent risks 
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where zij,t = 1 is the event that an individual survives, and zij,t = 0 if the individual dies.  Thus, the model provides maximum flexibility to accommodate pattern in data with minimal assumptions.

Additional Data Models

Many types are of data are synthesized by specific models that capture the specific scales, sources of uncertainty, and relationships to underlying processes.  In addition to data types already discuss are those relating to diameter growth, seed production, canopy light availability, and maturation probability.  We discuss each of these in this section.

Due to the large number of information sources synthesized for canopy light and diameter growth, both are modeled separately, the posteriors from these separate analyses serving as priors for the current analysis.  For diameter growth, we describe elsewhere the underlying state space model that assimilates both diameter census information and diameter increment data.  Both types of data are combined, using different models to estimate the true diameter of every tree in the stand, every year (Clark et al., in review).  The degree of uncertainty in tree diameter depends on the amount of information available for each individual and on the level of ‘agreement’ between the two sources.  The posterior distribution from that analysis serves as the prior distribution for this analysis.

Because canopy light availability is difficult to measure, we combine three sources of information to derive an index of availability.  We use i) traditional canopy classes, similar to those used by foresters, ii) remote sensing, and iii) canopy models, based on allometric data and solar geometry.  Different combinations of data are available for each tree.  Exposed canopy area measured from remotely sensed imagery is taken as the standard, so that estimates will have units of m2.  The data models are cumulative multinomial logit (canopy classes), log linear with bias and error (canopy models), and log linear with error, but no bias (remote sensing).  Posteriors for both diameter and crown area estimates are summarized by means and variances for every tree in every year.  

Seed data are modeled as a zero-inflated Poisson, with mean given by the transport of all seeds to a given seed trap, scaled by trap area,  
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 EMBED Equation.3  [image: image43.wmf]
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where the Poisson mean is the product of seed trap area Ajk  for trap k in stand j and the summed contributions from all trees,


[image: image45.wmf]
The first term allows that seed may come from outside the mapped stand (proportional to stand basal area).  The second term is source strength (fecundity) fij,t times the kernel k, with fitted parameter u.
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