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Appendix B.  Approaches for developing multistate capture-recapture models to estimate 
habitat and ecosystem transition probabilities.  
 
  This appendix introduces a broader capture-recapture context of multistate models 
to the estimation of habitat or ecosystem transition probabilities, including transitions to 
an absorbing state.  We expand on how to use this inference framework to estimate 
average annual transition probabilities when there are not data for all years and when 
there are misclassification problems.  We also show how to test for process stationarity.   
 Multistate modeling is not new (e.g., Darroch 1961), and data classification 
problems in multistate modeling are not unique to ecology (e.g., Commenges 1999, 
Jackson et al. 2003).  Multistate modeling has been made more accessible by free 
software that evolves by incorporating new modeling techniques (e.g., White and 
Burnham 1999, White et al. 2006) supported by evolving online textbooks with 
contributions by international scientists (e.g., Cooch and White 2009). 
 The basic Arnason-Schwarz model (Arnason 1972, Brownie et al. 1993, Schwarz 
et al. 1993) assumes that state transitions from one sampling occasion to the next 
represent a first-order Markov process, in that the probability of making a specified 
transition between occasions t and t + 1 depends only on the state at time t, and not on 
states in previous periods.  The basic parameters for this model defined in the capture-
recapture context are:   

φ  rs
t
 = the probability that an organism alive in state r at time t is alive and in 

state s at time t + 1,          

p s
t
 = the probability that a marked organism alive in state s at time t is 

recaptured or resighted on that sampling occasion.      

Because φ  rs
t reflects the probability of both surviving and making a specified state 

transition, it is often of interest to compute the following derived parameters (Hestbeck et 
al., 1991; Brownie et al., 1993; Schwarz et al., 1993) using:  

S rt = ∑ φ  rs
t = the probability that an organism alive in state r at time t 

survives (and does not permanently emigrate from the study locations) until 
time t + 1.          

ψ  rs
t = φ rs

t / S rt = the probability of  being in state s at time t +1, given that the 
organism was in state r at time t and  survived between times t and  t + 1.  
   



If survival between t and t + 1 depends only on state at time t (and not on state at time t + 
1), then the ψ  rs

t can be viewed as conditional (on survival) state transition probabilities 
and used to provide inferences about the state transition process.  In such cases, it is 
reasonable to parameterize the multistate models in terms of S rt and ψ  rs

t  based on the 
following equality: 

φ rs
t = S rt ψ  rs

t          

This parameterization permits direct estimation and modeling of S rt and ψ  rs
t. 

For our habitat dynamics application, we constrained detection probabilities to be 1, 
reflecting our ability to classify each site for each of the three years of the study: 

1049994 === ppp .         

 Habitat state dynamics are potentially associated with two parameters, S andψ .  
The “survival” parameter, S, actually refers to a site or grid cell.  In the case of the 924 
sites included in our study, all sites remained in one of the four habitat states for the 
duration of the study.  However, if development (e.g., shopping center construction) 
essentially removed a site from the set of sites at which natural habitat change was 
possible; one might be interested in estimating S, the probability that a site did not enter 
this absorbing state.  Because none of our sites was removed from consideration in this 
manner, we constrained site survival to be: 

St = 1, for all years, t.            

 Inferences about habitat dynamics were based primarily on the conditional 
transition parameters: rs

tψ .  For all sites in each possible state r at time t, the number of 
sites in each of the 4 states (s) at time t+1 followed a multinomial distribution governed 
by the transition probabilities rs

tψ .  
 The estimation approach described in the text was focused on transition 
probabilities corresponding to 5-year time intervals.  For some modeling purposes, it may 
be more useful to use the same data to estimate “average” annual transition probabilities 
(e.g., see Breininger et al. 2009).  Consider the same data used in the analyses above 
consisting of site-specific habitat states of each of the 924 10-ha grid cells for each of 
three years, 1994, 1999, and 2004.  If our interest was instead on annual transition 
probabilities, then the relevant data for each cell could be written as a detection history 
including all years of the study.  For example, consider the following detection history: 
Sh 0 0 0 0 Op 0 0 0 0 Tm.  In 1994 this site was classified at Short (Sh), in 1999 as 
Optimal (Op) and in 2004 as Tall mix (Tm).  The intervening 0’s reflect years at which 
the habitat state was unknown.  We note that detection and habitat classification are 
perfect during years 1994, 1999, and 2004 of our sample history (i.e., we know true 
habitat state for these periods) and detection probability is 0 for the intervening periods 
(i.e., we have no observations about habitat state during these years).  In order to specify 
the observation process (terminology of state space modeling e.g., Royle and Dorazio 
2008) within program MARK, we would constrain detection probabilities equal to 1 for 
the observation years and 0 for the intervening years: 
  1200419991994 === ppp ; 



  020032002200120001998199719961995 ======== pppppppp . 
The “survival” parameter, S, still refers the probability that a site present in one sample 
period will be present in the next sample period, one year later in this case.  Because all 
924 sites remained in one of the four habitat states, we would again constrain site survival 
to be 1: 
  St = 1, for all years, t. 
Inferences about habitat dynamics are based primarily on the conditional transition 
parameters, rs

tψ .  Because our data on habitat state of sites were available for only 3 of 
the 11 years of the study, our inferences about time-specificity of transition probabilities 
would still be limited.  For example, we cannot draw specific inferences about the 
transition probabilities between years 2002 and 2003 if these differed from those of other 
years.  However, we can draw limited inference about time constancy of transition 
parameters, as we can test whether “average” transition probabilities differ between two 
periods, 1994-1999 and 1999-2004.  Under the general time model, we would constrain 
the transition probabilities as follows: 
 rsrsrsrsrsrs

119981997199619951994 ψψψψψψ ===== ; 
 rsrsrsrsrsrs

220032002200120001999 ψψψψψψ =====  ; 
for all habitat states r and s.  The above parameterization, when combined with the 
specified constraints on p and S, provides estimates of “average” transition probabilities 
for the two time periods for which such inference is possible.  In the matrix notation of 
equations 1 and 2, the estimates of transition probability for the periods 1994-1999, rs

1ψ̂  
and 1999-2004, rs

2ψ̂ represent averages in the sense that they should satisfy: 
  n1999 = (Ψ1)5 n1994, 
  n2004 = (Ψ2)5 n1999.   
 The hypothesis of time-specificity for these two periods, 1994-1999 and 1999-
2004, can be tested by comparing this model with two sets of annual transition 
probabilities against a model in which annual transitions were constrained to be equal for 
the 2 time periods, rsrs

21 ψψ = .  This comparison should yield exactly the same results as 
that described in the main text for 5-year intervals.  The model described here is simply a 
reparameterization of the model described in the text.  The advantage of the 
reparameterization is simply that program MARK will provide direct estimates of annual 
transition probabilities and their variances rather than estimates corresponding to 5-year 
intervals.  Such an approach is also useful if time periods between observations differ, 
and if covariates are measured at different temporal frequencies.  
 We estimated the probability of remaining in the same state by subtraction, which 
is the default option in Program MARK.  This was reasonable because we were most 
interested in factors that produced change in landscapes.  There are, however, situations 
when it is sensible to estimate another transition parameter by subtraction which is easily 
performed in MARK (Cooch and White 2009). 
 Our goals were to draw inferences about habitat dynamics of all managed areas 
within a large conservation area; hence our models were developed for all potential 
Florida Scrub-Jay territories within the area of interest.  We identified those potential 
covariates most responsible for spatial variation in habitat state and state dynamics.  



However, spatial autocorrelation is of interest in many studies and could be investigated 
using neighborhood effects and autologistic models (e.g., Royle and Dorazio 2008).    
 Another potential problem faced in many studies of habitat using remotely sensed 
data involves misclassification of states based on the misinterpretation of image data.  In 
this study, we believe that misclassification was uncommon.  If any misclassification did 
occur, it most likely involved distinguishing short and optimal states where there was no 
strong threshold between the amount of medium-height scrub needed for adequate Scrub-
Jay recruitment and survival (Breininger and Oddy 2004).  Although we believe that 
misclassification was not an important issue in our study, we recognize that it is a 
common problem in many remote sensing studies. The usual approach to 
misclassification is to hope that errors are offsetting (Scanlan and Archer 1991).   
 Multistate models provide a useful framework for dealing with misclassification.  
There are a number of approaches to directly incorporate uncertainty in state 
determination using multistate models that do not require the elimination of data of 
questionable classification (e.g., Fujiwara and Caswell 2002; Kendall et al. 2003; Nichols 
et al. 2004, 2007; Royle 2004, Royle and Link 2005, Runge et al. 2007, Choquet et al. 
2009, Conn and Cooch 2009, MacKenzie et al. 2009).  A key element of most of these 
approaches is to have some subset of data for which truth is known, either because one 
state permits unambiguous state determination or because there are some sample units in 
which a second survey is conducted, permitting unambiguous state determination 
(“ground truthing”) for all states within the subset.  Thus, direct approaches for 
incorporating classification uncertainty into multistate analyses exist, and the specific 
approach selected will depend on the sampling situation.  
 Many have noted the importance of developing innovative techniques to study 
complex interactions in spatial and temporal variability that can separate noise and causes 
of variability (Levin 1992, Fuhlendorf et al. 2006).  Approaches to separate sampling 
variation from true process variation were developed for capture-recapture models some 
time ago (e.g., Burnham et al. 1987, Link and Nichols 1994, Gould and Nichols 1998), 
and multiple approaches based on random effects modeling are now available for 
capture-recapture models in general, and multistate models in particular (Cooch and 
White 2009, Lebreton et al. 2009).     
 Model support can be assessed using model weights (wi), which provide relative 
measures of model support given the data (Burnham and Anderson 2002, Anderson 
2008).  The hypothesis of time-specificity for two periods (e.g.,  1994-1999 and 1999-
2004), versus no differences between periods (stationarity) could be tested by comparing 
a model with two sets of time-specific transition probabilities against a model in which 

transitions were constrained to be equal for the 2 time periods, 
rsrs
9994 ψψ = , using evidence 

ratios (wi / wj) that give the relative likelihood of model i to model j.  In our study there 
was no support for a model without fire and cutting effects on transition probabilities and 
no support for a model that excluded time (Appendix A), indicating that dynamics were 
likely not stationary over time. 
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