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Ch. 12 
 

Multi-state models1      
 

“Life is pleasant. Death is peaceful. It's the transition that's 
troublesome.” 
-- Isaac Asimov 

 
 
Questions to ponder: 

• How do multi-state models build on CJS-type models? 

• How much data do I need for a multi-state model? 

• Can I have too many “states” in a multi-state model? 

• Do multi-state models remove the problem of apparent survival found in CJS models? 
 
An adjustment to CJS-type models 
 
We discussed CJS-type models to estimate survival in Chapter 10.  The standard CJS-type study 
is completed at one study site, where animals are captured, marked, and recaptured or resighted 
over time.  In Chapter 10, we discussed the problem of apparent survival—because CJS-type 
models cannot distinguish between animals that leave the study site and those that die.  As you 
read Chapter 10, you might have thought to yourself, “It would be nice if we could estimate the 
probability of emigration.”  If you had those thoughts, you are ready to think about multi-state 
models. 
 
Multi-state models are often used to study populations that exist at more than one geographic 
“state”, or area.  An individual can only exist in one state at one time.  And, it must move 
between the states to transition, or change states.  We will also see that multi-state models can 
be used in innovative ways to study transitions between other “states” for animals—for example, 
multi-state models could be used to model the probability of nesting and not-nesting during the 
breeding season.  But, for now, we will use geographic states to introduce the model structure. 
 
Multi-state models are a modification to the CJS model structure.  We will retain our two initial 
CJS-type parameters: S, the probability of survival over a time period, and p, the probability of 

                                                 
1
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encounter (capture or resighting).  And, we will add a parameter, ψ, the probability of 
movement.   
 
The focus on states will also necessitate that our notation will become more complex—because 
we need to indicate time periods as well as states for our parameters.  So, to fully notate our 
parameters, we will use: 
 

 
r

iS :  probability of survival in state r during time i 

 
r

ip :  probability of encounter in state r during time i   

 
rs

iψ : probability of moving from state r to state s during time i 

 
Our capture histories will become more interesting as well—can you guess what is happening to 
this animal moving in a 3-state system (Figure 12.1) based on a modification to the typical CJS-
type capture history? 
 
 0A00B0BB0AC 
 
The capture history indicates the 
animal was first tagged in area A 
during time 2.  It was next seen 
during time 5 in area B, where it 
was seen again at time 7 and 8.  
The animal is known to have 
moved back to area A by time 
10, and then immediately seen in 
area C in time 11.  We note the 
importance of the fact that we 
have no idea where the animal was 
during periods 1, 3, 4, 6, and 9.   
 
 
 
 
 
 

 
 
 

Figure 12.1: Potential transitions in a 
simple system with three states, A, B, and C.  

For simplicity, we show the transitions, ϕ
rs

, 

as the product of the probabilities of survival, 

S
r
, and movement, ψrs.  The multi-state model 

structure also includes the probability of 

capture, p
r
, in each state.   
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We can examine the structure of multi-state models by writing out the probability statements 
associated with some example capture histories for a two-state system (with only states A and B). 
 
The probability 
statements are 
straightforward when an 
animal is seen in all time 
periods, such as Animal 
#1 in the table at right.  
Given capture in time 
period 1 in state A, the 
probability of being 
captured again in state A 

during time period 2 is: ϕAApA, where ϕAA is the product of the probability of surviving from 

time period 1 to time period 2 in state A, SA, and the probability of moving from state A to state 

A, ψAA.  And, of course, the animal has to be captured in state A, as well (pA).  Now, the animal 

is in state A in time 2, and the probability of being captured in state B in time 3 is ϕABpB.  Then, 

ϕAB is the product of probability of surviving from time period 2 to time period 3 in state A, SA, 

and the probability of moving from state A to state B, ψAB.  And, the animal has to be captured 

in state B (pB).  If all of those binomial events occur (survival, movement, and capture), the 
animal will have a capture history of AAB and the probability of such a capture history can be 

stated as shown in the table above: ϕAApAϕABpB.    
 
But, when an animal is not captured in a time period, such as Animal #2 during time period 2, 
we must account for all potential paths in our probability statement.  Therefore, we have to add 
the probability for all potential paths together—here, we know that Animal #2 was alive in time 
period 2 (because it was seen alive in time 3), but we do not know if it was in area A or area B 
during time 2.  So, we include both possibilities.  Using the details for Animal #1, we can see 

that we can represent the possibility of moving from A to A to B as: ϕAA(1-pA)ϕABpB .  And, we 

can represent the possibility of moving from A to B to B as:  ϕAB(1-pB)ϕBBpB .  In both cases, 
the animal is not captured during time period 2, so we use “1-p” to describe the probability of 
not being captured.  And, because the animal does not do both possibilities (it is “either/or”), 

we get a complete statement of: ϕAA(1-pA)ϕABpB  + ϕAB(1-pB)ϕBBpB. 
 

You try it! 
 
First, to make this example a little more realistic, we can assign some values to the probabilities.  
Let’s assume that capture probability (p) is 20% in state A and 15% in state B.  Let’s assume 
survival probability (S) is 60% in state A, and the probability of movement for animals in state A 
is as follows:  A to A: 80%, A to B: 20% (notice that an animal in state A has to go somewhere if it stays 
alive, so these values have to add up to 100%!).  Given those estimates for these parameters (and given 
the initial capture in time 1 in A), what is the probability of having a capture history AAB?     
 

 
Animal 

Capture 
history 

Probability statement 
(given initial capture) 

#1 AAB ϕAApAϕABpB 

#2 A0B ϕAA(1-pA)ϕABpB  +  

ϕAB(1-pB)ϕBBpB   
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Second, can you write out the possibilities, for the same two-state system as above (A and B), for 
an animal that was only seen once: A00?   To make it simpler, assume the animal did not die.  
Where could it have been in time 2?  Time 3?  See end of chapter for answer. 
 

You must survive before you move 
 

Above, we used ϕrs, as the product of Sr and ψrs.  Here, we emphasize the logic used in multi-
state models, with regard to survival and movement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To make multi-state models work properly, a basic assumption is needed—animals tagged or 
recaptured/resighted in a given state must remain in that state until the very end of the current 
time period.  That is, animals must survive before they move.  This is a key concept to 
multi-state models.  And, it is why we use the strata identifiers that we do (Figure 12.2).  The 
transition from strata r to strata s first involves surviving in strata r and then moving to strata s at 
the last possible moment during time i, before i+1.      
 
 
 
The main reason for the assumption is that we must give the ‘critters’ (animal of interest) a 
‘home base’ for a time period so that we can estimate state-specific (or strata-specific) survival.  
The structure also provides the key to eliminating the problem of ‘apparent survival’ (at least in 
concept, stay tuned! [see our word of caution below])—because we have information to estimate 
the movement in and out of a strata, which effectively strips “emigration” away from “mortality” 
and our survival becomes a ‘more pure’ “survival”. 
 

rs

i

r

i

rs

i S ψφ =

Figure 12.2: The logical order of survival and movements used in multi-state model structure.  
Animals must first survive (S) through a time period (1, 2, or 3, here) in a state (A or B, here) 
before moving (ψ) at the last moment in the time period to another state.  Here, an elephant 
transitions from state A to state B and back to state A.  Capture probabilities (p) are not shown. 
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An embarrassment of riches:  too many parameters?  
 
Earlier in this chapter, you practiced writing probability statements for capture histories from a 
study in a simple two-state system (states A and B) over three time periods.  Now, imagine the 
statement needed in a system with many states for an animal with the capture history:  A00DEF00BQ   Don’t 
worry, we won’t write them all out!  But, you may start to see a challenge for multi-state 
models—there are many, many parameters needed.  As we have mentioned before, as you add 
parameters, you need to add data to support those parameters.  If you don’t find tagged animals 
moving between sites (e.g., site M to Q), you don’t have any data to inform the value for the 
probability of that transition.  And, your sample size is split among all of the areas—
necessitating the tagging of many more animals to support the same level of inference compared 
to a typical CJS-type study in one area.  For this reason, we encourage you to consider 
minimizing the number of strata, if you can, if you are interested in a multi-state study.  Models 
with fewer strata can lead to more precise estimates from the same set of data.  If you cannot 
reduce the number of strata needed, you should start writing grant proposals to provide funds 
for more workers and equipment at all of the sites! 
 
Further, as we saw with the CJS model structure, not all parameters may be identifiable (see 
Chapter 10).  In time-dependent, multi-state models, the probabilities of survival, movement, 
and recapture are confounded in the final time period and are not estimable.  In addition, as 
suggested above, sparse data at any point may render some parameters inestimable. 
 
To put a final point on our emphasis on the “problem of parameters” of multi-state models, 
here is a table with the number of parameters to be estimated in a generalized model, for each 
time period: 
 
 

 Number of state-specific parameters to be estimated for 
each time period, i 

Number of 
states, r,  in 
model 
structure 

 
 
r

ip  

 
 
r

iS  

 
 
rs

iψ  

 
 

Total 

2 2 2 2 6 
3 3 3 6 12 
4 4 4 12 20 
5 5 5 20 30 
8 8 8 56 72 
10 10 10 90 110 
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Multi-state model assumptions 
 
In addition to the assumptions of CJS model structure, multi-state models have the following 
assumptions: 
 

• Data are recorded without error with respect to the stratum of recovery, resighting, or 
recapture. 

• All animals in stratum r at time i have equal movement probabilities. 

• Movement probability and recapture probability do not depend on the past history of 
the animal. 

• All animals make transitions at the same time during the interval. 
 
The third assumption, above, is important to remember—multi-state models, in their basic 
form, have no “memory”.  So, an animals is no more likely to move than another, even if the 
animal has a documented history of changing back and forth between strata during previous 
time intervals.  Movement transitions are estimated similar to survival estimates—by assessing a 
group of animals in a specific strata and determining their fate.  So, the “busy” individual (one 
that moves around a lot) simply joins its strata-mates in providing a sample of animals from 
which we estimate a transition rate. 
 

Think outside the strata 
 
Multi-state models have been used primarily for the estimation of movement rates between 
geographic strata, but if you think of an animals’ annual cycles as the transition between many 
different types of “states”, you may see a new way to use multi-state models.  For example, you 
might use the states to indicate breeding status, and the transitions indicate the probability of 
switching between breeding and non-breeding.  
Perhaps you are interested in the probability of 
being in breeding status during a given season.  
Or, you could view the states as reproductive 
‘age’.  Some animals have less deterministic 
transitions from juvenile to adult.   
 
So, you might use multi-state models to estimate 
the probability of the indeterminate transition 
from juvenile to breeding status in black rhinos 
(Law and Linklater 2013, Figure 12.3).  A paper 
by Nichols and Kendall (1995) provides 
encouragement for this interesting application 
for multi-state models.    
 

Final thoughts about apparent survival: caution 
 
Although multi-state models may solve much of the problem of apparent survival encountered 
with the use of only one strata and CJS-type models, we must emphasize that the problem is not 
completely solved.  If, at any time, one of your study animals emigrates outside of your multi-

Figure 12.3: A black rhino (Diceros bicornis), marked with 
ear notches, in a national park in Namibia.  Photo by L. 
Powell. 
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state system, the strata-specific survival estimates may be negatively biased.  Certainly, it is rarely 
possible to completely surround your study animal by including all possible geographic strata 
(Figure 12.4).  So, the problem of apparent survival remains, although the negative bias should 
be greatly reduced through the estimation of movement probabilities in a multi-state model 
structure. 

 
And, if you are using multi-state models to estimate probability of breeding transitions (e.g., 
non-breeding to breeding), rather than geographic transitions, for a study animal in a single 
location, the survival rates estimated will still be apparent survival rates.   
 

Conclusion 
 
Multi-state models are a modification to the CJS-type model structure, and we use multi-state 
models to estimate movement rates, survival rates, and encounter rates.  Multi-state models are 
parameter-rich and their use requires forethought and more support in the field to provide data 
that can be used to estimate the large number of parameters.  These models can be used to 
estimate transitions between geographic strata, or other types of states that can be identified for 
cohorts of animals.   
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Answers: You try it! 
 
Part One:  Given the values for the parameters provided, what is the probability of having a 
capture probability of AAB in a two-state system (states A and B, only)? 
 

We use the probability statement given in the table: ϕAApAϕABpB.  Breaking this into steps by 

time period, we first calculate the probability of ϕAApA as:  0.6*0.8*0.2 = 0.096.  That is, an 
animal in A has a 9.6% chance of surviving in A, staying in A, and being recaptured in A in the 

next time period.  Then, we calculated ϕABpB = 0.6*0.2*0.15 = 0.018. Thus, an animal in A has a 
1.8% chance of surviving in A, moving to B, and being recaptured in B.  Multiplying these 
probabilities together, we arrive at our complete probability for having a capture history of AAB: 
0.096*0.018 = 0.002, or 0.2%.  If you released 1000 marked animals in state A during time 
period 1, you would predict that only 2 of them would have a capture history AAB at the end of 
the study.  Does that sound low to you?  Remember that your survival rate was 60%--you lose 40% 
of your animals to mortality every time period.  Second, the capture history includes a “B”, and 
the probability of leaving A for B is very low (0.20), so most animals that start in A will stay in 
A.  Last, your capture probability was very low as well (0.20 or 015, depending on the state).  So, 
80% of the surviving animals will not be captured in a given time period.  This scenario emphasizes 
why it is important to mark as many animals as possible! 
   
Part Two:  In a two-state system (A and B), what are the possible movements for an animal with 
a multi-state capture history of A00?   
 
Answer: This animal might have stayed in A during the next two time periods, it might have 
stayed in A during the next time period and then transitioned to B in time 3, or it might have 
transitioned to B in time 2 and then come back to A in time 3, or it might have transitioned to B 
in time 2 and stayed there.   
 
Thus, the possibilities (if it survived and if we had perfect knowledge of its locations) are:  
 

AAA, or AAB or ABA or ABB 
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We have to account for all four of the possibilities.  Therefore, the probability that an animal will 
have a capture history of A00 is: 
 

ϕAA(1-pA)ϕAA(1-pA) + ϕAA(1-pA)ϕAB(1-pB ) + ϕAB(1-pB)ϕBA(1-pA) + ϕAB(1-

pB)ϕBB(1-pB) 
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A field isoflurance unit is used to anesthetize a Virginia opossum (Didelphis virginiana) before a radio-telemetry collar is attached in a 
wetland system in Nebraska, USA.  Mesopredators, such as the opossum, move between wetland patches, and transition probabilities 
may vary by species.


