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Ecological communities are composed of multiple interacting species, and species occurrence can

be influenced by environmental conditions and the presence of other species. For example, facilitation

or competitive exclusion may lead to patterns of species occurrence in space that cannot be explained

by environmental variables alone. Rota et al.’s (2016) multispecies occupancy model permits modelling

detection/non-detection data simultaneously for 2 or more potentially interacting species, while ac-

counting for the influence of environmental variables and imperfect detection.

The basic sampling protocols are identical to the single-species case (MacKenzie et al. 2006). A set of

= sites is randomly selected from a population of interest, and each site 8 is surveyed for ( focal species

)8 times. During each survey, detections (HB 8C = 1) and non-detections (HB 8C = 0) of species B, at site 8,

during replicate survey C are recorded.

For species B at site 8 during replicate survey C, we model detection/non-detection as a Bernoulli

random variable, conditional on the presence of species B (IB 8 = 1):

HB 8C | IB 8 ∼ �4A=>D;;8(IB 8 ?B 8C),

where ?B 8C is the probability of detecting species B during replicate survey C, if present at site 8. The

latent occupancy state of all species at site 8 is modelled as a multivariate Bernoulli random variable:

Z8 ∼ MVB (	8) ,

where Z8 = {I18 , I28 , . . . , I(8} is an S-dimensional vector of 1’s and 0’s denoting the latent occupancy

state of all S species and	8 is a 2(-dimensional vector denoting the probability of all possible sequences

of 1’s and 0’s Z8 can attain. For example, when ( = 2,

(I18 , I28) ∼ MVB(#118 ,#108 ,#018 ,#008).

When ( = 2, we define the natural parameters 51 , 52 , 512 as

51 = log

(

#10

#00

)
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52 = log

(

#01

#00

)

53 = log

(

#11#00

#01#10

)

.

Covariate information can be included by modeling the natural parameters as linear functions:

51 = x′"

52 = x′�#

512 = x
′
�$,

where x" , x# and x$ are vectors of covariates and", #, and$ are conformable vectors of slope parameters

(Dai et al. 2013). Note that there will always be (2( − 1) natural parameters, which are used to model

the probability 1 species occurs in the absence of the others; the probability 2 species occur together in

the absence of all others, etc. See Rota et al. (2016) for more details on interpretation. Finally, the natural

parameters can be used to obtain the probability of each latent combination of presence / absence via

the multinomial logit link:

#11 =
exp( 51 + 52 + 512)

[

1 + exp( 51) + exp( 52) + exp( 51 + 52 + 512)
]

#10 =
exp( 51)

[

1 + exp( 51) + exp( 52) + exp( 51 + 52 + 512)
]

#01 =
exp( 52)

[

1 + exp( 51) + exp( 52) + exp( 51 + 52 + 512)
]

#00 =
1

[

1 + exp( 51) + exp( 52) + exp( 51 + 52 + 512)
] .

As an example, we model co-occurrence probability of bobcat (Lynx rufus; species 1), coyote (Canis

latrans; species 2), and red fox (Vulpes vulpes; species 3) using camera trap data from 6 Mid-Atlantic states

in the eastern United States (see Rota et al. 2016 for details). MARK uses a binary counting system to

code detection / non-detection patterns for all S species. For example,when ( = 2,values of ‘00’ indicate

neither species were detected; ‘01’ indicates only species 1 was detected; ‘02’ indicates only species 2 was

detected; and ‘03’ indicates both species were detected. The possible encounter histories to be included

in the dataset when ( = 3 are defined in the following table:

Encounter History Species 1 Species 2 Species 3 N(Species Detected)

00 0 0 0 0

01 1 0 0 1

02 0 1 0 1

03 1 1 0 2

04 0 0 1 1

05 1 0 1 2

06 0 1 1 2

07 1 1 1 3
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A general formula and additional examples for determining how to code detection histories is

available at the “Occupancy Estimation Multiple Species” page in the MARK Program Help File

(found under “Occupancy Estimation Multiple Species”).

In the examples that follow, we start by modeling constant occupancy and detection probability

for each of the 3 species (i.e., the equivalent of 3 independent intercept-only occupancy models). We

then add complexity by including covariates to independent occupancy models, modeling dependence

between species, and including time-varying detection probabilities.

22.1. Multi-species occupancy model – without covariates

Open a new MARK session andselect“Multi-Species Occupancy Estimation | Multi-species Occupancy

Model”; this denotes an occupancy model that incorporates ≥ 2 species.

Select the ‘Multispecies_Ex.inp’ file and view it – here are the first dozen or so lines:

/* Example Multispecies occupancy dataset without covariate data */

/* 3 survey occasions, 1 group */

000000 854;

000004 21;

040404 9;

000400 14;

040000 15;

040400 10;

000404 8;

040004 7;

020000 61;

000302 3;

010000 25;

000001 31;

010100 7;

000100 21;

020003 3;

This file contains 3 replicate surveys conducted simultaneously for 3 species. These data indicate, for

example, that there were 9 sites where only red fox was detected during each of the 3 replicate surveys

(row 3 above). Once the data has been loaded, add the appropriate information into the specification

boxes (shown at the top of the next page) and click “OK”:
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First, let’s build an intercept-only model for each of the 3 species using the parameter index matrix

(PIM). In the multi-species occupancy model there are two PIMs created: one for the natural parameters

(also called 5 parameters below) and another for the detection parameters (also called ? parameters

below). Click on “PIM | Open Parameter Index Matrix”, and select both “Natural Parameters (f)

Group 1” and “Detection Probability (p) Group 1”:

For 3 species, the 5 parameters are ordered within the PIM (from top to bottom) as follows:

51 → 52 → 512 → 53 → 513 → 523 → 5123

Pay close attention to the ordering of the f parameters – the ordering can be non-intuitive for some users.

General guidance on default ordering of the f parameters is available in the MARK Program Help File

(found under “Index | Occupancy Estimation Multiple Species”).

In the PIM windows, specify each parameter group as below:

This gives all 1-way 5 parameters ( 51, 52 , 53) a unique index (parameter index 1, 2, and 3 - one for each

species); gives all 2-way and 3-way f parameters ( 512 , 513 , 523 , 5123) the same index (parameter index 4);
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and all detection probability parameters a unique index (parameter indices 5, 6, and 7 – one for each

species).

Next we need to create a design matrix. We will fit an intercept-only model with 6 covariates:

a constant term for each of the 1-way 5 parameters; and a constant term for each of the detection

parameters. To do this click on “Design | Reduced”:

and specify 6 covariates:

and fill in the design matrix as below (note that we label each column in the design matrix below, which

will become more important for bookkeeping as the number of parameters grows):

Note that we leave the 4:f row empty because we wish to fix 2-way and 3-way 5 parameters at

0, which forces the model to assume independence between species (see Rota et al. 2016 for details).

We also assume constant detection probability across space and time for all three species. This design

matrix implies the following models for the natural ( 5 ) parameters:

51 = �1

52 = �2

53 = �3

512 = 513 = 523 = 5123 = 0.

When you run this model, you may wish to change the link function from sin (the default) to logit.
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Here are the � and real parameter estimates after fitting this model to the data:

Additionally, here are the (derived) estimates of the probabilities of all combinations of latent

presence/absence:

The probabilities of latent presence / absence are obtained from estimates of f parameters. For

example, the probability all 3 species occupy the same site (#111) is calculated as:

#111 =
exp

(

51 + 52 + 53 + 512 + 513 + 523 + 5123

)

1 + exp
(

51
)

+ exp
(

52
)

+ exp
(

53
)

+ exp
(

51 + 52 + 512

)

+ exp
(

51 + 53 + 513

)

+

exp
(

52 + 53 + 523

)

+ exp
(

51 + 52 + 53 + 512 + 513 + 523 + 5123

)

,

which we can check by plugging our estimates of 5 parameters into the above equation.

22.2. Multi-species occupancy model – with covariates

The above example demonstrates the care you must take when specifying an intercept-only model (i.e.,

just accepting all defaults in the PIM could lead to unexpected behavior!). We now build on this example
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by modeling occupancy and detection probabilities as functions of covariates. First, we will continue

to assume occupancy is independent among all 3 species, but now we will allow individual occupancy

probabilities to vary as a function of environmental covariates.

Open a new MARK session, load the ‘Multispecies_ex_cov.inp’ file, and view it. This file contains

3 replicate surveys for 3 species, but now includes site-level and detection-level covariates:

Enter model specifications as below, indicating there are 5 individual covariates:

and enter individual covariate names as follows:
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In this case Temp1, Temp2, and Temp3 represent the average temperature during replicate survey 1, 2,

and 3, respectively; Dist5km represents the proportion of recent disturbance within 5 km of the sample

unit; and HDen5km represents the housing density within 5 km of the sample unit.

Specify the PIM exactly as the intercept-only model, then use the design matrix to specify covariate

effects. We will model the effect of disturbance within 5 km on occupancy probabilities for each of the

3 species. This will require 9 parameters: an intercept and slope coefficient for each 1-way 5 parameter

51 , 52, and 53; and an intercept parameter for each detection parameter. Within the design matrix, you

can right click on cells and select “Individual Covariates” from the dropdown box to add predictors

into the design matrix as below:

This design matrix implies the following models for the f parameters:

51 = �1 + �2(Dist5km)

52 = �3 + �4(Dist5km)

53 = �5 + �6(Dist5km)

512 = 513 = 523 = 5123 = 0.

The following are parameter estimates from this model:

Because we are assuming independence between all 3 species, this model shows that marginal

occupancy probabilities of bobcat and red fox declines as the amount of recent disturbance within

5 km increases (because slope coefficients for parameters 2 and 6 are significantly different from 0), but

that there is no relationship between coyote marginal occupancy probability and recent disturbance

(because slope coefficient 4 is not significantly different from 0).
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Next, let’s incorporate constant pairwise dependence between each of the 3 species. Specify the PIM

for both the f and p parameters as below

Within the design matrix, we now specify 12 covariates: an intercept and slope coefficient for each

of the 1-way 5 parameters 51, 52, and 53; an intercept parameter for 2-way 5 parameters 512 , 513, and 523;

and intercept parameters for each of the detection models. Note that we are not interested in modeling

3-way interactions, and keep 7:f fixed at 0:

This design matrix implies the following model for the 2-way and 3-way f parameters:

512 = �7

513 = �8

523 = �9

5123 = 0.

The parameter estimates from this model are shown at the top of the next page. This model suggests

that bobcats are more likely to occur at sites where coyotes occur, bobcats are less likely to occur at sites

where red fox occur, and coyotes are more likely to occur at sites where red fox occur (and vice versa

for each pairwise association), since 2-way f -parameters ( 512, 513, and 523) are all significantly different

from 0.

However, the slope coefficients associated with 1-way f -parameters now no longer have interpreta-

tions in terms of marginal probabilities of occurrence. Instead, they must now be interpreted in terms

of covariate effects for each species when all other species are absent (i.e., conditional probabilities of

Chapter 22. Occupancy models – multi-species



22.2. Multi-species occupancy model – with covariates 22 - 10

occurrence). Marginal and conditional occupancy probabilities can then be calculated as function of	8

– see Rota et al. (2016) for details of calculation.

Although the above model assumes constant pairwise interactions between species, we can also

model the probability two species occur together as a function of covariates. We will next examine how

pairwise interactions are influenced by housing density within 5 km of each site. Specify the f and p

parameters within the PIM as in the previous step. This time, we specify the design matrix to have

15 covariate columns: an intercept and slope for each of the 1-way and 2-way f parameters, and an

intercept parameter for each detection model (note, the design matrix below still contains columns for

the detection parameters, but they have been omitted from the screen shot for clarity):

This design matrix implies the following models for the 2-way f parameters:

512 = �7 + �8(HDens5km)

513 = �9 + �10(HDens5km)

523 = �11 + �12(HDens5km).

The f parameter estimates from this model are shown at the top of the next page. This model suggests

that bobcats and coyotes are less likely to occur together at sites with high housing density; while both

bobcat and red fox, and coyote and red fox, are more likely to occur together at sites with high housing

density.
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22.2.1. Detection Model

Finally, we usually wish to make detection probability vary across sites and replicate surveys. To do so,

specify the f parameter PIM as above. However, detection probability is now specified with each row

representing one of the three species and each column representing each survey occasion as below:

Next, specify a design matrix with 18 parameters: an intercept and slope parameter for each of the 1-

way and 2-way f parameters; and an intercept and slope parameter for each detection model. Note that

you must pay careful attention to which detection parameter index specified in the PIM is associated

with each replicate survey for each species, to properly specify the detection model shown at the top

of the next page (note, the design matrix below still contains f -parameters, but they have been omitted

from the screen shot for clarity).

This design matrix implies the following detection model for each species (where 18C , 28C , and A8C
indicates detection probability at site i and survey t for bobcat, coyote, and red fox, respectively):

logit(18C) = �13 + �14(Temp8C)

logit(28C) = �15 + �16(Temp8C)

logit(A8C) = �17 + �18(Temp8C).
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The following are the parameter estimates from this model:

which suggests bobcats are less detectable at higher temperatures.

We can use model selection to discriminate among competing models. By appending each model’s

output to the database each time we run it, we obtain the following model selection table:

These results suggest that the model assuming all first-order f parameters are a function of distur-

bance within 5km, all second-order f parameters are a function of housing density, and all detection

parameters are a function of temperature, is the top model. In fact, there is little model selection
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uncertainty relative to the 2nd-ranked model (ΔAIC > 7). This seems like a sensible result: we found

evidence that all of first-order and second-order f parameters were affected by disturbance and housing

density within 5km, and that bobcat detection probability was influenced by temperature.
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