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Multiple Species; Single-Season

Multiple-Species Single-Season Occupancy
Studies
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Multiple Species; Single-Season

Objectives:

@ Does occupancy of site by 1 species depend on
presence/absence of other species?

@ Does colonization and local extinction depend on
presence/absence of other species

@ Does detection of 1 species depend on
presence/absence/detection of other species?

@ Estimated # species on sites - species richness.

e Community similarity among sites.

Species turn over rates.

3/121



Multiple Species; Single-Season - Sampling Protocol

Sampling Protocol:

Landscape divided (artificially or naturally) into S patches or
cells or SITES.

Select s << S sites at random (all sites have equal probability
of selection).

@ Visit each site K, times in each of Y (years) seasons.

Record detection or not detection of two species in site / in
year y in visit k. [Most software can only deal with 2 species.|
PRESENCE: Create a Detection/Encounter History for
each SPECIES in each visited site

e.g. 011 00 0110. [No blanks between season when input into
programs.]. For s sites, you will have 2s detection/encounter
histories.

MARK: Create a detection/encounter history using 2 ‘digits’
for each survey, with the first digit being ./0/1 not searched/
not detected/ detected for species A, and the second digits
similarly for species B.
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Multiple Species; Single-Season - Dynamics

Occupancy:
Species B
Present Absent
Species A Present "B YA — pAB

Absent ,(/)B _ Q,Z)AB 1— T;Z)A _ ¢B + ¢AB

@ If two species occupancy are INDEPENDENT, then
B = 2B and table simplifies.

o If two species “like” / “dislike” each other, then
wAB > / < wAwB_

@ Look at margins of tables.
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 ] 7 8 5 10
1
2
3
4
5
B
7
8
9
19
Species A —— Species B ””””

AB 0

YA =05,95 =03, =0,SIF¥ = ¢ = s = 53005

=
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 B 7 B 9 10
1
2
3
4
5
6
7
8
9
10
Species A —— Species B ||||||||

AB
Bﬁ;‘ = 05,98 = 03,98 = 0.1, SIFY = ¢ = b = 520 =
67.

7/121



Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 B 7 8 9 10

(=20 =0 R = R T N

[y

Species A

— specess ]

AB
11@3: 0.5,%5 = 03,948 =02, SIFY = ¢ = Lz = 522+ =
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 & 7 B 9 10

= - R - A A N T

[y

Species A —— species 8 |||]|]
T ——

YA =059 =03,948 =03,SIF = ¢ = 5z = 523 =
2.0.
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 B 7 8 5 10
1
2
3
4
5
il
7
8
9
10

Species A —— Species B ||||||||
AB
YA = 05,98 =0.3,¢4*B =0.15,SIFY = ¢ = zﬁW = gl =

1.0.
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Multiple Species; Single-Season - Dynamics

Detection:
Species B
Present Absent
Species A Present rAB rAb 2B pA

Absent pB 0
B — prob of detecting BOTH species when both are present.

A

Is

rsAb = prob of detecting A, but not B when both species are
present.

rsaB = prob of not detecting A. detecting B, when both species are
present.

rb =1 r2B — 1 — 2B = prob of detecting neither species
when both are present.
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Multiple Species; Single-Season - Assumptions

© Occupancy state of sites is constant during all single-season
surveys FOR EACH SPECIES (closure).

@ Probability of occupancy (%) is equal across all sites
(homogeneity).

© Probability of detection (p) given occupancy is equal across
all sites (homogeneity).

@ Detection of species in each survey of a site is independent of
those on other surveys

© Detection histories at each location are independent
O No false positives.
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B YA — YAB
Absent B — ¢AB 1 — A — B 4 yAB
Detection:
Species B
Present Absent
Species A Present /B AP 3B pA
Absent  pZ 0

History”= 110; History® = 000
PAB P2t 4 (A — AB)pfpf (1 — pg)
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B YA — YAB

Absent B —ypAB 1 — A — B 4+ AB
Detection:
Species B
Present Absent
Species A Present rAB rAP 3B pA
Absent pf 0

History”= 011; History® = 010

PAB(1 — ' — o

Ab aB\ AB  AB
i — ri®)ryers
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B YA — YAB
Absent B — ¢AB 1 — A — B 4 yAB
Detection:
Species B
Present Absent
Species A Present /B AP 3B pA
Absent  pZ 0

History”= 000; History® =101
YABIB(L— 1B — rfib — 128)rfE 1 (48 — AB)pB(1 — pf)pf
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B A — AP
Absent B —yAB 1 A — B L yAB
Detection:
Species B
Present Absent
Species A Present rAB AP 2B pA
Absent pB 0

History”= 000; History® =000
You don't want to write this out without using matrices!
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Multiple Species; Single-Season - Alternate

Parameterization

Problem: Previous parameterization in ¢ leads to numerical
difficulties when maximizing the likelihood.

Alternate parameterization starts by defining a Species
Interaction Factor (SIF)

wAB

PAYB

SIF < 1 — co-occur less frequently than if independent
SIF > 1 — co-occur more frequently than if independent.

SIFY = ¢ =

WAB — yAYBSIF
Note that:
max(p? 4+ 9B — 1,0 < B < min(yA, ¢B)

which leads to restrictions of SIF
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Multiple Species; Single-Season - Alternate

Parameterization

Problem: Previous parameterization in p leads to numerical
difficulties.

Alternate parameterization starts by defining a Species
Interaction Factor (SIF")
B = ABSIFT
where r* = marginal prob of detection of Species A regardless of
detection of Species B given that both are present.
SIF" = § in some papers.
SIF < 1 — detected less frequently than if independent .
SIF > 1 — detected more frequently than if independent.

There are similar restrictions on the range of the SIF".
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Multiple Species; Single-Season - Biological Hypotheses

© Level of co-occurance of species:

o H: SIF¥=1. E.g. do spotted owls and barred owls use sites
independently?

@ Detection of species when both are present.

o H: SIF"'=1. E.g. does detection of a predator affect detection
of a prey (given that both occupy site)?

© Detection of species if other is present/absent?

o H: rA = p”? H:rB = pB? E.g. Does detection of a spotted owl
depend if barred owl occupies site?
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Multiple Species; Single-Season - Example

Co-occurence of Jordan's salamander ( Plethodon jordani) (PJ) and
members of Plethodon glutinosus (PG) in Great Smokey
Mountains National Park (MacKenzie et al. 2004).

s — 88 sites; K =5

Open the dataset in OccupancySampleData. Paste data into
Presence.

You need to STACK the two species, i.e. “number of sites is set to
2 x 88 = 176.

Enter the covariate (elevation) twice and standardize it.
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Multiple Species; Single-Season - Example

Select the single-season two-species model:
.38 PRESENCE:c:\documents and settings\cschwarz\deskiopisal

File wiew RGN Tools Help

=  Analysis:single-season
= Analvsis:single-season-rmulti-method -
Model #nalysis:single-season-false-positive deteckions |

Analvsis:single-season mulki-state
Anal i

;;" Setup Numerical Estimation Run

Titlz far Analysis

|Salamander Co-ocourence

kM odel Mame
|psié. psiB phi pét pB 1216 delta

s Pt Mo Parameters Fixed

Co-gcounence Options Options

| f» phifdelta parameterization I M Lstlied Dl 21 /121




Multiple Species; Single-Season - Example

Fit the (S), ¢(.), p(S), r(s),d(.) - what does this mean?

File Init Retrieve model special

Qccupancy | Detestion ]

al |32 |aS |
Sid 10 0
psiB o 1 0
phi o o 1
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Multiple Species; Single-Season - Example

Fit the ¥(S), ¢(.), p(S), r(s),d(.) - what does this mean?
Notice the structure in the Design Matrix below:

|

1 b2 b3 |ba |b5 |
o 0 0 0

File Init Retrieve model special

Qocupancy Detection

b

A T] 1
A 2] 1
A 3] 1
4] 1
5] 1
pBI1] 0
0

0

0

il

pE[2]
pB[3]
pEl4]

Pl e |

e i e e e e e e
e i e e e e e e
T [ S [ S 0 D
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Multiple Species; Single-Season - Example

Fit the ¥(5), qu

Indiwidual Site estimates of <psias

), p(S), ( ),0(. ) Estimates of Occupancy

site estimate std.err 93% conf. interwval

psia 1 site 1 : 0.5718 0.0572 0.4580 - 0.6787
Indiwidual site estimates of <psibB>

Site estimate std.err 95% conf. interwal

psiE 1 site 1 : 0.4815 0.0538 0.3784 - 0.5882
Individual site estimates of <phis

site estimate std.err 95% conf. interwval

phi 1 site 1 o 0.6597 0.1135 0.4708 - 0.9243

Conclusion? Avoidance (why?)
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Multiple Species; Single-Season - Example

Fit the ¥(S), ¢(.), p(S), r(s),d(.) Estimates of Detection of PG/PJ

when other species absent
Individual site estimates of <pA[1]>

site est1mate std.err 5% conf. dnterwval
i [1] 1 site 1 0.53586 0.0416 0.4576 - 0.615%4
pa 2] 1 site l 0.53586 0.0416 0.4576 - 0.81594
pa 3] 1 site 1 F)(:; 0.5385 0. 0416 0.4576 - 0.619%4
pal4] 1 site 1 0.535%4 0.0414 0.4576 - 0.61594
pa 5] 1 site 1 0.53586 0.0416 0.4576 - 0.819%4

Individual site estimates of <pB[1]»

Zite est1mate std.err 5% conf. dnterwval
pE 1] 1 site 1 0.5027 0.0351 0.7949 - 0.95a8%9
pE[2] 1 site 1 F) 0.9027 0.03091 0.7949 - 0.9569
pE[3] 1 site 1 0. 59027 0.0351 0.7949 - 0,9569
pE (4] 1 site 1 0. 5027 0.0351 0.79459 - 0.595a6%
pE[s] 1 site 1 0.5027 0.0351 0.7949 - 0.95a8%9

Conclusion? Different detection if the only species present.
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Multiple Species; Single-Season - Example

Fit the ¥(S), ¢(.), p(S), r(s),d(.) Estimates of Detection of PG/PJ
when other species present

Individual site estimates of <rafl]s

Site est'lmate std.err 95% conf. dinterwval
rafl] 1 =site 1 o 0.4882 0.0768 0.3433 - 0,6350
rafl] 1 =site 1 P o 0.4882 0. 0768 0.3433 - 0,6350
rafl3] 1 =site 1 o 0.4882 0. 0766 0.3433 - 0.4350
raf4] 1 site 1 o 0.4882 0. 0785 0.3433 - 0.6350
rals] 1 site 1 : 0.4882 0. 0768 0.3433 - 0.6350

Individual site estimates of <re[l]-

o Site est'lmate Std.err  95% conf. interwval
re[l] 1 =site 1 0.5553 0. 0832 0.4306 - 0.6734
re[z] 1 site 1 P 0.5553 0. 0632 0.4306 - 0.6734
re[3] 1 site 1 0.5553 0. 0632 0.4306 - 0.6734
rel[4] 1 site 1 0.5553 0. 0632 0.4306 - 0.6734
re[s] 1 site 1 0.5553 0. 0632 0.4306 - 0.6734

Conclusion? Appear to have similar detection given both are
present at a site.
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Multiple Species; Single-Season - Example

Fit the (S), ¢(.), p(S), r(s),d(.) Estimates of Detection SIF

Individual site estimates of <deltall]ls
Site estimate std.err 5% conf. dnterwval

deltall] 1 site 1 0.9029 0.1105 0.7104 - 1.1477
deltal2] 1 =site 1 0.9020 0.1105 0.7104 - 1.1477
deltal[3] 1 site 1 0.9029 0.1105 0.7104 - 1.1477
deltal4] 1 site 1 0.9029 0.1105 0.7104 - 1.1477
deltals] 1 site 1 0.9029 0.1105 0.7104 - 1.1477

Conclusion? As before as § ~ 1.
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Multiple Species; Single-Season - Example

Fit
o (S), 6(.), p(S), r(A) = r(B), ().
° ¢(S)a¢ = 17,0(5)’ I‘(A) = r(B)v(S()
o (S), &), p(S), r(A) = r(B),6 =1

Fix the parameter in the Run box and delete relevant column from
design matrix.

Madel lalc [dettasic [aIcwgt  [Model Likellno.Par. [2*LogLike
psiA.psiB.phi.pApB.ra=rB.delta=1 749.25 0.00 0.4236 1.0000 5] 73726
psiA.psiB.phi.ps.pB.ra=rB.delta 76033 1.08 0.2469 06327 7 73633
psiA.psiB.phi.pApB.rarB.delta=1 7B0.62 1.37 02138 0.6041 7 73662
psi&.psiB.phi.ps pB.rarB.delta 761.87 262 011438 0.2698 3 736387
psia psiB.phi=1. pa pB.ra rB.delta 760.33 11.08 00017 0.0039 7 74633
psia.psiB.phi pA=pB.ra rB.delta 79165 42 40 0.0000 00000 7 77760

Overall conclusion? [Ignores effect of elevation.]
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Multiple Species; Single-Season - Example

Fit

° (S5),¢(.), p(5), r(A) = r(B),6(.).

° (5),¢ =1,p(5), r(A) = r(B),d(.).

o (5),¢(.),p(5), r(A) = r(B),d = 1.
Fix the parameter in the Run box and delete relevant column from
design matrix.

Madel laic [dettaslc [aICwat  [Model Likellno.Par.  [2*LogLike
pSiA,psiB.phi pA. pB rA=rB.delta=1 749.25 0.00 04236 10000 6 73725
psiA,psiB.phi,pA pB.rA=rB delta 750,33 1.08 02469 | 05827 7 736.33
psiA,psiB.phi,nA pB.rA B, delta=1 750,62 157 02135 | 05041 7 736,62
psiA.psiB.phi.pApB.rA B .dalta 751.87 262 0143 | 02698 8§ 73587
psiA.psiB.phi=1.pARB.rA B delta 760,33 1108 00017 | 00039 7 746,33
psiA.psiB.phi.pA=pB.rarB.delta 791.65 42.40 0.0000 0.0000 7 77760

Overall conclusion? [Ignores effect of elevation but see MacKenzie
et al. 2006.]
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Multiple Species; Single-Season - Example

Using MARK
yet another (but more natural IMHO)
parameterization

Format for data entry is different than PRESENCE:

hhBh hE nenB i hg ...

where the detection of each species occurs in two-digit pairs.
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Multiple Species; Single-Season - Example

Launch MARK, import the data in the usual way. Choose the
second parameterization. Don’t forget to enter the 3 covariate and
'their names.

Select Data Type

Live: Recaptures [CJ5] Title: for this set of data:

Dead Recoveries [Seber]

Both (Bumham) M ? Species Occupancy Data Types -- Pick One

Known Fates

Clozed Captures

BTO Ring Recoveries
Robust Design

Both [Barker)

Multi-state Recaptures only

Jolly-Seber
Pradel Models Including Fobs

Barker Robust Design
.

POPAN
WP - Yirtual Population &nal ns
Muilti-state - Live and Dead E —

Mest Survival w Cancel H:

Dccupéncy E stimation L Cicuoon) — 31/121
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Multiple Species; Single-Season - Example

MARK parameterization - Occupancy dynamics.

e )™ occupancy of species A.
o BIA occupancy of species B IF species A is present.

o Bl occupancy of species B IF species A is absent.
If occupancy is independent (SIF¥ = 1), then BIA = ¢Bla,

Advantage of this parameterization is that all three parameters are
free to vary between 0 and 1 without any odd restrictions.

wB — wB\AwA + wB|a(1 _ wA), ¢A and B _ wB|AwA
A SIF¥ can be derived.
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Multiple Species; Single-Season - Example

MARK parameterization - Detection Dynamics - Species alone.

o p” detection of species A if alone in the site.

o pB detection of species B if alone in the site.

These parameters have no information about joint species
dynamics.

33/121



Multiple Species; Single-Season - Example

MARK parameterization - Detection Dynamics - Both species
present.
o rA detection of species A if both species on site.

o rBlA detection of species B if species A detected when both
species on site.

o rBl2 detection of species B if species A not detected when
both species on site.

If detection of species is independent (SIF" = 1) then rBIA = (Bla,

Advantage of this parameterization is that all three parameters are
free to vary between 0 and 1 without any odd restrictions.
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Multiple Species; Single-Season - Example

Fit the full model ¥(A, B|A, Bla), p(A, B), r(A, B|A, Bla) -
Occupancy

o
B3| & 4] ¥|o|
e

%IEI | 4] ¥o| bs|

@ Probability of occupancy of B, given A absent [PsiBa) Group 1 of T

TEREEDT

‘Il_l

‘IT

IE
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Multiple Species; Single-Season - Example

Fit the full model ¥/(A, B|A, B|a), p(A, B), r(A, B|A, B|a) -
Detection when only one species present

2
w4 4] ¥lo] mie|

[a J4 Ja ]

[ ] Probability detecting B, with only B present {pB) Group 1 of Two spe

ERREELT

s s J3 [3 [|s3
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Multiple Species; Single-Season - Example

Fit the full model ¥(A, B|A, Bla), p(A, B), r(A, B|A, Bla) -
Detection when both species present

CERPEELT

(6 |8 & |8 ]&

:
a4l 2 o

QPrnbability detecting B, with both present and A not detected {rBa) G
ERPEET

CHERERERE
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Multiple Species; Single-Season - Example

P(A, B|A, Bla), p(A, B), r(A, B|A, B|a) - Results - Occupancy
| salamander Co-occurrence

real Function rParameters of {psi(a,Ba,BA) p(A,B) r(a,BA,Ba)}
5% Confidence Interwal

Parametar Estimate standard Error Liower Upper
l:psia 0.5719191 0.0372320 0.4579761 0.6787130
2:PsiBa 0.3176853 0.0716540 0.1558653 0.4709030
3:PsiBa 0.7004620 Q.0777920 0. 5306610 0.8286653
4:pa 0.5395742 0.0416405 0.4576200 0.8194344
5:pE 0.9026760 0.0391113 0. 7349028 0. 9568886
Gira 0.4881555 0.07656451 0.3433001 0.8350278
TirBA 0.5013677 0. 084736% 0.3400532 0.6614613
8irBa 0.60668572 0.0919680 0.4201592 0.7663057

Salamander Co-occurrence

Estimates of Deriwed Parameters
Species Interaction Factors of {psi(A,Ba,Ba) p(Aa,B) riA,BA,Ba)}
95% confidence Interwval
Graoup SIF-hat standard Error Lower Upper

1 0,6557213 0.1135058 0.4372400 0, 8821927
Species B occupancy of {psida,Ba,Ba) p(A,B) ria,BA,Ba)}
95% confidence Interwval

Group PsiB-hat standard Error Lowear upper
1 0.4815447 0.0537889 0.3784453 0. 5862358
Both Species occupancy of {psi(A,Ba,BA) p(A,B) r{A,BA,Ba)}

95% Confidence Interwval
Group  PsiaB-hat standard Error Lower upper
1 0.1816903 0.0465427 0.1073117 0. 29082462

' A and B .
SIFY = wwAwB = 5528 - Conclusions?

Avoidance (look at PsiBA vs. PsiBa)
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Multiple Species; Single-Season - Example

Y(A, B|A, Bla), p(A, B), r(A, B|A, B|a) - Results - Detection
| salamander Co-occurrence

real Function rarameters of {psica,Ba,Ba) pla, Bj ria, BA, Bl
5% confidence Interval

FParameter Estimate standard Error LDWEI" Upper
1:psia 0.57158191 0.0572320 0.4579761 0. 6787130
2:PsiBA 0.3176853 0.0716540 0.1958633 0.4709030
3:PsiBa 0.7004620 0.0777520 0. 5306616 (. 8286653
4:pA 0.5395742 0.0416405 0.4576290 0.5194344
S:pE 0.9026760 0.0391113 0.79459028 0. 9568886
Bira 0.4881555 0.0766451 0.3433001 0.6350279
TirBA 0. 5013677 0.0847369 0.3408632 0.68614613
8:rBa 0.6066572 0. 0615680 0.4201552 0. 7865057

Conclusions?

@ No interference in detection of A when other species present.
Compare pA vs. rA.

@ Interference in detection of B when other species present.
Compare pB vs. ( rBA and rBa).

@ No influence in detection of B by detection of A when both
species present. Compare rBA vs. rBa.
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Multiple Species; Single-Season - Example

Fit
o %(A, B|A, Bla), p(A, B), r(A, BIA = Bla).
o (A, BIA = Bla), p(A, B), (A, B|A = Bla).
o (A, BIA, B|a), p(A, B), (A = BIA = Blb).

@ Results Browser: Two species Conditional Occupancy Estimation

SIEIE- | JEE. @[2z] &0 | oA @[al

AlCe Delta AlCe AlCc Weight | Model Likelhood | Mao. Par. Deviance -2LoglL)
I | 752.0240 0.0000 0E7374 1.0000 7| 736.6240 T36.6240
{psilé, Ba BA] pl, B) k8 BA, Balt 7536833 1.EE53 0.29301 0.4349 g 735.8665 735.8665
{psilt, Ba=BA) pla, B) l=B4=Ba]t 758.9763 6.9523 0.02083 0.0303 5 748.2452 748.2452
{psil, Ba=BA] plt B) it BA=Balt TEO.0107 7.9867 0.01242 0.0154 E 746.9737 746.9737

Overall conclusion? [Ignores effect of elevation but see MacKenzie
et al. 2006.]
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Multiple Species; Single-Season - Example

Add the (standardized) elevation covariate to the 1, p, r terms
using the design matrix. [Try first the 1) terms and then the other

terms], [No need to check the standardized covariate term in the
Run box]

i Design Matrix Specification: Two species Conditional Occupancy Estimation

o> o @) o @84 A
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Multiple Species; Single-Season - Example

(] Design Matrix Specification: Two species Conditional Occupancy Estimation

o> (m| @] @ @ A4 LA

Parm | B BS: B10: | B11: | B12Z
1:Psid |0
2ZPsiBal 0
3PsiBa| 0

o|lo|lo|o|o
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Multiple Species; Single-Season - Example

Adding (standardized) elevation covariate results.

e Resulis Browse

wo species Cond

nal Occupancy Estimation

B @z Al <Al @0

&lCc DeltaslCe | AlCcWeight | Model Likelhood| Mo. Par. | Dewiance ZLoglL)
6446277 0.0000] 1.00000| 1.0000] 14 E10.8743 E10.8743]
{psilA(E).BIELBAE) pi&.B] 4.8 £90.3285 45,7003 0.00000] 0.0000] 10 EE7.4714] EE7.4714]
{psil, Ba BA) pid B) rfs, BA=B )} 752.0240 1073963 0.00000| 0.0000] 7| 73662401 73662401
{psifs, Ba Ba) pl4 B) 8, BA Ball 753 6833 109.0616| 0.00000] 0.0000] 8 7358665 7358665
{psils. Ba=BA] pl&.B] r(a=BA=Balt 798.9753 1143432 0.00000] 0.0000] 5| 748.2452| 748.2452|
{psil4. Ba=BA) pla.B] i(4 BA=Ba)l 760.0107 1153830 0.00000] 0.0000] 3 7469737 | 746.9737|
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Multiple Species; Single-Season - Example

Adding (standardized) elevation covariate results - what is
happening?
Salamander Co-occurrence

LoGIT Link Function Parameters of {psiCa(E),Ba(E),BALE)D p(A(E) BCEDD rialE),BACE)=Ba(EI)}
95% Confidence Interval

Parameter Beta Standard Error Lower Upper
1: PST A 0735387 0.3092140 01293279 1.3414470
: 6953651 1o 097950
. PSIBA T 04775485 ST 0. 7792704
45 15,164 5l 4, 48480039 41 £ {al 594 5
5t PSI Ba 3. 0690554 3. 6272168 -%,1402897 11, 078401
6! 85040177 68, 233490 13, 797466 223, 67782

: 0. 230900 0. 320310 10, 136899 0. 95871
g 47862847 1.8422157 1.1755340 8.3070355
o 16833185 0. 5304986 0.8435412 2.7230058
101 3.4726623 41863006 -4.7315046 11.678820
11: 1.2043112 0.4514325 0.3185034 2. 0891190
121 10, 745003 44478211 28453832 Z11.037973
13: —0.8320577 0.4181054 1. 6517207 0. 0123948
141 15.201967 4.0352834 7.3828110 23.201122
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Multiple Species; Single-Season - Example

Adding (standardized) elevation covariate results - what is
happening?
Export the regression functions (on the logit scale)

L Program MARK Interface - Salamander Co-occurrence (C:\Documents and Settings\cschwarz\Desktop\Salamander-co-occurencelsalamand
File Delate Order

Blo| & 4

Retrieve FIM Design Run Smulstions Tests Adjustments Window Help

Mumerical Output v |

Table of Model Results »

Append wariance-Covariance Matrices ¥ | [ i) Wiew beta estimates, SEs, and Cls in Editor

Append Subdirectory Wariance Components » Derived Estimates ¥ Copy only beta estimates to Clipboard

Model Averaging b Residusls I

Input Data Summary Interactive Graphics o Copy beta estimates, SEs, and CIs to Clipboard

Input Data File Listing Individual Covaists Plat Copy beta estimates, SEs, and CIs to Excel

Fils Matss Bookstrap GOF Lo | AlCowsight | 1 1 b |
{FsilAE) BalE L BAEPSETBENTAETESEE  Data Cloning J000] 1.00000] 1.0000] 14| 5108743 510.6743|

| } } } | }

Generate a plot of the occupancy as a function of elevation (see
original spreadsheet)
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Multiple Species; Single-Season - Example

~ Species occupancy as a function of elevation
a5

—
0.9+

0.8
0.7
0.6+
= 0.5 —
0.4+
0.3
0.2

014

n-

I T T T T T T T
400 500 600 700 800 900 1000 1100
Elevation {m)
¥ooo---psiA —psiB — psi Aand B

Conclusion? Species interaction may solely be a function of
elevation.
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Multiple Species; Single-Season - Study Design Issues

e VERY data hungry!

@ Similar design issues as seen previously.

o NEW Length of Season

o Sites must be closed over season.
e "Co-occurrence” influenced by how “season” is defined.

@ Similar concerns about “co-occurrence” at SITE level and size
of size influences this.
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Multiple Species; Single-Season - Exercise

Spotted owl vs. barred owl. Based on:

Bailey, L.L, Reid, J.A., Forsman, E.D., Nichols, J.D.
2009.

Modeling co-occurrence of northern spotted and barred
owls: Accounting for detection probability differences.
Biological Conservation, 142, 2983-2989

s = 151 sites, surveyed K = 10 times, and recorded detection/not
detection of spotted and barred owls. Use one covariate = Nite =
if survey was done at night.
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Multiple Species; Single-Season - Exercise

PRESENCE models (interpret)

o Y(S), d,p(S),r(S), 0

° 1/1(5)a¢ = ].,p(S), r(5)75

° ¢(S)7¢ = 1,,0(5), r(5),6 =1

e Y(S),d, p(S x Nite), r(S x Nite), d

e Y(S),o» =1,p(S x Nite), r(S x Nite), o

o (S), ¢ =1,p(S x Nite), r(S x Nite),d =1

Hints:

@ Why isn't Nite used as covariate for 7

@ Remember to stack the spotted owl and barred owl data and

to stack the covariate TWICE.

@ The initial design matrix for detection has only 1 column of

1's and needs to be changed.

@ Don't forget to delete columns in the design matrix when

settingp=1or = 1.

@ S x Nite means TWO logistic regressions, each having an

intercept and a slope.



Multiple Species; Single-Season - Exercise

PRESENCE results:

Model laic [dettaslc  Jalcwgt  [Model Likelitlno.Par [ LogLike
psifpsiBphi=1  pAxNpBxN,  rAxN rBxN defta= 121450 0.00 07186 1.0000 10 118450
psiApsiBphi  pAxNDBRN, raxN rBxi.defta=] 1216.48 198 02670 03716 11 119448
psifpsiB phi=1  pAxNpBRN, rArBdstta=l | 122233 783 00145 | 00109 3 120633
psi& psiB phi=1 pApE.  rArB defta=] 127095 56.45 00000  0.0000 6 126895
psi.psiB phi=1 pApB A rB.delta 127285 5835 0.0000 | 0.0000 7 126885
psit psiB phi pA pB rA 1B delta 127398 5948 00000 | 0.0000 3 125798
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Multiple Species; Single-Season - Exercise

Part of PRESENCE Design matrix to make p* same over all
surveys:

B2 B3: = B4: BS: BE: BT
PsiB Int pé It M fBint | rhint B Int iBa Int

2PziBA
JPziBa
4 pidy
Bt
Bt
7o
oo
9ot
10 g
11:pd
12:pd
13pd

— | I o T s Y e I e I s Y e

=) F=l F= = = =R = F =R =R =R E=R K= K= K=N

N O e G el —. —. ]
mu Y (N e ) Y e I e O ) e N e e ) Y N e ) Y s Y (e Y Y
mu Y (N e ) Y e I e O ) e N e e ) Y N e ) Y s Y (e Y Y
mu Y (N e ) Y e I e O ) e N e e ) Y N e ) Y s Y (e Y Y
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Multiple Species; Single-Season - Exercise

Part of PRESENCE Design matrix to model p# x Nite

—_

B1:
Pzid, nt

BZ B3

PsBalnt | palne | B4 | Pam

BS:
pB Int

BE:

BY:
1, Int

Ba
1B |

2 PsiBa

Z:PziBa

4:pd

Bipd

B

Ty

Sy

Ipds

10:pis

17,

12:pd

13:pd

0 14:pB

—+ —t [ e I o e e R N e ) Y e I e e (N Y e ) e

0 15:pB

o Y [ e N e Y Y e Y (e e Y N ) Y o N e Y s (Y Y s ) |

I s I e Y I B B ) —  —. e}
=il=A0= — — — —a 2 o o o RN

i 1P

Lo ) e Y I O e Y Y R e e Y e e (N e Y Y o (Y

o Y [ R e Y O e Y e Y Y O e Y N e (e Y Y e Y
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Multiple Species; Single-Season - Exercise

MARK models (interpret)
o Y(A, B|A, Bla), p(A, B), r(A, B|A, Bla)

¥(A, B|A = Bla), p(A, B), r(A, B|A, Ba)

¥(A, B|A = Bla), p(A, B), r(A, B|A = B|a)

¥(A, B|A, B|a), p(A, B x N), r(A, B|A, Bla x N)
¥(A, B|A = Bla), p(A, B x N), r(A, B|A, Bla x N)
¥(A, B|A = Bla), p(A, B x N), r(A, B|A = Bla x N)

Hints:
e Why isn't Nite used as covariate for ¢?
@ Use the second parameterization.

@ Use the DESIGN matrix (rather than PIMS) to enforce equal
rates across surveys as it is easier to modify when including
Nite covariate. (see next slides).

@ Don't forget to use all 10 (temporal) covariates rather the
same (temporal) covariate for all 10 surveys.
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Multiple Species; Single-Season - Exercise

AlCc Delta AICc AlCcweight | Model Likelihood| Mo. Par. Deviance -2Log[L]

i 1204.8241 0.0000) 0.33022] 1.0000) 10{ 115926330 1192 6330
{Psit PsiBla, PsBla paxN pBxM  1axN Bla=iBlasN  Design} 1214.1168| 92925 0.00350) 0.00398 11 1192 5452| 1192 5452
{Psit PsiBja=PsiBla paxM pBxM 8 Bla=iBla Design} 1221.1844) 16.3603) 0.00028] 0.0003 Bl 12041703 1204 1703
{Psit PsiBlA=PsiBla p4 pB 4 Bld=rBla Design} 1271.5351 BE.7110] 0.00000) 0.0000 B| 12589518 1258.9518|
{Psits PsiBla=PsiBla_ph pB ré 1Bl iBla Design} 1273.6300] £8.8059| 0.00000) 0.0000 7| 1258.8468 1258.8468|
{Psits PiBIA PsiBla pé pB r& 1BIA 1Bla Design} 1274.9945] 70.1704] 0.00000) 0.0000 8| 1257.9804 1257.9804|
{Psits P<iBIA PsiBla pA=pB rA 18I 1Bla Design) 12834987 78.6746] 0.00000) 0.0000 7| 12687155 1268.7155]
{Psit PsiBlA=PsiBla pd pB rd 1814 Bla Design} 1313.2342| 108.41m 0.00000] 0.0000 7| 12384510 1298.4510]
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Multiple Species; Single-Season - Exercise

Part of MARK Design matrix to make p” same over all surveys:

E1: B2 B3: P B4 BE: BE: BY:
Pit, It PsiB Int R It M BB Int 4 [t 1B It iBa lnt

—_

2 PziBa
FPziBa
4o,
B o
B
Tpiy
2pidy
I pd
10:p&,
11:p&
12:p8
13:pa
14:pB
15:pB
1p.-0

—+ —. ey e R O w w s I B e |

= |o|lo|la|lo|olo|lala|lo|la|la|lo|ala
s s I n  wn  mn  m  on ) el e R en ey — — N}
= | o | o [ R R I R Y — (= | =
= |lo|lo|la|lo|o|lo|lala|lo|lao|a|lo|alalo
= |lo|lo|la|lo|o|lo|lala|lo|lao|a|lo|alalo
= |lo|lo|la|lo|o|lo|lala|lo|lao|a|lo|alalo
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Multiple Species; Single-Season - Exercise

Part of MARK Design matrix to model p# x Nite

B1: B B3 BS:
Pzify Irt PziBa [t p [t pB Int

BY: Ba

Bd: | Pam wint | BAl

BE:

—_

2 PiB,
JPziBa
4:pd
Bipd
B
Ty
Sy
Ipds
10:péy
17:péy
12:péd,
13:pé,
0 14:pB

0 15:pB
i 1E. -0

Lo ) e Y I O e Y Y R e e Y e e (N e Y Y o (Y

—+ —t [ e I o e e R N e ) Y e I e e (N Y e ) e

o Y [ e N e Y Y e Y (e e Y N ) Y o N e Y s (Y Y s ) |

I s I e Y I B B ) —  —. e}
=il=A0= — — — —a 2 o o o RN
o Y [ R e Y O e Y e Y Y O e Y N e (e Y Y e Y
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Multiple Species; Single-Season

Multiple-Species Single-Season Occupancy
Studies

Using RPresence software.
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Multiple Species; Single-Season

Objectives:

@ Does occupancy of site by 1 species depend on
presence/absence of other species?

@ Does colonization and local extinction depend on
presence/absence of other species

@ Does detection of 1 species depend on
presence/absence/detection of other species?

@ Estimated # species on sites - species richness.

e Community similarity among sites.

Species turn over rates.
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Multiple Species; Single-Season - Sampling Protocol

Sampling Protocol:

Landscape divided (artificially or naturally) into S patches or
cells or SITES.

Select s << S sites at random (all sites have equal probability
of selection).

Visit each site K, times in each of Y (years) seasons.

Record detection or not detection of two species in site / in
year y in visit k. [Most software can only deal with 2 species.|
Capture history consists of:
@ 0 - Neither species detected
1 - Species A detected
2 - Species B detected
3 - Species A and B both detected
The 0, 1, 2, 3 code can be found as
1 x (A detected) + 2 x (B detected)

®© 6 o
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Multiple Species; Single-Season - Dynamics

Occupancy:
Species B
Present Absent
Species A Present "B YA — pAB

Absent ,(/)B _ Q,Z)AB 1— T;Z)A _ ¢B + ¢AB

@ If two species occupancy are INDEPENDENT, then
B = 2B and table simplifies.

o If two species “like” / “dislike” each other, then
wAB > / < wAwB_

@ Look at margins of tables.
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 ] 7 8 5 10
1
2
3
4
5
B
7
8
9
19
Species A —— Species B ””””

AB 0

YA =05,95 =03, =0,SIF¥ = ¢ = s = 53005

=
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 B 7 B 9 10
1
2
3
4
5
6
7
8
9
10
Species A —— Species B ||||||||

AB
Bﬁ;‘ = 05,98 = 03,98 = 0.1, SIFY = ¢ = b = 520 =
67.
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 B 7 8 9 10

(=20 =0 R = R T N

[y

Species A Species B ||||||||

AB
11@3: 0.5,%5 = 03,948 =02, SIFY = ¢ = Lz = 522+ =
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 & 7 B 9 10

= - R - A A N T

[y

Species A —— species 8 |||]|]
T ——

AB
;b/g _ 0.57¢B — 0'3’,¢AB — 03’ SIFZZ) = ¢ — % — 0.30*30.5 =
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Multiple Species; Single-Season - Dynamics

Occupancy:
AB
Species Interaction Factor SIFY = ¢ = %
SIF < 1 — co-occur less frequently than if independent

SIF > 1 — co-occur more frequently than if independent.

1 2 3 4 5 B 7 8 5 10
1
2
3
4
5
il
7
8
9
10

Species A —— Species B ||||||||
AB
YA = 05,98 =0.3,¢4*B =0.15,SIFY = ¢ = zﬁW = gl =

1.0.
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Multiple Species; Single-Season - Dynamics

Detection:
Species B
Present Absent
Species A Present rAB rAb 2B pA

Absent pB 0
B — prob of detecting BOTH species when both are present.

A

Is

rsAb = prob of detecting A, but not B when both species are
present.

rsaB = prob of not detecting A. detecting B, when both species are
present.

rb =1 r2B — 1 — 2B = prob of detecting neither species
when both are present.
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Multiple Species; Single-Season - Assumptions

© Occupancy state of sites is constant during all single-season
surveys FOR EACH SPECIES (closure).

@ Probability of occupancy (%) is equal across all sites
(homogeneity).

© Probability of detection (p) given occupancy is equal across
all sites (homogeneity).

@ Detection of species in each survey of a site is independent of
those on other surveys

© Detection histories at each location are independent
O No false positives.
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B YA — YAB
Absent B — ¢AB 1 — A — B 4 yAB
Detection:
Species B
Present Absent
Species A Present /B AP 3B pA
Absent  pZ 0

History”= 110; History® = 000
PAB P2t 4 (A — AB)pfpf (1 — pg)
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B YA — YAB

Absent B —ypAB 1 — A — B 4+ AB
Detection:
Species B
Present Absent
Species A Present rAB rAP 3B pA
Absent pf 0

History”= 011; History® = 010

PAB(1 — ' — o

Ab aB\ AB  AB
i — ri®)ryers
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B YA — YAB
Absent B — ¢AB 1 — A — B 4 yAB
Detection:
Species B
Present Absent
Species A Present /B AP 3B pA
Absent  pZ 0

History”= 000; History® =101
YABIB(L— 1B — rfib — 128)rfE 1 (48 — AB)pB(1 — pf)pf
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Multiple Species; Single-Season - History Probabilities

Occupancy:
Species B
Present Absent
Species A Present "B A — AP
Absent B —yAB 1 A — B L yAB
Detection:
Species B
Present Absent
Species A Present rAB AP 2B pA
Absent pB 0

History”= 000; History® =000
You don't want to write this out without using matrices!
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Multiple Species; Single-Season - Alternate

Parameterization - |

Problem: Previous parameterization in ¢ leads to numerical
difficulties when maximizing the likelihood.

Alternate parameterization starts by defining a Species
Interaction Factor (SIF)

wAB

PAYB

SIF < 1 — co-occur less frequently than if independent
SIF > 1 — co-occur more frequently than if independent.

SIFY = ¢ =

WAB — yAYBSIF
Note that:
max(p? 4+ 9B — 1,0 < B < min(yA, ¢B)

which leads to restrictions of SIF
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Multiple Species; Single-Season - Alternate

Parameterization - |

Problem: Previous parameterization in p leads to numerical
difficulties.

Alternate parameterization starts by defining a Species
Interaction Factor (SIF")
B = ABSIFT
where r* = marginal prob of detection of Species A regardless of
detection of Species B given that both are present.
SIF" = § in some papers.
SIF < 1 — detected less frequently than if independent .
SIF > 1 — detected more frequently than if independent.

There are similar restrictions on the range of the SIF".

73 /121



Multiple Species; Single-Season - Biological Hypotheses

© Level of co-occurance of species:

o H: SIF¥=1. E.g. do spotted owls and barred owls use sites
independently?

@ Detection of species when both are present.

o H: SIF"'=1. E.g. does detection of a predator affect detection
of a prey (given that both occupy site)?

© Detection of species if other is present/absent?

o H: rA = p”? H:rB = pB? E.g. Does detection of a spotted owl
depend if barred owl occupies site?
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Multiple Species; Single-Season - Alternate

Parameterization - 1l

IMHO this is the easiest to understand.
Occupancy dynamics.

e 1" occupancy of species A.
o BIA occupancy of species B IF species A is present.
o )B12 occupancy of species B IF species A is absent.
If occupancy is independent (SIF¥ = 1), then ¢)BIA = ¢Bl2.

Advantage of this parameterization is that all three parameters are
free to vary between 0 and 1 and it is easy to impose covariates.

wB — T,Z)B‘A’QZJA + ¢B|a(1 _ ¢A), de and B _ wB|AwA
A SIF¥ can be derived.
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Multiple Species; Single-Season - Alternate

Parameterization - 1l

Detection Dynamics - Species alone.

o p” detection of species A if alone in the site.

o pB detection of species B if alone in the site.

These parameters have no information about joint species
dynamics.
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Multiple Species; Single-Season - Alternate

Parameterization - 1l

Detection Dynamics - Both species present.

o rA detection of species A if both species on site.

o rBlA detection of species B if species A detected when both
species on site.

o rBl2 detection of species B if species A not detected when
both species on site.

If detection of species is independent (SIF" = 1) then rBIA = (Bla,

Advantage of this parameterization is that all three parameters are
free to vary between 0 and 1 and covariates are easy to apply.
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Multiple Species; Single-Season - Example

Co-occurence of Jordan's salamander ( Plethodon jordani) (PJ) and
members of Plethodon glutinosus (PG) in Great Smokey
Mountains National Park (MacKenzie et al. 2004).

s = 88 sites; K =5
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Multiple Species; Single-Season - Example

© 00 N O O W N -

= o e
N = O

Import the history data. We create the combined history data.

PG.data <- readxl::read_excel("Salamander co-occurrence.Xxl:
sheet="RawData", na=’-"’
col_names=FALSE,
range = "B3:F90")

PJ.data <- readxl::read_excel("Salamander co-occurrence.xl:
sheet="RawData", na=’-"’
col_names=FALSE,
range = "H3:L90")

input.history <- PG.data + 2*PJ.data
input.history
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Multiple Species; Single-Season - Example

Import the unit covariates and standardize. (Elevation)

1 site.covar <- readxl::read_excel("Salamander co-occurrence
2 sheet="RawData",

3 col_names=TRUE,

4 range = "N2:090")

® ooo

6 # Standardize Elevation covariates

7 elevation.mean <- mean(site.covar$Elevation..m.)

8 elevation.std <- sd (site.covar$Elevation..m.)

9 site.covar$Std..Elevation <-

10 (site.covar$Elevation..m. - elevation.mean)/

elevation.std

[y
=

80 /121



Multiple Species; Single-Season - Example

Create the *.pao object.

ssalamander.pao <- createPao(input.history,
unitcov=site.covar,
title="Salamander multi species - co:
summary (salamander.pao)

A W NN =

paoname=pres.pao
title=Salamander multi species - co-occurance
Naive occ=0.8636364
naiveR  =0.4204545

nunits nsurveys nseasons nsurveyseason
ll88|| ll5" lllll ll5ll
unit covariates : Elevation..m. Std..Elevation

survey covariates: SURVEY
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Multiple Species; Single-Season - Example

There are two types of MSSS models (parameterization) available
in RPresence:

@ type="s0.2sp.1" - the wA,¢B|A,¢B|a parameterization.

@ type="s0.2sp.2" - an alternate parameterization (not
discussed here).
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Multiple Species; Single-Season - Example

Model are specified using 2 formula (for occupancy and detection)

occMod (model=1list(psi™....,

1

2 P -,

3 data=salamander.pao,
4

type="so.2sp.1")
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Multiple Species; Single-Season - Example

Three common models for the 1) portion of the model
o psi ~ 1 implies A = ¢pBIA = yBla
e Occupancy probability of B does not depend on A
(¢BIA = B12), i.e. independent occupancy
e Occupancy probability of A and B are the same
,lpA _ ’l/lBlA _ ,(/}B|a
@ psi ~ SP implies ¥* differs from ¢ BIA = Bl
e Occupancy probability of B does not depend on A
(¢BIA = B12) i.e. independent occupancy
e Occupancy probability of A and B are different
wA 7& wB|A _ ,(/JB|a
o psi ~ SP + INT implies ¢/” differs from 1BA which differs
from B2
e Occupancy probability of B depend on occupancy of A

(B4 £ 3Bl2)
e Occupancy probability of A and B are different

YA # yBIA £ yBla
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Multiple Species; Single-Season - Example

Similarly for detection portion of the model there are several
common models specified using reserved terms
@ SP - species effect on detection, but same if occupied by each
species individually or when both are present
@ INT, - occupancy effects on detection but same for both
species
@ SP : INT, - occupancy effect on detection and differ between
speciie
@ INT, - detection effects of species A on detection of species B
The most general model has p ~ SP + INT, + SP : INT, + INT4
and is commonly the starting point.
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Multiple Species; Single-Season - Example

Fit the full model
¥(A), ¥(B|A),¥(Bl|a), p(A), p(B), r(A), r(B|A), r(B|a)

modl <- occMod(model=1ist(
psi~SP+INT,
p SP+INT_o+SP:INT_o + INT_d),
data=salamander.pao,
type="so0.2sp.1") # param="PstBA")

a A W N

This gives:

Model name=psi(SP P INT)p(SP P INT o P SP T INT_o P INT_d)
AIC=751.8665

-2*%log-likelihood=735.8665

num. par=8

What are the 8 parameters?
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Multiple Species; Single-Season - Example

Model ¢ (A), ¥(B|A), v (B|a), p(A), p(B), r(A), r(B|A), r(Bla)
Estimates of occupancy.
> modi$real$psiAd [1,]
est se lower upper
unitl 0.5719 0.0572 0.458 0.6787

> # Pr(Occupancy of B | A absence)
> mod1$real$psiBA [1,]

est se lower upper
unitl 0.3177 0.0716 0.1959 0.4709
>
> # Pr(Occupancy of B | a absence)
> mod1$real$psiBall,]

est se lower upper
unitl 0.7005 0.0778 0.5307 0.8287

If species occupied sites independently then 1)(BA) = (Ba) - does

not appear to be the case.
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Multiple Species; Single-Season - Example

Model ¥ (A), ¥(B|A), ¢ (B|a), p(A), p(B), r(A), r(B|A), r(B]a)
We define v as the odds ratio of ¢(B|A)/vy(B|a)

> # If there is no interaction between species then this i:
> # If less than 1, then occur less often than expected if
> # If greater than 1, then occur more often than expected
> modi$real$null,]

est se lower upper
unitl 0.1991038 0.1027362 0.07241979 0.5473963
>
> c(modi$real$psiA[1,1],psiB[1,1], modi$real$psiA[1,1]*psil
[1] 0.5719000 0.4815767 0.2754137
> # Actual estimation of occupancy of both species
> mod1$real$psiBA [1,1]*mod1$real$psiA[l,1]
[1] 0.1816926

So B occupies the site less often than expected if there were no

interaction.
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Model ¢(A), ¥(B|A), ¥ (B|a), p(A), p(B), r(A), r(B|A), r(B]a)
Estimates of occupancy.

> # We can compute the marginal estimate of occupancy of B
> psiB <- modi$real$psilA * modl$real$psiBA+
+ (1-mod1$real$psiA) * modl$real$psiBa
> psiB[1,]
est se lower upper
unitl 0.4815767 0.07744536 0.3773616 0.5858611
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Model 1/(A), 1(B|A), ¥ (Bla), p(A), p(B), r(A), r(B|A), r(Bla)
Estimates of detection.

> # Probability of detection of species A if alome
> mod1$real$pAll,]
est se lower upper
unitl_1-1 0.5396 0.0416 0.4576 0.6194
>
> # Probability of detection of species B if alone
> modi$real$pBI[1,]
est se lower upper
unitl_1-1 0.9027 0.0391 0.795 0.9569
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Model 1(A), 1(B|A), ¥ (Bla), p(A), p(B), r(A), r(B|A), r(Bla)
Estimates of detection.

> modi$real$rAli,]

est se lower upper
unitl_1-1 0.4882 0.0766 0.3433 0.635
> modi1$real$rBA[1,]

est se lower wupper
unitl_1-1 0.5014 0.0847 0.341 0.6614
> modi$real$rBall,]

est se lower upper
unitl_1-1 0.6067 0.092 0.4202 0.7665

There may be opportunity to fit simpler models for detection here
(why)?
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Multiple Species; Single-Season - Example

Model 1/(A), 1(B|A), ¥ (Bla), p(A), p(B), r(A), r(B|A), r(Bla)
Conclusions - about detection

@ No interference in detection of A when other species present.
Compare pA vs. rA.

@ Interference in detection of B when other species present.
Compare pB vs. ( rBA and rBa).

@ No influence in detection of B by detection of A when both
species present. Compare rBA vs. rBa.
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Multiple Species; Single-Season - Example

~N O a0 b~ W

Is there any support for independence of occupancy?
Model 1(A), ¥ (B|A) = ¥(Bla), p(A), p(B), r(A), r(B|A), r(Bla)

# modl.occind s same as model 1, but we assume that spect
# independent. This implies that a psiBA=psiBa and is foun
# fitting the interaction term in the occupancy mode

modl.occind <- occMod(model=1list(psi”SP, p~SP+INT_o+INT_d-
data=salamander.pao,
type="so.2sp.1", param="PsiBA")

Model name=psi(SP)p(SP P INT_o P INT_d P SP T INT_o),psiBA
AIC=760.3286

-2*%log-likelihood=746.3286

num. par=7

What are the 7 parameters?
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Model (A),¥(B|A) = 1(B|a), p(A), p(B), r(A), r(B|A), r(B|a)
Estimates of occupancy.

> # Probability of occupancy of A
> modl.occind$real$psiA [1,]

est se lower upper
unitl 0.5949 0.057 0.4801 0.7002

> # Pr(Occupancy of B | A present)
> modl.occind$real$psiBA [1,]
est se lower upper
unitl 0.4867 0.0546 0.3819 0.5926
>
> # Pr(Occupancy of B | A absent)
> modl.occind$real$psiBall,]
est se lower upper
unitl 0.4867 0.0546 0.3819 0.5926
If species occupied sites independently then )(BA) = ¢(Ba) (as
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Multiple Species; Single-Season - Example

Model ¢(A), ¥(B|A) = 1(Bla), p(A), p(B), r(A), r(B|A), r(B|a)
We define v as the odds ratio of ¢(B|A)/vy(B|a)

> # If there is no interaction between species then this i:
> # If less than 1, then occur less often than expected if
> # If greater than 1, then occur more often than expected
> modl.occind$real$nuli,]

est se lower upper
unitl 1 0 1 1
>
> # For example, the marginal estimates are and prob if in
> c(modl.occind$real$psiA[1,1],psiB[1,1], modl.occind$real
[1] 0.5949000 0.4815767 0.2864900
> # Actual estimation of occupancy of both species
> modl.occind$real$psiBA [1,1]*modl.occind$real$psiA[l,1]
[1] 0.2895378

This is consistent with the forced model
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Multiple Species; Single-Season - Example

Model ¢(A), ¥(B|A) = 1(Bla), p(A), p(B), r(A), r(B|A), r(B|a)

Estimates of occupancy.

> # We can compute the marginal estimate of occupancy of B
> psiB <- modl.occind$real$psil * modl.occind$real$psiB.
+ (1-mod1l.occind$real$psil) * modl.occind$real$psiB:
> psiB[1,]

est se lower upper
unitl 0.4867 0.0546 0.3819 0.5926
>
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Model 4 (A), ¥(B|A) = v(Bla), p(A), p(B), r(A), r(B|A), r(B|a)
Is there any support?

models<-list (mod1l,

mod1.occind)
results<-RPresence::createlAicTable (models)
summary (results)

A W N =

Vv

summary (results)
Model
psi(SP P INT)p(SP P INT_o P SP T INT_o P INT_d),psiBA
psi(SP)p(SP P INT_o P INT_d P SP T INT_o),psiBA
DAIC wgt npar neg2ll warn.conv warn.VC
0.00 0.986 8 735.87 0 0
8.46 0.014 7 746.33 0 0

N =

N =

Neglible support for the independent occupancy mode
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Multiple Species; Single-Season - Example

A~ W NN =

Try and fit a simpler detection model? Model

P(A), ¥(B|A), ¥ (Bla), p(A), p(B), r(A), r(B|A) = r(B|a).

modl.detind <- occMod(model=1ist (psi~SP+INT, p~SP+INT_o+SI
data=salamander.pao,
type="so.2sp.1")

summary (mod1.detind)

Model name=psi(SP P INT)p(SP P INT_o P SP T INT_o),psiBA
AIC=750.624

-2%log-likelihood=736.624

num. par=7

What are the 7 parameters?
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Multiple Species; Single-Season - Example

Model (A), (B|A), ¥ (B|a), p(A), p(B), r(A), r(B|A) = r(B|a)
Estimates of detection.

> modl.detind$real$pAll,]
est se lower upper
unitl_1-1 0.5406 0.0416 0.4587 0.6204
>
> # Probability of detection of species B if alone
> modl.detind$real$pB[1,]
est se lower upper
unitl_1-1 0.9092 0.0372 0.8053 0.9604
>
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Multiple Species; Single-Season - Example

Model ¢(A), ¥ (B|A), ¥(B|a), p(A), p(B), r(A), r(B|A) = r(B|a)
Estimates of detection.

> modl.detind$real$rA[l,]

est se lower upper
unitl_1-1 0.4776 0.073 0.3401 0.6186
> modl.detind$real$rBA[1,]

est se lower upper
unitl_1-1 0.5504 0.062 0.4283 0.6666
> modl.detind$real$rBalil,]

est se lower upper
unitl_1-1 0.5504 0.062 0.4283 0.6666

The last two estimates are equal (why?)
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Multiple Species; Single-Season - Example

Model 4(A), ¥ (B|A), ¢ (Bla), p(A), p(B), r(A), r(BIA) = r(Bla)

Support.
> summary(results)
Model DA

1 psi(SP P INT)p(SP P INT_o P SP T INT_o),psiBA 0.
2 psi(SP P INT)p(SP P INT_o P SP T INT_o P INT_d),psiBA 1.:
3 psi(SP)p(SP P INT_o P INT_d P SP T INT_o),psiBA 9.°

npar neg2ll warn.conv warn.VC
1 7 736.62 0 0
2 8 735.87 0 0

3 7 746.33 0 0
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Adding the effect of elevation.
Model
V(A|El), v (B|A, El), ¥ (Bla, El), p(A), p(B), r(A), r(B|A) = r(B|a)

mod.psi.elevation <- occMod(model=1ist(
psi~Std. .Elevation+SP+SP:Std..Elevation+INT+INT:Std.
p ~SP+INT_o+SP:INT_o),
data=salamander.pao,
type="so.2sp.1")
summary (mod.psi.elevation)

S O W N

Notice we used the standardized elevation covariates for numerical
stability.

Model name=psi(Std..Elevation P SP P SP T Std..Elevation P
AIC=687.4714

-2*%log-likelihood=667.4714

num. par=10

What are the 10 parameters?
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Multiple Species; Single-Season - Example

Model

P(A[ED), ¥ (B|A, El),(Bla, El), p(A), p(B), r(A), r(B|A) = r(B|a)
This implies:

o logit((A)) = By + beta\(Elevation)
o logit(v(B|A)) = BEA + betalA(Elevation)
o logit(v(B|a)) = BB + betal(Elevation)

We need to get the beta terms and figure out which beta fits with
which equation!

> mod.psi.elevation$beta$psi
psi.coeff
1 0.372485 -0.686944 -0.984296 4.503822 3.142486 16.0:¢

Argh!
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Multiple Species; Single-Season - Example

Model
W(A|ED), (BIA, EN), ¢ (Bl|a, El), p(A), p(B), r(A), r(B|A) = r(B|a)

>mod.psi.elevation$dmat$psi
al a2 a3 ad
psiA "Int_psiA" "Std..Elevation_psiA" "SP2_psiA" "INT2.
psiBA "Int_psiBA" "Std..Elevation_psiBA" "SP2_psiBA" "INT2.
psiBa "Int_psiBa" "Std..Elevation_psiBa" "SP2_psiBa" "INT2.
ab a6
psiA "Std..Elevation:SP2_psiA" "Std..Elevation:INT2_psiA'
psiBA "Std..Elevation:SP2_psiBA" "Std..Elevation:INT2_psiB.
psiBa "Std..Elevation:SP2_psiBa" "Std..Elevation:INT2_psiB:

Argh!
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© 00 N O O B W N -

—
o

Model

(A EI), w(BIA, E), v(Bla, EI), p(A), p(B), r(A), r(BIA) = r(Bla)
We compute the logit(occupancy) from the beta variables as a
function of elevation:

range(site.covar$Elevation..m.)
predictPSI <- data.frame(Elevation..m.=seq(400,1200,10))
predictPSI$Std. .Elevation <- (predictPSI$Elevation..m. - e

predictPSI$psiA.logit <- mod.psi.elevation$beta$psi[l,] +
mod.psi.elevation$beta$psi[2,] *predictPSI$Std. .Eler
predictPSI$psiBA.logit <- mod.psi.elevation$beta$psil[3,] +
mod.psi.elevation$beta$psi[5,] *predictPSI$Std. .Elev:
predictPSI$psiBa.logit <- mod.psi.elevation$beta$psi[4,] +
mod.psi.elevation$beta$psi[6,]*predictPSI$Std. .Elev:
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Model

G(AIE), w(BIA, 1), 4(Bla, E1), p(A), p(B), r(A), r(BIA) = r(B2)
We convert from logit(occupancy) to p(occupancy) as a function
of elevation.

expit <- function (x) {1/(l+exp(-x))}

predictPSI$psiA <- expit(predictPSI$psiA.logit)
predictPSI$psiBA <- expit(predictPSI$psiBA.logit)
predictPSI$psiBa <- expit(predictPSI$psiBa.logit)

A W NN =

Obtain the marginal probability of occupancy:

# We can compute the marginal estimate of occupancy of B

predictPSI$psiB <- predictPSI$psiA * predictPSI$psiBA+
(1-predictPSI$psiA) * predictPSI$psiBa

predictPSI$psilandB <- predictPSI$psiA * predictPSI$psiBA

A W N =
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V(A[ED), ¥ (B|A, El),"(B|a, El), p(A), p(B), r(A), r(B|A) = r(Bla)
Occupancy as a function of elevation

1.00 -

0.75-
3 Species
C
§ 050 psiA
g ’ — psiB
a —— psiAandB

0.25

0.00 -

400 600 800 1000 1200
Elevation..m.

Conclusion? Species interaction may solely be a function of

elevation.
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Model
(AIEI), (BIA, EI), :(B]a, E1), p(A), p(B), r(A), r(B|A) = r(Bla)
Support.
> summary(results)
Model DA

1 elevatio model
2 psi(SP P INT)p(SP P INT_o P SP T INT_o),psiBA O.(
3 psi(SP P INT)p(SP P INT_o P SP T INT_o P INT_d),psiBA 1.:
4 psi(SP)p(SP P INT_o P INT_d P SP T INT_o),psiBA 9.’

DAIC wgt npar neg2ll warn.conv warn.VC
1 0.00 1 10 667.47 0 0
2 63.15 O 7 736.62 0 0
3 64.40 O 8 735.87 0 0
4 72.86 0 7 746.33 0 0

Conclusion? Species interaction may solely be a function of

elevation.
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Multiple Species; Single-Season - Study Design Issues

e VERY data hungry!

@ Similar design issues as seen previously.

o NEW Length of Season

o Sites must be closed over season.
e "Co-occurrence” influenced by how “season” is defined.

@ Similar concerns about “co-occurrence” at SITE level and size
of size influences this.
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Multiple Species; Single-Season - Exercise

Spotted owl vs. barred owl. Based on:

Bailey, L.L, Reid, J.A., Forsman, E.D., Nichols, J.D.
2009.

Modeling co-occurrence of northern spotted and barred
owls: Accounting for detection probability differences.
Biological Conservation, 142, 2983-2989

s = 151 sites, surveyed K = 10 times, and recorded detection/not
detection of spotted and barred owls. Use one covariate = Nite =
if survey was done at night.
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PRESENCE models (interpret)

o Y(S), d,p(S),r(S), 0

° 1/1(5)a¢ = ].,p(S), r(5)75

° ¢(S)7¢ = 1,,0(5), r(5),6 =1

e Y(S),d, p(S x Nite), r(S x Nite), d

e Y(S),o» =1,p(S x Nite), r(S x Nite), o

o (S), ¢ =1,p(S x Nite), r(S x Nite),d =1

Hints:

@ Why isn't Nite used as covariate for 7

@ Remember to stack the spotted owl and barred owl data and

to stack the covariate TWICE.

@ The initial design matrix for detection has only 1 column of

1's and needs to be changed.

@ Don't forget to delete columns in the design matrix when

settingp=1or = 1.

@ S x Nite means TWO logistic regressions, each having an

intercept and a slope.



Multiple Species; Single-Season - Exercise

PRESENCE results:

Model laic [dettaslc  Jalcwgt  [Model Likelitlno.Par [ LogLike
psifpsiBphi=1  pAxNpBxN,  rAxN rBxN defta= 121450 0.00 07186 1.0000 10 118450
psiApsiBphi  pAxNDBRN, raxN rBxi.defta=] 1216.48 198 02670 03716 11 119448
psifpsiB phi=1  pAxNpBRN, rArBdstta=l | 122233 783 00145 | 00109 3 120633
psi& psiB phi=1 pApE.  rArB defta=] 127095 56.45 00000  0.0000 6 126895
psi.psiB phi=1 pApB A rB.delta 127285 5835 0.0000 | 0.0000 7 126885
psit psiB phi pA pB rA 1B delta 127398 5948 00000 | 0.0000 3 125798
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Part of PRESENCE Design matrix to make p* same over all
surveys:

B2 B3: = B4: BS: BE: BT
PsiB Int pé It M fBint | rhint B Int iBa Int

2PziBA
JPziBa
4 pidy
Bt
Bt
7o
oo
9ot
10 g
11:pd
12:pd
13pd

— | I o T s Y e I e I s Y e

=) F=l F= = = =R = F =R =R =R E=R K= K= K=N

N O e G el —. —. ]
mu Y (N e ) Y e I e O ) e N e e ) Y N e ) Y s Y (e Y Y
mu Y (N e ) Y e I e O ) e N e e ) Y N e ) Y s Y (e Y Y
mu Y (N e ) Y e I e O ) e N e e ) Y N e ) Y s Y (e Y Y
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Part of PRESENCE Design matrix to model p# x Nite

—_

B1:
Pzid, nt

BZ B3

PsBalnt | palne | B4 | Pam

BS:
pB Int

BE:

BY:
1, Int

Ba
1B |

2 PsiBa

Z:PziBa

4:pd

Bipd

B

Ty

Sy

Ipds

10:pis

17,

12:pd

13:pd

0 14:pB

—+ —t [ e I o e e R N e ) Y e I e e (N Y e ) e

0 15:pB

o Y [ e N e Y Y e Y (e e Y N ) Y o N e Y s (Y Y s ) |

I s I e Y I B B ) —  —. e}
=il=A0= — — — —a 2 o o o RN

i 1P

Lo ) e Y I O e Y Y R e e Y e e (N e Y Y o (Y

o Y [ R e Y O e Y e Y Y O e Y N e (e Y Y e Y
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MARK models (interpret)
o Y(A, B|A, Bla), p(A, B), r(A, B|A, Bla)

¥(A, B|A = Bla), p(A, B), r(A, B|A, Ba)

¥(A, B|A = Bla), p(A, B), r(A, B|A = B|a)

¥(A, B|A, B|a), p(A, B x N), r(A, B|A, Bla x N)
¥(A, B|A = Bla), p(A, B x N), r(A, B|A, Bla x N)
¥(A, B|A = Bla), p(A, B x N), r(A, B|A = Bla x N)

Hints:
e Why isn't Nite used as covariate for ¢?
@ Use the second parameterization.

@ Use the DESIGN matrix (rather than PIMS) to enforce equal
rates across surveys as it is easier to modify when including
Nite covariate. (see next slides).

@ Don't forget to use all 10 (temporal) covariates rather the
same (temporal) covariate for all 10 surveys.
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AlCc Delta AICc AlCcweight | Model Likelihood| Mo. Par. Deviance -2Log[L]

i 1204.8241 0.0000) 0.33022] 1.0000) 10{ 115926330 1192 6330
{Psit PsiBla, PsBla paxN pBxM  1axN Bla=iBlasN  Design} 1214.1168| 92925 0.00350) 0.00398 11 1192 5452| 1192 5452
{Psit PsiBja=PsiBla paxM pBxM 8 Bla=iBla Design} 1221.1844) 16.3603) 0.00028] 0.0003 Bl 12041703 1204 1703
{Psit PsiBlA=PsiBla p4 pB 4 Bld=rBla Design} 1271.5351 BE.7110] 0.00000) 0.0000 B| 12589518 1258.9518|
{Psits PsiBla=PsiBla_ph pB ré 1Bl iBla Design} 1273.6300] £8.8059| 0.00000) 0.0000 7| 1258.8468 1258.8468|
{Psits PiBIA PsiBla pé pB r& 1BIA 1Bla Design} 1274.9945] 70.1704] 0.00000) 0.0000 8| 1257.9804 1257.9804|
{Psits P<iBIA PsiBla pA=pB rA 18I 1Bla Design) 12834987 78.6746] 0.00000) 0.0000 7| 12687155 1268.7155]
{Psit PsiBlA=PsiBla pd pB rd 1814 Bla Design} 1313.2342| 108.41m 0.00000] 0.0000 7| 12384510 1298.4510]
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Part of MARK Design matrix to make p” same over all surveys:

E1: B2 B3: P B4 BE: BE: BY:
Pit, It PsiB Int R It M BB Int 4 [t 1B It iBa lnt

—_

2 PziBa
FPziBa
4o,
B o
B
Tpiy
2pidy
I pd
10:p&,
11:p&
12:p8
13:pa
14:pB
15:pB
1p.-0

—+ —. ey e R O w w s I B e |

= |o|lo|la|lo|olo|lala|lo|la|la|lo|ala
s s I n  wn  mn  m  on ) el e R en ey — — N}
= | o | o [ R R I R Y — (= | =
= |lo|lo|la|lo|o|lo|lala|lo|lao|a|lo|alalo
= |lo|lo|la|lo|o|lo|lala|lo|lao|a|lo|alalo
= |lo|lo|la|lo|o|lo|lala|lo|lao|a|lo|alalo
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Part of MARK Design matrix to model p# x Nite

B1: B B3 BS:
Pzify Irt PziBa [t p [t pB Int

BY: Ba

Bd: | Pam wint | BAl

BE:

—_

2 PiB,
JPziBa
4:pd
Bipd
B
Ty
Sy
Ipds
10:péy
17:péy
12:péd,
13:pé,
0 14:pB

0 15:pB
i 1E. -0

Lo ) e Y I O e Y Y R e e Y e e (N e Y Y o (Y

- 2 EBEEEEEEEEEEEE
D‘D‘DDDDDDDDDDDDD

o Y [ e N e Y Y e Y (e e Y N ) Y o N e Y s (Y Y s ) |

I s I e Y I B B ) —  —. e}
=il=A0= — — — —a 2 o o o RN
o Y [ R e Y O e Y e Y Y O e Y N e (e Y Y e Y
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Bull and Brook trout occupancy.

Bull trout are native and require cold water; brook trout are from
the east and are supposed to have warmer temperature
preferences. Each site was sampled twice, represented as “repl”
and “rep2” in the database. The two predictors of occupancy of
the most interest are temperature and discharge.

s = 183 sites, surveyed K = 2 times.
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Multiple Species; Single-Season - Summary

Multiple-Species Single-season Summary
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Multiple Species; Single-Season - Summary

Similar to previous methods + :

o Key parameters are
o SIFY = ¢ and SIFP = § OR

o BIA yBla and rBIA rBla [Easier to fit, esp with covariates.]

@ Spatial and temporal scales influence “co-occurrence”.

@ Planning studies will require much thought. Use GENPRES in
a similar fashion as in previous examples.

EXTENSIONS:

@ More than two species — not much success with these models;
easier to reduce to two species.

@ Multiple seasons — colonization and extinction could depend
on species present; EXTREMELY data hungry!
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