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The optimal number of surveys when 
detection rates vary 



Lomandra 



Detectability: the probability of detecting a 
species given that it is present 



Can rarely be sure that a species is truly 
absent! 



Imperfect detection 

• Surveys fundamental for ecology 

• Imperfect detection is important for a range 
of ecological studies 
• demographic studies 

• environmental impact assessments 

• species occupancy studies 

• species distribution modelling 

• designing surveys 





Detection rates vary 
croa croa 
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Detection rates vary 

• Some can be predicted in advance but 
some cannot: e.g. frogs 



http://www.dorrigomountainresort.com.au 

Consider surveying a single site to determine presence or 
absence of a particular species 



http://www.dorrigomountainresort.com.au 

Consider surveying a single site to determine presence or 
absence of a particular species 

Problem: What is the optimal number of visits to 
maximise the probability of detecting the species at least 
once over the entire survey period?  

  



Modeling detection 

B, per site budget for searching & travel 

c, travel cost of each survey 

n surveys 

t = B/n – c              (time per survey) 
 



Modeling detection 

qi = exp(–tλi), probability of failed detection 

Assume λi iid random variables with mean µ and 
variance σ2  

q = Πqi = exp(–tΣλi)   (over n surveys) 

A = Σλi  r.v. with mean nµ t and variance n σ2 t2 

Assume Σλi ~ dlognorm() 



Optimisation Model 

Minimise E[q] = exp(–tΣλi) 

s.t. n(t + c) = B,  

where  

B, per site budget for searching & travel 

c, travel cost of each survey 

n surveys 



Optimisation Model 

Minimise E[q] = exp(–tΣλi), 

s.t. n(t + c) = B  

Assume  

•  Σλi ~ dlognorm()  

•   λi  are iid random variables with known mean 
µ and variance σ2 

 

 



Expected probability of failed detection… 
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Results: optimal frog surveys 

Cascade Tree-frog 

μ = 0.67 dets/hr 
v = 2.5 
B = 10 hours 
c  = 1 hour 

v = 2.5 
v = 5 

v = 1 

v = 0.2 

Parris KM (2001) Distribution, Habitat Requirements And Conservation 
Of The Cascade Treefrog (Litoria Pearsoniana, Anura: Hylidae). 
Biological Conservation 99: 285–292. 



An analytical solution? 

• General insights, e.g. key parameter 
combinations 

• Easier for users to implement 

• Useful for examining for complicated 
scenarios, e.g. multiple sites 



Laplace’s approximation: 

 ∫𝑓𝑓 𝑞𝑞 𝑑𝑑𝑞𝑞 ≈ exp(ℎ 𝑞𝑞∗ ) − 2𝜋𝜋
ℎ′′(𝑞𝑞∗)

1/2
, 

where h(q) = ln f(q) and the global maximum of 
h(q) occurs at q* 

 

Approximate solution 



Approximate solution 

where v = σ/μ is the coefficient of variation. 

• 𝐸𝐸 𝑞𝑞 ≈ 𝑒𝑒−(𝐵𝐵𝐵𝐵−𝑐𝑐𝐵𝐵𝑐𝑐) ( 𝑛𝑛
𝑛𝑛+𝑣𝑣2

)3/2 𝑐𝑐
𝑐𝑐+𝑣𝑣2

 



Approximate solution 

where v = σ/μ is the coefficient of variation. 
 
•  n* is the solution to the implicit equation 

• 𝐸𝐸 𝑞𝑞 ≈ 𝑒𝑒−(𝐵𝐵𝐵𝐵−𝑐𝑐𝐵𝐵𝑐𝑐) ( 𝑛𝑛
𝑛𝑛+𝑣𝑣2

)3/2 𝑐𝑐
𝑐𝑐+𝑣𝑣2

 

3𝐵𝐵𝜇𝜇 = 𝑐𝑐𝜇𝜇𝑐𝑐 5 + 2𝑐𝑐
𝑣𝑣2

+ 1 + 𝑣𝑣2

𝑐𝑐

3/2
,  
𝐵𝐵
𝑐𝑐
≥ 𝑐𝑐 ≥ 1 



Approximate solution 
  

2 21* 24 25 5
4

    

Bn v v v
c

≈ + −

where  /v σ µ=



v = 0.5 

Approximate solution 

v = 3 

B/c = 10, μ=0.7 



Approximate solution 

Approx n* - numerical n* 

v 



Approximate solution 

Approx n* - numerical n* E[Q|approx n*]-E[Q|numerical n*] 

v 



Approximate solution 

E[Q|approx n*]-E[Q|numerical n*] 

 up 8% difference 

v 



Approximate solution  

• Generally performs well, except when B/c small 
and v = σ/μ is large 

  

 
• Provided insight into important parameter 

combinations 
 
 



Key model assumptions: 
 

• Σλi ~ dlognorm() 
 
• Mean and standard deviation of 

 that distribution are known  

Testing the model with data 



Plant survey experiment 

• Variation in detectability over space 
• Problem: What number of quadrats will 

maximise the probability of detecting the 
species, at least once, at the site? 



Plant survey experiment 

McCarthy MA, Moore JL, Morris WK, 
Parris KM, Garrard GE, et al. (2013) The 
Influence Of Abundance On Detectability. 
Oikos 122: 717–726. 

Nine square  
(15 × 15 m) 

quadrats were 
planted with thirty, 

ten, four or two 
individuals of 5 

different species 
 



Plant survey experiment 

Lomandra 

Atriplex 

McCarthy MA, Moore JL, Morris WK, 
Parris KM, Garrard GE, et al. (2013) The 
Influence Of Abundance On Detectability. 
Oikos 122: 717–726. 



Plant survey experiment 

Lomandra 

Atriplex 



Plant survey experiment 

Predicted optimal number of quadrats 

A failure time model was fitted to the time to 
detection data from 2010 to estimate the rate of 
detection of each species within each quadrat 
by each observer.  

Calculated average and SD of the detection 
rates: 

 
μAtriplex = 0.55, σAtriplex = 0.60 →  vAtriplex =  1.09 
 μLom    = 0.56, σLom      = 0.64 →   vLom     =  1.14 
 



Plant survey experiment 

Predicted optimal number of quadrats 

Predicted the optimal number of quadrats in 
2011 for 9 scenarios: 

B = 5, 10 or 15 minutes, and  
c = 0.25, 0.5 or 1 minute  



Plant survey experiment 

Observed optimal number of quadrats 

For a  given survey of length t minutes,  the 
“observed” mean probability of detection was 
estimated by 
 

λ �(𝑡𝑡) =
𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑜𝑜𝑓𝑓 𝑡𝑡𝑡𝑡𝑛𝑛𝑒𝑒𝑡𝑡 𝑡𝑡𝑠𝑠.  𝑑𝑑𝑒𝑒𝑡𝑡𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑑𝑑 𝑡𝑡𝑐𝑐 < 𝑡𝑡 𝑛𝑛𝑡𝑡𝑐𝑐𝑡𝑡 

𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑜𝑜𝑓𝑓 𝑞𝑞𝑛𝑛𝑡𝑡𝑑𝑑𝑛𝑛𝑡𝑡𝑡𝑡 𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (14𝑥𝑥𝑥 = 126)
 

 �̂�𝑠 = n λ � (t),   t = B/n – c.  
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Number of surveys 

B = 15 min, c = 1 min 

t = 14 t = 0.5 

Observed optimal n 

�̂�𝑠 = n λ �(t) 



B = 5, 10, 15 min;    c = 0.25, 0.5, 1 min 

Slope = 1.09 
r = 0.93 

(Pearson product-moment 
correlation coefficient) 



B = 5, 10, 15 min;    c = 0.25, 0.5, 1 min 

Slope = 1.04  
r = 0.95 

(Pearson product-moment 
correlation coefficient) 

 



Extensions 

• Temporal correlation 
– small effect on n* unless large correlation 



Extensions 

• Temporal correlation 
– small effect on n* unless large correlation 

• Objective: maximise the chance of 
achieving an acceptable probability of 
detection 
– solution is insensitive the coefficient of 

variation, instead depends on the 
acceptable probability of detection 



Recent Applications 

• Surveying for an invasive Newt species 
– A. Smart, R. Tingley, et al. (In prep). Cost 

efficiency of environmental DNA sampling 
– Compare cost-efficiency of eDNA and 

bottle-trapping 



Future research 

• Multiple survey techniques 
– Two (or more) survey techniques, when 

should you use both? 



Thank you 

moa@unimelb.edu.au 

alanamooreresearch.wordpress.com 

Moore, A.L., McCarthy, M.A., Parris, K.M., Moore, J.L. 
(2014). The optimal number of surveys when detectability 

varies. PLoS One 9(12) 



 



Does it make a difference? 
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