Optimising occupancy models and detection probability for conservation monitoring in a forest-dwelling small mammal
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Abstract 

The ability to determine the survey effort required to detect species presence is critical for the conservation of populations in order to monitor changes in distribution or abundance, a challenge for rare and elusive species.  While designing an effective population survey may be of concern to scientists, it may also be a legal requirement for protected species. We analysed how spatial and temporal variation in sampling effort impacts detection probability in the hazel dormouse (Muscardinus avellanarius), a small mammal that naturally occurs at low density in forest habitat. We used presence and absence data from 144 sites in England, UK.  We found that detection probability was strongly affected by survey intensity, with a 37.5% increase in detection probability when sampling effort was increased from 16 to 50 nest tubes per site.  We also show that detection probability is highly temporally dependent; monitoring early in the year results in low detection probability (21%-53%; April-June), whilst detection dramatically increased later in the year (89%; September).  Our results suggest that variation in detection probability can be complex and influenced by effects at temporal and spatial scales, and by sampling effort. We show that sampling effort can be minimised depending on seasonal variation in detection probability, however this is likely to be species and method dependent.
Introduction
Understanding change in the abundance or distribution of species across heterogeneous and fragmented habitats is vital in order to effectively protect species at risk from anthropogenic activities and environmental change (Fischer and Lindenmayer, 2007).   This requires monitoring to identify trends in the presence or abundance of focal species at different temporal and spatial scales.  While many aspects of such conservation monitoring are influenced by the biological characteristics of focal species (Nicholson et al., 2013; Roberge and Angelstam, 2004), others are influenced purely by the sampling design being suited to answer a specific questions such as whether the species is present or whether the population size is changing (Joseph et al. 2006). While this appears straightforward, there is evidence that much conservation monitoring suffers from sampling design challenges, despite the imperative for success, perhaps arising from limitations in time or human and economic resources (Legg and Nagy, 2006; Lindenmayer et al., 2013).  In addition to delineating distribution and monitoring population change at different spatial scales, there is often a need for specific information at the local level.  Robust methods of detection are critical in ensuring that the presence of protected species is identified where proposed development or other human activities could have an adverse impact on their populations. Legislation may require mitigation where protected species are present and likely to suffer adverse impacts (e.g.,  Annex IV of the European Habitats Directive, 1992).  Thus, there is a general and widespread need to improve the relationship between sampling design methods and conservation monitoring.
Site occupancy survey methods are generally thought to be effective in ecological monitoring to detect the presence of species and to identify population change over time (Bailey et al., 2014).  A challenge however is that detection probability for rare or elusive species can be low, leading to site occupancy underestimation or a false conclusion that a species is absent (Storfer, 2003).   However, methods exist to account for imperfect detection and, using presence and absence data, occupancy modelling can be used to detect and monitor species of conservation concern (MacKenzie et al., 2003; Mackenzie and Royle, 2005).  Many studies have shown that detection probability varies among species respective of survey methodology, observer experience, habitat and time during the survey season (Bailey et al., 2004; Pellet and Schmidt, 2005; Petitot et al., 2014). There is also a substantial literature on study design for occupancy modelling (e.g., MacKenzie et al. 2002; Mackenzie & Royle 2005; Bailey et al. 2007).  However, sources of variation in detectability (e.g. during the breeding season or over a year) might be of special importance for species that are found in a variety of different habitats and are active in different seasons, especially if the pattern of activity may influence detectability (e.g. Barata et al. 2017).  Despite this, there are few studies that have investigated how detection probability based on survey intensity and duration can be used to optimise survey methodologies.  
Our study investigates how sampling effort and temporal variance of detection probability affects occupancy estimation in the hazel dormouse (Muscardinus avellanarius), a small mammal that occurs naturally at low density in forest habitat (Bright et al., 2006; Bright & Morris, 1996).  The hazel dormouse is legally protected across its range (Annex IV of the European Habitats Directive, 1992) and is considered to be a bioindicator of forest quality (Bright et al., 2006).  Thus, monitoring for dormouse presence is mandated for sites that may be subject to human disturbance, to inform potential mitigation.  This is challenging due to ecological characteristics such as low density, small size and nocturnal habits, but also because dormice hibernate for up to six months each year.  Nest tubes are accepted as a standard method for dormouse surveys (Bright et al., 2006; Chanin and Gubert, 2011). While nest tubes are relatively inexpensive and easy to deploy, using them on a large scale is laborious and continuous monitoring of known populations under conservation management is performed with nest box arrays and are time consuming to monitor, typically requiring multiple visits over a long period time (Bright et al., 2006).
Here, we aimed to evaluate the impact of survey effort and duration on the detection of dormouse presence to allow better allocation of survey effort and resources using nest tubes.  We used occupancy modelling surveys conducted across multiple sites in two regions of the UK where dormice are known to be present in order to estimate variation in detection and occupancy.  Specifically, we aimed to (i) Identify the most important determinants of detection; (ii) Compare detection sensitivity relative to survey intensity, and (iii) Estimate the effect of start time and duration for the detection of presence and absence in this species.  We discuss our results in the context of survey sampling design in a general framework, where there is a conservation imperative to detect presence but where time and resources may be limited.

Materials and Methods
Study system and sites
We used presence and absence data collected during monitoring surveys using nest tubes (6 x 6 x 25 cm), conducted in two regions of the UK, South-West England (Cornwall, Devon and Somerset) and East England (Suffolk and Essex).  In the South West region, 16 nest tubes were placed at 20m intervals at 117 sites in 2002.  In the Essex and Suffolk region 50 nest tubes were placed at 20m intervals at 27 sites in 2016.   At both study sites, nest tubes were located on horizontal branches and placed in April, were collected in November of the same year, and were checked for the presence of dormice once each month.  For both studies, it is assumed that there are no systematic spatial or temporal effects between the surveys that hinder direct comparison.  Within each study region the sites represented a range of typical dormouse habitat, including woodland, hedge and scrub with similar site characteristics and survey layouts of nest tubes.  Dormouse presence was identified by the presence of dormouse nests or dormice detected by trained observers.   A matrix of presence and absence data was coded from the surveys from each site for each month surveyed.

Modelling species occupancy
Hierarchical occupancy modelling was used to  estimate the proportion of occupied sites (ψ)and detection probability (p) for varying surveys consisting of 16 or 50 nest tubes using established methods (MacKenzie et al. 2002, 2003; Royle & Nichols, 2003; Royle & Dorazio, 2009).  This model assumes the population is closed, i.e. site occupancy is constant throughout the survey season in order to ascertain the probability of detection (MacKenzie et al., 2017).  In addition to the assumption of closure, the model also requires the assumption that all sites are independent from each other during the closed season to reduce the likelihood of overestimation of occupancy (Rota et al., 2009).  Dormice are known to have small home ranges and are unable to disperse distances greater than 500m over open ground (Büchner, 2008).  In this study distances between each site is greater than 1km with no connected woodland, thus we assume independence between each site.  
The detection probability (p) refers to the chance of an observer detecting the presence of a species and takes into account the error of false negative identification.  To identify whether temporal variation influenced detection probability we compared models with and without time (month) as a covariate.  In each model, we used a complete matrix of presence/absence data from each site, and the logit link was used to model detection probability.  We used corrected Akaike Information Criterion (AICc) to evaluate competing models according to methods described by Burnham & Anderson (2002).  We used R v3.4.3 (R Core Team, 2017) and the package Unmarked (Version 0.10-6; Fiske & Chandler 2011) for all analyses.
To explore the effect of sampling effort and duration, we calculated occupancy and detection probability as above for each month for differing survey durations, from 1-8 months, by systematically analysing data starting in each possible month (N=36 models).  We extrapolated the number of nest tubes required (Tr) in order to achieve, 0.8, 0.9 or 0.95 detection probability (pt) for each month, respectively.  We did this by calculating the difference in detection probability (D) between the surveys of different intensity (i.e., 16 or 50 nest tubes).   For this we assumed a linear relationship between survey intensity and detection probability for which there is a precedent (Petitot et al., 2014; Ransom, 2012).
                                                                       Tr= pt (p / D)
Using our estimates of monthly detection probabilities, we evaluated competing survey designs according to nest tube number (50 nest tubes), survey starting month, and duration.

Results
[bookmark: _GoBack]In the South West region dormice were recorded in 32 sites out of the 117 (27.4%) and in Essex and Suffolk they were recorded in 19 out of 27 sites (70.3%).  For both surveys, including time as a covariate was a superior model (Figure 1; Table 1).  Time-dependent detection probability was estimated for both studies (Table 2; Figure 1), with mean detection for 16 nest tubes estimated at 17.9% (SE +/- 2.9%) and for 50 nest tubes, 55.8% (SE +- 4.1%).   While the pattern of detection through time is similar for both studies, detection probability was significantly higher for 50 nest tubes at all time points, peaking at 89% (SE +/- 7%) in September (t=7.05, df=7, P<0.01).  The lowest detection probability was estimated in the month of April (16 tubes, 8% SE +/- 4%, 50 tubes, 21% SE +/- 9%).  Average detection probability over a single season increased by 37.9% when 50 nest tubes were used instead of 16.
Occupancy (occupancy refers to the predicted proportion of sites occupied, given the time-specific probability of detection) within the survey season for 16 nest tubes was estimated as 32.6% (SE =/- 5.5%); occupancy for 50 nest tubes was estimated at 70.4% (SE =/- 8.8%).   Average occupancy estimates increased 37.8% from 16 to 50 nest tubes.
 
Survey effort required to achieve a baseline of 95% detection
Based on the monthly probability of detection for 16 and 50 nest tubes, we extrapolated the sampling effort (number of nest tubes at each site) required to reach 80, 90 and 95% detection probability.  A model of sampling effort and predicted probability of detection (per sampling occasion) can be seen in Figure 2.   In the month of April, in order to achieve a 95% baseline 248 nest tubes are required, the preceding months this falls below 128 nest tubes in May with the lowest number of tubes required in September, 60.

Optimal survey start date and observation period number
Detection probability models were calculated for all combinations of starting month (April to November) and number of sampling occasions (from 1 to 7) to calculate the detection probability for surveys with a minimum 50 nest tubes (Table 3A).  The minimal survey effort we calculated that achieved a detection probability >95% were those carried out on exactly two survey occasions, beginning in August or September.  Other survey designs that achieved >95% detection probability were July start with 3 sampling occasions, May or June with 6 sampling occasions, and April with 7 sampling occasions.  Surveys beginning in October or November never achieved the 95% detection probability.  
To estimate the effect survey effort (due to the number of sampling tubes), we extrapolate the number of tubes required to achieve 95% detection for each combination of start month and duration of sampling (Table 3B).  The reason we did this was to explore the practical aspects of survey design, e.g. where surveys are subject to time or starting month restrictions that could be overcome with increasing sampling effort. We excluded one sampling occasion, as the single monthly survey detection probability was deemed insufficient and failed to reach a threshold of 95% for 50 nest tubes for all months (Table 1).  The largest number of tubes was required for surveys beginning in April (n=94), when surveying for 2 months.  When setting nest tubes at a minimum of 75, survey duration reduced in the months of April (n=4), May (n=3), June (n=2) to achieve a 95% threshold.  In the month of October, a survey period of 2 months would be sufficient to achieve this threshold if 55 nest tubes were used.

Discussion
We show that detection probability is significantly impacted by time and survey intensity in a target species of conservation concern.  Detection probability is likely to vary between species, habitat, and other factors, and adjusting sampling design in response to these variables is vital in order to detect the presence of species with precision and accuracy (Bailey et al., 2007).  In our study, the most prominent sources of variation in detection probability we observed during the survey season were temporal aspects of sampling design, whilst survey effort, in terms of the number of nest tubes placed, was also important. In spring, dormice are emerging from hibernation and beginning to forage in order to meet the energy requirements for breeding and our results suggest that hibernating species may be slow to colonise nest tubes. The highest probability of detection we observed was during the post-breeding months of August and September, consistent with previous findings indicating the preference for natural nesting sites during periods when nest tube usage is low, but also reflects the differences in dormouse activity throughout the year (Chanin and Woods, 2003).  Based on these findings, we suggest that specifically accounting for life history and behavioural variation in focal species of occupancy studies is perhaps the most important aspect of study design.
Detectability has been known to be influenced by observer expertise leading to species misidentification and heterogeneity amongst different observers, introducing bias to occupancy estimates and leading to inefficient sampling (Fitzpatrick et al., 2009; Royle and Link, 2006).  However, in order to conduct surveys in this species, observers must go through a rigorous government licencing process that should ensure competence and minimize data heterogeneity.  Thus, we assume observer bias is minimal in this study.  However, we suggest that these limitations should be explicitly considered in practical applications of monitoring study design for other species.
A major role of ecological monitoring is determining the presence or absence of species where proposed development could adversely affect them.  This includes surveying sites where habitat removal, clearing woodland or removing connective habitat (such as hedgerows) may be conducted.  When designing surveys there is a trade-off between the number of sampling occasions, the possible duration and the number of sites that must be surveyed.  As such, the ability to conduct statistical analyses that have the potential to better utilise wildlife monitoring programs can ensure resources for species monitoring are allocated economically and sufficiently whilst retaining statistical confidence in data collected.  
Conservation monitoring guidelines should be stipulated in order to maximise detectability while minimising practical effort (i.e., “reasonable effort” required under monitoring guidelines for the hazel dormouse).  In the UK, guidelines for dormouse mitigation surveys currently recommend a minimum of 50 nest tubes spaced 20 metres apart should be in place during the whole active season from April or May and checked regularly at least once per month (Chanin & Woods 2003; Bright et al. 2006; Chanin & Gubert 2011).  An index of probability is used, proportioning a score for each month April to November, requiring surveyors to reach a minimum score of 20 out of 25 to judge the presence or likely absence of dormice (see Bright et al. 2006).  Seasonal variation has been observed in nest box usage (Sanderson, 2004) and nest tubes (Chanin and Gubert, 2011), with higher use during May-June and September-October.  Such variation during the season is believed to indicate the preference for natural nesting sites during periods of low box usage (Morris et al., 1990), however this may be due to differences in dormouse activity during these months (Chanin and Gubert, 2011) impacting on the detectability of dormice during the season.  Our results suggest a minimum sampling effort and timing to detect the presence of dormice, and that this effort is significantly different from practical guidelines used to survey dormice currently (Bright et al., 2006). 

Conservation monitoring requires clear, data-informed guidelines in order to ensure economy.  However, this presents a range of financial and logistical challenges to ecological practitioners. Here we used an occupancy-modelling framework to analyse presence and absence data to outline how survey design and effort varies depending upon the survey start time and the duration.  The method of identifying optimal survey periods determination we used in this study provide a useful, yet simple tool for designing presence-absence surveys aimed at maximizing efficiency to detect species.  This can result in reduced logistical costs and survey effort for practitioners and higher success.  Our results suggest that failing to understand the impact of survey effort on detection could lead to underestimation of occupancy. Thus, while the identification of optimal survey periods is a general solution to problem in the study of wild populations, it is particularly important in rare or elusive species, we conclude it is of special usefulness for species of conservation concern. 
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Tables
Table 1. Model fit for 16 and 50 nest tubes with and without including time (the sequence of monthly visits) as a covariate to detection.

	
	model
	N parameters
	AIC
	ΔAIC

	50 Nest tubes
	
	
	
	

	With time
	p_t_psi_dot
	9
	233.56
	0

	Without time
	p_dot_psi_dot
	2
	245.34
	11.78

	
	
	
	
	

	  16 Nest tubes
	
	
	
	

	With time
	p_t_psi_dot
	9
	389.90
	0

	Without time
	p_dot_psi_dot
	2
	393.38
	3.48





Table 2. Detection probability mean and standard error (SE) estimates by month for each of the two locations.
	month
	mean 50 (SE)
	mean 16 (SE)

	Apr
	0.21 (0.09)
	0.08 (0.04)

	May
	0.53 (0.11)
	0.26 0.08)

	Jun
	0.42 (0.11)
	0.13 (0.06)

	Jul
	0.42 (0.11)
	0.08 (0.04)

	Aug
	0.68 (0.11)
	0.31 (0.08)

	Sep
	0.89 (0.07)
	0.31 (0.08)

	Oct
	0.68 (0.11)
	0.16 (0.06)

	Nov
	0.63 (0.11)
	0.13 (0.06



















Table 3 A) Average expected probability of detection as a function of i) sample start date and ii) number of sample occasions based on 50 nest tubes.   Each number in the table is an independent model estimate of detection probability (n=36 models in total).  Bold indicates survey methodology that reached 95% threshold for 50 nest tubes and brackets indicate standard error.   B) Number of tubes required to achieve 95% baseline detection probability.   Bold indicates survey methodology for the lowest number of nest tubes required to achieve a 95% probability.
A)
	
	
	Starting Month
Probability of detection (SE) for N = 50 tubes

	# sample
occasions
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov

	1
	0.21 
	0.53
	0.42 
	0.68
	0.89
	0.68
	0.63
	0.68

	2
	0.57 (0.158)
	0.74 (0.108)
	0.75 (0.121)
	0.82 0.103)
	0.95 (0.080)
	0.99 (0.066)
	0.92 0.061)
	

	3
	0.64 (0.095)
	0.78 (0.083)
	0.81 (0.068)
	0.99 (0.070)
	0.99 (0.058)
	0.99 (0.061)
	 
	 

	4
	0.66 (0.070)
	0.84 (0.060)
	0.87 (0.077)
	0.99 (0.051)
	0.99 (0.053)
	 
	 
	 

	5
	0.72 (0.060)
	0.90 (0.050)
	0.92 (0.051)
	0.99 (0.049)
	 
	 
	 
	 

	6
	0.82 (0.049)
	0.99 (0.046)
	0.99 (0.046)
	 
	 
	 
	 
	 

	7
	0.99 (0.044)
	0.99 (0.042)
	 
	 
	 
	 
	 
	 

	8
	0.99 (0.041)
	 
	 
	 
	 
	 
	 
	 




B)
	
	
	Starting Month
N tubes for P(Detection) = 95%

	# sample
occasions
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov

	
	
	
	
	
	
	
	
	

	2
	94
	82
	75
	63
	50
	50
	55
	 

	3
	82
	74
	72
	50
	50
	50
	 
	 

	4
	76
	70
	70
	50
	50
	 
	 
	 

	5
	72
	55
	55
	50
	 
	 
	 
	 

	6
	70
	50
	50
	 
	 
	 
	 
	 

	7
	50
	50
	 
	 
	 
	 
	 
	 

	8
	50
	 
	 
	 
	 
	 
	 
	 





Table 4. Recommended guidelines for n = 50 tubes, 95% detection, monthly checks 
	
	

	Survey start Date
	 Survey Duration (months)

	April
	7

	May
	6

	June
	6

	July
	3

	Aug
	2

	Sep
	2

	
	





















Figures


Figure 1. Detection probability as a function of time for all monthly surveys (per sampling date). Points are means, error bars are SE, horizontal solid lines are means flanked by dotted SE of overall detection ignoring time.
[image: ]



Figure 2. Predicted sampling effort, number of nest tubes required to achieve 80%, 90% or 95% detection probability (per sampling date).[image: ]
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