
Appendix 1.  Predictive ability of models using three different arrival definitions 

 

We ultimately used the first day we observed each species as the time of arrival in our analyses.  

However, before selecting this metric we compared the predictive ability of three definitions of 

arrival timing.  

 

First Detection: 

 

 “Arrival date is the first date on which the focal species is detected at a station”.  

 

This definition is the most widely used arrival estimator, (Lozano et al. 1996, Arvidsson and 

Neergaard 1991, Tryjanowski and Sparks 2001, Gordo et al. 2008, Hollander et al. 2012, Joos et 

al. 2014). Species arrival using first detection typically requires only a single observation of an 

individual on territory to confirm arrival. First detection however may describe the movement of 

aberrantly early migrants or reflect annual changes in population size resulting in a disconnect 

between arrival date and the behaviour of the population (Tryjanowski and Sparks 2001, 

Lehikoinen et al. 2004, Sparks et al. 2005). However, arrival defined by first detection generates 

estimates that correlate well with expected trends in reproductive success and territory quality 

(Smith and Moore 2005; Gunnarsson et al. 2006). In our comparison, arrival by first detection is 

the date on which the focal species is first detected at the station, given the species is not 

detected in the previous seven days.  

 

Three-consecutive:  

 

“Arrival date is the first date on which the focal species is detected at a station given subsequent 

detection of the species on the following two days”.  

 

The three-day consecutive arrival definition is used less frequently in the literature (Thériault et 

al. 2012). This method allows for settlement to stabilize and possibly reduces error. This method 

requires additional monitoring effort and may result in later arrival estimates if species are not 

easily detected. In this comparison, three-consecutive arrival date is defined as the first detection 

date of the species given the species is detected on at least two subsequent consecutive days and 

the species is not detected in the seven days before estimated first detection. When these criteria 

are not met, the arrival date is moved to the first date that satisfies the requirements. The initial 

first detection requires a non-detection period of seven previous days; however, if the date must 

be moved this requirement is nullified.  

 

Detection-gap  

 

“Arrival date is the first date on which the focal species is detected at a station given the absence 

of species-specific detection gaps in the following six subsequent days”. 

 



This novel definition attempts to reduce unnecessary sampling effort while also controlling the 

false negative rate. This definition identifies erroneous arrival dates using unexpected species-

specific detection gaps. Detection gaps were calculated using the detection history in a six-day 

settlement period following the first detection of a species at a station. First, an average daily 

detection probability for each species was calculated from the six-day detection history following 

first detection at all stations. This global value was calculated as total days the species is detected 

divided by the number of total sampling days. This value was then inverted, producing a species-

specific probability of non-detection. Consecutive days of non-detection, or gaps, were then 

assigned a probability which is the non-detection probability raised to the power of the number 

of days in the gap. This value decreases as the gap size grows representing the probability of the 

focal species remaining at the station through consecutive sampling days and remaining 

undetected. The length of the gap in days that is required to lower the probability of detection 

below 5% establishes the maximum length of the gap allowed. Therefore, stations where these 

gaps are not observed in the detection history are still expected to be occupied by the focal 

species. Under this definition, the first arrival date is the first day where the species is detected 

given there are no species-specific detection gaps within the subsequent six days and the species 

is not detected in the seven days before the estimated first detection. When these criteria are not 

met, the arrival date is moved to the first date that satisfies the requirements. The initial first 

detection requires a non-detection period of seven previous days; however, if the date must be 

moved this requirement is nullified.   

                                                     

Latitude is expected to be strongly related to migrant arrival (Sparks et al. 2005). Therefore, any 

reasonable definition of arrival should produce values that can be predicted by latitude. We used 

linear regression to model how latitude influenced arrival time and the significance of the 

predictor (α = 0.05). Raw arrival dates were converted to ordinal date (1 January = 1) in Rstudio 

before inclusion in analysis (R package ‘lubridate’ version 1.7.4; Spinu et al. 2018, RStudio 

Team 2020). 

 

Modelling migrant arrival time from such a large spatial range makes validation of true arrival 

time logistically unfeasible. Instead, we assessed model fit using a combination of modelled 

adjusted r2 and estimate standard error. Three-consecutive and detection-gap arrival definitions 

permit the moving of the arrival date; however, there are instances where the required criteria 

will produce unrealistically delayed arrival estimates. Stations where arrival could not be 

estimated between May 1st and June 15th following any one of the arrival definitions were 

removed from the analysis so sample sizes remained consistent between all three definitions. All 

analyses were conducted using R Statistical Environment (RStudio Team 2020). 

 

Of 144 species-station-arrivals, we could estimate the arrival using all three methods for 142 

stations with one Tennessee Warbler station removed and one Ovenbird station removed. 

Removed stations were the result of applying the three-consecutive and detection gap definitions 

respectively. Our detection-gap method calculated maximum allowed gaps of 2 days for 

Ovenbird and Yellow-rumped Warbler, and 3 days for Tennessee Warbler. Arrival defined by 

first detection produces estimates with the lowest standard error across all species (Table A1.1). 



This definition also explained the most variation for Tennessee Warblers and Yellow-rumped 

Warblers but explained 3% less than the detections derived from the detection-gap definition for 

Ovenbird arrivals.  The three-consecutive definition performed the worst of all three definitions 

producing estimates with high error and relatively small explanatory power. Detection-gap 

performed well for Ovenbird and Yellow-rumped Warblers but had the lowest adjusted r2 for 

Tennessee Warbler across the three definitions. Modelled latitude effects were similar between 

definitions for all focal species (Figure A1.1). Latitude was a significant predictor of migrant 

arrival in 8 of 9 species-method combinations and was only non-significant when applying the 

three-consecutive method to Tennessee Warbler. 

 

Our comparison suggests that the choice in arrival definition is relatively trivial as effect size and 

predictive value for latitude effects was similar across definitions. Thus, the choice in definition 

should be focused more so on the efficiency of data collection rather than the method. Date of 

first detection is commonly used and our results suggests provides accurate data with the least 

effort. However, this comparison should be repeated on a smaller scale in other areas before 

these conclusions are broadly accepted.  

 

Table A1.1. Summary statistics of fitted models. All arrival definitions produce similar latitude 

predictions across all focal species (Arr.def: FD - first detection; DG - detection-gap method; 

3Con - three-consecutive method). First detection produced the smallest errors of the estimate 

(+/- SE) and RSE across all species and explained the most latitude variance for Tennessee and 

Yellow-rumped Warblers. Latitude was a significant predictor of migrant arrival in 8 of 9 

species-method combinations.  

 

Species Arr. 

def 

Intercept 

 (+/- SE) 

Latitude 

 (+/- SE) 

F df RSE Adj.R2 p-value 

(Lat) 

Ovenbird         

 FD 84.96+/-16.96 0.92+/-0.30 9.64 45 3.441 0.158 0.003 

 DG 76.27+/-18.08 1.09+/-0.32 11.71 45 3.669 0.189 0.001 

 3Con 76.17+/-23.44 1.11+/-0.41 7.256 45 4.755 0.120 0.009 

Tennessee 

Warbler 

        

 FD 97.54+/-18.28 0.81+/-0.32 6.311 45 3.602 0.104 0.016 

 DG 83.12+/-24.74 1.07+/-0.43 6.103 45 4.874 0.010 0.017 



 3Con 104.7+/-31.84 0.73+/-0.56 1.693 45 6.271 0.015 0.200 

Yellow-

rumped 

Warbler 

        

 FD 72.69+/-17.23 0.98+/-0.30 10.58 46 3.567 0.169 0.002 

 DG 71.22+/-18.07 1.01+/-0.32 10.16 46 3.741 0.163 0.002 

 3Con 74.39+/-20.35 0.97+/-0.36 7.451 46 4.212 0.121 0.008 

Figure A1.1. Latitude effect under different arrival definitions. Similar latitude responses are 

predicted using each of the three arrival definitions (black line: first detection, green line: 

detection-gap method, blue line: three-consecutive method). No difference in method 

effectiveness is observed for any of the focal species. Dashed lines represent 95% confidence 

intervals of the estimate. 

 

 


