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Abstract 

Population monitoring traditionally relies on population counts, accounting or not for the 

issue of detectability. However, this approach does not permit to go into details on 

demographic processes. Therefore, Capture-Recapture (CR) surveys have become popular 

tools for scientists and practitioners willing to measure survival response to environmental 30 

change or conservation actions. However, CR surveys are expensive and their design is often 

driven by the available resources, without estimation about the level of precision they provide 

for detecting changes in survival, despite optimising resource allocation in wildlife 

monitoring is increasingly important. Investigating how CR surveys could be optimised by 

manipulating resource allocation among different design components is therefore critically 35 

needed. We have conducted a simulation experiment exploring the statistical power of a wide 

range of CR survey designs to detect changes in the survival rate of birds. CR surveys differ 

in terms of number of breeding pairs monitored, number of offspring and adults marked, 

resighting effort and survey duration. We compared open-nest (ON) and nest-box (NB) 

monitoring types, using medium- and long-lived model species. Increasing survey duration 40 

and number of pairs monitored increased statistical power. Long survey duration can provide 

accurate estimations for long-lived birds even for small population size (15 pairs). A cost-

benefit analysis revealed that for long-lived ON species, ringing as many chicks as possible 

appears as the most effective survey component, unless a technique for capturing breeding 

birds at low cost is available to compensate for reduced local recruitment. For medium-lived 45 

NB species, focusing the NB rounds at a period that maximises the chance to capture breeding 

females inside nest-boxes is more rewarding than ringing all chicks. We show that integrating 

economic costs is crucial when designing CR surveys and discuss ways to improve efficiency 

by reducing duration to a time scale compatible with management and conservation issues.



3 

 

1. Introduction 50 
Studies aiming at detecting the response of wild populations to environmental stochasticity, 

anthropogenic threats or management actions (e.g. harvest, control or conservation), 

traditionally rely on the monitoring of population counts. Such data, however, suffers from a 

variable detectability of individuals that can alter the reliability of inferred temporal trends 

(Williams et al. 2002). Methods have been developed to account for the issue of detectability, 55 

based on the measure of the observer-animal distance (Distance Sampling; Buckland et al. 

2001) or on multiple surveys (hierarchical modeling, Royle and Dorazio 2008). Still, 

population size being the result of a balance between survival, recruitment, emigration and 

immigration, inferring population status from counts, whatever detectability is accounted for 

or not, may impair the assignment of the demographic status of a population (source vs. sink; 60 

Furrer and Pasinelli 2016, Weegman et al. 2016).  

Surveys that consist of capturing, marking with permanent tags, releasing and then 

recapturing wild animals (i.e. capture-recapture surveys, hereafter CR surveys), to gather 

longitudinal data and hence derive survival rates while accounting for imperfect detection 

(Lebreton et al. 1992), have become highly popular tools in both applied and evolutionary 65 

ecology (Clutton-Brock and Sheldon 2010). Opting for a mechanistic instead of a 

phenomenological approach has indeed proved to be particularly informative for identifying 

the response of a population to any perturbation, and ultimately allows to pinpoint the 

appropriate management strategy. Over the last decade, an increasing number of practitioners 

have set up CR surveys with the aim of quantifying survival variation in response to i) 70 

changing environment such as climate or habitat loss (Grosbois et al. 2008), ii) hunting 

(Sandercock et al. 2011), iii) other anthropogenic mortality causes (e.g. collision with 

infrastructures; Chevallier et al. 2015), and iv) the implementation of 

management/conservation actions (Lindberg 2012, Koons et al. 2013, review in Frederiksen 

et al. 2014). In all these contexts, the estimation of survival, and its temporal variation, is 75 

particularly informative for building effective evidence-based conservation (Sutherland et al. 

2004). As an example, the high adult mortality due to electrocution in an Eagle owl Bubo 

bubo population of the Swiss Alps, as revealed by a CR survey, would have not been detected 

if the survey was solely based on population counts, that remained stable over 20 years 

(Schaub et al. 2010).  80 

The effectiveness of a CR survey to detect and explain changes in survival rates over time 

depends on the levels of field effort dedicated to several survey components: i) the size of the 

sample population, ii) the proportion of offspring and adults marked, iii) the 

recapture/resighting rate of previously marked individuals and iv) the number of surveying 

years (or survey duration; Yoccoz et al. 2001, Williams et al. 2002). In a conservation context, 85 

considering only the usual trade-off between the number of marked individuals and the 

number of surveyed years is of little help when designing a CR survey. Indeed, practitioners 

need to know as soon as possible whether survival is affected by a potential threat or has 

alternatively benefited from a management action. Implementing CR surveys is however 

particularly costly in terms of financial and human resources, as it requires skilled 90 

fieldworkers over an extensive time period. Therefore, most surveys are actually designed 

according to the level of available resources only, and without any projection about the 

precision they provide for estimating survival and the statistical power they obtain for 

detecting survival variability.  

The life-history characteristics (e.g. survival and recruitment rates) of the study species 95 

largely determine which of the different components of a CR survey will provide the most 

valuable data. For instance, low recruitment of locally-born individuals (due to high juvenile 

mortality rate and/or high emigration rates) limits the proportion of individuals marked as 

juveniles recruited in the local population. In such a case, we expect that reducing the effort 
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dedicated to mark offspring in favour of marking and resighting breeding individuals would 100 

improve survey efficiency. Therefore, manipulating both sampling effort and sampling design 

offer opportunities to optimise CR surveys. A few attempts have been made to improve the 

effectiveness of CR according to species’ life-histories, though most of them remain species-

specific (Devineau et al. 2006, Williams and Thomas 2009, Chambert et al. 2012, Lindberg 

2012, Lahoz-Monfort et al. 2014). Moreover, improving CR surveys in regards to the 105 

precision of survival estimates constitutes only one side of the coin and yet, the quantification 

of economic costs in the optimisation process is currently lacking. Assessing costs and 

benefits is therefore critical if we are to provide cost-effective guidelines for designing CR 

surveys. This optimisation approach is increasingly considered as an important step forward 

for improving the robustness of inferences in different contexts such as for population surveys 110 

(Moore and McCarthy 2016) or environmental DNA sampling (Smart et al. 2016). 

Here we offer a simulation experiment investigating the relative efficiency of a wide array 

of CR survey designs in terms of statistical power to detect a change in survival rates. 

Alongside the usual how many and how long considerations, we focused our simulations on 

the how to and what to monitor. We further balanced the statistical benefit of each survey 115 

component with human/financial costs, derived from actual monitoring schemes. Our aim was 

to provide cost-effective guidelines for the onset of new CR surveys and the improvement of 

existing ones. Although our work was primarily based on the monitoring of bird populations, 

we discussed how this approach can be applied to improve the monitoring of other taxa. 

 120 

 

2. Material and methods 

2.1. Bird monitoring types and model species 

Our simulation experiment encompassed the two most common types of bird monitoring 

when applied on two different life-history strategies: long-lived and open-nesting species with 125 

high but delayed local recruitment vs. medium-lived and cavity-nesting species with rapid but 

low recruitment of locally-born individuals. These two types of monitoring are representative 

of what practitioners come across in the field and further largely determine the nature of the 

survey and the level of resources needed. Moreover, another prerequisite of our simulations 

was to ensure the availability of both detailed demographic data on the model species together 130 

with a precise estimation of the human and financial costs entailed by the monitoring. 

In open-nesting (ON) surveys, chicks are typically ringed at the nest before fledging with a 

combination of coloured rings or a large engraved plastic ring with a simple alphanumeric 

code, in addition to conventional metal rings. Resightings can then be obtained without 

recapturing the birds using binoculars or telescopes. The identification of breeding birds is 135 

typically obtained when monitoring breeding success. For our model species for ON 

monitoring, we combined life-history and survey characteristics of two long-lived diurnal 

raptors, the Bonelli’s eagle Aquila fasciata and the Egyptian vulture Neophron percnopterus 

(Lieury et al. 2015, 2016). Monitoring typically consists of repeated visits of known territories 

during the breeding season for checking whether breeding occurs and the identity of breeding 140 

birds, and eventually ringing chicks. Breeding birds are difficult to capture, therefore limiting 

the number of newly marked breeders each year, although additional trapping effort can be 

deployed (adults are occasionally trapped, for fitting birds with GPS). Such captures are 

however highly time-consuming as it requires monitoring several pre-baiting feeding stations. 

The second, highly common, monitoring type concerns cavity-nesting birds, whose 145 

surveys typically involve artificial nest-boxes (NB thereafter). All NBs are checked at least 

once a year, and additional visits concentrate on the restricted set of occupied NBs for 

ringing/recapturing both chicks and breeding birds. For building simulations on the NB type 

of monitoring, we combined information on life-history and survey characteristics from two 
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medium-lived nocturnal raptors, the barn owl Tyto alba (Altwegg et al. 2007) and the little 150 

owl Athene noctua  (OH & AM, unpub. data). These two species are known to prefer NB over 

natural or semi-natural cavities. NB monitoring typically consists of repeated visits of NB 

during the breeding season for checking whether breeding occurs, catching breeding females 

in NB and eventually ringing chicks.  Breeding females are usually relatively easy to catch, 

thus allowing many newly marked adults to enter the CR dataset each year, in contrast to ON. 155 

Breeding males are typically more difficult to capture than females and require alternative, 

time-consuming, types of trapping (Millon et al. 2010).  

For the two types of monitoring, the resighting probability of non-breeding individuals 

(hereafter floaters) is low as such individuals are not attached to a spatially restricted nesting 

area. Life-cycle graphs and values of demographic parameters are given in the appendix 160 

(Table S1; Fig. S1).  
 

 

2.2. Definition of the main components of CR surveys 

We designed a set of surveys for both types of monitoring by varying the level of effort 165 

dedicated to four main components (Fig. S2): 

1. Survey duration: For each type of monitoring, we set two different durations 

corresponding to 1-2 and 3-4 generations of the model species (i.e. 10/20 years and 

5/10 years for long- and medium-lived species respectively).  

2. Number of breeding pairs surveyed: The number of pairs available for monitoring 170 

is usually lower in ON monitoring of long-lived species (with larger home-range) 

compared to NB monitoring of medium-lived species. Number of breeding pairs 

varied between 15-75 and 25-100 for ON and NB monitoring respectively. 

3. Proportion of monitored nests in which chicks are ringed: This proportion was 

made to vary from 25 to 100% for both types of monitoring.  175 

4. Proportion of breeders (re)captured/resighted: This proportion was set at three 

different levels (0.50, 0.65, 0.80). For ON monitoring, breeding birds are not 

physically caught but resighted at distance. However, we evaluated the added value 

of a monitoring option which consists of capturing and ringing unmarked breeding 

adults so as to compensate for the absence of ringed adults during the early years of 180 

the survey, due to delayed recruitment in long-lived species (five adults caught 

every year during the first five years of the survey). 

In order to reduce the number of computer-intensive simulations, we removed survey 

designs unlikely to be encountered in the field (e.g. only 25% of nests in which chicks are 

ringed when 25 breeding pairs are monitored for NB). Overall, a total of 132 and 66 sampling 185 

designs were built for ON and NB monitoring respectively (Fig. S2).   

 

2.3. Simulating time-series of demographic rates and CR histories 

The relevance of each sampling design was assessed from 3500 simulated CR datasets. As we 

were interested in exploring the ability of different sampling designs to detect changes in 190 

survival, each CR dataset was generated from a survival time-series that incorporated a 

progressive increase in survival, mimicking the effect of conservation actions. Note here that 

simulating a decrease in survival would have led to similar results. The slope of the 

conservation effect was scaled in an additive way among ages and/or territorial status 

according to empirical estimates from populations having benefited from conservation plans 195 

(adult survival rate increased from 0.77 to 0.88 for Bonelli's eagle, Chevalier et al. 2015; from 

0.84 to 0.93 for Egyptian vulture, Lieury et al. 2015). This increase in survival rate 

corresponds to an increase of approximately 1.0 on the logit scale. We simulated a gradual 

implementation of the conservation action over the years (3 and 7 years for medium- and 
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long-lived species respectively) that resulted in an increase of e.g. adult survival from 0.37 to 200 

0.61 and from 0.81 to 0.92 for medium- and long-lived species respectively (Fig. S3). We 

checked the range of survival rates obtained for medium-lived species fell within the temporal 

variation observed in the barn owl (Altwegg et al. 2007). For each simulated CR dataset, we 

added random environmental variations around average survival to match variation observe in 

specific studies (standard deviation constant across ages on logit scale: 0.072 for ON long-205 

lived species, Lieury et al. 2015; 0.36 for NB medium-lived species, Altwegg, Schaub & 

Roulin 2007). Individual CR histories were thus simulated based on survival trends (plus 

environmental noise) and according to the defined life-history stages (see online 

supplementary material for the detailed simulation procedure). 

 210 

2.4. CR analyses and contributions to statistical power 

We analysed each simulated CR dataset using a multi-state (breeder, floater) CR model for 

ON monitoring and a single-state model for NB monitoring (detailed structures shown in Fig. 

S1, Table S1). We then ran three models with survival i) constant   , ii) varying over years    

and iii) linearly related to the conservation action      . We used ANODEV as a measure of 215 

the conservation effect on survival variation, as recommended by Grosbois et al. (2008). This 

statistic ensures a proper estimation of the effect of a temporal covariate whatever the level of 

the residual process variance. The ANODEV, follows a Fisher-Snedecor distribution, and was 

calculated as: 

       
                               

                             
 

where     and   are, respectively, the deviance and the number of parameters of the models 220 

(Skalski et al. 1993). As a measure of the statistical power to detect a change in survival rate, 

we counted the number of simulations in which the ANODEV was significant. Given the 

limited number of years typically available in a conservation context, we chose an  -level = 

0.2 to favour statistical power, at the expense of inflated probability of type I error (Yoccoz 

1991, Grosbois et al. 2008). A specific CR survey was considered efficient when the 225 

proportion of significant ANODEV exceeded a threshold of 0.7 (Cohen 1988).  

For each design, we calculated the relative increase in power by dividing the difference 

between the power of a given sampling design and the minimum power across all scenarios, 

by the difference between the maximum and minimum power across all scenarios. This ratio, 

power, was used as a response variable in a linear model to quantify the effect of three 230 

explanatory variables: i) the proportion of monitored nests in which chicks are ringed, ii) the 

proportion of breeders (re)captured/resighted and iii) whether adult breeders were caught (in 

ON survey only). The survey duration and the number of surveyed nests were fixed. As 

explanatory variables explained 100% of the variance of power, coefficients of the linear 

model sum to 1. Therefore, coefficients can be interpreted as the relative contribution of each 235 

design component to the increase in statistical power. 

 
2.5. Calculating the cost of CR surveys 

Human and financial costs of each design were derived from our own field experiences. Costs 

included the number of working-days required to monitor a territorial pair (resighting for ON, 240 

capture/recapture for NB), to ring chicks and capture territorial breeders (for ON only). For 

both types of monitoring, these costs were multiplied by the number of breeding pairs 

surveyed, the number of monitored nests in which chicks are ringed and the total number of 

breeders caught. The specific case of the resighting of breeders in the ON monitoring required 

knowing the distribution of working-days used to check whether a given breeder was ringed 245 

and to identify it (Fig. S4). Indeed, since all territorial birds were not ringed, some 

observations did not provide information for the CR dataset. To account for this issue, we 
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recorded from simulated demography the annual proportion of ringed breeders in the 

population and the number of observations. Then we calculated the costs of all bird 

observations, ringed or not, by sampling the number of working-days in the observed 250 

distribution of working-days (mean = 3.7 ± 3.3 per bird, Fig. S3). Finally, we converted the 

total number of working-days required for each simulation into financial cost in euros, 

according to the average wage of conservation practitioners in France, assuming no volunteer-

based work and accounting for travel fees and supplementary materials (e.g. binocular, traps). 

Note that we are interested in the relative, not absolute, cost of survey designs. Finally, as for 255 

statistical power, we calculated the relative contribution of the different components of a 

survey design to the increase of the total cost by performing a linear model with costs 

(calculated as power) as the response variable. 

Finally, we calculated cost-effective contributions of each design component, by dividing 

the relative contribution in statistical power increase by the relative contribution in cost 260 

increase. This allowed us to specifically assess in which component one should preferentially 

invest to increase CR survey efficiency. 

All simulations and analyses were run with R 3.1.2 (R Core Team 2014). We used RMark 

(Laake 2013) package calling program MARK (Cooch and White 2015) from R for CR 

analyses. We provided all R scripts as supplementary information (Appendices S2-S5). 265 

 

3. Results 

3.1. Survey components affecting the power to detect a change in survival for Open-

Nesting monitoring 

The survey duration and the number of nests surveyed were identified as the two major 270 

components for improving the ability of CR surveys in detecting a change in survival rates 

(Fig. 1). All long-duration surveys reached the power threshold, whereas the majority of 

short-duration surveys did not (44/66).  

The capture of five territorial birds each year during the five first years greatly increased 

the effectiveness of CR surveys (Fig. 1). This component actually compensated for the 275 

absence of ringed territorial birds in the early years, a consequence of delayed recruitment in 

long-lived species. Most survey designs lacking the initial capture of territorial birds (27/33) 

failed to reach the power threshold in short-duration surveys. However, the benefit in terms of 

statistical power of this component diminished as i) the survey duration increased from 10 to 

20 years and ii) the number of breeding pairs monitored increased. For example, when 25 280 

breeding pairs were monitored, a survey involving the initial capture of territorial birds and 

50% of nests with chicks ringed, was more efficient than a survey involving 100% of nests 

with chicks ringed but no territorial bird caught. Similarly, initial captures of territorial birds 

were more valuable than increasing the proportion of breeders resighted, although this effect 

tended to vanish as the survey duration and/or the number of surveyed nests increased. These 285 

interactions arose from the fact that we considered an absolute number of captures, and not a 

fixed proportion among the birds monitored. The smaller the number of breeding pairs 

surveyed and the shorter the survey duration, the more valuable became the initial capture of 

territorial breeders. Interestingly enough, monitoring as few as 15 pairs might provide a 

satisfactory statistical power, understanding that study has been conducted over 20 years (Fig. 290 

1). 

 

3.2. Survey components affecting the power to detect a change in survival for Nest-Box 

monitoring 

The important environmental random variation implemented in the simulations (≥ to 295 

conservation effect) produced a noisy relationship between statistical power and the level of 

effort dedicated to the different survey components (Fig. 2a,b). Indeed, survival of medium-
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lived species suffer from a high level of residual temporal variation, compared to long-lived 

species, which reduces statistical power. A solution to this issue might be found in the 

addition of relevant environmental covariates (e.g. prey abundance, climate indices) into CR 300 

models, to increase the ability of analyses to detect the genuine effect of conservation actions 

(Grosbois et al. 2008). 

Trends can nevertheless be extracted and we provided an additional figure without 

environmental variation to ascertain these inferences (Fig. 2c,d). First, while the majority of 

long-duration survey reached the statistical power threshold (24/33), no sampling design did 305 

so in short-duration survey. Second, monitoring 25 pairs provided little statistical power 

whatever the survey duration and the level of effort dedicated to other components. Overall, 

the proportion of nests in which chicks were ringed had virtually no effect, partly because this 

component increases the proportion in the CR dataset of young birds subject to higher 

environmental stochasticity than adults. The number of nest-boxes monitored increased 310 

statistical power and the threshold was reached for long-term survey designs including 50 

nest-boxes monitored and an intermediate effort dedicated to the capture of breeding birds. 

The proportion of breeding birds caught appeared as the most effective component of NB 

surveys for medium-lived birds. This is essentially due to the fact that capturing breeding 

birds allowed ringing a large number of new birds, therefore enriching the CR dataset and 315 

compensating for the low recruitment rates of individuals ringed as chicks. It appeared more 

effective to increase the effort in terms of proportion of breeding birds caught (from 0.5 to 

0.8), than increasing the number of pairs surveyed by 25, especially for short-duration 

surveys.  

3.3. Cost of CR surveys 320 

The number of working-days represented 97 and 88% of the total financial cost of CR surveys 

for ON and NB monitoring respectively. Due to the multiple visits needed to monitor breeding 

success, the number of nests surveyed contributed the most to the cost of CR surveys in both 

types of monitoring (Fig. 3). Survey duration also largely contributed to the overall costs, by 

multiplying this expense over the number of years (Fig. S5). In contrast, improving the 325 

recapture/resighting probability of breeders only marginally increased the survey cost. With 

all other things being equal, the capture of territorial birds in ON monitoring was more costly 

than improving the proportion of territorial birds resighted or increasing the proportion of 

chicks ringed. For NB monitoring, increasing the proportion of chicks ringed was more costly 

than improving the recapture probability of breeders. This discrepancy between monitoring 330 

can be explained by the cost difference for a same component (Table S2): capturing a breeder 

in ON monitoring was much more expensive than ringing chicks (15 vs. 2 working-days), 

compared to NB monitoring (25 vs. 40 min). 

 

3.4. The identification of cost-effective surveys 335 

The most efficient CR surveys were those that surveyed small numbers of nests but over long 

durations. However, these durations generally exceeded the timescale of management 

planning and did not represent an effective way to quickly adapt conservation actions in 

response to a threat affecting survival. Therefore, we have chosen here to focus on short-

duration surveys to identify the key design components providing the highest added value.  340 

For ON monitoring conducted on 50 breeding pairs of a long-lived species, the most 

important contribution to the increase in statistical power came from the initial capture of 

breeding birds (29%) but increasing the proportion of nests in which chicks are ringed proved 

also to be efficient (57% cumulated gain when passing from 25 to 100% of ringed chicks; Fig. 

4a). Surprisingly, increasing the proportion of resighted territorial birds provided only limited 345 

gain of power (14%). The contribution of these different components to the overall survey 

cost was highly heterogeneous with the capture of territorial breeders being particularly 
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expensive (58%), whereas ringing chicks was cheap (14%; Fig. 4b). When balancing costs 

and benefits, it turned out than investing in the ringing of the chicks was the most rewarding 

option (Fig. 4c).  350 

For NB monitoring conducted on 75 breeding pairs of a medium-lived species, the major 

contribution to the increase in statistical power was achieved through the proportion of 

breeding adults caught (97% cumulative gain), with the proportion of chicks ringed providing 

only little added value (3%). This trend was reinforced when considering cost contributions, 

such that the proportion of breeding adults caught was unambiguously pointed out as the most 355 

rewarding component of a NB sampling design (Fig. 5d,e,f).  

 

4. Discussion 

We offered a methodological framework for exploring the relative efficiency of alternative 

survey designs to detect a change in survival, a key demographic parameter widely used by 360 

scientists and practitioners for monitoring animal populations. The set of sampling designs (N 

= 198) encompass the most common types of monitoring dedicated to the demographic study 

of birds by capture-recapture (nest-box and open-nest) and applied on medium- or long-lived 

species. More importantly, we conducted a cost-benefit analysis balancing the increase in 

statistical power with costs in working-days, entailed by the four main components of CR 365 

surveys (survey duration, number of breeding pairs surveyed, proportion of monitored nests in 

which chicks are ringed and proportion of breeders (re)captured/resighted). For long-lived 

open-nesting species, increasing the proportion of chicks ringed is the most valuable option 

once the survey duration was fixed to a conservation-relevant timescale. In contrast, for 

medium-lived species monitored in nest-boxes, dedicating resources to increase the 370 

proportion of breeding adults caught reduces the number of pairs monitored necessary to 

reach an adequate statistical power in short-duration surveys. 

Our simulation experiment pointed out that extended survey durations (over 3-4 generation 

time) and/or high numbers of monitored breeding pairs (50-75) were often necessary to allow 

the detection of a change in survival. This is however problematic, as long-duration surveys 375 

exceed the timescale of management planning and is unsatisfactorily regarding the 

implementation of conservation actions (Yoccoz et al. 2001). Moreover, practitioners dealing 

with species of conservation concern have to do the best of limited resources. Thus, the 

answers to the classical questions how long and how many are highly constrained in a 

management context. On the one hand, practitioners need an answer as soon as possible, so as 380 

to ensure the success of the management action while limiting costs. On the other hand, the 

number of breeding pairs monitored is either dictated by the total number of pairs available 

when studying restricted populations or by the level of human/financial resources available. 

Overall, we believe that the questions how to and what to monitor can provide a significant 

added value to the design of monitoring schemes in a conservation/management context. 385 

Below we discuss several ways to overcome issues regarding monitoring design, in link with 

monitoring type and species life-history.  

 

4.1. On the relevance of ringing 100% of the offspring monitored 

Based on our own experience, the ability of practitioners/scientists to ring all the monitored 390 

chicks is a common quality control of CR surveys. Here we challenge this view as our 

simulation results showed that the validity of this ‘gold standard’ depends on the species’ life-

history. For long-lived species, with high recruitment of locally-born individuals, this surely 

constitutes a pertinent option given the low cost of this component. For species with lower 

local recruitment rates such as medium-lived species however, our results showed that 395 

investing in the capture of breeding adults, instead of seeking for an exhaustive ringing of 

chicks, is more efficient. Specifically, this strategy would consist of increasing the number of 
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nest-box’s rounds when breeding adults are most likely to be caught, at the expense of rounds 

dedicated to the ringing of the last broods. 

It can be argued, however, that this strategy may reduce our ability to estimate juvenile 400 

survival. The population growth rate of short- and medium-lived species is theoretically more 

sensitive to juvenile than adult survival (e.g. Altwegg et al. 2007), although the actual 

contribution of different demographic traits to population dynamics may differ from 

theoretical expectations (e.g. Hunter et al. 2010). Therefore, it could be of prime importance 

to avoid CR surveys that fail in providing reliable estimates of juvenile survival for such 405 

species. Estimating juvenile survival however remains problematic (Gilroy et al. 2012). 

Indeed, standard CR surveys allow the estimation of apparent survival, i.e. the product 

between true survival and the probability of recruiting in the study area, the latter being often 

weak for juveniles. For NB-breeding species, apparent survival is further affected by the 

probability of breeding in a nest-box, and not in a natural cavity where birds are typically out-410 

of-reach. Therefore, juvenile survival cannot be compared among study areas that differ by 

the proportion of pairs occupying nest-boxes, the latter being usually unknown. Overall, we 

suggest that the monitoring of new recruitment in NB survey, achieved by the capture of 

breeding birds, may significantly contribute to the comprehension of population dynamics in 

absence of reliable data on juvenile survival (Karell et al. 2009). 415 

 

4.2. Capturing breeding adults: the panacea? 

For both ON long-lived species and NB medium-lived species, the capture of breeding adults 

greatly improved the probability to detect a change in survival rates. Delayed recruitment in 

long-lived species is a major constraint to CR survey, and especially for species in which the 420 

probability to observe non-breeding birds is low. Our simulations showed that capturing some 

adults in the initial years greatly improved the ability of short-duration surveys to reach a 

satisfactory statistical power. However, the costs associated to this component vary across 

species and can severely reduce its effectiveness. For instance in large ON raptors, this entails 

prohibitive costs as it requires the mobilisation of numerous and highly-skilled people over a 425 

long time period. Alternative indirect techniques may however be implemented to reduce the 

costs of capturing adults (see below). 

In contrast, capturing breeding birds in nest-boxes is relatively easy and cheap and only 

requires the knowledge of the breeding phenology. Females can be caught during late 

incubation or when brooding chicks and therefore provide highly valuable CR data. This is 430 

especially true when considering medium-lived species in which local recruitment rate is low.  

 

4.3. Implementation and future directions 

If we are to reliably inform management on a reasonably short time-scale, CR surveys 

maximising statistical power should be favoured. Unfortunately, such surveys often include 435 

costly components such as capturing breeding individuals in ON long-lived species. Our 

simulations included standard CR techniques and alternative methods may be achievable to 

decrease the cost of the more effective but less efficient design components. For instance, 

collecting biological materials to implement identification of individuals through DNA 

analyses might provide valuable data for ON long-lived species (Marucco et al. 2009, Bulut et 440 

al. 2016, Woodruff et al. 2016). Feathers of breeding birds can be searched for when nests are 

visited for ringing chicks. Providing that specific microsatellite markers are already available, 

genetic CR data can be gathered at low costs (30-50 € per sample). Alternatively, RFID 

microchips embedded in plastic rings may also reduce the cost of recapture by recording the 

ID of the parents when visiting the nests for both ON and NB (e.g. Ezard, Becker & Coulson 445 

2006). Reducing costs entailed by the number of nests surveyed, or the proportion of nest in 
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which chicks are ringed, may be further achieved by optimising travelling costs as proposed 

by Moore and McCarthy (2016). 

Here we took advantage of data-rich study models to set our simulations. Many species of 

conservation concern may lack such data but values for demographic traits can be gathered 450 

from the literature on species with similar life history characteristics. Furthermore, the effect 

size of the conservation effect can be set according to the extent of temporal variation in 

survival, as we did for the NB example. Because we did not have other systems combining a 

field-derived knowledge of both demographic parameters and survey costs available, we did 

not perform a full factorial treatment between life-history strategies and monitoring types. We 455 

believe, however, that our simulation framework enabled one to derive generic statements on 

the way CR surveys should be designed, partly because the relative, not absolute, costs 

between the different components are likely to be similar whatever the species considered. 

Our conclusions regarding the NB monitoring are largely insensitive to the type of life-

history, as the capture of breeding adults remain feasible at low cost for species with either 460 

shorter (e.g. blue tit Cyanistes caeruleus, Garcia-Navas et al. 2014) or longer life expectancy 

(e.g. tawny owl Strix aluco, Millon et al. 2010; Cory's shearwater Calonectris diomedea, 

Oppel et al. 2011). NB monitoring of passerines can entail colour ringing and resightings in 

addition to recapture. Regarding ON monitoring, our conclusions drawn for long-lived raptors 

may be altered when considering species with lower local recruitment rate and for which the 465 

capture of breeding adults, e.g. mist-nets might be easier/cheaper (e.g. ring ouzel Turdus 

torquatus; Sim et al. 2011). In such a case, it is likely that the cost-benefit analysis regarding 

the capture of adults will promote this component. Finally, many cliff-nesting seabirds show 

similar monitoring type and life-history characteristics to our examples and our guidelines are 

likely to apply equally. For instance, a recent post-study evaluation of a CR survey conducted 470 

on common guillemot Uria aalge found that resighting effort could be halved without altering 

the capacity to monitor survival (Lahoz-Monfort et al. 2014), in agreement with our results. 

The complete R scripts provided as electronic supplements can be modified to help designing 

specific guidelines for other species.  

Finally, the different components of CR design considered in our simulations are somewhat 475 

specific to bird ecology and may not directly apply when considering other vertebrates such 

as mammals, reptiles or amphibians. For instance, in carnivorous mammals, CR surveys are 

limited by the difficulty of capturing/recapturing individuals with elusive behaviour. Survival 

estimations often rely on the use of GPS/VHF tracking that is not well suited for long-term 

monitoring. Camera-trapping and DNA-based identification are increasingly used to improve 480 

CR surveys in such species (Marucco et al. 2009, Cubaynes et al. 2010, O’Connell et al. 

2010) and we believe that a cost-efficiency approach may be helpful for carefully designing 

optimal surveys in such monitoring. For example, one could simulate different sampling 

designs varying by trap number, inter-trap distance and the area covered for carnivores having 

small or large home-ranges to assess the effect of these components on the detection of 485 

survival variation. The path is, therefore, open for developing cost-effective CR surveys and 

improving the output of wildlife monitoring in all management situations.  
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