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Abstract 

Avian reproduction has three chronological components: nesting, mating, hatching, and fledging. Predicting the 

probability of individual components helps to identify the period of reproduction that needs the most aid, 

increasing the conservation efficiency. This prediction requires identification of biotic, abiotic, and sociological 

variables of a bird’s environment responsible for these componentwise success probabilities. There is also no 

standard methodology to estimate these probability values separately. This study estimates the absolute success 

probability of each component, identifies correlated environmental predictors and gives a modeling framework 

to accurately predict the success probabilities using Merops Philippines as a test bed. The result using surveyed 

data and proposed methodology indicates the corridor between nesting and mating is most vulnerable to the 

environment. Social structure is the key to all reproductive components but nesting. Both biotic and abiotic 

factors are crucial determinants of nesting success. Mating, hatching, and fledging success depend more on 

biotic factors than abiotic ones. Linear modeling frameworks are helpful to explore which types of environment 

are a better determinant of the success of a reproductive component. Artificial neural networking is more useful 

to predict the successes of a new site.  Although developed using Merops philippinus data, the proposed 

methodology and modeling framework are also applicable for other birds. 
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Significance statement: 

This study proposes a new methodology to estimate individual success at different phases of avian reproduction. 

This study provides a clear pathway to identify social and environmental factors responsible for these successful 

reproduction events and accurately predict the successes using the identified criteria. This study illustrates the 

overall procedure using Merops philippinus, a long-distance migratory cooperative bird as a testbed. 
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Introduction 

Sexual reproduction not only grows and sustains the population, but also increases the variation in traits of the 1 

population (Birkhead, Fletcher, & Pellatt, 1998; Peterson, Angert, & Kay, 2020). Therefore, reproductive 2 

success is critical to the growth, maintenance, and evolution of sexually breeding species and is helpful for 3 

conservation policymakers (Peterson, Angert, & Kay, 2020). There are three main strategies for the sexual 4 

reproduction of animals: Oviparity, Viviparity, and Ovo-viviparity. Oviparous animals lay eggs, which hatch 5 

outside their body and may require incubation by the animals. Ovoviviparous incubates eggs inside the body and 6 

gives birth to offspring hatched from the eggs. Viviparous animals develop offspring from the eggs and give 7 

birth to offspring capable of free-living (Blackbum, 1999). The body’s internal environment of animals is more 8 

stable than the external environment, especially for endothermic animals (Kvarnemo & Forsgren, 2000; Canals, 9 

1998). So the reproductive success of the oviparous animals, such as birds, are more prone to environmental 10 

fluctuations such as seasonal changes than the viviparous animals (Andreasson, Nilsson, & Nord, 2020; Nilsson 11 

& Nord, 2021). Thus predicting and estimating the reproductive success of viviparous animals such as birds 12 

requires considering seasonal variability corresponding to each reproductive behavior. 13 

Locating a nesting site is the first and foremost requirement of a bird at the start of the breeding season 14 

(Fontaine & Martin, 2006; Maia, Brasileiro, Lacava, & Macedo, 2012). Upon arriving at the nesting site, most 15 

birds start to build nests and find their potential partners (Hansell, 2000; Von Haartman, 1957). To find their 16 

potential partners, birds show nuptial behaviors such as dancing, singing, food-offering, and nest building 17 

(Hansell, 2000; Murphy, 2007). Many birds, being a sex-biased population, have extra males who cannot find 18 

females for mating (Kokko, Johnstone, & TH, 2001; Koenig & Dickinson, 2004). These inferior males settle 19 

down as helpers and receive food, shelter, and sometimes the opportunity to breed with an already paired female 20 

as the repayment of their cooperation (Kokko, Johnstone, & TH, 2001; Reyer, 1986). The helpers cooperate 21 

with the breeding birds by protecting their eggs from predators, parasites, and other environmental hazards 22 

(Stacey, Koenig, & others, 1990; Koenig & Dickinson, 2004). The joint effort of breeders and helpers leads 23 

most of the eggs to successfully hatch (Reid, Monaghan, & Ruxton, 2000; Mumme, 1992). The newly hatched 24 

chicks (hatchlings) are still prone to environmental risks (Heg & van der Velde, 2001; Wiebe & Bortolotti, 25 

1995; Jones & Ward, 2021; Wiebe & Martin, 2000). So breeder and helper birds continue to raise the hatchlings 26 

till these chicks can fly (Heg & van der Velde, 2001). Finally emerging from the nests as successful flying 27 

young birds (fledgling), the chicks at the end of the breeding season are the fittest in their generation (Koenig & 28 

Dickinson, 2004; Stacey, Koenig, & others, 1990). Thus the reproductive success of a bird has four components: 29 

Nesting, mating, hatching, and fledging. 30 

Overall, these four components depend on the environment of the nesting site and the social structure of the bird 31 

population (Heg & van der Velde, 2001; Stacey, Koenig, & others, 1990; Ghosh, Al Basir, Chowdhury, 32 

Bhattacharya, & Ray, 2021; Rebar, Barbosa, & Greenfield, 2019). These four components show different 33 

degrees of dependence on the determining factors (Hall, 2004; Malueg, Walters, & Moore, 2009; Arroyo, 2002). 34 

Any information on the decline in the success of a specific component of a site may help conservation biologists 35 

to prevent the loss in reproductive success and subsequent risk of species extinction. Since monitoring 36 

reproductive success by surveying the entire breeding zone is costly and labor-intensive, predicting the overall 37 

reproductive success and its components based on environmental and social determinants is an easy alternative 38 

for the extinction risk assessment (Higginson, 2017; Lewis, 1981; Ghosh, Al Basir, Chowdhury, Bhattacharya, 39 

& Ray, 2021). Such a prediction is possible through a modeling framework and some prior knowledge. This 40 

prior knowledge involves information about the environment, avian society, and estimates of componentwise 41 

reproductive success. Surprisingly the existing literature has no standard methodology to estimate the absolutely 42 

componentwise reproduction success as this prior knowledge. So before proceeding to modelling, the 43 

establishment of a methodology to estimate the componentwise nesting success is necessary. 44 

 Mathematical or dynamic models can predict reproductive success over time for a particular site (Aresu, 45 

Pennino, De Rosa, Rotta, & Berlinguer, 2021; Ghosh, Al Basir, Chowdhury, Bhattacharya, & Ray, 2021), and 46 

statistical models such as regression and machine learning can predict the success for the various site at a 47 

particular time using environmental and social factors (Gokcekus, et al., 2021; Elith, Hastie, Dudik, Chee, & 48 

Yates, 2011). Note49 
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 that different environmental and social factors, the determinants of reproductive success, vary over different 50 

nesting sites (Rebar, Barbosa, & Greenfield, 2019; Stacey, Koenig, & others, 1990; Aresu, Pennino, De Rosa, 51 

Rotta, & Berlinguer, 2021; Aviles, Stokke, Moksnes, Roskaft, & Moller, 2007). Rates of change of these 52 

determinants with time may also change radically at different sites (Carey, 2009; Michener, Blood, Bildstein, 53 

Brinson, & Gardner, 1997). Due to ecological succession, multiple new environmental factors may arise or 54 

disappear at these nesting sites over time (Michener, Blood, Bildstein, Brinson, & Gardner, 1997). Also, two 55 

subsequent years may experience two different social structures in migratory birds. Such a random environment 56 

may introduce too much uncertainty in the long-term predictions. So dynamic modeling may not be an excellent 57 

choice to study the reproductive success of birds considering multiple environmental factors. However, 58 

prediction of nesting success is possible for a shorter period due to less chance of random environmental 59 

change, such as a particular season over different sites. Therefore, the statistical models can perform well to 60 

predict reproductive success and assess the quality of a nesting site using environmental predictors. Regression 61 

models are better predictors with few determining environmental factors and extensive survey data. Machine 62 

learning overcomes the lacunae of data volume, but hardly explains the underlying relationship between 63 

environmental factors, social structure, and components of reproductive success (Singh, Kaur, & Malhotra, 64 

2009). 65 

Although the literature on avian reproduction, its society, and related environmental condition is vast, most key 66 

determinants and their relationships with each of the components of reproductive success are still under the veil. 67 

For example, long-distance summer migratory bird Merops philippinus (blue-tailed bee-eater) is known to rely 68 

on soil characteristics for nest selection (Wang, et al., 2009; DeCandido, 2010). However, the factors associated 69 

with mating, hatching, and fledging are yet unknown. Since these birds burrow their nests in the soil, their nests 70 

are known to be insulated and may eliminate the effect of weather on these reproductive phases. Still, there may 71 

be the prey, predators, or other factors that may influence these reproductive phases. Also, two or more 72 

environmental factors may share a linear correlation between themselves. For example, soil properties and 73 

vegetation, determinants of the nesting sites, often correlate between themselves (Li, Wang, Zhang, & Zhang, 74 

2021). In such a case, any one of the correlated determinants may predict the success to the same or different 75 

degree, but using all of them will not provide any further improvement prediction. Identifying such relationships 76 

is necessary before modeling reproductive success with environmental factors (Elith, Hastie, Dudik, Chee, & 77 

Yates, 2011). 78 

Considering the lacunae in the existing literature, this study focuses on two objectives: (a) Establish a standard 79 

method to estimate the componentwise reproductive success. (b) Identify abiotic, biotic, and social variables for 80 

nesting sites that may influence components of reproductive success. (c) Provide a framework to predict the 81 

probability of reproductive success and its components using the identified environmental and social variables. 82 

Methodology 83 

This section first discusses the data collection procedure for abiotic and biotic factors. Then we propose a new 84 

standardized methodology to estimate the componentwise reproductive success within this section to meet 85 

the first objective. The data collection of social structure is incorporated within this method. Finally, we describe 86 

the statistical procedure to identify the significant predictors followed by the modelling framework for the 87 

prediction used in this study. 88 

This study uses Merops philippinus (blue-tailed bee-eater, henceforth BTBE) as a testbed. To collect data on the 89 

nesting of BTBE, we survey the entire Bhagirathi-Hooghly delta and riverine belts in the northern part of West 90 

Bengal, India from 2018 to 2019. We identify six major nesting sites with colonies larger than 30 individuals. 91 

We selected five brooding colonies with no interactions in between them. Additionally, we chose two more sites 92 

where the birds arrived but did not reproduce. One of these two sites appeared with the attempts of nesting but 93 

without nests.  94 

Abiotic data collection 95 

We collected soil samples from all the nesting sites and brought them back to the laboratory in labeled and 96 

sealed polyethylene bags. These samples were later sieved through a  mm sieve to prepare a soil-water 97 

suspension of a  weight ratio. We measured pH, inorganic carbon, organic carbon and nitrogen content, 98 

cation exchange capacity, calcium, magnesium, potassium, sodium, iron, and total base saturation for all the 99 

samples. We determined sand, silt, and clay percentages by the International Pipette Method (Olmstead, 100 

Alexander, & Middleton, 1930). We estimated the amount of organic carbon (C) through Nelson & Sommers 101 
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protocol (Nelson & Sommers, 1983). We followed the agro-economic soil analysis protocol to estimate total 102 

nitrogen, cation exchange capacity (CEC), Calcium, Sodium, Potassium, and Magnesium (Begheijn, 1980). 103 

We extracted the Iron and Aluminium content with dithionite-citrate-bicarbonate (DCB) solution for free 104 

sesquioxides and measured them using an atomic absorption spectrometer. In addition to our surveyed data, we 105 

measured the same advice variables for other successful nesting sites from the available literature. We measured 106 

the vegetation density and average height per nest of colonies in the nesting sites. We counted the number of 107 

herbs, shrubs, and trees per square meter in the nesting area. Finally, we counted anthropogenic artifacts (e.g., 108 

Magnetic tower) surrounding surveyed nesting sites. 109 

Biotic data collection: 110 

We collected 300 bird pellets of regurgitated materials from seven different observation sites. We dissected the 111 

pellets and identified the insect exoskeletons to confirm the prey taxa observed during their foraging behavior. 112 

Since these birds are superior in competition and competitors and predators are rarely found in the surveyed 113 

field, the collection of biotic factors focuses mainly on the prey of these birds. 114 

For example, we found some snakes killed by group defense of BTBE, trying to prey on them at one site. Since 115 

we found no broken eggshells, signs of dead chicks, or snake-crawlings in the nests, considering such predators 116 

or any other interactive species may make predictions erroneous. We discarded any data of such interactive 117 

species if they appeared at only one site and had less than 5% samples/observation points considering those 118 

species as accidental. 119 

Methodology to estimate the component-wise reproductive success: 120 

We observationally counted the number of birds and the number of nests they built for the breeding season. 121 

Since per nest, two breeders reside, the number of adult helpers is 122 

 We observationally counted 123 

the number of eggs and chicks in the breeding nests throughout the breeding season. Since reproductive success 124 

has four components, we determine the probability of each component in the following steps. 125 

We counted the number of complete, incomplete, and abandoned nests per site to determine the nest-site 126 

selection success. If a site has  complete nests, incomplete nests, and  abandoned nests, the nesting 127 

success of a site in terms of probability is 128 

 129 

We count the number of eggs per nest after breeding to determine the mating success of the birds. If  is the 130 

number of nests with mating pair, is the observed egg count, and  is the expected egg count per mating pair 131 

nests, given nesting has already occurred, the mating success in terms of probability at the site is- 132 

                                   133 

A BTBE breeding pair can lay up to six eggs upon mating. Therefore per breeder, the expected maximum egg 134 

count is three. The female bird may lay eggs asynchronously throughout the season. Considering the continuous 135 

mating and asynchronous egg-laying, we calculated the expected egg count as follows- 136 

 137 

 138 

 139 

 140 

Here,  is the breeder count per nest during the observation at  time point;  is the breeder count per 141 

nest during the observation at the previous time point .  is the total number of offspring at the  time 142 

point. We count the newly hatched chicks per site to determine the hatching success rate. If a nest has  143 

hatchlings and the expected to have  hatchlings, the hatching success in terms of probability at the site is 144 
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 145 

Hatching is asynchronous due to asynchronous mating. The newly hatched birds leave the nest after learning to 146 

fly. So we calculate the expected hatchlings as follows- 147 

 148 

Here, the  is the observed flying chicks from a nest at a time point. Flying chicks are the fledgling of the 149 

breeding pair. We expected to find all hatchlings, from the previous time point to fledge (  is the expected 150 

fledgling) at the time of observation. We calculate the fledgling success as follows- 151 

 152 

where .  153 

 154 

Figure 1: Venn diagram showing the relationships among components of reproductive success 155 

Note that these estimated probabilities of reproductive components except nesting, depend on the probabilities 156 

of its previous components (Figure 1). The overall reproductive success found in the field is the fledging success 157 

dependent upon its previous events. Unless we estimate the independent probabilities of each component, the 158 

true determinant of the success of a particular reproductive component is impossible. Therefore, we estimate 159 

independent probabilities of all the components as follows- 160 

Since a component of reproductive success can not take place at a site where the previous component has no 161 

occurrence, we can say that , P(M ) = 0, P(H ) = 0, P(F ) = 0. As per the 162 

probability chain rule, we can the independent probability of fledgling success as 163 

, the independent probability of hatching 164 

success as , the independent probability of the mating success as 165 

. We calculate all the independent probabilities of success for each reproductive 166 

component using these estimates and the field data. We use the hierarchical clustering method based on the 167 

complete euclidian distance between means of the environmental variables to profile the sites (Hartigan, 1975). 168 

If the proposed method can estimate componentwise reproductive successes correctly, nesting sites with similar 169 

environments to support similar components of reproductive success should be grouped together. 170 

Statistical procedure and modelling framework: 171 

We use the pairwise Pearson's correlation test to check the correlation between identified environmental factors 172 

from the field and the components of reproduction success. Pearsons correlation finds linear correlations; 173 

multiple linearly correlated variables introduce errors within a single linear model if used as predictors. One way 174 

to reduce the number of correlated variables for prediction without information loss is Principal Component 175 
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Analysis (PCA). So, we synthesize principal components from environmental variables using Q-mode-PCA to 176 

reduce the variables as alternative uncorrelated predictors to reduces errors during modelling (biplots of PCA in 177 

Appendix A).  178 

We use a series of linear regression and artificial neural networks with and without linear output (ANN-L and 179 

ANN-NL) to predict different components of reproductive success. We build each regression models using all 180 

different sets of predictors. Since neural networks performs better with more information, we use all predictors 181 

identified in the field, all predictors linearly correlated with the successes, and all correlated predictors of either 182 

biotic or abiotic category. We evaluate and compare the predictions of these models using the root mean square 183 

error (RMSE). 184 

Since the number of hidden layers and the number of nodes in a hidden layer can have a range of values. This 185 

topology of the network is important for the prediction of ANNs. We search for the topology for the best 186 

predictions by searching the least RMSE inside a grid: 187 

 following the 188 

algorithm in Stathakis (2009). For each topographic structure of the ANNs, we iterate each of the models 500 189 

times with various ratios of training-test data. All the ANNs use backpropagation learning method with each 190 

repeated iterations (finalized model structures are in Appendix B). 191 

All models have been built in R software using “neuralnet” package (Fritsch, 2019). 192 

Result: 193 

Estimates of componentwise nesting success: 194 

Figure 2 shows the 8 sites found with the birds' presence from the field survey, classified based on the profile of 195 

their environmental data. The overall reproductive success and componentwise reproductive successes listed 196 

under each site show the estimated probability to observe successful reproduction decreases over each phase of 197 

reproduction. The position of Site A, B, C, and H cannot be justified by only overall reproductive success in this 198 

classification. However, the estimated absolute probabilities of componentwise reproductive success through the 199 

proposed method show the environment of sites A and H did not support reproductions after nesting. The 200 

success probabilities also drastically decrease for sites B and C. The nesting success of site H is much higher 201 

than the other three sites. Site F had many incomplete, but no complete and abandoned nests. As a result, the 202 

estimated nesting success is zero. So the environment of sites H and F must support the immigration of birds at 203 

first but eventually turns out to be adverse for mating and consequent events. The correlated environmental 204 

factors in these sites can indicate how the loss in success occurs. 205 
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 206 

Figure 2: Componentwise estimated successes and classification of identified sites from field survey based on the profiling of 207 
environmental factors. 208 

Identified predictors: 209 

Figure 3 shows all the identified predictors of reproductive success and its components from the field survey and 210 

their pairwise correlation. Only significantly correlated variables can predict reproductive success or its 211 

components through linear models. Identified variables with insignificant correlations can still predict the 212 

nesting success through networking as they might share a nonlinear relationship with the successes. 213 
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 214 

Figure 3: Correlogram of identified predictors of reproductive success and its components. 215 

The social factor, the breeder and helper ratio at breeding sites, in particular, is the key predictor of all 216 

components of reproductive success. The linear correlation between this ratio and nesting success is 0.8. 217 

Otherwise, all components of reproductive success are fully correlated with this ratio. However, this ratio is 218 

highly correlated with most biotic predictors. 219 

Among all the biotic factors, prey species are the key predictors of all the components of reproductive success. 220 

Eight groups of prey have been identified from pellets: Dragonfly, Damselfly, Lepidopterans, Bees, Wasps, and 221 

Black ants. Six groups are highly associated with overall reproductive success. Nesting, mating, and fledging 222 

successes are significantly associated with only three biotic predictors for linear regression: Lepidopteran, 223 

Damselfly, and Dragonflies. Similarly, Lepidopteran, Bee, Dragonfly, and Damselfly are predictors of hatching 224 

success in linear regression. However, some of these prey species coexist in all nesting sites and thus are 225 

correlated to each other. So principal components have been synthesized from each set as predictors. The 226 

components with the highest maximum variance are used as the predictor of linear regression. Also, these biotic 227 

variables may again depend upon identified abiotic predictors as some of them are also correlated.  228 

Topographic variables are the key biotic predictors of reproductive success and its components of this bird. 229 

Carbon and Nitrogen content of soil are two major predictors of overall reproductive success. The significantly 230 

correlated topographic factors to predict nesting are the clay, sand, magnesium, carbon, nitrogen, iron, and pH. 231 

For mating success, these predictors are the same excluding nitrogen and iron. For hatching success, the 232 

predictors are the same as nesting success except for iron. The fledging success predictors are the same as 233 

hatching success excluding sand for linear models. Since these factors have multicollinearity, the principal 234 

components synthesized from them are used as the final predictor in linear regressions. 235 

There are four sets of principal components to predict overall reproductive, nesting, mating, hatching and 236 

fledging successes. Each set of principal components can predict one success. Each set consists of three subsets: 237 

one synthesized from all predictors, one synthesized from bots only, one synthesized from abiotic variables only 238 

(See Appendix A).  239 
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Comparisons of prediction accuracies:  240 

Figure 4 shows the RMSE of predictions through linear regressions using Principal Components (PC) 241 

synthesized from various sets of correlated predictors in terms of RMSE values. Overall reproductive success 242 

prediction is most accurate for the PC composed of all correlated variables. Nesting success prediction is most 243 

accurate for PC composed of all biotic variables. PCs synthesized from all correlated variables and only 244 

correlated biotic variables predict the mating success with the least RMSE, and therefore high accuracy. The 245 

result indicates a prediction of hatching success is best using PCs from either all correlated predictors or 246 

correlated biotic predictors. Similarly, fledging success is predicted with comparatively low accuracy with only 247 

PC from correlated abiotic variables. Since consideration of correlated biotic variables only can give an accurate 248 

prediction in these two cases, a conservation biologist can rely on only prey abundance data to predict these two 249 

successes. 250 

 251 

 252 

Figure 4: RMSE of linear models for predicting Reproductive success and its components 253 

Figure 5 shows the model preference for accurate predictions of reproductive success and its components if 254 

some predictors are suspected to share a nonlinear correlation with the successes. The overall reproductive 255 

success may share such a correlation as it is most accurately predicted through ANN-L with all identified 256 

predictors. However, the nesting success is prediction is still accurate for correlated predictors only. The mating 257 

success may also have some nonlinearly correlated predictors as it has higher accuracy in the prediction 258 

considering all identified environmental and social factors in the field. Prediction of hatching success is best 259 

through the ANN-L uses the correlated predictors. Fledging success prediction is comparatively the same for all 260 

neural networks. Since the linear regression models have far less RMSE than all the ANNs to predict hatching 261 

and fledging successes, the ANN is a poor choice to predict these two successes only.  However, the RMSE of 262 

ANNs can be further reduced by repeated training. Therefore, these ANNs are a better choice for predicting 263 

components of reproductive success over further training. 264 
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 265 

Figure 5: RMSE of ANNs for predicting Reproductive success and its components 266 

Discussion and conclusion 267 

Identification of nesting sites with a high probability of successful reproduction is a key to develop conservation 268 

strategy for migratory birds. Predicting the probability of overall reproductive success may help to identify the 269 

crucial nesting sites, but the precision of the conservation period requires the knowledge of the probability of 270 

each component of reproduction (nesting, mating, hatching, and fledging). Estimating componentwise success is 271 

not substantial in the existing literature. So we have developed a measure to estimate the component-wise 272 

nesting success. Hierarchical clustering of the observed sites reveals that the corridor between nesting and 273 

mating is the most crucial period of reproduction for our testbed species Merops philippinus. Sites F and H 274 

experienced an adverse environment during the nesting. Sites A, C, and B experienced adverse environments 275 

after nesting. One explanation for such environmental adversity may be associated with the social structure of 276 

immigrating birds. Ghosh, Al Basir, Chowdhury, Bhattacharya, & Ray (2021) showed that too many 277 

immigrating helpers can decrease prey abundance than immigrating breeders. So these sites might have 278 

experienced so high helper immigration that the biotic resource became scarce for breeders to mate and continue 279 

reproduction in those sites.  280 

 We have identified the environmental and social predictors of componentwise reproductive success using data 281 

from a field survey. The result suggests nesting success does not significantly associate with social structure, but 282 

other components of reproductive success do. Note that Ghosh, Al Basir, Chowdhury, Bhattacharya, & Ray 283 

(2021) used a nonlinear dynamic model to observe the association between social dynamics and reproduction. 284 

However, identification of such underlying nonlinear function is not always possible.  285 
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Lepidopterans, damselfly, and dragonfly are the key prey to sustain all stages of reproduction. The hatching 286 

success of this bird is highly associated with hatching success only. During hatching, the birds tend to stay in 287 

nests and incubate the eggs more than foraging for prey. Bees are abundant near nests on flowering plants. So, 288 

this association may be the result of a higher abundance of bees during this season rather than prey preference. 289 

Previous studies already observed an association between soil and nest site selections. Our study finds the 290 

association between other components of reproductive success and soil properties. Among all the other soil 291 

properties, the high association of carbon and nitrogen content with components of reproduction may have a 292 

two-way relationship with this bird's reproduction components. The birds may come to the nesting site 293 

following high carbon, nitrogen components, then they increase the contents through fecal matter.  294 

The soil properties associated with reproductive components after nesting may work either by determining the 295 

supporting associated biotic factors or by determining the stability of the nests over time. Since linear models 296 

can predict the mating, hatching, and fledging works better using biotic predictors, they are more responsible for 297 

these latter successes supporting the previous statement. The accuracies of linear models indicate that only 298 

nesting success indeed may depend upon both biotic and abiotic predictors. Although linear regression models 299 

have much less RMSE than ANNs, they may not perform well for new sites as the value of these principal 300 

components synthesized from the dataset will change for a new set of predictors. Also, they fail to capture 301 

unknown nonlinear relationships between any predictors and the reproduction. On the other hand selection of a 302 

previously trained ANN model is a safe choice for this purpose. Conservation biologists can choose the best 303 

ANN model using based on our results to predict the probability of success for a new site. The nonlinearly 304 

related environmental factors truly determine these successes, especially the overall reproductive success as per 305 

our finding through the ANNs. ANN-Ls are a better choice for overall reproductive, nesting, mating, and 306 

hatching successes but ANN-NLs are better choices for fledging success predictions. 307 

Although this study uses Merops philippinus as a test bed, all these successes can be estimated for any other bird 308 

species also.  First, conservation biologists have to estimate these successes following our proposed 309 

methodology and survey data for that. Then they have to identify correlated factors and train ANN models. Then 310 

the model with the least RMSE can predict the component-wise success of reproduction. If they aim to find out 311 

direct causes of incline and decline in successes, then the regression model based on correlated predictors and 312 

their principal components is a better choice. 313 
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 437 

Appendix A 438 

Principal component analysis of biotic factors: 439 

 440 

Figure 6: PCA of correlated biotic factors for Reproductive 441 

successes  442 

Figure 7: PCA of correlated biotic factors for hatching success 443 

 444 
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 445 

Figure 8: PCA of correlated biotic factors for nesting, mating, and fledging successes 446 

Principal component analysis of abiotic factors: 447 

 448 

Figure 9: PCA of correlated abiotic factors for Reproductive success 449 
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 450 

Figure 10: PCA of correlated abioticc factors for nesting success 451 

 452 

Figure 11: PCA of correlated abiotic factors for mating success 453 
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 454 

Figure 12: PCA of correlated abiotic factors for hatching success 455 

 456 

Figure 13: PCA of correlated abiotic factors for fledging success 457 
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Principal component analysis of all correlated factors 458 

 459 

Figure 14: PCA of all correlated factors for reproductive success 460 

 461 

Figure 15: PCA of all correlated factors for Nesting success 462 
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 463 

Figure 16: PCA of all correlated factors for mating success 464 

 465 

Figure 17: PCA of all correlated factors for hatching success 466 
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 467 

Figure 18: PCA of all correlated factors for fledging 468 

Appendix B 469 

Table 1: Structure of ANNs for best prediction as per gridsearch 470 

Input variable 

set 

Number of 

input 

Output 

variables 

Output type Number of 

nodes per first 

hidden layer 

Number of 

nodes per 

second hidden 

layer 

All identified 

predictors 

23 Reproductive 

success 

Non linear 10 2 

linear 14 3 

Nesting success Non linear 3 2 

linear 13 3 

Mating success Non linear 5 2 

linear 3 2 

Hatching 

success 

Non linear 5 2 

linear 5 3 

Fledging 

success 

Non linear 10 2 

linear 3 1 

All correlated 

predictors 

9 Reproductive 

success 

Non linear 6 2 

linear 6 2 

11 Nesting success Non linear 5 2 

linear 6 2 

9 Mating success Non linear 6 2 

linear 5 2 

11 Hatching 

success 

Non linear 9 2 

linear 8 2 

9 Fledging 

success 

Non linear 9 2 

linear 5 2 
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