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Abstract
Predation of offspring is the main cause of reproductive failure in many species, and the mere fear of offspring predation shapes reproductive strategies. Yet, natural predation risk is ubiquitously variable and can be unpredictable. Consequently, the perceived prospect of predation early in a reproductive cycle may not reflect the actual risk to ensuing offspring. An increased variance in investment across offspring has been linked to breeding in unpredictable environments in several taxa, but has so far been overlooked as a maternal response to temporal variation in predation risk. Here, we experimentally increased the perceived risk of nest predation prior to egg-laying in seven bird species. Species with prolonged parent-offspring associations increased their intra-brood variation in egg, and subsequently offspring, size. High risk to offspring early in a reproductive cycle can favour a risk-spreading strategy particularly in species with the greatest opportunity to even out offspring quality after fledging. 

Predation of eggs and dependent young is a major cause of reproductive failure in many systems, affecting the evolution of reproductive allocation strategies1-3. Effects of fear of predation can even surpass the lethal effects of direct predation4-6. Therefore, fear of offspring predation likely shapes reproductive decisions to increase the probability of successful reproduction2,7,8. However, benefits derived from fear can be offset by costs, such as reduced reproductive success, even in the absence of direct predation5,9,10. 
Predation risk is ubiquitously variable and can change rapidly in time and space. Accordingly, field studies have investigated changes in parental decisions over natural risk gradients10,11 and in response to experimental modifications of perceived risk12,13. In birds, field experiments have demonstrated that parents can alter their reproductive investment depending on the perceived nest predation risk10,14,15. However, these studies have yielded contrasting results, suggesting that species differ in their responses 16, which was confirmed by a recent comparative study17. This research line has hitherto focused on mean traits (i.e., mean clutch size and/or egg size), while variance in investment across offspring has been overlooked, despite that it may play an important role in maternal responses to environmental changes25.
A widespread response to variable and/or unpredictable environments in general is an increased variance in investment across offspring21-24. Observational and experimental studies in invertebrates, fish, and amphibians have shown that environmental uncertainty can lead to an increased within-clutch variation in egg or larva size (reviewed in 25). Similarly, in birds, within-clutch variation in offspring size has been suggested to be a risk-spreading strategy in variable environments26. Intra-clutch differences in egg size can contribute to nestling size hierarchies27, allowing parents to selectively raise the strongest offspring if poor conditions persist, but maintain the possibility of raising all offspring if conditions improve28. Although this strategy is usually linked to fluctuations in food availability27,29, it could similarly be a response to fluctuations in predation risk. Effects on reproduction of predation risk may even be mistaken for effects of food limitation in numerous taxa9. Against this background, we speculated that females may increase the variance in egg size in response to increased nest predation risk. 
Here we investigate differences in the reproductive responses of seven bird species to an experimentally increased perceived risk of nest predation prior to egg laying. We examined how life-history and ecological factors influence the risk sensitivity of breeding birds in ecological time. Following life-history theory, we assume that species with a slow life history pace are the most sensitive to adverse breeding conditions32,33 and are expected to adjust their allocation in a risky environment compared to species with a fast pace of life. In addition, species with naturally high nest predation rates are expected to be most sensitive13,17. Finally, species with extended post-fledging parent-offspring associations (i.e., family-living 34) are predicted to lay smaller eggs and/or increase the variance in egg size when faced with high nest predation risk, as these species have a greater opportunity to compensate for poor offspring condition than species with prompt offspring dispersal35. 
Results and Discussion
Analyses were based on 156 nests of seven species (Table 1). Our comparative experiment corroborates that species vary in their responses to an increased perceived risk of nest predation13,17 and demonstrates that a temporarily increased nest predation risk prior to egg-laying can have detrimental downstream effects on reproductive success (see also Supplementary Results and Discussion). Although responses varied across species (Fig. 1) none of the included factors explain interspecific differences in treatment effects on the number of eggs, nestlings, or fledglings (Table 2), or the egg or clutch volume (Table 3). However, our experiments revealed that birds generally decreased their clutch volume in response to an increased perceived risk of nest predation (Table 3). Moreover, high-risk nests were marginally less likely to fledge offspring than control nests (log-odds = 0.78, 95% CI= -0.07 – 1.61, p=0.06, Fig. 3), particularly due to significantly higher failure during the nestling stage (log-odds = 1.38, CI= 0.05 – 2.69, p=0.02, Fig. 3). Yet, the proportion of nest failures caused by direct nest predation did not differ between the predator and control nests (29.6% vs. 23.7% respectively, z=0.90, p=0.38), suggesting that abandonment or starvation is responsible for increased failure of experimental nests. 
Previous studies that increased predation risk throughout the entire breeding cycle have also found decreased reproductive success10,15,17, which has been attributed to combined effects of parental decisions under high risk during egg-laying, incubation and provisioning. In contrast, our experimental treatment was removed at the onset of egg-laying, and therefore one could expect highest nest abandonment early on in the breeding cycle. Yet, our results highlight that the conditions, and resulting investment decisions, at the laying stage impact reproductive success at later stages, even if conditions improve. The here observed decrease in reproductive success may be a delayed consequence of reduced investment at the laying stage or may be a result of a prolonged heightened sensitivity to predation risk to nestlings. Further studies are necessary to elucidate what mechanisms may influence nest success following temporarily increased nest failure risk prior to breeding.
An increased within-clutch variation in egg volume was associated with a prolonged association between offspring and parents in the nest predator treatment group only (Fig. 2), suggesting that these species alter the distribution of their reproductive allocation across their eggs under high nest predation risk. No other factor explained differences in the within-clutch variation in egg volume (Table 3). Egg size variation may result in increased or decreased variation among nestlings, depending on the timing of hatching. Although we could not link nestling size with its corresponding egg size, post-hoc examination of 10-day old nestling data (from nests with at least two hatchlings) indicated that this increased variation in egg size led to an increased variation in nestling mass among siblings in nests that were exposed to a high perceived risk of predation prior to egg-laying (mean coefficient of variation ± SD, predator vs. control: O. leucura: 0.09±0.03 vs. 0.05±0.02; M. apiaster: 0.17±0.09 vs. 0.08±0.07; A. caudatus: 0.12±0.05 vs. 0.07±0.02).
Variation in offspring size may be an adaptive strategy to cope with unpredictable environments24,36. In various taxa, increased within-clutch variation in offspring size is found in mothers that face environmental uncertainty (reviewed in 25). Similarly, in birds, brood reduction, which is facilitated by within-clutch variation in egg size27, is suggested to be an adaptive strategy to cope with unpredictable environments24,26. Predation risk is an environmental feature that fluctuates considerably in space and time18,20, and can be unpredictable37. Consequently, the perceived risk of nest predation early in a reproductive cycle may not reflect the actual risk to offspring later on. If high predation risk prevails throughout the nesting period, a smaller number of nestlings may reduce the risk of whole brood failure through reduced nest attentiveness13,30. However, if all offspring survive, parents may compensate for offspring condition asymmetry through prolonged post-fledging care and/or providing preferential care to lesser offspring once the high-risk period has passed38. 
Conclusions
Although our data do not allow a direct test of this hypothesis, our results suggest that family-living species use diversification and compensation strategies to cope with fluctuating predation risk to offspring. Indeed, these species have longer and more variable durations of post-fledging parental care, which has important consequences for offspring survival39,40. Thus, parents of family-living species have a greater opportunity to balance out offspring quality after their offspring have fledged, which may allow for greater flexibility in reproductive allocation during egg-laying and nestling care. Inclusion of an additional long-lived, family-living species (Siberian jay Perisoreus infaustus) in our analyses, using the data from a similar experiment14, yielded the same patterns of results (Extended Data Tables 3-6) as we report here. Similarly, the coefficient of variation of nestling mass of perceived high-risk nests in that study was double that of control nests (0.84 vs. 0.40), suggesting that our findings may be generally extended across bird species.
Our results confirm that increased nest predation risk at the time of egg-laying had delayed detrimental effects on reproductive success, emphasizing the need for assessment of how variable risk levels at different times during the breeding cycle ultimately affect fitness. Furthermore, the novel link between within-clutch egg size variation and predation risk highlights that family-living species may use a diversified bet-hedging strategy36 when breeding under high risk conditions. As the mean and variance of a trait are inextricably linked, and adjustments to each may arise independently or jointly41,42, they should be considered concurrently. Previous findings of experimentally-induced changes to mean offspring size may even reflect a byproduct of shifts in the variance of offspring size, rather than an adaptive strategy per se 25. Additional comparative studies will help us to understand the evolved mechanisms for coping with changes to offspring predation risk and to develop a broader framework of interspecific differences. In particular, considering both the mean and variance of reproductive traits will paint a clearer picture of maternal strategies for coping with variable predation risk to offspring.
Methods
Experimental design
Data for this study were collected from seven bird species, which differ in life history traits and natural nest predation pressure (Table 1), in southern Spain in 2011-2014. We manipulated the perceived risk of nest predation by simulating an increased presence of nest predators prior to females laying eggs of their first breeding attempt of the year through presentation of playbacks of avian predator calls or live brown rats (Rattus norvegicus). We selected the common nest predators for each species based on multiple years of nest monitoring. Control treatments consisted of a playback of locally occurring non-threatening bird calls or the presence of a juvenile European rabbit (Oryctolagus cuniculus). For each species, treatment areas were randomly assigned to either a predator treatment or a control treatment. Playbacks were presented daily from 07:00-19:00 local time, with 12 hours of silence played overnight. Each 12-hour period of calls was comprised of a unique combination of 15-30 seconds of calls, separated by 4 minutes of silence. Live animals were kept in transparent enclosures equipped with food, water, and bedding (fresh and dried grasses), and were continuously present in sheltered areas of the territory. All treatment areas were visited every 1-3 days to maintain the treatments (change batteries, provide care for animals) and to check nest contents. The location of playbacks and mammals were changed during each visit. We began the experiment approximately 10 days prior to egg laying in all species, which was estimated based on behaviour, the phenology of previous breeding seasons, and/or nest-building progress. Treatments were removed as soon as an egg was observed in the nest. Nests were exposed for a mean (±SD) of 9.6±0.14 days. 
Once a clutch was complete, we measured the length and width of all eggs using dial callipers (0.1mm accuracy). Individual egg volume was calculated using the formula43 volume=0.51*(length)*(breadth)2. Nests were monitored throughout the entire breeding cycle. The number of eggs, hatchlings and fledglings, and any nest failures, were recorded for each nest. The number of fledglings was assessed based on the number of nestlings in the nest prior to fledging (<3 days) and/or observations of juveniles after fledging. Nest failures were assumed to be caused by predators if the entire clutch or brood disappeared prematurely, or evidence, such as punctured eggs, or albumen or blood on nest material, was discovered. 
Statistical Analyses
All statistical tests were conducted with R 3.1.0 44. We first ran a principal components analysis (PCA; package 'psych' 45) on continuous species traits of interest (adult survival probability, body mass, nesting time, and post-fledging parent-offspring association time; see Table 1). We extracted 2 components which cumulatively accounted for 89% (60 and 29%, respectively) of the total variance (Extended Data Table 1). The first component, labelled “life-history pace”, included positive loadings of adult body mass, nesting time (from egg-laying until fledging), and mean annual adult survival. The second component, labelled “time post-fledging”, included only the post-fledging association time of offspring with their parents. 
To examine among-species patterns of experimental effects on clutch size, egg volume, clutch volume, within-clutch variation of egg volume, number of hatchlings and number of fledglings we ran separate (generalized) linear mixed models (GLMM) in the package ‘nlme’ 46. All models included the experimental treatment (predator, control), and its interaction with ambient predation risk (percent of non-experimental nests lost to predation in the year of the experiment), re-nesting potential (single- or multiple-brooded), and the two PCs (life-history pace, time post-fledging) as explanatory variables. In addition, we included several nest-specific variables as potential co-variates, to control for individual differences between nests and treatments, including: relative laying date (the number of days since the first egg of the year for each species), stimulus type (mammalian, avian), the mean distance between each nest and the experimental stimuli, and clutch size (except in the model assessing clutch size itself). To ensure that differences in responses were not based on the stimulus type per se, we also included the stimulus type and its interaction with the treatment as a factor in all analyses. Because multiple nests of densely-nesting/colonial species were sometimes exposed to the same treatment unit, unit ID was included as a random factor. Year and species identity were also included as random factors in all models, and nest identity was additionally included as a random factor in the model of egg volume. Models of clutch size, number of hatchlings and number of fledglings were fitted with a Poisson distribution, residuals from all other models assumed a reasonably Gaussian distribution. Non-significant interactions between main effects were sequentially removed from models to attain a minimized adequate model47, but main effects were retained to control for potentially important biological and experimental influences. Aikaike information criteria (AIC) and Bayesian information criteria (BIC) were examined to ensure that removal of terms did not weaken model fit.  Appropriate model fits were confirmed with chi-square tests of the residual deviance and inspection of the residual distributions.
We examined whether nests were more likely to fail or succeed according to the experimentally increased risk of nest predation prior to egg laying. We fit binary (logit link) GLMMs using Markov Chain Monte Carlo methods (package 'MCMCglmm' 48) for overall nest success, and nest success at each stage of nesting. The binary models were run for 200’000 iterations, with a burn-in period of 2’000 iterations and a thinning interval of 200, resulting in ca. 1’000 samples from the posterior distributions for each model parameter. We specified a prior following normal distribution N(0; σ2units + π2/3) for the fixed effects48. For the random effects we used a parameter expanded prior with a variance of 1 and a degree of belief of 0.002, with the parameter expansion set to a mean of 0, and a covariance matrix of 1000. Residual variance cannot be calculated in analyses of binary traits and accordingly, we fixed the residual error to 1. Model convergence was confirmed by visual examination of MCMC chains48 and diagnostics via the coda package49. Autocorrelation among consecutive observations was low (<0.05).
Data accessibility
All data supporting the results presented herein will be archived in Dryad and the data DOI will be included in the article.
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Table 1. Life history and ecology of study species; ‘adult survival’ is the estimated average percentage of adults that survive from one breeding season to the next, ‘re-nest’ indicates the probability to breed again in the same season after a successful attempt, ‘nest time’ is the average number of days from egg-laying until fledging, ‘post-fledging time’ is the average number of days offspring spend in association with parents after fledging.
	species
	N (nests)
	species traits

	common name
	scientific name
	predator
	 control
	Body 1 mass (g)
	adult 2 survival (%)
	re- 1 nest
	mean 1 clutch size
	nest 1 time (d)
	post- 2 fledging  time (d)
	nest 1 predation (%)

	Black wheatear
	Oenanthe leucura
	8
	9
	36
	49.5
	High
	4.0
	31
	200
	28.6

	Common blackbird
	Turdus merula
	8
	19
	94
	56.0
	High
	2.9
	27
	21
	21.7

	European bee-eater
	Merops apiaster
	11
	12
	52
	49.8
	Low
	5.7
	57
	250
	22.8

	Great 
tit
	Parus 
major
	10
	10
	17
	48.6
	High
	7.5
	37
	30
	36.9

	Long-
tailed tit
	Aegithalos caudatus
	9
	11
	7
	55.0
	Low
	7.3
	32
	300
	77.8

	Red-billed chough
	Pyrrhocorax pyrrhocorax
	13
	16
	310
	80.0
	Low
	4.7
	56
	42
	7.7

	Spotless starling
	Sturnus unicolor
	13
	8
	74
	49.9
	High
	4.6
	34
	7
	26.3




1 Values obtained from the study population
2 Values obtained from published data (del Hoyo et al. 2016)

Table 2. Poisson-distributed Generalized Linear Mixed Model estimates (est.), corresponding standard errors (SE) and p-values (p) for predictors of the number of offspring in successful nests at each nest stage. Significant fixed effects (p<0.05) are denoted in bold. Random effects are standard deviation. 
	
	clutch size
	
	number of nestlings
	
	number of fledglings

	fixed effects
	est.
	SE
	p
	
	est.
	SE
	p
	
	est.
	SE
	p

	   intercept
	1.58
	0.22
	<0.01
	
	0.70
	0.83
	0.40
	
	0.80
	1.10
	0.47

	   treatment (predator)1
	-0.04
	0.07
	0.62
	
	0.06
	0.09
	0.54
	
	0.11
	0.13
	0.38

	   life-history pace
	-0.10
	0.25
	0.68
	
	-0.40
	0.53
	0.45
	
	-0.25
	0.70
	0.72

	   time post-fledging
	-0.01
	0.21
	0.96
	
	-0.68
	0.86
	0.42
	
	-0.43
	1.12
	0.70

	   re-nesting potential (low)1
	0.33
	0.58
	0.57
	
	1.33
	1.53
	0.38
	
	0.99
	2.03
	0.62

	   predation risk
	0.22
	0.07
	<0.01
	
	0.03
	0.15
	0.84
	
	0.07
	0.17
	0.69

	   laying date
	-0.03
	0.05
	0.47
	
	-0.02
	0.06
	0.81
	
	-0.01
	0.07
	0.87

	   predator type (mammalian)1
	0.01
	0.26
	0.95
	
	0.65
	0.89
	0.47
	
	0.39
	1.15
	0.73

	   proximity to nest
	0.04
	0.05
	0.37
	
	-0.03
	0.08
	0.70
	
	-0.02
	0.11
	0.83

	   clutch size
	na
	na
	na
	
	0.37
	0.09
	<0.01
	
	0.24
	0.12
	0.04

	random effects
	
	
	
	
	
	
	
	
	
	
	

	   species
	<0.01
	
	
	
	<0.01
	
	
	
	<0.01
	
	

	   year
	<0.01
	
	
	
	<0.01
	
	
	
	<0.01
	
	

	 unit
	<0.01
	
	
	
	<0.01
	
	
	
	<0.01
	
	



1 Reference levels of categorical variables (i.e., treatment: control, re-nesting potential: high, and predator type: avian) have an estimate of 0.



	
	egg volume
	clutch volume
	egg volume variation

	fixed effects
	est.
	SE
	  p
	    est.
	SE
	  p
	 est.
	SE
	       p

	   intercept
	-1.75
	1.08
	0.11
	-2.94
	1.96
	0.14
	2.86
	1.03
	0.01

	   treatment (predator)1
	0.01
	0.02
	0.64
	-0.06
	0.03
	0.03
	0.09
	0.15
	0.55

	   life-history pace
	-0.11
	0.63
	0.89
	0.62
	1.16
	0.65
	1.56
	0.51
	0.09

	   time post-fledging
	-1.99
	0.87
	0.26
	-2.88
	1.60
	0.21
	2.52
	0.95
	0.11

	re-nesting potential (low)1
	2.87
	1.83
	0.36
	2.20
	2.99
	0.54
	-4.54
	1.57
	0.10

	   predation risk
	0.12
	0.06
	0.28
	-0.03
	0.07
	0.76
	-0.14
	0.22
	0.63

	   laying date
	-0.04
	0.02
	<0.01
	-0.07
	0.02
	<0.01
	-0.05
	0.09
	0.56

	   predator type (mammalian)1
	2.40
	1.41
	0.34
	0.57
	0.66
	0.45
	-3.44
	1.30
	0.12

	   proximity to nest
	0.05
	0.04
	0.19
	0.01
	0.02
	0.51
	-0.09
	0.09
	0.33

	   clutch size
	0.02
	0.01
	0.27
	0.34
	0.02
	<0.01
	-0.06
	0.15
	0.69

	treatment (predator)1 x time post-fledging
	
	
	
	
	
	0.49
	0.15
	<0.01

	random effects
	
	
	
	
	
	
	
	
	

	   species
	0.33
	
	
	0.63
	
	
	0.43
	
	

	   year
	<0.01
	
	
	<0.01
	
	
	<0.01
	
	

	  unit
	<0.01
	
	
	0.02
	
	
	<0.01
	
	

	   nest
	0.09
	
	
	na
	
	
	na
	
	


Table 3. Linear Mixed Model estimates (est.), corresponding standard errors (SE) and p-values (p) for predictors of allocation into eggs. Significant fixed effects (p<0.05) are denoted in bold. Random effects are standard deviation. 
1 Reference levels of categorical variables (i.e., treatment: control, re-nesting potential: high, and predator type: avian) have an estimate of 0.





Fig. 1. Reproductive allocation responses to an experimental increase in perceived risk of nest predation prior to egg-laying in 7 species. Responses are standardized effect sizes (Cohen’s d ± 1 SE) of responses within species. Negative values reflect a decrease in the treatment group compared to the control group. Species are arranged in order of increasing post-fledging association time with parents; grey bars represent non-family-living species, black bars represent family-living species. When faced with an increased perceived risk, females either did not adjust, or marginally reduced, (a) clutch size and (b) egg volume. These factors combined to generate a more general decrease in (c) clutch volume. (d) An increased within-clutch variation of egg volume (coefficient of variation) was found in family-living species.
[image: ]
Fig. 2 Species with a long post-fledging association with their parents had greater intraclutch egg size variation when breeding under high perceived predation risk. Plotted values are standardized and centered; grey bars indicate 95% confidence intervals.
[image: ]

Fig. 3. Nests exposed to an increased perceived risk of predation were more likely to fail. Treatment and control means (± 1 SE) at the egg stage, nestling stage, and overall. *p<0.05; °p<0.10. 
[image: ]
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