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ABSTRACT 

 

RELATIVE CONTRIBUTIONS OF FOOD AND TEMPERATURE TO 

ANNUAL REPRODUCTIVE SUCCESS IN TWO TREE SWALLOW 

(Tachycineta bicolor) POPULATIONS OVER 35 YEARS  

 

Dayna LeClair        Advisor:  

University of Guelph, 2012     D. Ryan Norris 

Understanding how environmental variation affects fitness and population dynamics is a 

central goal in modern population biology. Using a multilevel path model, I 

simultaneously examined the effects of food and temperature on multiple stages of the 

breeding cycle, and their relative contribution to annual variation in reproductive success 

in two tree swallow (Tachycineta bicolor) populations over the same 35 year period. In 

one population where food abundance peaked during the laying and incubation portion of 

the breeding season, the primary driver of annual reproductive success was laying period 

food abundance, which directly influenced clutch size and the proportion of eggs hatched. 

In the second population, food was relatively low during the first half of the breeding 

season, and the primary driver of annual reproductive success was temperature during the 

nestling period, which directly influenced nestling survival. My results show that 

understanding the factors that influence reproductive performance requires linking 

environmental variables to reproductive events throughout the entire breeding period and



clearly demonstrate how climate change can have opposite effects on two populations 

less than 35 km apart. 
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INTRODUCTION 

How animals respond to environmental variability has important implications for 

understanding fitness and population dynamics (Tuljapurkar et al. 2009). Food and 

temperature have been suggested as two of the primary environmental factors that drive 

annual variation in reproductive success (e.g. amphibians: Beebee 1995; birds: Crick et 

al. 1997; mammals: Benton et al. 1995; reptiles: Rhen & Lang 1998), and there is 

evidence that both factors influence multiple stages of the breeding cycle (Dawson 2008). 

For example, food and temperature can independently influence breeding success through 

both the timing of breeding (Martin 1987; Crick et al. 1997; Réale et al. 2003) and the 

survival of young prior to their independence (Martin 1987; McCarty & Winkler 1999). 

However, food and temperature are not often measured simultaneously (van Noordwijk et 

al. 1995; Nooker et al. 2005; Ardia et al. 2006), and food is rarely measured over the 

course of the entire breeding season, particularly in systems that exhibit seasonal 

fluctuations in food (although see: Dunn & Hannon 1992; Nooker et al. 2005; Dunn et al. 

2011). Thus, it is important to understand the relative contribution of these environmental 

factors towards reproduction and through which stage of the breeding cycle they are most 

likely to affect reproductive success in order to improve our ability to predict the 

consequences of future environmental change on population dynamics. 

In birds, the period from the beginning of breeding to when young leave the nest 

generally consists of three distinct stages: egg laying, incubation, and nestling rearing, 

and several studies have provided evidence that temperature and food can influence 

reproduction at each of these breeding stages. The timing of laying can be influenced by 

both temperature (e.g. Kluyver 1951; van Balen 1973; Daan et al. 1988; Dunn & Winkler 
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1999; Both & Visser 2001; Hussell 2003; Visser et al. 1998; Visser et al. 2009; Schaper 

et al. 2012) and food abundance (e.g. Lack 1968; Perrins 1970; Martin 1987; Daan et al. 

1988; Visser et al. 1998, 2004; Nooker et al. 2005; Williams 2005) prior to breeding 

through their effects on female body condition. During the laying period, temperature and 

food abundance can influence clutch size by releasing females from thermoregulatory 

constraints and allowing more energy to be allocated into egg quantity (e.g. temperature: 

Klomp 1970; Ojanen et al. 1981; Ojanen 1983; Cresswell & McCleery 2003; Aslan & 

Yaruz 2010; food: Lack 1947; Klomp 1970; Perrins 1970; Hussell & Quinney 1987; 

Martin 1987). Moreover, food during the laying period can also influence proportion of 

eggs hatched because high food abundance allows females to allocate nutrients directly 

into egg development thereby increasing hatching success (Martin 1987). During the 

incubation period, temperature and food abundance can influence hatching success 

because an increase in either temperature or food during this period allows females to 

incubate longer and with fewer and shorter feeding intervals (e.g. temperature: Drent 

1975; food: Martin 1987; Ardia et al. 2006). During the nestling period, temperature can 

influence nestling survival because survival rate of young can be influenced by heat stress 

(Murphy 1985) and food abundance has also been shown to directly affect nestling 

survival through body condition (Murphy 1985; Martin 1987; McCarty & Winkler 1999). 

Additionally, females could use temperature and food as a cue to predict the timing of 

future peaks in food abundance (Visser & Lambrechts 1999).  

Many studies have investigated environmental effects on a single reproductive 

variable but, despite well-designed experiments, there is still conflicting evidence as to 

the drivers of reproductive success. A more accurate understanding of the interplay 
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between reproductive success and environmental variation requires analyses that take into 

account interactions at various levels within the system and account for the fact that the 

components of the system are interconnected. For example, reproductive success is 

determined by multiple reproductive variables (e.g. lay date, clutch size; see hypothesis 

and predictions of path model in Methods), multiple environmental variables (e.g. 

temperature, food) and the interaction between them (e.g. temperature influencing food, 

food directly influencing number of nestlings or indirectly through clutch size). Thus, in 

order to understand the relative contribution of environmental factors to reproductive 

success, we need to consider both the direct and indirect effects of food and temperature 

on each reproductive variable throughout the breeding cycle as well as how each 

reproductive variable influences number of young fledged directly or indirectly through 

interactions with other reproductive variables.  

In this paper, I assessed the relative importance of daily food abundance and 

temperature on the annual variation in reproductive success by using a unique 35-year 

dataset (1977-2011) from two marked populations of tree swallows (Tachycineta bicolor) 

near Port Rowan, Ontario, Canada (42°37´N, 80°27´; Fig. 1). The ‘Sewage Lagoon’ 

(hereafter referred to as SL) was located at the local sewage lagoon ponds where food 

abundance has been consistently high during the laying and incubation stages (Fig. 2a, 

2b), but the most variable prior to laying (Hussell & Quinney 1987). The ‘Point’ 

(hereafter referred to as PT) was located only 33-km east of SL at the tip of the Long 

Point peninsula. Food abundance at PT was lower than SL during the laying and 

incubation periods but increased during the nestling period (Fig. 2a,b; Hussell & Quinney 

1987). Temperatures at PT were generally lower than SL, except during the nestling 
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period when mean temperatures were higher at PT (Fig. 2c; Hussell 2003). Previous 

studies on the same population, but over shorter time periods, have shown that mean 

clutch size differed significantly between populations (SL: 6.2; PT: 5.8) and was directly 

related to mean food abundance during laying at each site (Hussell & Quinney 1987). 

Additionally, the timing of breeding at each site was strongly correlated with mean daily 

maximum temperature in the first 20 days of May (Hussell 2003).  

Given these observations, I used a path analysis to examine specific hypotheses 

that might explain the relative importance of food abundance and temperature to the 

overall reproductive success at each site. Path analysis is a technique used to quantify 

causal pathways in complex systems, representing one of the most powerful approaches 

available for analyzing a series of connected, multi-variant relationships in a non-

experimental system (Grace 2006). I hypothesized that variation in food abundance 

during the laying and incubation periods of the breeding cycle would influence annual 

variation in reproductive success more at SL than PT, via their effects on clutch size 

(Hussell & Quinney 1987) and hatching success (Martin 1987; Ardia et al. 2006) because 

food abundance is high relative to PT (Fig. 2b) and variable across years. Thus, females 

at SL would maximize reproductive success if they used food as a cue for key 

reproductive decisions associated with this period in the breeding cycle. I also 

hypothesized that annual variation in temperature would play a minor role in the 

reproductive success at SL compared to PT because the high food abundance at this site 

would likely override any positive or negative effects of temperature during the laying, 

incubation or nestling periods (Schoech et al. 2008), as well as mitigate the need for birds 

to use temperature as a cue for the timing of breeding because food abundance appears to 
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rise as females begin laying (Perrins 1970; Drent & Daan 1980; Martin 1987). In 

contrast, I hypothesized that temperature would influence reproductive success more at 

PT than SL for two reasons. First, food abundance during the first half of the breeding 

period is consistently low relative to SL and would likely not influence reproductive 

variables during this time. Thus, temperature may act both as a cue for the timing of 

breeding (Kluyver 1951; van Balen 1973; Dunn & Winkler 1999; Hussell 2003) and play 

a prominent role in influencing both clutch size and hatching success through the 

energetic costs of thermoregulation (Drent 1975; Ojanen 1983; Nager & van Noordwijk 

1992; Perez et al. 2008; Aslan & Yavuz 2010). Second, although food abundance at PT 

peaks later in the season, the magnitude of food is similar to SL, while temperatures at PT 

during this period are significantly higher. Thus, I also predicted that higher temperatures 

would have more of a negative influence on nestling survival at PT than at SL (Murphy 

1985; Dawson et al. 2005).  

In ecology, empirical studies are rarely replicated (Kelly 2006) because achieving 

true replication under natural conditions is very challenging due to temporal and spatial 

variability of ecosystems (Ryan 2011). Instead, ecologists more often conduct 

“quasireplication” studies, which replicate previous studies but uses different species or 

systems (Palmer 2000; see also Møller & Jennions 2001), which has been considered by 

others as a not true replication because, in an estimation context, replications means 

getting exactly, or almost exactly, the same effect (direction and size) under experimental 

conditions that are very similar to original study (Kelly 2006). My study represents a true 

replicable study in which two populations in close proximity are studied over the same 

time period (Nickerson 2000; Kelly 2006).  
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METHODS 

Species and study sites  

Tree swallows are small (~20g) migratory aerial insectivore songbirds that breed in 

natural cavities or human-made nest boxes across central and northern North America 

(Robertson et al. 1992). They are considered ‘income breeders’ meaning they lay eggs 

based on their current food intake (Drent & Daan 1980; Winkler & Allen 1996). Tree 

swallows are socially monogamous and both members of the pair take part in raising the 

young, typically raising one brood per season before departing for post-breeding roost 

sites shortly after nestlings fledge (Norris et al. unpubl. data). 

 Data on food, temperature and the timing and success of reproduction were 

collected in 1977-2011 from April-July  at two study sites on the north shore of Lake 

Erie, Ontario, Canada (Fig. 1). The Point (PT) study site (42° 33´ N, 80° 02´ W) was 

located at the tip of the Long Point peninsula and consisted of 70 nest boxes in exposed 

dune-grass habitat with numerous productive shallow ponds scattered throughout. The 

Sewage Lagoon (SL) study site (42° 37´ N, 80° 47´ W) was located 33-km west of the 

Point and contained 65 nest boxes located on or below a grassy bank surrounding the two 

sewage ponds.  

These two populations represented an ideal study system to investigate the 

relative contribution of food and temperature to annual variation in reproductive success 

for several reasons. First, because of the nest box design (Hussell 2003) and predator 

guards, less than 10% of the nests were predated each year, which allowed me to isolate 

the effects of food and temperature on breeding performance. Second, annual occupancy 
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of nest boxes was greater than 90% early in the breeding season (arriving mid-March 

early April; Shutler et al. 2012), suggesting there were likely minimal effects of annual 

variation in density on reproductive success. Third, tree swallows use human-made nest 

boxes, which allowed me to collect information on reproductive variables throughout the 

breeding cycle, and facilitated the capture and identification of the females associated 

with each box. 

Breeding data 

From May 1st until clutch completion, nest boxes were visited daily to monitor nest 

construction, record date of first egg laid and clutch size. A clutch was considered 

complete when the same numbers of eggs were present for three consecutive days. Clutch 

completion day was recorded as the day the last egg was laid. To reduce potential human 

disturbances, nests were visited every three days during the incubation period to record 

any missing eggs. To estimate hatch date, I assumed that females began incubation on the 

day the last egg was laid and starting on the 12th day of incubation, nests were checked 

two times daily to determine hatch times of young as accurately as possible (Hussell & 

Quinney 1987; Robertson et al. 1992). After the eggs hatched, adults were trapped in 

their nest boxes, banded, weighed, and sexed using the presence of a brood patch 

(female) or a cloacal protuberance (male). Females were aged following Hussell (1983), 

and classified as either second-year (birds in their second calendar year) or after-second 

year (birds in their third or more calendar year). Second-year females were excluded from 

analysis because tree swallows are known to differ in their reproductive success with age 

(De Steven 1978; Stutchbury & Robertson 1988). Proportion of eggs hatched was defined 

as the number of successfully hatched nestlings divided by the clutch size for each female 
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in each year. On the day when the mean age of the brood was 12 days, nest boxes were 

visited to band nestlings. Because nestlings often fledge between 18-21 days post-hatch 

(Hussell & Quinney 1987), nest boxes were checked daily from the mean brood age of 16 

days to determine fledging success. Nestling survival was defined as the number of 

offspring present in the nest on mean brood age of 16 days divided by the number of 

nestlings that hatched. In cases where no nestlings were present in the box but the nest 

showed physical signs of disturbance (nestlings usually grip and dislodge the fiber nest 

cups if they are removed from the nest by a predator) then no nestlings were recorded as 

successfully fledging (no value for the variable ‘number of young fledged’ and the 

breeding attempt was excluded from analysis). Number of young fledged was considered 

as the total number of nestlings present in the nest on day 16 of the mean brood age, 

minus any nestlings that died in the box after day 16. 

For the analysis, I only considered females that completed a clutch, initiated 

incubation (egg felt warm to the touch) and successfully hatched one egg on their first 

breeding attempt (i.e. breeding attempts with eggs lost to predation or other causes prior 

to hatch were excluded from the analysis). Tree swallows can re-nest in the same box if 

the first reproductive attempt fails but since I was interested in how the timing of the first 

breeding attempt influenced the number of young fledged, I did not include data from 

females’ second attempt.  

Local temperature 

Maximum daily temperatures were recorded at dusk from a central weather station within 

the nest box grid at each site. The maximum temperature during May 1-20 can vary up to 

10.8°C among years and between sites (from 13.0°C to 23.8°C; Hussell 2003). 
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Temperature prior to laying (shown as TEMP1 in path model) was calculated as the mean 

maximum daily temperature from May 1st to May 15th. Hussell (2003) found that 

maximum daily temperature, rather than minimum or mean daily temperature, was the 

best predictor for the median date of clutch initiation in tree swallows. The fixed window 

of May 1-15 was used for the prior to laying period (TEMP1 in path model) because it 

was highly correlated with median lay dates (Hussell 2003) and also minimized the 

overlap with the laying period. Laying period temperature (TEMP2 in path model) was 

calculated as the mean maximum daily temperature from two days prior to the 10th 

percentile of lay dates (the Julian date of the first egg laid per female) to two days after 

the 90th percentile of lay dates in each year. The two-day buffer was used because food 

abundance two days prior to laying has been shown to have the largest effect on the total 

mass of tree swallow eggs (Ardia et al. 2006). The 10th and 90th percentiles were used 

because they were close to the earliest and latest lay dates but were independent of 

sample size. Incubation temperature (TEMP3 in path model) was calculated by combining 

information from two separate variables: clutch completion date and first nestling hatch 

date. To estimate an appropriate incubation period, the mean maximum daily temperature 

from the 50th percentile day of clutch completion to the 50th percentile of hatch dates 

were used. This encompassed a period of time during the breeding season where 50% of 

the females were incubating to when 50% of the females had hatched one nestling in each 

population. The mean incubation period for both Sewage Lagoon and the Point was 14 

and 16 days, respectively, which was consistent with previously published tree swallow 

incubation lengths (Hussell & Quinney 1987; Robertson et al. 1992). Lastly, nestling 

period temperature (TEMP4 in path model) was calculated as mean maximum daily 
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temperature from the 50th percentile day of hatch date plus 16 days because survival was 

assessed at 16 days (Hussell & Quinney 1987).  

Insect phenology 

Daily abundance of flying insects was assessed at each site by using two drift nets located 

two-meters above the ground in each nest box grid (Quinney & Ankney 1985; Hussell & 

Quinney 1987). Insect monitoring was initiated prior to laying and continued until 90% 

of the nestlings had fledged. Insect collection began in the early morning and the vials 

were collected each evening for identification and sorting by size class. Following 

Hussell & Quinney 1987 and Hussell 2012, I calculated a daily insect biomass index 

(IBI) for each site by dividing the sum of the dry biomass captured in nets by the sum of 

the total wind at nets. Because the volume of air sampled by the nets depends on the wind 

speed, IBI is an index of the density of insects in the air. IBI was expressed in milligram 

dry biomass/100 km wind and represented a reliable metric for estimating aerial insect 

abundance (Quinney & Ankney 1985; for details on IBI calculations see Hussell & 

Quinney 1987; Hussell 2012). Calculations for mean food abundance prior to laying 

(FOOD1 in path model) and during the laying (FOOD2 in path model), incubation 

(FOOD3 in path model), and nestling periods (FOOD4 in path model) were calculated for 

the same time intervals as the corresponding temperature periods. 

Path analysis 

All analyses were conducted in R version 2.14.0 (R Development Core Team 2012) using 

the ‘languageR’, ‘lme4’ and ‘RLRsim’ packages (Scheipl 2010; Bates et al. 2011). The 

effects of temperature and food abundance on annual variation in reproductive success 

were analyzed in a confirmatory path analysis framework, meaning the causal 
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explanations of the path did not involve unmeasured or latent variables (Shipley 2009). 

Shipley’s d-sep (distance separation) test represents a test of the statistical independence 

between two variables and was used to evaluate the overall fit of the path model along 

with Fisher’s C-statistic (Shipley 2000, 2009). Path models fit with d-sep tests are ideal 

for situations when data have a hierarchical structure, small sample sizes, and non-normal 

distributions (Shipley 2000, 2009). A d-sep test consists of deriving a basis set of 

conditional independence relationships predicted from the proposed structure of the 

directed acyclic graph (DAG; i.e. causal graph with no feedback relationships; 

A→B→C→D) or path model (Shipley 2000, 2009). Each d-sep claim, or independence 

claim, in the basis set predicts if the independence of two variables X and Y is conditional 

on the combined set of causal variables shown as ‘Z’ (written as “X_||_Y | {Zi+Zj…}”), 

then the partial slope associated with X of a mixed model regression of Y on X + Z will 

not be significantly different from zero. By testing independence claims, I can identify 

areas of the path model where additional relationships may be needed. The null 

probabilities (P-values) associated with each independence test (see Supplemental 

Information Table S-1 and Table S-2 for probabilistic independence test output from SL 

and PT, respectively) are then combined to then test the entire model using Fisher’s C 

statistic: C = -2∑ln(P), where P represented the sum of the null probabilities (the P-value) 

for the d-sep claims (total = K tests), and where C followed a chi-squared distribution 

with 2*K degrees of freedom (Shipley 2000, 2009). Once the fit of the path model was 

assessed, each path was parameterized using the appropriate statistical model. 

Henceforth, “path model” will indicate the overall DAG path model for each site (Fig. 3), 

and “model” will indicate specific statistical models included within the path model. 
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Significance of each claim as well as the fit of the overall path model were evaluated at α 

= 0.05. 

I structured the causal model based on a priori justification (see Hypothesis and 

predictions for path model below for details for each causal path), which consisted of 41 

causal relationship and 39 claims of independence. There were seven cases in the SL 

model in which the test of probable independence suggested that the relationship existed 

(P <0.05). However, in the final SL path model, three of the seven cases were no longer 

significant given other causal mechanisms. Of the 39 claims of independence in PT path 

model, there were seven cases in which the test of probable independence suggested that 

a relationship existed between variables (P <0.05) and all relationships were significant 

given other causal mechanisms. For both sites, the relationships were examined post-hoc 

and included in the final path model if they were biologically plausible.  

To account for repeated measurements of females across years, a random effect of 

the female identification (the nine digit band-number; ID) was included for each model 

that included a reproductive response variable (lay date, clutch size, proportion of eggs 

hatched, nestling survival, and number of young fledged). Exact restricted likelihood 

ratio tests (10,000 simulations; ‘RLRsim’ package; Scheipl 2010) indicated that the ID 

term was significant in the models that explained lay date and clutch size at both sites. 

Female ID was also a significant term in the model that explained the proportion of eggs 

hatched at SL, and the number of young fledged model at PT. Models in which female ID 

was a significant term were fitted with linear mixed-effects models. In cases of non-

significance, the ID term was removed from the analysis and models were fitted with a 

linear multiple regression model. Model fit was visually assessed using scatter and 
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quantile-quantile plots and histograms of the residuals. Correlations between predictor 

variables were evaluated through the variance covariance matrix of the fitted model, 

where correlation coefficients >0.7 represented highly correlated variables (McGarigal et 

al. 2000). The approximate proportion of variation accounted for by each model was 

assessed via regressions of observed and fitted values derived from models without 

random effects.  

 The purpose of using path models was to estimate the relative effect of one 

variable on an other (Grace 2006). In order to compare the relative effects of variables at 

different hierarchical levels, as well as remove problems associated with scale, all 

variables were standardized ([value – global mean (x)]/ global SD), such that path 

coefficients represented standardized partial regression coefficients, or the standard 

deviation change in Y when X is increased or decreased by 1 SD change in the partial 

regression coefficient (Shipley 2000). For example, proportional data was transformed 

from values between 0.0 and 1.0 to values between -1.0 and 1.0 and due to this 

transformation using generalized linear models not unsuitable. The distribution of the 

residuals from the proportional data after standardization were approximately normally 

distributed, therefore linear mixed–effects models proved to be an appropriate statistical 

method.  

I acknowledge the controversy surrounding the calculation of residual degrees of 

freedom from mixed effects models (Bolker et al. 2009). However, p-values were needed 

for calculating Fisher’s C-statistic for overall test of model independence. For 

consistency, I present the p-values from dependent models because the potential errors in 

calculating p-values do not influence parameter estimation, which was of primary interest 



	   14	  

in examining the relative contributions of environmental factors on annual reproductive 

success. 

Path analysis allows for the calculations of direct effects (DEs; of one variable on 

another) as well as the indirect effects (IEs; the product of all possible pathways of one 

variable to another). Each DE is a causal pathway in the path model and is represented by 

the standardized partial regression coefficient. The IEs are calculated from the product of 

the standardized partial regression coefficients in that path. I calculated the total effects 

(TEs) by adding the sum of the DEs and the IEs from each environmental variable to 

number of young fledged. Thus, the TEs reported here represented the change in the 

annual mean number of young fledged per female when an environmental variable is 

increased or decreased by one SD change in the standardized partial regression 

coefficient.  

Since there is no clear information in the literature on the influence of temperature 

change on insect abundance (hereafter ‘food’), and because I sampled multiple insect 

species, I assessed the effect of temperature on food by comparing models with the 

temperature on the day of insect collection (day zero), as well as the first, second, third, 

and fourth day prior to insect collection. For model selection, I used Akaike’s information 

criterion (AIC; Burnham et al. 2011). Each model was assessed separately by site. At 

both sites, temperature on the day of insect collection was the most parsimonious among 

the models considered, indicating that food estimates did not need to be time lagged with 

temperature periods (Table 1).  
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Hypotheses and predictions for path model 

In this section, I outline the justification for specific hypotheses and their associated 

predictions that form the structure of the path model. Year was included as a continuous 

variable in all analyses relating to environmental variables, and some reproductive 

variables due to independence claims (Table S-1, S-2), to account for annual differences 

(Müller et al. 2005; Mitchell et al. 2011). With repeated measures of reproductive 

variables per individual over multiple years, female identification was included in models 

as a random term (Thomas et al. 2007), if the term was insignificant it was excluded from 

the model. Temperatures steadily increase throughout the breeding season (Fig. 2b), and I 

predict that breeding period temperatures would be correlated with one another. I predict 

that insect abundance at any given time in the breeding season would be a function of 

insect population size at the previous time period. Insect activity has been shown to 

increase with temperatures to an optimum, and further increase above this temperature 

decreases activity and abundance of flying insects (Williams 1940; Taylor 1963), 

therefore I predict that temperature would positively affect food abundance during the 

pre-laying, laying and incubation period, but negatively affect food abundance during the 

nestling period.  

Egg formation requires a minimum resource threshold (Perrins 1970) and I predict 

that annual food abundance prior to laying would negatively affect lay date (Ardia et al. 

2006). Tree swallows are income breeders and I predict that clutch size would be 

positively affected by the annual level of food abundance during the laying period 

(Hussell & Quinney 1987; Nooker et al. 2005; Ardia et al. 2006; Dunn et al. 2011). 

Effects of food abundance on egg hatchability are hard to disentangle from the most 
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influential time period: food abundance during laying or during incubation. I predict that 

high levels of food during incubation would directly enable females to incubate longer 

with fewer and shorter feeding interval, positively affecting proportion of eggs hatched. I 

also predict food during laying would positively affect hatchability indirectly through egg 

development (Martin 1987; Ardia et al. 2006). Food abundance has been shown to affect 

competition between nest members and influence the condition of parents and therefore, I 

predict that high food during the nestling stage would positively affect nestling survival 

(Martin 1987; McCarty & Winkler 1999).  

It has been shown that in times of lower temperatures prior to laying as well as 

during the laying period, energy is used by females for thermoregulation, and not 

allocated towards egg production or maintenance of viable eggs (Klomp 1970; Bryant 

1975; Ojanen et al. 1981; Ojanen 1983; Cresswell & McClerry 2003; Dunn & Winkler 

2010), thus I predict that lay dates would be earlier and clutch sizes would be larger with 

higher pre-laying and laying temperatures. I predict that pre-laying temperatures would 

positively affect clutch size because increases in temperature prior to laying have been 

shown to decrease the costs associated with poor season conditions, allowing females to 

invest energy into larger clutch size (e.g. Pendlebury & Bryant 2005). Temperatures early 

in the season have been shown to be good predictors of cues for the timing of food supply 

later in the season when offspring energetic demands are assumed to be the greatest 

(Daan et al. 1988; Visser & Both 2005), thus I predict that pre-laying temperature would 

positively affect nestling survival. I predict that temperatures during incubation would 

positively effect proportion of eggs hatched because in lower temperatures females would 

leave the nest more to feed in order to maintain an appropriate body temperature and as 
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such, eggs would be exposed to cooler air temperatures decreasing probability of 

hatching (Drent 1975; Reid et al. 2000). Lastly, I predict that temperatures during the 

nestling period would negatively affect nestling survival because high temperatures are 

known to cause heat-stress, particularly in cavity nestling birds (Murphy 1985; Saab et al. 

2011). 

Early laying females can invest more energy into reproductive output as breeding 

early establishes a longer time window to feed the young and I predict that clutch size 

would be determined by the amount of days in which eggs can be laid and earlier mean 

lay dates would negatively effect mean annual clutch size (Klomp 1970; Perrins & 

McCleery 1989; Both & Visser 2005). I also predict that lay date would negatively affect 

proportion of eggs hatched because female that breed early have been shown to have 

higher hatching success due to female and environmental conditions being more 

favourable (Perrins 1970; Verhulst & Nilsson 2008; Descamps et al. 2010). Additionally, 

I predict that lay date would negatively effect nestling survival because females that 

better time breeding to synchronize hatching with a narrow time window of favourable 

conditions have been shown to increase nestling growth rate, body condition, and 

survival to fledging (Lack 1968; van Noordwijk et al. 1995; Thomas et al. 2007, 2010). 

An increase investment in egg production reduces energy available for subsequent stages, 

therefore reducing hatching success, nestling weight and survival to fledging (Dixon 

1978; Martin 1987), thus I predict clutch size would negatively affect proportion of eggs 

hatched. Lastly, I predict that clutch size would positively affect nestling survival, 

because clutch size establishes the upper limit of the brood size the parents can feed 

(Goossen & Sealy 1982; Martin 1987).  
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RESULTS 

General comparisons between sites 

From 1977 – 2011, the annual mean and variability in tree swallow reproductive 

variables at SL and PT (Table 2) were generally consistent with previously published 

results from the same populations but over shorter time periods (Hussell & Quinney 

1987, Hussell 2003)). Mean lay dates were six days earlier and clutch sizes were 0.2 eggs 

larger at SL compared to females at PT (Table 2). The mean annual proportion of eggs 

hatched was 2% lower and slightly more variable at SL compared to PT, whereas nestling 

survival was lower 4% and more variable at PT compared to SL (Table 2; see 

Supplementary Information Fig. S-1a). Although the mean number of young fledged was 

0.3 fledglings higher at SL than PT, the difference was marginally non-significant (Table 

2). Overall, the mean Julian initiation and completion dates for the laying, incubation and 

nestling periods were consistently earlier at SL than PT (Table 3). 

 Mean pre-laying temperature was warmer and less variable at SL compared to PT 

(Table 4; Fig. S-1c). Annual variation in mean temperatures during the laying and 

incubation periods were similar between sites (Table 4), although nestling period 

temperatures were higher at PT compared to SL with little variation between years (Table 

4; Fig. S-1c). 

 Although food abundance was higher at SL than PT during the pre-laying, laying, 

and incubation periods (Table 4; Fig. S-1b), food abundance was higher at PT during the 

nestling period. However, the absolute difference in food during the nestling period 

between the two sites was smaller than differences in food abundance during the other 
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breeding periods. Variability in food was higher at PT during the pre-laying and laying 

periods and similar between the sites during the incubation and nestling periods (Fig. S-

1b).  

 The mean date of peak food abundance at SL was 19 days earlier than PT (SL: 51 

± 9; PT: 72 ±	 10; t = 8.5, df = 61, P <0.0001). Mean date in peak food abundance at PT 

(Julian date = 72, June 10) was correlated with the annual mean date of nestling period 

(Julian date = 73, June 11; r2 = 0.58, P <0.0001), and the mean nestling period was within 

two-days of peak food abundance. In contrast, the mean Julian date of peak food 

abundance at SL was during the incubation period (median incubation date: May 22). 

Path analysis: Sewage Lagoon  

For SL, I tested 41 causal relationships to evaluate the relative contribution of 

temperature and food on reproductive success (number of young fledged) through their 

direct effects on four breeding variables: lay date, clutch size, proportion of eggs hatched, 

and nestling survival. The correlational structure of the path model (Fig. 3a) was 

consistent with the correlational structure of the data, indicated by a non-significant P-

value  (Fisher’s C64 = 71.1, P = 0.26).  

Annual reproductive success 

The main effects in the model accounted for 96% of the observed variation in number of 

young fledged with significant negative effects over time (ß = -0.02, t = -2.1, df = 840, P 

<0.05). Number of young fledged was higher in years with larger clutch sizes (ß = 0.40, t 

= 55.5, df = 840, P <0.0001), higher proportion of eggs hatched (ß = 0.73, t = 92.6, df = 

840, P <0.0001), and higher nestling survival (ß = 0.58, t = 81.2, df = 840, P <0.0001).  
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Laying period 

Mean lay dates tended to be earlier in years with high pre-laying temperature (ß = -0.46, t 

= -18.3, df = 1129, P <0.0001; Fig. 3a, Table S-3a), as well as high pre-laying food 

abundance (ß = -0.28, t = -11.2, df = 1129, P <0.0001). The main effects in the model 

accounted for 37% of the observed variation in lay dates, with an additional 14% of the 

variation attributed to female ID (df = 713, P <0.001). 

Pre-laying food abundance tended to be high in years with high pre-laying 

temperature (ß = 0.37,	  t = 2.1, df = 29, P = 0.043) and there was no evidence that pre-

laying food abundance changed over time (ß = -0.003,	  t = -0.02, df = 29, P >0.05). The 

main effects in the model accounted for 14% of the observed variation in pre-laying food 

abundance at SL. 

 Mean clutch size at SL tended to be high in years with high food abundance 

during the laying period (ß = 0.17, t = 4.8, df = 1180, P <0.0001, Fig. 3a, Table S-3a) 

and, similar to the number of young fledged, mean clutch size decreased over time (ß	 = -

0.15, t = -3.3, df = 1180, P <0.001). There was no evidence that temperature during the 

laying period influenced clutch size (ß = -0.01, t = -0.50, df = 1180, P >0.05). The main 

effects in the model accounted for 9% of the observed variation in clutch size, with an 

additional 34% of the variation attributed to female ID (df = 734, P <0.0001).  

There was no evidence that temperature influenced food abundance during the 

laying period (ß = 0.14,	  t = 1.2, df = 28, P >0.05). However, similar to clutch size and 

number of young fledged, mean laying period food abundance significantly decreased 

over time (ß = -0.68,	  t = -6.0, df = 28, P <0.0001). Food abundance during the laying 

period also tended to be high when pre-laying food abundance was high (ß = 0.57,	  t = 5.0, 
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df = 28, P <0.0001). The main effects in the model accounted for 73% of the observed 

variation in food abundance during the laying period.  

Incubation period 

The mean proportion of eggs hatched in a nest tended to be high in years with high laying 

period food abundance (ß = 0.18, t = 2.7, df = 1117, P <0.01; Fig. 3a, Table S-3a). 

Proportion of eggs hatched tended to be lower in years when clutch sizes were large (ß = 

-0.06, t = -2.1, df = 1117, P <0.05). There was no evidence that temperature (ß = 0.02, t = 

-0.70, P >0.05) or food abundance (ß = -0.03, t = -0.52, df = 1117, P >0.05) during 

incubation influenced proportion of eggs hatched. The main effects in the model 

accounted for only 2% of the observed variation in proportion of eggs hatched with 9% of 

the variation attributed to female ID (df = 710, P <0.05). 

 Food abundance during the laying period accounted for 86% of the variation of 

food during the incubation period (ß = 0.75, t = 8.3, df = 29, P <0.0001). There was no 

evidence that temperature during incubation influenced food abundance (ß = -0.13, t = -

1.5, df = 29, P >0.05) and food abundance during the incubation period did not change 

over time (ß = -0.21, t = 1.5, df = 29, P >0.05). 

Nestling period 

Mean nestling survival tended to be high in years with high nestling period food 

abundance at SL (ß = 0.09, t = 2.2, df = 816, P <0.05; Fig. 3a, Table S-3a). There was no 

effect of clutch size (ß = -0.02, t = -0.5, df = 816, P >0.05) or temperature (ß = -0.01, t = -

0.46, df = 816, P >0.05). The main effects in the model accounted for only 1% of the 

observed variation in nestling survival.  
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 Food abundance during the nestling period tended to be high in years with higher 

food abundance during the incubation (ß = 0.50, t = 2.9, df = 27, P <0.01) and pre-laying 

periods (ß = 0.29, t = 2.1, df = 27, P <0.05). There was no effect of temperature during 

the nestling period (ß = -0.18, t = -1.6, df = 27, P >0.05). There was no evidence that food 

abundance changed over time (ß = -0.17, t = -0.90, df = 27, P >0.05).The main effects in 

the model accounted for 69% of the observed variation in nestling period food 

abundance. 

Path analysis: the Point  

For PT, I tested 41 causal relationships to evaluate the relative contribution of 

temperature and food on reproductive success (number of young fledged) through their 

direct effects on four breeding variables; lay date, clutch size, proportion of eggs hatched, 

and nestling survival. The correlational structure of the path model (Fig. 3b) was 

consistent with the correlational structure of the data, indicated by the non-significant P-

value (Fisher’s C64 = 56.51, P = 0.74).  

Annual reproductive success 

The main effects in the model accounted for 95% of the observed variation in number of 

young fledged, with 11% of the variation attributed to female ID (df = 853, P <0.05). 

Number of young fledged was higher in years with larger clutch size (ß = 0.34, t = 56.2, 

df = 1320, P <0.0001), higher proportion of eggs hatched (ß = 0.52, t = 80.1, df = 1320, P 

<0.0001), and higher nestling survival (ß = 0.77, t = 127.8, df = 1320, P <0.0001). 

Laying period  

Mean lay date tended to be earlier in years with high pre-laying temperature (ß = -0.51, t 

= -17.6, df = 1129, P <0.0001; Fig. 3b, Table S-3b) and high pre-laying food abundance 
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(ß = -0.22, t = -5.5, df = 1129, P <0.001) and advanced over time (ß = 0.17, t = 4.4, df = 

1129, P <0.0001). The main effects in the model accounted for 33% of the observed 

annual variation in lay dates, with an additional 23% of the variation attributed to female 

ID (df = 763, P<0.0001). 

 Pre-laying food abundance tended to be high in years with high pre-laying 

temperature (ß = 0.40,	  t = 2.7, df = 21, P <0.05) and increased over time (ß = 0.62,	  t = 3.9, 

df = 21, P <0.001). The main effects in the model accounted for 58% of the observed 

variation in pre-laying food abundance at PT.  

 Mean clutch size at PT tended to be high in years of high pre-laying temperatures 

(ß = 0.18, t = 5.3, df = 1128, P <0.0001; Fig. 3b, Table S-3b), and high food abundance 

during the laying period (ß = 0.10, t = 3.4, df = 1128, P <0.01). There was no evidence 

that temperature during the laying period influenced clutch size (ß = -0.03, t = -1.19, df = 

1128, P >0.05). The main effects in the model accounted for 3% of the observed variation 

in clutch size with an additional 32% of the variation attributed to female ID (df = 763, P 

<0.0001).  

Food abundance during the laying period tended to be high in years when pre-

laying food abundance was high (ß = 0.67,	  t = 2.5, df = 23, P <0.05) but has declined 

significantly over time (ß = -0.78,	  t = -2.8, df = 23, P <0.01). There was no evidence that 

temperature influenced food abundance during the laying period (ß = 0.22,	  t = 1.2, df = 

23, P >0.05). The main effects in the model accounted for 36% of the observed variation 

in laying period food abundance.  
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Incubation period 

The mean proportion of eggs hatched in a nest tended to be high in years with later mean 

lay dates (ß = 0.09, t = 3.2, df = 1446, P <0.001; Fig. 3b, Table S-3b) but there was no 

evidence that the proportion of eggs hatched was influenced by clutch size (ß = -0.02,	  t = 

-0.11, df = 1446, P >0.05), temperature (ß = 0.03, t = 0.94, df = 1446, P >0.05), or food 

abundance during the laying period (ß = -0.03, t = -0.85, df = 1446, P >0.05), or 

incubation period (ß = 0.03, t = 0.89, df = 1446, P >0.05). The main effects in the model 

accounted for only 1% of the observed variation in proportion hatched.  

 Food abundance during the laying period accounted for 39 % of the variation of 

food during the incubation period (ß = 0.68,	  t = -4.2, df = 28, P <0.001) with no effects of 

temperature (ß = 0.01,	  t = 0.10, df = 28, P >0.05) or time (ß = 0.17,	  t = 0.99, df = 28, P 

>0.05).  

Nestling period 

Mean nestling survival tended to be high in years of later mean lay dates (ß = 0.11, t = 

2.8, df = 1040, P <0.005, Fig. 3b, Table S-3b). Nestling survival tended to be low in years 

of high pre-laying (ß  = -0.13, t = -3.3, df = 1040, P <0.001) and nestling period 

temperature (ß = -0.34, t = -8.4, df = 1040, P <0.0001). There was no effect of nestling 

period food abundance (ß = -0.05,	  t = -1.6, df = 1040, P <0.05) or clutch size (ß = -0.03,	  t 

= -1.3, df = 1040, P <0.05). The main effects in the model accounted for 7% of the 

observed variation in nestling survival. 

 Food abundance during the nestling period tended to be low in years with high 

nestling period temperatures (ß = -0.46,	  t = -3.3, df = 28, P <0.01), and tended to be high 

in years with high food abundance during the incubation period (ß = 0.58,	  t = 4.3, df = 28, 
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P <0.0001). There was no change in nestling period food abundance over time (ß = -0.06,	  

t = -0.42, df = 28, P >0.05). The main effects in the model accounted for 51% of the 

observed variation in nestling period food abundance. 

Total effects of food and temperature on reproductive success 

I used total effect values estimated from the path model to predict the consequences of 

annual variation in food and temperature on reproductive success. At SL, food abundance 

during the laying period had the largest total effect on the number of young fledged (Fig. 

S-2a). One SD increase in the laying period food abundance (0.50; Table 4) was 

predicted to result in 0.23 additional nestlings fledged per female (Fig. S-2a). Mean food 

abundance during the laying period varied by 245 mg dry biomass/100 km over the 35-

year study (Table 4). The maximum value for laying period food abundance was two SD 

units above the mean food abundance of the 35 year period, which would result in an 

increase in mean number of young fledged from 4.7 to 5.2 fledglings per female (Fig. 4a). 

The minimum value for laying period food abundance was two SD units below the mean 

food abundance, which would result in a decrease in mean number of young fledged to 

4.2 fledglings per female (Fig. 4a). Neither pre-laying temperature or nestling 

temperature had a large effect on the number of young fledged at SL (Fig. S-2a). One SD 

increase in the pre-laying period temperature (2.4; Table 4) was predicted to result in 0.08 

additional nestlings fledged per female (Fig. S-2a) and the variation in pre-laying 

temperature over the 35-year study period was predicted to influence number of young 

fledged less than ± 0.2 fledgling per female (Fig. 4b).  

 At PT, food abundance did not have a large effect on number of young fledged 

(Fig. S-2b). One SD increase in the pre-laying (0.55; Table 4) and laying period (0.34; 
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Table 4) food abundance was predicted to result in 0.02 fewer young fledged and 0.03 

more young fledged per female, respectively (Fig. S-2b). Due to the small effect on 

number of young fledged, the variation in either pre-laying and laying food abundance 

over the 35-year study period was projected to influence number of young fledged less 

than ± 0.1 fledgling per female (Fig. 4c). Temperature during the nestling period had the 

largest total effect on the number of young fledged (Fig. S-2b). One standard deviation 

(SD) increase in temperature during the nestling period (1.6 °C; Table 4) was predicted to 

result in 0.28 fewer young fledged per female (Fig. S-2b). Mean temperature during the 

nestling period varied by 5.9°C over the 35-year study period (Table 4). The maximum 

mean temperature during the nestling period was three SD units above the mean 

temperature for the 35-year study, which would result in a decrease in the mean number 

of young fledged from 4.4 to 3.6 fledglings per female (Fig. 4d). The lowest mean 

temperature during the nestling period was two SD units below the mean temperature and 

would result in an increase in mean number of young fledged to 5.0 fledglings per female 

(Fig. 4d).  

 

DISCUSSION 

Using a 35-year dataset, my results demonstrate how environmental factors 

influence the breeding success of two populations situated less than 33-km apart in 

dramatically different ways. Here, I tested the relative contributions of different 

environmental factors across two populations of the same species over the same period of 

time but with different food and temperature phenology’s; which was a ‘true’ replicable 

study (Palmer, 2000; Kelly 2006). In support of my hypothesis for the Sewage Lagoon, I 
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found that food abundance during the laying period was the primary factor driving 

reproductive success through direct effects on both clutch size and proportion of eggs 

hatched (Fig. 3a, 4a). At the Point, I found support for my hypothesis that temperature 

during the pre-laying and nestling periods were the primary factors driving annual 

reproductive success, and also found that these factors were manifested though their 

direct effects on the timing of breeding and nestling survival, respectively (Fig. 3b, 4d).  

	   One likely reason for differences in how food and temperature influenced 

reproductive success between sites is the variation in magnitude and phenology of food. 

At the Sewage Lagoon, food abundance peaked during the laying and incubation periods 

and females appeared to respond to fluctuations in food during this time by increasing 

their clutch size and hatching a higher proportion of eggs. Although the demand on adults 

to find food is thought to be highest during the nestling period (Perrins 1970; Daan et al. 

1988), food abundance during the first half of the breeding period may be as, or more, 

important for reproductive success, particularly for income breeders such as tree 

swallows (Drent & Daan 1980; Ojanen et al. 1981; Hussell & Quinney 1987). Previous 

studies on avian insectivores have shown that the laying and incubation periods can be as 

energetically demanding as the nestling period (Martin 1987; Tinbergen & Williams 

2002; de Heij et al. 2006). To my knowledge, only one study has experimentally 

examined the relative contribution of food during different periods of the breeding cycle 

and found that food abundance during the laying period had a larger effect on annual 

reproductive success of song sparrows (Melospiza melodia) than food abundance during 

the nestling period (Arcese & Smith 1988).  
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 Although my results from the Sewage Lagoon generally support the notion that 

food abundance during the first half of the breeding season is critical for reproduction, 

they also illustrate that annual variation in food abundance during the same period at the 

Point had virtually no effect on reproductive success (Fig. 3b; S-2b). This is likely 

because food abundance was much lower (Fig. 2b), and, even though it was more 

variable than food at the Sewage Lagoon (Fig. S-1b), I suspect it was never high enough 

to influence the reproductive variables I examined.  

 Although food abundance did peak during the nestling period at the Point, it also 

had no effect on the number of young fledged. One explanation is that the variation in the 

magnitude of food during this time was not large enough to influence nestling survival. 

Although food abundance at the Point was higher than the Sewage Lagoon during the 

nestling period, the absolute difference in food abundance between the two sites was 

much smaller (4.8 mg dry biomass/100 km wind) than during the laying period (30.0 mg 

dry biomass/100 km wind). Furthermore, for both sites, the coefficient of variation in 

food abundance during the nestling period was low (Fig. S-1b), which suggests that 

annual fluctuations were too low to have a substantial influence on yearly variation in 

reproductive success. At the Point, it also appeared that females minimized the effects of 

annual variation in food supply by consistently matching the nestling period with peak 

food abundance. In all but one year of the 35-year study, the median date of the nestling 

period was within two days of the peak food abundance, despite the fact that peak food 

abundance varied by 39 days over this time period.  

 In contrast to food, temperature during the nestling period at the Point appeared to 

have a large negative effect on reproductive success. I suggest this is likely due to high 
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temperatures causing nestling mortality through heat stress (Dunn 1979; Murphy 1985). 

High temperatures during the nestling period can also influence the weight, growth rate 

and survival of young in the nest, as previously shown in both tree swallows (Dunn 1979; 

McCarty & Winkler 1999) and eastern kingbirds (Tyrannus tyrannus; Murphy 1985). For 

example, tree swallow nestlings do not acquire thermoregulatory abilities until late in the 

nestling period (> 10 days; Dunn 1979) and during this time temperature can have a 

strong influence on nestlings. In my study, although temperatures during the nestling 

period averaged only 1.5 °C higher at the Point compared to Sewage Lagoon, this could 

have exceeded the tolerance level of nestlings. Saab et al. (2011) also found that a 

difference of only 0.9 °C caused higher mortality in another cavity nester, the western 

bluebird (Sialia mexicana; but not in mountain bluebirds Sialia currucoides). My results 

also suggest that the detrimental effects of temperatures could outweigh the effects of 

food on nestling survival, particularly when annual variation in food is low.  

Contrary to my prediction, food abundance during the incubation period did not 

influence reproductive success at Sewage Lagoon. This could be because the annual 

variation in the incubation period food abundance was considerably lower than food 

abundance during the pre-laying and laying period (Fig. S-1b), suggesting that the annual 

fluctuation in food during this time was not large enough to influence the proportion of 

eggs hatched. Additionally, the peak in food abundance generally coincided with the 

incubation period, which could have also minimized the effect of the annual variation in 

food on the proportion of eggs hatched.  

At Sewage Lagoon, I also predicted that high early season food abundance would 

mitigate the need for females to use temperature as a cue for the timing of breeding 
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because of high food abundance. However, I found that pre-laying temperature had a 

strong effect on the timing of breeding (Fig. 3a), suggesting that temperature during this 

period was a constraint on lay date. Although food abundance may have allowed females 

to escape thermoregulatory costs through increased female body condition (Perrins 1970; 

Daan et al. 1988; Nooker et al. 2005; Fig. 2b), the high variability of pre-laying food 

abundance (Fig. S-1b) may have prevented females from increasing their body condition 

and therefore breeding earlier (Martin 1987).  

 Interestingly, my results suggest that long-term changes in temperature will have 

opposite effects on these two populations. For both the Sewage Lagoon and the Point, I 

found that higher mean temperatures early in the season resulted in earlier lay dates, 

which has been found in other bird species (e.g. Crick et al. 1997; McCleery & Perrins 

1998; Visser & Both 2005; Caro et al. 2007; Burger et al. 2012), as well as tree swallows 

(Dunn & Winkler 1999, 2010; Hussell 2003). However, at the Sewage Lagoon, earlier lay 

dates resulted in larger clutch sizes, which had a positive effect on the number of young 

fledged, whereas, at the Point, earlier lay dates resulted in not only smaller clutch sizes 

but also lower hatching success and nestling survival, which collectively had a negative 

effect on the number of young fledged. Due to the phenology of food at the Point (Fig. 

2b), increasing temperatures could result in a mis-match between the timing of breeding 

and food supply during the nestling period (e.g. Visser et al. 1998; Sanz et al. 2003; 

Visser et al. 2003; Dunn & Winkler 2010; Thomas et al. 2010). Both the clutch size and 

hatching success may decline with earlier breeding because laying typically occurs in late 

May when food abundance is just beginning to rise (Fig. 2b). Thus, in warm years, 

females at the Point begin laying when food abundance is still low, resulting in smaller 
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clutch sizes, lower proportion of eggs hatching and lower nestling survival. 

Understanding how variation in temperature affect breeding variables directly or 

indirectly via the food phenology is essential in order to predict future impacts of climate 

change on population dynamics.  

My results suggest that, in situations of low food abundance, increased 

temperatures late in the breeding season may have a larger effect on the annual variation 

in reproductive success relative to temperature early in the breeding season. Most studies 

have focused on the effects of increased spring temperatures on the timing of breeding 

(birds: Crick et al. 1997; Forchhammer et al. 1998; Stevenson & Bryant 2000; Winkler et 

al. 2002; Hussell 2003; Both & te Marvelde 2007; Charmantier et al. 2008; Both et al. 

2010; Burger et al. 2012; insects: Sparks & Yates 1997; small mammals: Réale et al. 

2003; amphibians: Beebee 1995). However, little is known about the effects of increased 

temperatures on breeding stages after laying and how they influence reproductive 

success. At the Point, I found that in years with higher mean temperatures during the 

nestling period a lower proportion of nestlings survived to fledge (Fig. 3b). Furthermore, 

I also found that nestling period temperature had a larger total effect on the number of 

young fledged than temperature during the pre-laying period (Fig. 4d; Fig. S-2b), 

suggesting that temperature late in the breeding season had a larger influence on 

reproductive success than temperature early in the season  

 Although I did not find any evidence of long-term warming on either population, 

there was a significant decline in the reproductive success over time at the Sewage 

Lagoon. This appeared to be caused by a decline in food abundance during the laying 

period, which indirectly influenced the number of young fledged through the decline in 



	   32	  

clutch size. This may have been caused by the introduction of untreated portable toilet 

waste into the lagoons initiated in 2001 by the Port Rowan Municipality (Bob Fields pers. 

comm.). Portable toilet waste is primarily made up of formaldehyde, which is also a toxic 

chemical used in insecticides (Health Canada 2008). To examine this hypothesis, I split 

the dataset into years prior to the portable waste disposal (1977-2000) and years 

following disposal (2001-2011) and re-ran the path model. In years prior to portable 

waste disposal, there was a slight decline in laying period food abundance but it did not 

influence clutch size or number of young fledged. However, in the years following 

portable waste disposal, there was a significant decline in laying period food abundance, 

clutch size, and the number of young fledged, suggesting that sewage treatment 

influenced the reproductive success. 

 My work demonstrates the importance of examining reproductive variables 

throughout the entire breeding period for gaining a complete understanding of the relative 

importance of environmental factors. Many previous studies have focused solely on lay 

date or clutch size when inferring the effects of food or temperature on reproductive 

success (e.g. Crick et al. 1997; McCleery & Perrins 1998; Winkler et al. 2002; Hussell 

2003). Had I examined the effects of food and temperature only on clutch size, I would 

have concluded that pre-laying temperatures had a positive effect on the reproductive 

success in both populations because there was an overall positive effect of temperature on 

clutch size (Fig. 3). However, I found that temperature had a negative effect on the 

number of young fledged at the Point (Fig. 3b; 4d; S-2b) and virtually no effect on the 

number of young fledged at Sewage Lagoon (Fig. 3a; 4c; Fig. S-2a). This being said, I 

did not examine the effect of food and temperature during the breeding period on post-
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fledging survival, which can be an important aspect of reproduction and one that is 

typically challenging to study in birds (Evans Ogden & Stutchburry 1997; Wheelwright 

et al. 2003; Grüebler & Naef-Daenzer 2010). Therefore, it is possible that my conclusions 

about the relative roles of food and temperature on reproduction might change had I been 

able to include post-fledging survival.  

 By including all reproductive variables from laying to fledging in a single path 

model, I was able to derive accurate estimates of the relative contribution of clutch size, 

proportion of eggs hatched and nestling survival directly on the number of young fledged. 

Perhaps not surprising, these variables explained more than 90% of the variation in the 

number of young fledged. However, more importantly, by estimating the relative 

contribution of these variables towards reproductive success, I was able to capture the 

indirect effects of both food and temperature, something that has been difficult to achieve 

in the past. Interestingly, the relative magnitude of the effects of food and temperature on 

reproductive success was partially driven by the strength of the relationship between a 

given breeding variable and the number of young fledged. For example, at the Sewage 

Lagoon, food abundance during the laying period had the largest total effect on 

reproductive success because it directly influenced the proportion of eggs hatched, which, 

in turn, had the largest direct effect on the number of young fledged (Fig. 3a; 4a; Fig. S-

2a). In contrast, food abundance during the nestling period could have had a large indirect 

effect on reproduction but the reproductive variable it directly influenced, nestling 

survival, had a lower contribution towards variation in the number of young fledged.  

 In the future, the Long Point tree swallow populations should provide a valuable 

model for understanding how behavioural plasticity influences fitness and population 
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dynamics. At the Sewage Lagoon, selection should favour females that adjust their clutch 

size in response to variation in food abundance during the early portion of the breeding 

period. In contrast, at the Point, selection should favour females that do not breed earlier 

in response to increased spring temperatures and potentially adjust their brooding 

behaviour in response to variation in temperature during the nestling period. Some of 

these predictions could be tested using the long-term dataset in which there are breeding 

records of three or more years for hundreds of females. The genetic component of 

plasticity could be examined by exchanging eggs between sites and following the history 

of the juveniles that returned to the same population the following year. 

Conclusion 

I examined the effects of daily food abundance and temperature during each stage of the 

breeding cycle on reproductive decisions and compared their overall contribution to the 

annual variation in reproductive success in two tree swallow populations over a 35-year 

period. I provide evidence that food abundance can outweigh the influence of temperature 

when food abundance is high in the early half of the breeding period, but when food 

abundance is low, temperatures late in the breeding period can have more of an effect on 

reproductive success relative to early season temperature. My results have important 

implications for predicting the effects of environmental change and highlights the 

importance of estimating environmental factors throughout the entire breeding period for 

understanding their influence on fitness in animal populations. Lastly, I’ve shown that the 

relative effects of environmental factors on reproductive success can vary between 

neighbouring populations, emphasizing the importance of replicating studies in order to 

identify potential mechanisms by which food abundance and temperature can influence 
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population dynamics. 
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Table 1. Akaike’s information criterion (AICc) for five competing temperature models 

(maximum temperatures on day of insect collection and the first, second, third and fourth 

days prior to insect collection) to explain the variation in insect abundance at two tree 

swallow (Tachycineta bicolor) breeding locations: (A) sewage lagoon and (B) the point. 

 

A) sewage lagoon           

model AICc ΔAICc wi R2 P 

day collected 7532.8 0 0.9 0.02 < 0.0001 

first day prior 7569.3 36.5 0.0 <0.001 0.65 

second day 

prior 
7561.1 28.3 0.0 0.003 0.02 

third day prior 7555.0 22.1 0.0 0.004 0.006 

fourth day prior 7537.3 4.5 0.1 0.007 < 0.0001 

B) the point           

model AICc ΔAICc wi R2 P 

day collected 6084.7 0 1.0 0.09 < 0.0001 

first day prior 6163.1 78.4 0.0 0.04 < 0.0001 

second day 6191.0 106.4 0.0 0.03 < 0.0001 
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prior 

third day prior 6195.2 110.6 0.0 0.02 < 0.0001 

fourth day prior 6205.7 121.1 0.0 0.01 < 0.0001 
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Table 2. Summary statistics and model results detailing the differences between the 

reproductive variables (lay date: April 1 = 1, clutch size, proportion of eggs hatched, 

nestling survival and number of young fledged) for two tree swallow breeding 

populations (the sewage lagoon: n = 1219 females; the point: n = 1636 females) between 

1977-2011. 

breeding variable 
sewage 

lagoon 
point t df P 

lay date mean 47 53 29.5 2554 <0.0001 

 min 32 40    

 max 75 79    

 sd 5.6 5.3    

clutch size mean 5.9 5.8 -3.9 2587 <0.0001 

 min 2.0 2.0    

 max 8.0 8.0    

 sd 0.8 0.8    

proportion 

hatched 
mean 0.84 0.86 2.3 2479 <0.05 

 min 0.0 0.0    
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 max 1.0 1.0    

 sd 0.20 0.18    

nestling 

survival 
mean 0.93 0.89 -2.3 2133 <0.05 

 min 0.0 0.0    

 max 1.0 1.0    

 sd 0.18 0.28    

number 

fledged 
mean 4.7 4.4 -1.3 2288 0.06 

 min 0.0 0.0    

 max 8.0 8.0    

 sd 1.5 1.8    
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Table 3. Summary statistics and model results detailing the differences between the mean 

(± SD) initiation and completion dates (April 1 = 1) for each breeding period (laying, 

incubation and nestling) between sewage lagoon and the point from 1977-2011. 

breeding period 
sewage 

lagoon 
point t df P 

laying 
mean 

initiation 
42 ± 4.4 47 ± 4.4 5.1 66.9 <0.0001 

 
mean 

completion 
54 ± 4.2 59 ± 3.6 5.8 66.1 <0.0001 

incubation 
mean 

initiation 
53 ± 4.2 57 ± 4.2 3.9 67 <0.0001 

 
mean 

completion 
66 ± 5.0 72 ± 4.5 5.4 65 <0.0001 

nestling 
mean 

initiation 
66 ± 5.0 72 ± 4.5 5.4 65 <0.0001 

 

mean 

completion 
82 ± 5.0 88 ± 4.5 5.4 65 <0.0001 
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Table 4. Summary statistics and model results detailing the differences in temperature 

(temp: ° Celcius) and food abundance (ibi: mg dry biomass/100 km winds; food: 

log(ibi)+0.1) during the prelaying (denoted as subscript “1”), laying (subscript “2”), 

incubation (subscript “3”) and nestling period (subscript “4”) between two tree swallow 

breeding locations: (A) sewage lagoon and (B) the point between 1977-2011. 

A) sewage lagoon       

 min max mean SD t df P 

temp1 13.2 21.5 17.5 2.4 7.2 739 <0.0001 

temp2 15.2 23.9 19.9 2.2 -1.0 886 >0.05 

temp3 16.8 27.5 21.5 2.6 0.5 1087 >0.05 

temp4 20.6 25.6 23.2 2.0 2.6 1131 <0.05 

ibi1 1.13 81.7 17.0 17.6 -2.5 796 <0.01 

ibi2 4.54 250.0 38.3 48.5 -8.0 488 <0.0001 

ibi3 3.85 274.7 38.8 54.0 -5.6 695 <0.0001 

ibi4 2.58 139.5 18.9 26.3 2.8 1010 <0.001 

food1 -0.05 1.60 0.80 0,45 -5.1 785 <0.0001 

food1 0.38 2.26 1.78 0.50 -11.0 797 <0.0001 
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food3 0.42 2.33 1.22 0.48 -5.4 1047 <0.0001 

food4 0.32 1.79 1.01 0,37 2.9 1078 <0.001 

B) the point       

 min max mean SD t df P 

temp1 11.3 22.8 15.7 2.7 7.2 739 <0.0001 

temp2 16.0 25.0 19.3 2.2 -1.0 886 >0.05 

temp3 17.7 25.8 21.5 2.1 0.5 1087 >0.05 

temp4 22.0 29.0 24.7 2.1 2.6 1131 <0.05 

ibi1 0.52 117.1 10.8 23.4 -2.5 796 <0.01 

ibi2 0.69 30.3 8.11 6.88 -8.0 488 <0.0001 

ibi3 2.86 50.9 19.1 13.1 -5.6 695 <0.0001 

ibi4 2.98 169.5 23.7 28.9 2.8 1010 <0.001 

food1 -0.42 1.92 0.53 0.55 -5.1 785 <0.0001 

food2 -0.21 1.37 0.66 0.34 -11.0 797 <0.0001 

food3 0.29 1.77 1.05 0.38 -5.4 1047 <0.0001 

food4 0.06 1.79 1.11 0.37 2.9 1078 <0.001 
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Figure 1. Map of the two tree swallow study sites (sewage lagoon: SL, the point: PT) 

located near Port Rowan, Ontario, Canada (42°37ʹ′N, 80°27ʹ′W). The inset map shows the 

location of the study sites on the north shore of Lake Erie. 
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Figure 2. (A) Mean inition and completion dates of breeding periods ±  the minimum and 

maximum dates (laying, incubation and nestling) (B) daily insect abundance and (C) 

maximum daily temperatures between 1977-2011 at sewage lagoon (black) and the point 

(grey). 
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Figure 3. Path models illustrating relationships among reproductive variables and 

environmental factors (temp: temperature; food: food abudance) where the prelaying 

period is denoted as subscript “1”, laying as subscript “2”, incubation as subscript “3” 

and nestling as subscript “4” for (A) sewage lagoon and (B) the point. All arrows indicate 

direction of causality assumed in each model. Colours indicate direction of relationship: 

positive (blue) and negative (red). Thicknesses of arrows represent the strength of the 

standardized partial regression coefficients. Hypothesized causal relationships that were 

not significant (P >0.05) are not shown. An asterisk indicates a significant effect of 

female ID, and significant temporal trends are shown with either positive (+) or negative 

(-) signs.  
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Figure 4. The predicted change in number of young fledged per female as a function of 

hypothetical increases and decreased in SD units (-3 SD units to +3 SD units) of the 

environmental variables with the largest total effect on sewage lagoon and the point (see 

Fig. S-2 for the total effects of all variables). Environmental variables are: food during 

the pre-laying (food 1) and laying periods (food 2) at (A) sewage lagoon and (C) the 

point; and temperature during the pre-laying (temp 1) and nestling periods (temp 4) at (B) 

sewage lagoon and (D) the point. Predicted shifts are based on the total effects of each 

variable calulcated from the path analysis (Fig. 3). At the bottom of each graph are 

frequency distribution of the annual mean of each environmental variable in standardized 

z-scores. 
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SUPPLEMENTARY INFORMATION 
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Table S-1. Tests of conditional independence d-separation (d-sep; distance separation) 

claims implied by the path model in Figure 3a (sewage lagoon). Notation X _||_Y|{Zi,Zj 

…} means that variables X and Y are independent conditional on the combined set of 

dependent variables: Zi, Zj …. Variables: 1 (lay date), 2 (clutch size), 3 (proportion 

hatch), 4 (nestling survival), 5 (number fledged), 6 (temp1), 7 (food1), 8 (temp2), 9 

(food2), 10 (temp3), 11 (food3), 12 (temp4), 13 (food4), and 14 (year). Round 1 refers to 

the first test of 39 independence claims. Round 2 is the second set of independence test 

after incorporating the seven non-independent relationships determined from Round 1 

(denoted in Round 2 as “ --"). 

  round 1  round 2  

 independency model t 
null 

probability 
t  

null 

probability 

1 
1 _||_ 14 | {6, 7, 

(1|female_id)} 
0.24 0.75 0.24 0.72 

2 
2 _||_ 14 | {8, 9, 1, 

(1|female_id)} 
-3.87 0.0001 -- -- 

3 
2 _||_ 6 | {8, 9, 14, 1, 

(1|female_id)}  
1.09 0.52 1.09 0.53 

4 
2 _||_ 7 | {8, 9, 14, 6, 1, 

(1|female_id)} 
-1.63 0.15 -1.63 0.18 
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5 
3 _||_ 1 | {9, 10, 11, 2, 6, 7, 

(1|female_id)} 
1.14 0.24 1.14 0.23 

6 
3 _||_ 14 | {9, 10, 11, 2, 

(1|female_id)} 
0.25 0.79 0.52 0.63 

7 
3 _||_ 8 | {9, 10, 11, 2, 6, 

14, (1|female_id)} 
0.78 0.53 -0.13 0.87 

8 
3 _||_ 6 | {9, 10, 1, 2, 6, 14, 

(1|female_id)} 
1.37 0.19 2.14 0.04 

9 
3 _||_ 7 | {9, 10, 11, 2, 6, 

14, (1|female_id)} 
-2.16 0.04 -- -- 

10 
4 _||_ 1 | {2, 12, 13, 6, 7, 

(1|female_id)} 
1.51 0.19 1.51 0.20 

11 
4 _||_ 6 | {2, 12, 13, 14, 

(1|female_id)} 
-0.64 0.57 -0.64 0.57 

12 
4 _||_ 7 | {2, 12, 13, 6, 14, 

(1|female_id)} 
0.22 0.72 -1.55 0.17 
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13 
4 _||_ 8 | {2, 12, 13, 6, 14, 

(1|female_id)} 
1.80 0.07 1.90 0.09 

14 
4 _||_ 9 | {2, 12, 13, 6, 14, 

(1|female_id)} 
1.40 0.17 1.24 0.22 

15 
4 _||_ 10 | {2, 12, 13, 8, 14, 

(1|female_id)} 
0.27 0.75 0.27 0.77 

16 
4 _||_ 11 | {2, 12, 13, 9, 10, 

14, (1|female_id)} 
1.10 0.30 0.90 0.36 

17 4 _||_ 14 | {2, 12, 13} -0.29 0.78 0.12 0.90 

18 5 _||_ 1 | {6, 7, 2, 3, 4} -0.64 0.55 -0.63 0.52 

19 5 _||_ 14 | {2, 3, 4} -2.09 0.04 -- -- 

20 5 _||_ 6 | {2, 3, 4, 14} -1.22 0.22 -1.22 0.22 

21 5 _||_ 7 | {2, 3, 4, 6, 14} -1.05 0.29 -1.05 0.29 

22 5 _||_ 8 | {2, 3, 4, 6, 14} 0.54 0.59 0.54 0.59 

23 
5 _||_ 9 | {2, 3, 4, 7, 8,14, 

(1|female_id)} 
1.82 0.07 1.64 0.10 
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24 
5 _||_ 10 | {2, 3, 4, 8, 14, 

(1|female_id)} 
1.54 0.13 1.54 0.12 

25 
5 _||_ 11 | {2, 3, 4, 10, 14, 

(1|female_id)} 
1.32 0.19 1.39 0.17 

26 
5 _||_ 12 | {2, 3, 4, 10, 14, 

(1|female_id)} 
-0.64 0.52 -1.75 0.08 

27 
5 _||_ 13 | {2, 3, 4, 11, 12, 

14, (1|female_id)} 
-0.01 0.99 -0.01 0.99 

28  9 _||_ 6 | {7, 8, 14} -2.45 0.02 -- -- 

29 11 _||_ 6 | {9, 10, 14} -0.72 0.48 0.79 0.44 

20 11 _||_ 7 | {9, 10, 6, 14} 1.34 0.21 -0.50 0.62 

31 11 _||_ 8 | {9, 10, 6, 14} -4.11 0.0004 -- -- 

32 13 _||_ 6 | {11, 12, 14} -0.34 0.74 -1.33 0.19 

33 13 _||_ 7 | {11, 12, 6, 14} 2.47 0.021 -- -- 

34 13 _||_ 8 | {11, 12, 6, 14} -0.72 0.48 -0.01 0.99 

35 13 _||_ 9 | {11, 12, 7, 8, 14} -0.34 0.74 -0.34 0.74 
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36 13 _||_ 10 | {11, 12, 8, 14} -1.91 0.07 -1.24 0.22 

37 10 _||_ 6 | {11, 12, 8, 14} -1.05 0.30 -1.05 0.30 

38 12 _||_ 6 | {10, 14} -3.16 0.004 -- -- 

39 12 _||_ 8 | {10, 6, 14} -0.46 0.65 -0.46 0.65 

 



	   67	  

Table S-2. Tests of conditional independence d-separation (d-sep; distance separation) 

claims implied by the path model in Figure 3b (the point). Notation X _||_Y|{Zi,Zj …} 

means that variables X and Y are independent conditional on the combined set of 

dependent variables: Zi, Zj …. Variables: 1 (lay date), 2 (clutch size), 3 (proportion 

hatch), 4 (nestling survival), 5 (number fledged), 6 (temp1), 7 (food1), 8 (temp2), 9 

(food2), 10 (temp3), 11 (food3), 12 (temp4), 13 (food4), and 14 (year). Round 1 refers to 

the first test of 39 independence claims. Round 2 is the second set of independence test 

after incorporating the seven significant relationships determined from Round 1 (denoted 

in Round 2 as "--"). 

  round 1  round 2  

 independency models t 
null 

probability 
T 

null 

probability 

1 
1 _||_ 14 | {6, 7, 

(1|female_id)} 
4.44 <0.0001 -- -- 

2 
2 _||_ 14 | {8, 9, 1, 

(1|female_id)} 
0.05 0.85 -0.60 0.54 

3 
2 _||_ 6 | {8, 9, 14, 1, 

(1|female_id)}  
5.29 0.001 -- -- 

4 
2 _||_ 7 | {8, 9, 14, 6, 1, 

(1|female_id)} 
-0.20 0.65 -0.20 0.64 
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5 3 _||_ 1 | {9, 10, 11, 2, 6, 7} 2.34 0.02 -- -- 

6 3 _||_ 14 | {9, 10, 11, 2} -0.73 0.47 0.02 0.98 

7 3 _||_ 8 | {9, 10, 11, 2, 6, 14} -0.64 0.52 -0.83 0.41 

8 3 _||_ 6 | {9, 10, 11, 2, 6, 14} -1.41 0.16 -0.03 0.98 

9 3 _||_ 7 | {9, 10, 11, 2, 6, 14} -0.87 0.38 -0.62 0.54 

10 4 _||_ 1 | {2, 12, 13, 6, 7} 2.74 0.006 -- -- 

11 4 _||_ 6 | {2, 12, 13, 14} -4.91 <0.001 -- -- 

12 4 _||_ 7 | {2, 12, 13, 6, 14} -1.17 0.79 -0.24 0.72 

13 4 _||_ 8 | {2, 12, 13, 6, 14} -0.90 0.37 -1.00 0.32 

14 4 _||_ 9 | {2, 12, 13, 6, 14} 0.34 0.73 0.24 0.81 

15 4 _||_ 10 | {2, 12, 13, 8, 14} 1.31 0.19 0.68 0.49 

16 
4 _||_ 11 | {2, 12, 13, 9, 10, 

14} 
1.85 0.07 1.66 0.09 

17 4 _||_ 14 | {2, 12, 13} -1.61 0.11 1.14 0.25 

18 
5 _||_ 1 | {6, 7, 2, 3, 4, 

(1|female_id)} 
0.66 0.46 0.90 0.32 
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19 
5 _||_ 14 | {2, 3, 4, 

(1|female_id)} 
-0.55 0.61 -0.26 0.82 

20 
5 _||_ 6 | {2, 3, 4, 14, 

(1|female_id)} 
-1.19 0.24 -0.69 0.52 

21 
5 _||_ 7 | {2, 3, 4, 6, 14, 

(1|female_id)} 
-0.24 0.83 1.55 0.12 

22 
5 _||_ 8 | {2, 3, 4, 6, 14, 

(1|female_id)} 
-2.46 0.02 -- -- 

23 
5 _||_ 9 | {2, 3, 4, 7, 8,14, 

(1|female_id)} 
1.55 0.13 1.55 0.12 

24 
5 _||_ 10 | {2, 3, 4, 8, 14, 

(1|female_id)} 
0.87 0.35 0.87 0.36 

25 
5 _||_ 11 | {2, 3, 4, 10, 14, 

(1|female_id)} 
0.85 0.41 0.81 0.41 

26 
5 _||_ 12 | {2, 3, 4, 10, 14, 

(1|female_id)} 
0.79 0.44 1.28 0.20 

27 
5 _||_ 13 | {2, 3, 4, 11, 12, 

14, (1|female_id)} 
-0.06 0.82 -0.29 0.64 

28 9   _||_ 6 | {7, 8, 14} -1.30 0.22 -1.26 0.22 
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29 11 _||_ 6 | {9, 10, 14} -0.84 0.41 -0.84 0.41 

30 11 _||_ 7 | {9, 10, 6, 14} 1.07 0.30 1.07 0.30 

31 11 _||_ 8 | {9, 10, 6, 14} -0.12 0.90 -0.12 0.90 

32 13 _||_ 6 | {11, 12, 14} 0.99 0.33 0.99 0.33 

33 13 _||_ 7 | {11, 12, 6, 14} 0.47 0.64 0.47 0.64 

34 13 _||_ 8 | {11,12,6,14} 0.37 0.72 0.37 0.72 

35 13 _||_ 9 | {11, 12,7,8,14} 0.50 0.63 0.49 0.63 

36 13 _||_ 10 | {11, 12, 8, 14} -1.19 0.25 -1.19 0.25 

37 10 _||_ 6 | {11, 12, 8, 14} -0.84 0.41 -0.84 0.41 

38 12 _||_ 6 | {10, 14} -2.43 0.02 -- -- 

39 12 _||_ 8 | {10, 6, 14} 0.87 0.40 0.87 0.40 
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Table S-3. Results of structural equation models for (A) sewage lagoon (B) and point 

detailing the effects of breeding decisions and environmental variables: lay date, clutch 

size, proportion of eggs hatched (proportion hatched), nestling survival, number of young 

fledged (number fledged), pre-laying food abundance (food1), laying period food 

abundance (food2), incubation period food abundance (food3), nestling period food 

abundance (food4), pre laying temperature (temp1) laying period temperature (temp2), 

incubation period temperature (temp3) and nestling period temperature (temp4) for after-

second year tree swallows breeding in Port Rowan, ON, 1977-2011. The approximate 

proportion of variation accounted for by each model was assessed via regressions of 

observed and fitted values derived from models without random effects. 

A) sewage lagoon              

response 

variable 

explanatory 

variable 
estimate SE t  df P R2 

lay date temp1 -0.46 0.025 -18.3 1129 <0.0001 0.37 

  food1 -0.28 0.025 -11.2  <0.0001   

  female id 14%   713 0.001   

clutch size lay date -0.13 0.026 -5.16 1180 <0.0001 0.09 

  temp2 -0.01 0.025 -0.50  0.72   

  food2 0.17 0.034 4.83  <0.0001   
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  year -0.15 0.038 -3.29  0.0002   

  female id 34%   734 <0.0001   

proportion 

hatched 
clutch size -0.06 0.031 -2.05 1117 0.026 0.03 

  temp1 0.07 0.034 1.80  0.059   

  food1 -0.07 0.045 -1.60  0.111   

  food2 0.18 0.066 2.72  0.006   

  temp3 -0.02 0.036 -0.70  0.48   

  food3 -0.03 0.066 -0.52  0.60   

  female id 9%   710 0.02   

nestling 

survival 
clutch size -0.02 0.033 -0.49 816 0.64 0.01 

  temp4 -0.01 0.036 -0.46  0.78   

  food4 0.09 0.038 2.24  0.03   

number 

fledged 
clutch size 0.40 0.007 55.5 840 <0.0001 0.96 

  proportion 0.73 0.008 92.6  <0.0001   
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hatched 

  
nestling 

survival 
0.58 0.007 81.2  <0.0001   

  year -0.02 0.007 -2.09  0.03   

food1 temp1 0.37 0.179 2.12 29 0.043 0.14 

  year -0.003 0.183 -0.02  0.99   

food2 food1 0.57 0.117 4.95 28 <0.0001 0.73 

  temp2 0.14 0.124 1.18  0.25   

  year -0.68 0.115 -5.98  <0.0001   

food3 food2 0.75 0.091 8.25 29 <0.0001 0.86 

  temp2 -0.36 0.085 -0.66  0.45   

  temp3 0.13 0.085 1.48  0.36   

  year -0.21 0.088 -1.92  0.066   

food4 food3 0.50 0.181 2.85 27 0.01 0.69 

  temp4 -0.18 0.116 -1.56  0.15   

  food1 0.29 0.140 2.08  0.047   
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  year -0.17 0.175 -0.9  0.38   

temp1 year 0.28 0.18 0.134 30 1.54 0.07 

temp2 temp1 0.35 0.169 2.05 29 0.049 0.15 

  year -0.26 0.173 -1.48  0.15   

temp3 temp2 0.57 0.150 3.84 31 0.0005 0.33 

  year 0.97 0.150 0.67  0.51   

temp4 temp3 0.33 0.153 2.15 28 0.04 0.38 

  temp1 -0.49 0.154 -3.16  0.004   

  year 0.41 0.158 2.58  0.015   

B) the point              

response 

variable 

explanatory 

variable 
estimate SE t df P R2 

lay date temp1 -0.51 0.029 -17.6 1129 <0.0001 0.34 

  food1 -0.22 0.039 -5.45  <0.0002   

  year 0.17 0.038 4.44  <0.0001   

  female id 23%   763 <0.0001   
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clutch size lay date 0.10 0.034 3.04 1128 0.0002 0.04 

  temp1 0.18 0.034 5.27  0.0001   

  temp2 -0.03 0.029 -1.19  0.18   

  food2 0.10 0.028 3.40  0.0004   

  female id 34%   763 <0.0001   

proportion 

hatched 
lay date 0.09 0.027 3.20 1446 0.002 0.01 

  clutch size -0.02 0.026 -0.11  0.91   

  food2 -0.03 0.032 -0.85  0.39   

  temp3 0.03 0.027 0.94  0.47   

  food3 0.03 0.033 0.89  0.34   

nestling 

survival 
lay date 0.11 0.038 2.80 1040 0.004 0.07 

  clutch size -0.04 0.032 -1.34  0.17   

  temp1 -0.13 0.038 -3.26  0.001   

  temp4 -0.34 0.040 -8.35  <0.0001   
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  food4 -0.05 0.034 -1.58  0.11   

number 

fledged 
clutch size 0.34 0.006 56.2 1320 <0.0001 0.95 

  
proportion 

hatched 
0.52 0.006 80.1  <0.0001   

  
nestling 

survival 
0.77 0.006 127.8  <0.0001   

  temp2 -0.006 0.006 -1.16  0.22   

  female id 11%   853 0.03   

food1 temp1 0.40 0.145 2.73 21 0.01 0.59 

  year 0.62 0.158 3.94  0.0008   

food2 food1 0.67 0.266 2.54 23 0.02 0.36 

  temp2 0.22 0.191 1.17  0.27   

  year -0.78 0.281 -2.81  0.01   

food3 food2 0.68 0.163 4.17 28 0.0002 0.39 

  temp3 0.01 0.151 0.10  0.93   

  year 0.17 0.176 0.99  0.33   
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food4 food3 0.58 0.134 4.31 28 <0.0001 0.51 

  temp4 -0.46 0.139 -3.27  0.003   

  year -0.06 0.145 -0.42  0.68   

temp1 year 0.22 0.230 0.34 22 0.96 0.04 

temp2 temp1 -0.20 0.232 -0.87 23 0.40 0.04 

  year -0.07 0.252 -0.28  0.79   

temp3 temp2 0.36 0.16 2.25 31 0.03 0.21 

  year 0.26 0.165 1.58  0.12   

temp4 temp1 -0.40 0.164 -2.43 20 0.03 0.55 

  temp3 0.49 0.153 3.21  0.004   

  year 0.29 0.179 1.59  0.18   
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Figure S-1. Coefficient of variation for tree swallow reproductive variables (A), food 

abundance (B) and temperature (C) at sewage lagoon (black) and the point (grey). Tree 

swallows reproductive variables are: lay date, clutch size, proportion of eggs hatched 

(prop. hatch), nestling survival, and number of young fledged (no. fledge). Food 

abundance (food) and maximum daily temperature (temp) during different stages of the 

breeding cycle are shown as pre-laying (1), laying period (2), incubation period (3), and 

nestling period (4). 
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Figure. S-2. The predicted change in number of young fledged per female as a function 

of a hypothetical increase in one SD of environmental variables (temperature: grey; food 

abundance: black) during the (1) pre-laying, (2) laying period, (3) incubation period, and 

(4) nestling periods. Predicted shifts are based on the total effects of each varible 

calculated from the path analysis (Fig. 3). 
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