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ABSTRACT 

 Predation is an important ecological process that shapes life-history traits, 

community dynamics, and species coexistence and therefore has been suggested to 

explain many patterns in avian ecology.  Although many studies have reported spatial, 

temporal, or interspecific patterns in nest predation, relatively few studies have been 

designed to identify the specific mechanism(s) that underlie these patterns.  I examined 

mechanisms underlying the risk of nest predation in birds by (1) reviewing nine of the 

most commonly cited hypotheses to explain spatial, temporal, and interspecific variation 

in the risk of nest predation, (2) conducting a comparative analysis of the nest-

concealment hypothesis to examine which methodological issues, extrinsic factors, and 

species traits influence whether or not foliage density affects the risk of nest predation, 

and (3) testing six mechanistic hypotheses to determine the underlying cause(s) of intra-

seasonal decreases in the risk of nest predation.   

 Many of the hypotheses invoked to explain spatial, temporal, and interspecific 

variation in the risk of nest predation lack clearly defined mechanisms.  I suggest that 

future studies explicitly define the mechanism and assumption(s) of each hypothesis prior 

to implementing empirical tests.   

 I found that the discrepancy in results among past studies that have examined the 

nest-concealment hypothesis was due to interspecific differences in a variety of intrinsic 

and extrinsic factors that affect nest predation but have previously been ignored.  The 

effects of nest concealment on nest placement and probability of nest predation vary 
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among species and this variation is predictable based on the bird’s morphological traits 

and characteristics of the ecosystem.   

 Increased risk of nest predation early in the breeding season appears to be due, in 

part, to foliage phenology and spatial and temporal changes in predator behavior.  The 

risk of nest predation was negatively associated with foliage density early, but not late, in 

the breeding season.  Supplemental food provided to nest predators resulted in a 

numerical response by nest predators, increasing the risk of nest predation at nests located 

near feeders.  I show that intra-seasonal changes in environmental features and predator 

behavior affect patterns of nest predation, which can influence timing of breeding. 
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CHAPTER I 

AVIAN NEST PREDATION: A REVIEW OF MECHANISTIC HYPOTHESES 

PROPOSED TO EXPLAIN SPATIAL, TEMPORAL, AND INTERSPECIFIC 

PATTERNS 

I.  ABSTRACT 

Understanding the mechanisms that generate diverse life-history strategies is central to 

the study of life-history evolution.  Variation in ecological processes, such as risk of 

predation, has been suggested as the underlying cause of the diverse life-history strategies 

observed among sympatric species.  However the specific mechanism(s) that underlie 

spatial and temporal patterns in these processes are largely unknown, in part, because the 

focus has been on patterns and outcomes not proximate mechanisms.  Hence, we need to 

understand what drives variation in processes such as nest predation in order to 

understand why life-history strategies vary so widely even within coexisting taxa.  

Hypotheses that have been put forth to explain spatial and temporal patterns in the risk of 

nest predation often lack clearly defined mechanisms, thereby limiting our ability to 

develop and test strong predictions to differentiate among them.  This ambiguity has 

stymied our ability to understand what causes spatial and temporal variation in the risk of 

nest predation that contributes to diverse life-history strategies.  We review nine of the 

most commonly cited hypotheses to explain spatial, temporal, and interspecific variation 

in the risk of avian nest predation and clarify the specific mechanisms and assumptions 

underlying each hypothesis.  We suggest that future studies define the mechanism 

explicitly and recognize the assumption(s) of each hypothesis prior to implementing 
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empirical tests.  We hope to encourage more explicit tests of mechanisms that affect 

spatial, temporal, and interspecific patterns in nest predation.  Our review also highlights 

the need for future authors to focus more attention on predator-prey dynamics, especially 

on developing a better understanding of the foraging behavior of nest predators.  

Understanding the mechanisms that underlie spatial, temporal, and interspecific variation 

will aid in deducing rules by which nest predation can influence diversity of life history 

strategies. 

II.  INTRODUCTION 

Life-history strategies can vary widely among coexisting species (Winemiller 1989, 

Dobson 1992, Stearns 1992, Martin et al. 2000a, Mims et al. 2010).  For example, some 

species produce offspring at an early age, while other species living in the same 

environment produce offspring at a much later age.  Even populations of the same or 

closely related species breeding in different environmental conditions often have different 

life history strategies (Stearns 1992, Badyaev and Ghalambor 2001, Bears et al. 2009, 

Camfield et al. 2010).  Understanding the mechanisms that promote interspecific 

variation in life-history strategies is essential to understand worldwide species 

diversification.  Predation (Martin 1995, Martin and Clobert 1996) and food availability 

(Williams 1966, Lack 1968, Martin 1987) have been proposed to explain diverse life-

history strategies, however, no one process or mechanism has been identified as the 

primary driver of the diversity of life-history strategies.  Identifying the mechanisms 

responsible for generating diverse life-history strategies has been a challenge, in part, 

because the evolution of life-history strategies is influenced by spatial and temporal 
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variation in external environmental factors (Stearns 1976) and we know little about what 

causes spatial and temporal variation in these factors.  Hence, we need to understand 

what drives variation in external environmental factors, such as nest predation, in order to 

better understand the diversification of life-history strategies.   

 Predation is an important ecological process that shapes life-history traits, 

community dynamics, and species coexistence (Lima and Dill 1990, Sih 1994, Lima 

2009).  In fact, nest predation has been suggested to be responsible for several ubiquitous 

patterns in avian ecology (Slagsvold 1982, Martin 1995, Remes and Martin 2002, 

Fontaine and Martin 2006b, Lima 2009).  Although many studies have reported spatial, 

temporal, or interspecific patterns in nest predation, relatively few studies have identified 

the specific mechanism(s) that underlie these patterns.  That is, we know very little about 

why nest predation varies so much among species or across space and time scales.  

Several previous authors have pointed out our collective failure to design such studies 

(Clark and Shutler 1999, Schmidt 1999, Lahti 2009, Lima 2009), yet our understanding 

of the mechanisms that generate these patterns is limited.  Mechanistic hypotheses 

commonly proposed to explain spatial, temporal, or interspecific variation in the risk of 

nest predation often invoke variation in: (1) predator abundance (Andren 1992, Patten 

and Bolger 2003), (2) predator diversity (Filliater et al. 1994), (3) predator activity 

(Johnson et al. 1989, Cain et al. 2003, Cain et al. 2006, Sperry et al. 2008, Klug et al. 

2010, Weatherhead et al. 2010), (4) abundance of alternative prey for nest predators 

(Roseberry and Klimstra 1970, Burhans et al. 2002, Emery et al. 2005, Miller et al. 

2006), (5) predator search image (Martin 1988b, Nams 1997), (6) density of potential-
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prey sites (Martin 1993, Chalfoun and Martin 2009), (7) nest concealment (Ehrhart and 

Conner 1986, Filliater et al. 1994, Hoover and Brittingham 1998, Moorman et al. 2002), 

(8) structural-complexity of vegetation (Martin 1993, Sieving and Willson 1998, 

Chalfoun and Martin 2009), or (9) prey behavior (Skutch 1949).  However, efforts to 

explain spatial, temporal, and interspecific variation in nest predation have focused on the 

outcome of this variation instead of focusing on the mechanism ultimately responsible for 

the variation (Schmidt 1999).  A focus on outcome has limited our ability to make 

inferences about how nest predation influences life-history strategies.  For example, 

several studies have shown that risk of nest predation is positively associated with extent 

of forest fragmentation (Faaborg et al. 1995, Robinson et al. 1995, Donovan et al. 1997, 

Driscoll et al. 2005), but little is known about the underlying mechanism(s) responsible 

for these patterns.  Some nest predators may be more abundant near forest ecotones 

(Matthiae and Stearns 1981), but abundance of nest predators has not been linked 

explicitly to the association between the observed risk of nest predation and habitat 

fragmentation (Weatherhead et al. 2010).   

 We suggest that commonly cited hypotheses invoked to explain patterns in nest 

predation need to be re-examined and mechanisms and assumptions need to be defined 

explicitly so that we can identify the mechanisms underlying variation both in the risk of 

nest predation and life-history strategies.  Future progress in understanding life-history 

evolution requires a shift in focus from life-history strategies per se to a focus on what 

factors create the wide variation in life-history strategies.  Doing so will help future 

investigators develop stronger predictions and deduce rules by which nest predation (and 
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other processes) can influence life-history strategies.  We suggest that future studies 

focus on identifying how nest predation influences the variation observed by considering 

(1) foraging behavior of nest predators, (2) prey behavior, (3) characteristics of the 

predators, (4) characteristics of the environment, and (5) interaction among predators and 

prey.  Focusing on how the risk of nest predation influences the evolution of life history 

strategies may help expand our understanding of the mechanisms that promote allopatric 

speciation.   

 The first step towards a more mechanistic understanding of the role of nest 

predation in the diversification of life-history strategies is to review hypotheses that have 

been proposed to explain spatial and temporal variation in nest predation, and identify 

how nest predation can influence the pattern observed and then design studies to test the 

specific mechanisms.  Here we review nine of the most commonly cited research 

hypotheses that have been proposed to explain spatial, temporal, or interspecific variation 

in the risk of nest predation.  Our primary objective is to clarify and contrast the precise 

mechanisms underlying each of these hypotheses to help elucidate how nest predation 

varies across spatial, temporal, and taxonomic scales.  We contrast each hypothesis to 

those with similar mechanisms to help elucidate the subtle (but important) differences 

among them.  We treat each research hypothesis independently, but recognize that these 

hypotheses may not be mutually exclusive and undoubtedly act in concert in some 

systems.   
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III.  PREDATOR-ABUNDANCE HYPOTHESIS 

The predator-abundance hypothesis suggests that variation in the number of prey 

captured (or the proportion of nests depredated) is a function of predator abundance and 

predicts that the risk of nest predation will be positively related to predator abundance 

(Table 1).  Many authors have suggested that variation in predator abundance may 

explain many spatial and temporal patterns in nest predation: (1) higher nest predation 

along edges (Angelstam 1986, Faaborg et al. 1995, Heske 1995, Robinson et al. 1995, 

Pedlar et al. 1997, Suarez et al. 1997, De Santo and Wilson 2001), (2) higher nest 

predation in fragmented landscapes (Wilcove 1985, Rodewald and Yahner 2001, Patten 

and Bolger 2003), (3) annual differences in nest predation (Reitsma et al. 1990), (4) intra-

seasonal variation in nest predation (Miller et al. 2006), and (5) differences in nest 

predation among vegetative communities (Zimmerman 1984, Luginbuhl et al. 2001).  

Although many authors have suggested that variation in predator abundance may explain 

these and other patterns related to nest predation, the hypothesis has rarely been tested 

(but see Andren 1992, Schmidt 2004, Fontaine and Martin 2006a).   

 The mechanism underlying the predator-abundance hypothesis is a classic 

numerical response (ala Solomon 1949, Holling 1959).  Two mechanisms can generate a 

numerical response: (1) a reproductive response whereby local reproductive success or 

recruitment of predators increases as a result of prey density, or (2) an aggregation 

response (Readshaw 1973) whereby local predators are temporarily attracted to an area 

and consume more prey.  The specific mechanism underlying the predator-abundance 

hypothesis is an aggregation response.  A reproductive response is not expected under the 
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predator-abundance hypothesis because nest contents are temporary resources, often 

occur at low densities, and typically do not constitute the main caloric intake for most 

nest predators (Schmidt et al. 2001).   

 The mechanism underlying the predator-abundance hypothesis differs from the 

predator-diversity hypothesis (Table 1) in that the predator-abundance hypothesis focuses 

on the density of the primary nest predator(s).  In contrast, the predator-diversity 

hypothesis (see section III) suggests that the types of predators affect spatial and temporal 

variation in the risk of nest predation independent of predator density per se (Filliater et 

al. 1994).  For example, two sites might have the same density of nest predators, but site 

A has higher species richness relative to site B.  The predator-abundance hypothesis is 

similar to the predator-activity hypothesis (see section IV) because predator activity and 

predator abundance are identical from the standpoint of the prey (i.e., the nesting bird).  

Anti-predator behavioral responses may be the same if predator abundance increases or if 

predator activity increases.  However, the predator-abundance hypothesis focuses solely 

on predator density and does not make any assumptions regarding variation in predator 

foraging behavior across time or space.  Despite the similarities from the standpoint of 

the prey, differentiating between these two hypotheses is important because they make 

very different predictions.  To tease apart the predator-abundance hypothesis from the 

predator-activity hypothesis, predator activity would have to be held constant or 

accounted for via experimental manipulation.   

Variation in predator abundance may explain why the risk of nest predation varies 

spatially (Angelstam 1986, Andren 1992, Rodewald and Yahner 2001, Patten and Bolger 
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2003), but in order to provide support for the predator-abundance hypothesis, the identity 

of the primary nest predator(s) must be known.  To test whether the predator-abundance 

hypothesis explains spatial or temporal variation in the risk of nest predation, the 

relationship between the density of the primary nest predator and the number of prey 

captured by that species of predator needs to be examined explicitly.  Future investigators 

should also control for variation in predator activity to help distinguish between these two 

hypotheses.  The predator-abundance hypothesis can explain spatial or temporal patterns 

in the risk of nest predation, but the hypothesis does not incorporate a reason why 

predator abundance differs across spatial or temporal scales.  Identifying the reasons why 

predator abundance differs may be a different question, but understanding why predator 

abundance varies could provide insight into the ultimate mechanisms underlying spatial 

and temporal variation in the risk of nest predation and may provide insight into the 

diversity of life-history strategies.   

IV.  PREDATOR-DIVERSITY HYPOTHESIS 

The predator-diversity hypothesis suggests that a rich nest predator community can 

influence spatial or temporal variation in the risk of nest predation because predators 

have different foraging strategies (e.g., visual versus olfactory; Filliater et al. 1994).  

Although referred to as the predator-diversity hypothesis in the literature, the hypothesis 

should be referred to as the predator-richness hypothesis because this hypothesis pertains 

to the number of species of nest predators (richness) rather than species diversity per se.  

The predator-diversity hypothesis has been proposed to explain two common patterns 

related to nest predation: (1) the lack of association between vegetation characteristics 
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and the risk of nest predation (Filliater et al. 1994, Braden 1999, Farnsworth and Simons 

1999, Dion et al. 2000, Ricketts and Ritchison 2000, Chase 2002, Liebezeit and George 

2002, Davis 2005) based on the assumption that dense foliage may inhibit one type of 

predator (e.g., an avian predator that uses visual cues) but not another (e.g., a mammal 

that uses olfactory cues); and (2) differences in nest predation among forest types or 

study sites (Davidson and Knight 2001, Tarvin and Garvin 2002, Bakermans and 

Rodewald 2006).  However, the predator-diversity hypothesis has yet to be tested.  In 

fact, little is known about the success of various types of nest predators in locating and 

depredating nests (Santisteban et al. 2002).  Corvids and diurnal small mammals are 

generally assumed to locate prey visually whereas snakes and nocturnal small mammals 

are commonly assumed to locate prey via olfactory cues.  Our assumptions about 

foraging behavior, however, may be incorrect.  Snakes may actually be locating prey via 

a combination of visual, olfactory, and thermal cues (Mullin and Cooper 1998, Shivik 

1998).  In addition, auditory and ultraviolet cues may also be important components of 

foraging behavior that tend to be overlooked (Jacobs 1992).  If all nest predators use a 

combination of auditory, visual, and olfactory cues, then the predator-diversity 

hypothesis is less compelling.  A better understanding of the cues that different nest 

predators use to find nests is needed prior to assessing the plausibility of this hypothesis.  

Moreover, distinguishing between the predator-diversity hypothesis and the predator-

abundance hypothesis is challenging because sites that have different species of nest 

predators are also likely to differ in the densities of those predators.  Future studies that 

wish to disentangle the predator-abundance hypothesis from the predator-diversity 
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hypothesis need to estimate abundance of the entire suite of nest predators and quantify 

the proportion of nests that each species of predator depredates.   

V.  PREDATOR-ACTIVITY HYPOTHESIS 

The predator-activity hypothesis suggests that spatial (or temporal) variation in the 

“activity” of nest predators explains spatial (or temporal) variation in the risk of nest 

predation (Gates and Gysel 1978, Johnson et al. 1989, Burhans et al. 2002, Chalfoun et 

al. 2002, Morrison and Bolger 2002, Emery et al. 2005, Grant et al. 2005, Weatherhead et 

al. 2010).  Nest-predator activity has been invoked to explain numerous patterns in nest 

predation: (1) higher nest predation along habitat edges (Gates and Gysel 1978, Heske et 

al. 1999, Flaspohler et al. 2001, Sperry et al. 2009), (2) intra-seasonal variation in nest 

predation (Nolan 1963, Johnson et al. 1989, Sieving and Willson 1999, Burhans et al. 

2002, Emery et al. 2005, Grant et al. 2005, Sperry et al. 2008), (3) differences in nest 

predation among microhabitats (Cain et al. 2003, Cain et al. 2006, Klug et al. 2010), and 

(4) higher nest predation in fragmented forests (Weatherhead et al. 2010).   

 The predator-activity hypothesis suggests that predators that spend more time 

moving through an area or spend more time foraging in an area are more likely to 

encounter prey (i.e., a nest) and thus increase the risk of nest predation (Table 1).  An 

important assumption of this hypothesis is that nest predation is incidental to other 

activities of the nest predator and that nest contents (e.g., eggs and nestlings) are taken 

opportunistically (Vickery et al. 1992, Schmidt 1998, Schmidt et al. 2001).  The risk of 

nest predation is then a function of either the amount of time a predator spends moving 

through a site or the amount of space traversed by a predator (Vickery et al. 1992, 
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Schmidt 1998, Schmidt et al. 2001).  However, the assumption that nest predation is 

incidental has rarely been tested (Yanes and Suarez 1996, but see Pelech et al. 2010).  

Indeed, whether nest predation is incidental or the result of directed foraging has been a 

subject of debate (Martin 1988b;1993, Cooper et al. 1999, Schmidt and Whelan 1999a, 

Pelech et al. 2010) and likely varies among species of nest predators.  Determining 

whether nest predation is incidental or the result of directed search has direct implications 

on nest-site selection.  A shortcoming of the predator-activity hypothesis is that the 

hypothesis does not explain why activity of nest predators varies among locations.  As 

such, distinguishing this hypothesis from others with more explicit mechanisms (e.g., 

behavioral responses to prey abundance; see section V) can be difficult.   

Predator activity is often confused with predator abundance (see predator-

abundance hypothesis above), but the two are not equivalent (Schmidt and Ostfeld 2003).  

The predator-activity hypothesis suggests that variation in predator activity causes 

variation in the risk of nest predation whereas the predator-abundance hypothesis 

suggests that probability of nest depredation is a function of predator density (Table 1).  

To further illustrate the difference between the two mechanisms, consider two sites (A 

and B) that have the same number of predators.  However, predators at site A move twice 

as far each day compared to predators at site B thereby increasing the likelihood of 

encountering and incidentally depredating nest contents (eggs and nestlings).  Although 

the likelihood of encountering a nest may depend on nest density, increased frequency of 

predation associated with increased nest density is treated as a separate hypothesis (see 

section VI) because the underlying mechanism differs.   
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 A common problem with most studies that have invoked the predator-activity 

hypothesis is that definitions of predator activity have been vague and have varied widely 

among studies (Chalfoun et al. 2002).  Predator activity has been defined as (1) the 

number of times a predator was seen or heard during multiple site visits (Johnson et al. 

1989, Heske et al. 1999, Sieving and Willson 1999), (2) a probability density function of 

space use (Vigallon and Marzluff 2005, Marzluff et al. 2007), (3) the total number of 

individuals captured per trap period (Schmidt et al. 2006), (4) the number of detections of 

a species on track plates per unit of time (Johnson et al. 1989, Cain et al. 2003), (5) 

distance moved per day by radio-marked predators (Ibarzabal and Desrochers 2004, 

Sperry et al. 2008), and (6) the number of predator signs (e.g., scat, tracks, skunk digs) 

detected per site visit (Johnson et al. 1989, Vickery et al. 1992).  Some of these 

definitions confound predator abundance and predator activity and do not explicitly 

address the activity patterns of the primary nest predator.  Distinguishing both the time 

during which a predator is moving and the space over which a predator travels is critical 

because a predator could cover a large area in one hour, or a predator could cover the 

same amount of space in three hours.  A predator that spends three hours in a small patch 

is more likely to encounter a nest than a predator that only spends one hour in that same 

patch.  Because the predator-activity hypothesis assumes that nest predation is incidental, 

predator activity must be defined both spatially and temporally.  We suggest that future 

studies designed to evaluate the predator-activity hypothesis define predator activity as 

total distance (not straight-line distance) traveled by a predator during a particular time 

interval (e.g., m or km moved per hour or day).  Explicitly defining predator activity is 
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essential for distinguishing this hypothesis from the others and will help elucidate the 

extent to which variation in predator activity helps to explain observed patterns in the risk 

of nest predation.   

 Several studies have attempted to measure predator activity patterns in an effort to 

test the predator-activity hypothesis (D'Eon 1997, Heske et al. 1999, Sieving and Willson 

1999, Cain et al. 2003, Cain et al. 2006, Sperry et al. 2008, Klug et al. 2010, Weatherhead 

et al. 2010).  However, support for the predator-activity hypothesis requires more than 

just demonstrating spatial or temporal variation in predator activity.  Variation in predator 

activity is a necessary assumption of the hypothesis, but by itself does not provide 

sufficient support for the predator-activity hypothesis.  Although the predator-activity 

hypothesis invokes increases in predator activity as the mechanism by which nest 

predation increases, higher activity of nest predators does not necessarily guarantee an 

increase in the risk of nest predation (Pelech et al. 2010).  Movement or activity of a 

potential nest predator may not always result in an increase in the risk of incidental nest 

predation, as predators may be moving through certain areas for reasons unrelated to 

foraging.  For example, although increased snake activity was associated with an 

increased risk of nest predation in Black-capped Vireo (Vireo atricapilla), the proportion 

of nests depredated by snakes was not examined (Sperry et al. 2008).  The association 

between activity and the risk of nest predation may be due instead to snakes spending 

more time along edges (and hence areas occupied by Black-capped Vireos) for 

thermoregulatory reasons rather than for reasons related to foraging (Blouin-Demers and 

Weatherhead 2001, Weatherhead et al. 2010).   
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Future studies should document both predator movement rates and frequency of 

prey (i.e., eggs and nestlings) consumption by the predator simultaneously.  Pelech et al. 

(2010) and Vigallon and Marzluff (2005) provided two of the few examples of 

simultaneously recording variation in both predator activity and prey consumption.  

Squirrels were not more likely to prey upon artificial nests in heavily used parts of their 

territory (Pelech et al. 2010).  However, Vigallon and Marzluff (2005) found that 

artificial nests in areas heavily used by radio-marked Steller’s Jays (Cyanocitta stelleri) 

had a higher risk of nest predation suggesting that activity and disproportional use of an 

area can increase the risk of incidental nest predation.   

VI. BEHAVIORAL RESPONSES TO PREY ABUNDANCE HYPOTHESES 

Although the predator-activity hypothesis may explain spatial or temporal patterns in nest 

predation, the hypothesis does not explain explicitly why nest predator activity varies 

spatially or temporally.  If risk of nest predation varies with predator activity, 

understanding why nest predator activity varies spatially or temporally may prove critical 

for developing and implementing effective management strategies, especially in areas 

where disturbance, such as forest fragmentation may have altered predator activity.  

Predator activity may vary in response to abundance of primary prey.  In fact, many 

studies have proposed that predator foraging behavior changes due to increases or 

decreases in abundance of primary prey that subsequently affects the risk of nest 

predation (Nolan 1963, Crabtree and Wolfe 1988, Greenwood et al. 1998, Vander Lee et 

al. 1999, Jimenez and Conover 2001, Jones et al. 2002).  The hypothesis that is most 

commonly cited to explain spatial or temporal variation in the risk of nest predation as a 
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result of a predators’ response to differences in prey abundance is the alternative-prey 

hypothesis (Pehrsson 1986, Summers and Underhill 1987, Underhill et al. 1993, Bety et 

al. 2001, Jimenez and Conover 2001, Davis 2003, Roos and Part 2004, Hogstad 2005, 

Miller et al. 2006, Wilson et al. 2007, Brook et al. 2008).  The alternative-prey 

hypothesis, as originally stated by Angelstam et al. (1984), emphasizes a behavioral shift 

in a predator’s foraging behavior due to changes in the abundance of its primary prey; 

predators switch from primary prey to alternative prey.  This switch in foraging behavior 

then translates into a directed search for the alternative prey (i.e., eggs and nestlings).  

However, predators may also respond to changes in the abundance of their primary prey 

(or to cumulative prey abundance) by altering (1) total time spent foraging, (2) total area 

searched, or (3) prey types consumed.  The hypothesis proposed by Angelstam et al. 

(1984) focuses exclusively on prey types consumed.  In other words, any hypothesis that 

assumes that nest contents are not the primary prey of the predator but that the predator 

switches from consuming one prey type to consuming eggs and nestlings could be 

referred to as an “alternative prey hypothesis”.  Because predators may respond to 

variation in abundance of their primary prey in numerous ways, each of which will 

subsequently affect the risk of nest predation differently, we suggest that future authors 

no longer use the term “alternative-prey hypothesis” to explain a predator’s behavioral 

response to prey abundance.  Instead, we recommend that the alternative-prey hypothesis 

be divided into two hypotheses that more explicitly describe the intended mechanism: the 

prey-switching hypothesis (Angelstam et al. 1984, Summers and Underhill 1987, 

Summers et al. 1998) and the enemy-free space hypothesis (Schmidt et al. 2001).  
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Summers and colleagues (Summers and Underhill 1987, Summers et al. 1998) referred to 

Angelstam et al.’s (1984) alternative-prey hypothesis as the prey-switching hypothesis, 

but their suggested change in terminology has not been adopted by subsequent authors.  

Renaming and clearly separating mechanisms will reduce the confusion inherent in the 

alternative-prey hypothesis, and greatly improve our ability to test predictions to help 

distinguish among competing hypotheses (Romesburg 1981).  Because two distinct 

mechanisms can affect spatial and temporal variation in the risk of nest predation, we 

discuss the prey-switching hypothesis and the enemy-free space hypothesis separately.  

A.  Prey-switching hypothesis 

The prey-switching hypothesis can be considered a more explicit version of the predator-

activity hypothesis because this hypothesis provides a reason why predator activity varies 

spatially or temporally and provides a mechanism describing exactly how changes in 

predator activity subsequently influence the risk of nest predation.  The prey-switching 

hypothesis suggests that predators alter their search tactics and switch to foraging for nest 

contents when the abundance of their primary prey declines.  The prey-switching 

hypothesis has been invoked to explain several patterns in nest predation: (1) annual 

differences in nest predation (Pehrsson 1986, Summers and Underhill 1987, Davis 2003, 

Miller et al. 2006), (2) intra-seasonal variation in nest predation (Klett and Johnson 1982, 

Wilson et al. 2007, Brook et al. 2008), and (3) differences in nest predation among sites 

(Wilson et al. 2007, Brook et al. 2008).   

 The prey-switching hypothesis suggests that predators switch to alternative prey 

(e.g., nest contents) when foraging solely for primary prey is less profitable than foraging 
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for alternative (or multiple types of) prey (Angelstam et al. 1984, Stephens and Krebs 

1986, Kjellander and Nordstrom 2003, Miller et al. 2006).  Prey switching is considered a 

common phenomenon and is a key component of a Type III functional response in 

predator-prey dynamics (Holling 1959).  Indeed, optimal foraging theory suggests that 

predators foraging optimally should form a specific search image for prey type A when 

the abundance or encounter rate for prey type A increases (Lawrence and Allen 1983, 

Morgan and Brown 1996).  Therefore, predators should switch and focus on searching for 

bird nests in response to decreases in abundance of their primary prey.  The prey-

switching hypothesis assumes that predators form search images specifically for bird 

nests such that predation on bird nests switches from being incidental to directed.  Unlike 

the enemy-free space hypothesis (described below; Table 1), the prey-switching 

hypothesis makes no assumptions regarding the distribution of the primary (or 

alternative) prey.   

 Testing the prey-switching hypothesis requires obtaining data on (1) the amount 

and type of primary prey consumed by a nest predator, and (2) the proportion of nest 

losses attributed to the primary predator.  Future investigators should also examine how 

diet of the primary nest predator changes as a result of changes in the abundance of prey 

types.  Identifying factors that can change predator behavior that subsequently result in 

changes in the risk of nest predation may help explain why life-history strategies vary 

spatially and temporally among related species breeding in different environments.  
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B.  Enemy-free space hypothesis 

Predators can also alter foraging behavior in response to changes in abundance of their 

primary prey via an additional mechanism (in addition to prey-switching).  The enemy-

free space hypothesis (Schmidt et al. 2001) suggests that predators alter their foraging 

behavior in response to abundance of their primary prey (or cumulative prey) by 

changing (1) total time spent foraging, or (2) amount of foraging space searched (Table 

1).  The enemy-free space hypothesis has been proposed to explain variation in the risk of 

nest predation among sites (Schmidt et al. 2001).   

 The enemy-free space hypothesis assumes that (1) nest predation is incidental 

(Vickery et al. 1992, Schmidt et al. 2001), (2) distribution of a predator’s primary prey is 

independent of the distribution of bird nests, and (3) predators quickly and accurately 

assess patch quality and will forage in prey-rich patches (Schmidt et al. 2001).  The 

enemy-free space hypothesis suggests that risk of nest predation varies in relation to a 

predator’s behavioral response to abundance of its primary prey (i.e., not bird nests) by 

altering time spent foraging or the amount of space searched.   

 Time spent foraging or space use can be altered by prey density.  For example, the 

enemy-free space hypothesis assumes that a predator will exploit prey-rich patches as 

these are more profitable (Schmidt et al. 2001, Schmidt and Schauber 2007).  The 

encounter rate with nests increases within prey-rich patches, as predators forage for other 

prey items in the prey-rich patches, but decreases outside of prey-rich patches (i.e., in 

prey-poor patches) because a predator ceases to forage in these low-quality patches 

(Schmidt et al. 2001).  In other words, the risk of nest predation is reduced in unused 
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patches while the risk of nest predation is increased locally in the prey-rich patches 

(Schmidt et al. 2001).  Thus, these prey-poor patches become enemy-free space for 

nesting birds (Schmidt et al. 2001, Schmidt and Schauber 2007).  Food supplementation 

experiments have provided support for the enemy-free space hypothesis; home range size 

of predators decreased on supplemented sites relative to unsupplemented sites in 82% of 

supplemental food experiments (Boutin 1990).  Although the amount of prey consumed 

in a prey-rich patch may decrease as predators become satiated (i.e., Type II or Type III 

functional response), the overall amount of prey consumed is still higher in prey-rich 

patches relative to prey-poor patches.  Thus, this hypothesis could provide a more 

mechanistic understanding of why predator abundance might differ across spatial or 

temporal scales (i.e., may provide an ultimate mechanism underlying the predator-

abundance hypothesis at certain spatial scales).   

 One way to test the enemy-free space hypothesis is to examine giving-up densities 

which provides a surrogate for quitting harvest rates (Brown 1988, Schmidt et al. 2001).  

The amount of food remaining (i.e., giving-up density) at supplemental food stations in 

conjunction with small mammal trapping, track plates, or radio telemetry can be used to 

assess time spent foraging, patch quality, and spatial variation in foraging patterns 

(Charnov 1976, Brown 1988, Schmidt et al. 2001, Schmidt and Schauber 2007).  For 

example, higher giving-up densities and a subsequent decrease in nest predation implies 

that predators are spending less time foraging or use less space when foraging (Schmidt 

et al. 2001).  Indeed, daily nest mortality of songbirds was negatively associated with 

giving-up densities of their primary nest predator, white-footed mice (Peromyscus 
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leucopus; Schmidt et al. 2001).  Distinguishing between time spent foraging and space 

use will likely require techniques such as radio telemetry to estimate the proportion of 

time spent in various patches.  Providing supplemental food to nest predators during 

periods of known resource scarcity can also be used to test the enemy-free space 

hypothesis.  If an increase in primary prey abundance reduces a predator’s use of space, 

then providing predators with supplemental food should reduce the risk of nest predation 

by creating more enemy-free space.  However, a supplemental food experiment cannot 

distinguish between a numeric or functional response unless movements of individual 

predators are tracked via radio-telemetry.   

 Although the enemy-free space hypothesis and the prey-switching hypothesis 

both describe behavioral responses of predators to changes in abundance of their primary 

prey, the behavioral responses differ (Table 1).  The prey-switching hypothesis clearly 

relies on predators actively switching the focus of their foraging effort from their primary 

prey to instead focus on nest contents whereas the enemy-free space hypothesis relies on 

changes in a predator’s use of space or time in relation to overall prey abundance.  

Enemy-free space can also be created by a predator’s territorial boundary or the location 

of a predator’s breeding site in relation to nesting birds (Schmidt and Schauber 2007).  

Hence, a thorough understanding of predator foraging behavior is essential for 

distinguishing among potential mechanisms that might explain spatial and temporal 

variation in the risk of nest predation.  
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VII.  PREDATOR SEARCH-IMAGE HYPOTHESIS 

The mechanisms underlying the previous hypotheses focused on variation in (1) 

abundance of nest predators, (2) movement of nest predators, or (3) abundance of other 

prey.  In contrast, the predator search-image hypothesis suggests that variation in nest 

predation is caused by predators developing search images in response to increases in 

nest density (Tinbergen et al. 1967, Martin 1988a, Nams 1997, Elmberg et al. 2009).  In 

other words, increased nest density results in a functional response by nest predators and 

an increased risk of nest predation.  Intensification of a predator’s search image can 

increase risk of nest predation especially if nests are located in similar microhabitats 

(Martin 1988a, Nams 1997).  Thus this hypothesis assumes that predation evolved in 

response to nest-site selection.  The predator search-image hypothesis has been invoked 

to explain (1) intra-seasonal variation in risk of nest predation (Elmberg et al. 2009), and 

(2) differences in risk of nest predation across vegetation communities (Elmberg et al. 

2009).   

 Development of a search image in response to an increase in nest density assumes 

that predators can respond to changes in nest density (Schmidt and Brown 1996).  

Predators may be able to respond to nest density via a functional or numerical response, 

but the predator search-image hypothesis assumes that predators respond via a functional 

response by altering their foraging behavior.  Predators are expected to increase search 

effort either by examining all locations that previously held a reward or by engaging in 

area restricted searches.  The predator search-image hypothesis is a more mechanistic 

version of the predator-activity hypothesis describing how predator-activity changes.  
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However, unlike the enemy-free space hypotheses, the predator search-image hypothesis 

assumes that predators are searching primarily for nest contents.   

 Development of a search image, however, is likely to be scale or context 

dependent (Andren 1991, Lariviere and Messier 1998, Schmidt and Whelan 1999b, 

Rangen et al. 2001, Ackerman et al. 2004).  For example, development of a search image 

may be influenced more by distance to the nearest neighbor, distribution of nests on the 

landscape (i.e., clumped versus random distribution), or nest density of all coexisting 

birds than by simple nest density of the focal species (Andren 1991, Niemuth and Boyce 

1995).  Thus, adequate tests of this hypothesis require estimates of nest density, spatial 

distribution of nests, estimates of predator abundance, and identity of nest predators.  

Most tests of the predator search-image hypothesis used artificial nests (but see Wilson et 

al. 2007), which may not provide adequate estimates of the risk of nest predation on real 

nests (Major and Kendal 1996, Thompson and Burhans 2004).  Due to the inherent intra-

seasonal fluctuation in both nest density and predator abundance, future investigations 

should estimate conspecific nest density and predator abundance regularly throughout the 

breeding season.    

VIII.  POTENTIAL-PREY-SITE HYPOTHESIS 

Numerous studies have examined the relationship between vegetation characteristics 

surrounding nest sites and the risk of nest predation (Best and Stauffer 1980, Conner et 

al. 1986, Martin 1992a, Norment 1993, Kilgo et al. 1996, Murphy et al. 1997, Rangen et 

al. 1999, Liebezeit and George 2002, Heltzel and Earnst 2006, Chalfoun and Martin 

2009) with the assumption that nest-site selection evolved in response to nest predation.  
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However, few have tested the specific mechanism by which vegetation characteristics can 

affect the risk of nest predation and instead have focused on the differences in vegetation 

characteristics between successful and depredated nests.  The potential-prey-site 

hypothesis suggests that foraging efficiency of predators is reduced by the number of 

potential, but unoccupied, prey sites (Martin and Roper 1988, Martin 1993, Chalfoun and 

Martin 2009).  The probability of a predator locating a nest site is reduced with the 

number of potential-prey sites that must be searched because searching potential-prey-

sites is energetically costly (Martin and Roper 1988, Martin 1993, Chalfoun and Martin 

2009).  Indeed potential nest sites are typically not in short supply for open-cup nesting 

songbirds.  Hence, a predator must examine many potential sites before finding an active 

bird nest.  In this case, predation evolved in response to nest site selection and not the 

other way around.  This hypothesis assumes that birds select similar nest sites and 

predators have evolved different response to locate prey.  The potential-prey-site 

hypothesis has been invoked to explain how nest predation shapes numerous patterns: (1) 

intra-seasonal differences in nest predation (Hoi and Winkler 1994), (2) differences in the 

risk of nest predation within and across species (Hoi and Winkler 1994), and (3) location 

of specific nest sites (Holway 1991, Martin 1998, Ricketts and Ritchison 2000, Liebezeit 

and George 2002, Lusk et al. 2003, Chalfoun and Martin 2009, Schill and Yahner 2009).  

The mechanism underlying the potential-prey-site hypothesis may explain many patterns 

in avian ecology (Chalfoun and Martin 2009), but relatively little is known about how 

potential nest sites can mediate a predator’s foraging behavior.   
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 Unlike the predator-activity and the enemy-free space hypotheses (Table 1), the 

potential-prey-site hypothesis assumes that predators use search images to locate nests 

(i.e., nest predation is not incidental) and that predators systematically search potential-

prey sites.  Furthermore, predators are expected to concentrate their search efforts to 

those locations most likely to contain a nest because bird species do not choose nest-sites 

randomly (Martin 1993).  Assumptions of the marginal value theorem suggest that 

predators will give up searching particular types of sites when the amount of time spent 

searching exceeds the reward rate (Charnov 1976).  In other words, increasing the reward 

rate is expected to increase searching intensity.  If a predator discovers a nest with edible 

contents in a small shrub, the predator should continue searching for food in small shrubs.  

Thus, the frequency of reward increases when individuals or species nest in similar nest 

substrates thereby increasing the risk of nest predation of all individuals utilizing similar 

nest substrates.  The risk of nest predation should be reduced for species nesting in 

dissimilar nest substrates or for individuals nesting in areas with numerous potential nest 

substrates (Martin 1988a;1996).  Indeed, the risk of nest predation in artificial nest 

experiments was higher for nests placed in similar locations (Martin 1988a, but see 

Pelech et al. 2010).  Moreover, co-existing species nesting in similar locations had greater 

risk of predation than other species nesting in different locations (Martin 1996).   

 The potential-prey-site hypothesis differs subtly from the predator search-image 

hypothesis, in that the potential-prey-site hypothesis makes no assumptions about the 

density of nest sites.  Instead, the potential-prey site hypothesis suggests that the risk of 

nest predation decreases when a predator must search numerous potential but 
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unrewarding locations.  In other words, the potential-prey-site hypothesis assumes that 

predators alter their search image in response to variation in the proportion of potential 

nest sites that have nests rather than to the density of nests.  Future investigators will need 

to account for conspecific nest density as well as investigate predator foraging behavior 

to distinguish between these two hypotheses.    

 Although both the potential-prey-site hypothesis and the structural-complexity 

hypothesis (see section IX) describe how vegetation characteristics can affect the risk of 

nest predation, the mechanisms underlying these hypotheses are different (Table 1).  The 

structural-complexity hypothesis suggests that dense and complex vegetation surrounding 

a nest site restricts predator movement via physical obstruction.  Vegetation structure 

does not affect the ability of predators to locate or access nests under the potential-prey-

site hypothesis.  Instead, the location and number of potential nest sites within patches of 

vegetation affects the impetus of predators to search in those patches.  Despite clearly 

defined differences in the mechanisms, distinguishing among these hypotheses is 

challenging (Chalfoun and Martin 2009).  In fact, only one study has successfully tested 

between these two alternative hypotheses.  Chalfoun and Martin (2009) found support for 

the potential-prey-site hypothesis but not the structural-complexity hypothesis.   

 Additional experiments designed to test the foraging efficiency of specific 

predators in different environments are needed to test the mechanism underlying the 

potential-prey-site hypothesis.  Critical questions that have yet to be addressed include: 

(1) whether predators will search exclusively for nest contents, and (2) whether predators 
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are more likely to continue searching specific locations with increasing reward (but see 

Martin 1988a, Pelech et al. 2010).    

IX.  NEST-CONCEALMENT HYPOTHESIS 

Vegetation characteristics can also affect spatial, temporal, and interspecific variation in 

the risk of nest predation by altering the effectiveness of predators at locating and 

accessing nests.  The nest-concealment hypothesis suggests that dense foliage 

surrounding the nest reduces the transmission of auditory, visual, or olfactory cues that 

predators use to locate nests (Martin 1992a, Filliater et al. 1994).  The nest-concealment 

hypothesis has been proposed to explain many observed patterns related to nest 

predation: (1) differences in nest predation among vegetation characteristics (Chapa-

Vargas and Robinson 2006), (2) intra-seasonal variation in nest predation (Klett and 

Johnson 1982, Wilson et al. 2007, Kroll and Haufler 2009), and (3) variation in nest 

predation within and among species (Johnson 1997, Flaspohler et al. 2000).  The nest-

concealment hypothesis is arguably the most commonly cited hypothesis to explain 

spatial and temporal variation in the risk of nest predation.  However, we know very little 

about the scale at which the mechanism likely operates or the ubiquity of this mechanism 

to explain patterns in nest predation.   

 Studies that have tested the nest-concealment hypothesis have typically focused 

on the relationship between the risk of nest predation and the amount of foliage 

surrounding the nest at the nest-site scale (<1 m from the nest).  However, foliage density 

at larger spatial scales surrounding the nest (>5 m) might also reduce the transmission of 

auditory, visual, or olfactory cues.  In fact, reduced transmission of cues due to dense 
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foliage at larger spatial scales has often been referred to as the total-foliage hypothesis 

(Martin 1993).  Foliage density can affect the risk of nest predation via two distinct 

mechanisms.  Dense foliage at larger spatial scales could reduce the transmission of cues, 

but dense foliage could also reduce the ability of predators to efficiently move through 

vegetation (Bowman and Harris 1980, Chalfoun and Martin 2009).  Unlike the nest-

concealment hypothesis, the structural-complexity hypothesis focuses on physical 

obstruction and suggests that dense foliage reduces the ability of predators to efficiently 

move through a patch.  Because two different mechanisms could explain how dense 

foliage affects the risk of nest predation, we suggest that each hypothesis should be 

considered separately: the nest-concealment hypothesis and the structural-complexity 

hypothesis.  The nest-concealment hypothesis describes the effect of foliage density on 

reducing transmission of auditory, visual, or olfactory cues at any scale.  The structural-

complexity hypothesis describes the effect of dense and structurally complex foliage on 

restricting movement of predators.   

 Unlike the previous hypotheses, the nest-concealment hypothesis makes no 

assumptions about predator search behavior (Table 1).  Dense foliage can reduce the 

transmission of cues regardless if predators actively search for nests or if they encounter 

nests opportunistically.  However, one key component of the nest-concealment 

hypothesis that has rarely been tested is the effectiveness of foliage in actually reducing 

the transmission of cues (but see Santisteban et al. 2002).  Does dense foliage reduce 

olfactory transmission for olfactory searching predators?  The reduction in auditory, 

visual, or olfactory cues is also expected to vary by the type of predator responsible for 
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nest losses (Rangen et al. 1999).  For example, foliage density may reduce transmission 

of visual cues for some, but not all, predators and may do little to reduce the transmission 

of olfactory cues (Clark and Nudds 1991, Rangen et al. 1999, Santisteban et al. 2002, 

Remes 2005a).  Differences in foraging strategies will likely affect how well foliage 

density affects the transmission of these cues (Santisteban et al. 2002).  Future studies 

should design experiments to test whether different levels of foliage density affect the 

ability of different types of nest predators to locate nests. 

X.  STRUCTURAL-COMPLEXITY HYPOTHESIS 

The structural-complexity hypothesis suggests that dense and complex vegetation 

surrounding the nest site reduces maneuverability of predators via physical obstruction 

and thereby reduces the risk of nest predation.  This hypothesis (often referred to as the 

total-foliage hypothesis) has been proposed to explain differences in nest predation across 

vegetation communities (Sieving and Willson 1998).  This hypothesis also assumes that 

nest-site selection evolved in response to nest predation.  The structural-complexity 

hypothesis focuses specifically on whether the characteristics of vegetation at larger 

spatial scales surrounding the nest (>5 m) affect the ability of predators to access nests.   

 The structural-complexity hypothesis, the nest-concealment hypothesis, and the 

potential-prey-site hypothesis all rely on vegetation mediating predator foraging 

efficiency, but the mechanisms differ in subtle but important ways (Table 1).  The 

mechanism of the structural-complexity hypothesis suggests that dense and complex 

vegetation impedes the movement of predators and thus reduces foraging efficiency and 

the frequency of nest encounters.  The mechanism of the nest-concealment hypothesis 
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suggests that foliage reduces the transmission of visual, auditory, or olfactory cues, which 

reduces the ability of predators to detect nests.  The mechanism of the potential-prey site 

hypothesis suggests that predator foraging behavior is affected by the number of potential 

but unoccupied sites and does not address the ability of predators to move through dense 

vegetation.  Although the difference among these mechanisms is subtle, different 

predators are likely to respond to (or be affected by) characteristics of the vegetation 

differently.  Hence, understanding precisely how vegetation characteristics affect spatial, 

temporal, and interspecific variation in the risk of nest predation is important.  For 

example, if the risk of nest predation is affected by structural complexity rather than nest 

concealment, then allowing for diverse and structural complex vegetation will prove 

more successful at increasing nesting success in species of management concern.   

 Vegetation structure and complexity can indeed impact the foraging success of 

predators by limiting their movement (Simonetti 1989, Heck and Crowder 1991, Bakker 

2006).  Some small mammals tended to avoid areas with dense shrub cover presumably 

because dense shrubs impede movement (Simonetti 1989, Bakker 2006).  The effect of 

vegetation structure on movement, however, likely varies among predator species 

(Benson et al. 2010).  Increased spatial heterogeneity of vegetation reduced the number 

of nests depredated by raccoons (Bowman and Harris 1980).  However, snakes had the 

highest foraging efficiency in vegetation communities with medium (rather than low) 

levels of structural complexity (Mullin and Cooper 2000).  Therefore, testing the 

structural-complexity hypothesis will require explicit tests examining the effects of 

vegetation density and structural complexity on restricting movement of different types 
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of nest predators.  Radio-telemetry can be used to follow movements of predators in areas 

with different vegetation characteristics in natural settings.  Lab experiments can also be 

designed to measure foraging success of nest predators placed in areas with different 

levels of structural complexity of vegetation.  

XI.  PREY-BEHAVIOR HYPOTHESIS 

Environmental factors can alter prey behavior (e.g., activity of nesting birds) that may 

subsequently affect the ability of predators to locate nests.  The prey-behavior hypothesis 

suggests that environmental factors such as food availability or increases or decreases in 

ambient temperature can cause females to alter their incubation patterns (Skutch 1949, 

Ancel et al. 1998, Conway and Martin 2000a;b, Martin et al. 2000b, Londono et al. 

2008).  Increasing frequency of off-bouts or decreasing duration of on-bouts (i.e., more 

nest visits) can potentially attract the attention of a predator (Skutch 1949, Martin 1992b, 

Conway and Martin 2000b, Martin et al. 2000b).   

The prey-behavior hypothesis suggests that activity of birds around their nest site 

attracts predators to the nest, subsequently increasing the risk of nest predation.  The 

prey-behavior hypothesis has been invoked to explain (1) differences in the risk of nest 

predation among and within species (Ghalambor and Martin 2002), (2) annual and intra-

seasonal differences in the risk of nest predation (Brinkhof and Cave 1997, Martin et al. 

2000b, Rastogi et al. 2006), and (3) differences in nest predation across sites (Zanette et 

al. 2003).   

 In contrast to the previous hypotheses, the prey-behavior hypothesis relies on the 

response of birds to external conditions which, in turn, affects the ability of predators to 
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locate nests.  The previous hypotheses focused on the response of predators to changes in 

external environmental conditions.  Because this hypothesis focuses on prey behavior, 

identity of predators and knowledge of predator-searching behavior is not necessary.  The 

prey-behavior hypothesis, however, does assume that predators locate nests via visual or 

auditory cues.  Future investigations of this hypothesis should investigate whether food or 

temperature influence parental activity patterns and the likelihood of predator detection.  

A challenge to future studies is to control for temperature or food availability when 

testing the prey-behavior hypothesis to distinguish which of these two factors is likely 

causing a change in parental behavior.  However, our ability to observe an effect of either 

food or temperature on altering prey behavior may be constrained by both factors 

operating simultaneously (Londono et al. 2008).     

XII.  MULTIPLE MECHANISMS 

A challenge inherent in examining the mechanisms responsible for spatial, temporal, and 

interspecific variation in the risk of nest predation is that multiple mechanisms likely 

operate simultaneously.  This is a challenge for almost all ecological investigations and 

warrants careful consideration here.  Identifying the most influential mechanism(s) will 

require tests of multiple alternative hypotheses, detailed predictions that discriminate 

among different mechanisms, and carefully designed experiments to evaluate synergistic 

or additive relationships.  For example, females may alter their incubation patterns due to 

energetic demands associated with cold temperature and changes in incubation behavior 

may subsequently increase the risk of nest predation.  But cold temperatures may also 

reduce foliage growth which may increase a nest’s exposure to visually oriented 
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predators.  Thus, the prey-behavior and the nest-concealment hypotheses may operate 

simultaneously and determining which of these mechanisms is most influential would 

require controlled experiments that manipulate foliage and temperature independently.  

The possibility that multiple mechanisms operate simultaneously to explain spatial or 

temporal patterns in nest predation (Weidinger 2002, Remes 2005b, Eggers et al. 2008) 

merely highlights the importance of testing alternative research hypotheses 

simultaneously.  This also highlights reasons why identifying the proximate mechanisms 

that are responsible for generating diverse life-history strategies has been difficult; 

numerous factors are acting simultaneously and past studies have not been designed to 

examine the causes of this variation that could be contributing to diverse life-history 

strategies.   

 In addition to the challenges associated with distinguishing among multiple 

mechanisms, future studies should also consider how mechanisms that affect the risk of 

nest predation can also affect prey behavior.  For example, past tests of the nest-

concealment hypothesis have often failed to consider the possibility that a predator may 

alter its foraging behavior in response to variation in foliage density due to issues such as 

risk aversion.  Vegetation characteristics could influence movement patterns of nest 

predators (Bowman and Harris 1980, Mullin and Cooper 2000) which may subsequently 

influence the probability of those predators encountering a nest (Schmidt et al. 2001, 

Cain et al. 2006, Lecomte et al. 2008).  Some nest predators (e.g., small mammals) may 

be less prone to forage far from cover if their own risk of predation is high (Kotler 1984, 

Bowers et al. 1993, Falkenberg and Clarke 1998, Schmidt 2006).  Indeed, movements of 
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deer mice (Peromyscus maniculatus) increased in areas with shrub cover compared to 

open areas during moonlit nights (Kotler 1984, Falkenberg and Clarke 1998).  Hence, 

birds nesting in areas with more foliage may have an increased (rather than decreased) 

risk of nest predation by mice (Schmidt et al. 2001).  This example highlights the need to 

identify nest predators and study predator behavior in conjunction with explicit tests of 

one or more of the mechanistic hypotheses reviewed in this paper.  Moreover, the 

mechanism(s) responsible for spatial, temporal, and interspecific variation in the risk of 

nest predation may differ depending on the species of predator responsible for nest losses 

(Benson et al. 2010). 

XIII.  CONCLUSION 

At least nine different hypotheses have been invoked by past authors to explain spatial, 

temporal, and interspecific patterns in avian nest predation.  In many cases, the 

mechanisms underlying these nine hypotheses differ in only very subtle ways.  The subtle 

differences, the ambiguous names often given to these hypotheses, and the lack of a 

complete review of the different mechanisms have often resulted in the failure to 

recognize distinct mechanistic hypotheses. However, understanding which of these 

mechanism(s) explains many of the observed patterns in nest predation will help guide 

management and conservation of bird populations, especially for rare or introduced 

populations.  For example, some of these mechanisms imply that effective management 

efforts to increase reproductive success should focus on management of vegetation 

whereas others imply that predator control might be the most effective, and still others 

imply that supplementation of alternative food sources may be the best way to increase 
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reproductive success of the target species.  As animal populations require more and more 

hands-on management (Scott et al. 2005), a thorough mechanistic understanding of why 

predation pressures vary across time and space is needed.  For example, if we find that 

the risk of nest predation is positively associated with nest predator abundance, we may 

conclude that reducing nest predator density will improve reproductive success.  

However, density of nest predators per se may not be the ultimate problem.  Instead, nest 

predators may not have enough food to eat and providing them with additional food may 

improve reproductive success and prevent the unnecessary culling of the nest predator 

population.  Similarly, if we test the prediction of the nest-concealment hypothesis 

without understanding the mechanism we may conclude that increasing understory 

foliage will improve reproductive success.  However, if the number of potential but 

unoccupied sites reduces the likelihood that a nest predator will discover a nest then 

increasing overall foliage density at a site may do little to improve reproductive success.  

Instead, planting additional species of the commonly used nesting substrate will likely 

prove more effective.  Thus, management recommendations are likely to differ depending 

on the specific mechanism responsible for the pattern.    

 Differentiating among the 9 mechanistic hypotheses will require substantially 

greater efforts to identify the primary nest predator(s) and examine changes in predator 

foraging behavior along the spatial, temporal, or taxonomic gradient of interest.  These 

issues have largely been ignored in avian ecology but new technologies make identifying 

and tracking nest predators much easier (Thompson et al. 1999, Pietz and Granfors 2000, 

Stake and Cimprich 2003, Pierce and Pobprasert 2007).  We need more studies that 
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couple intensive nest monitoring across multiple study sites with radio telemetry and diet 

studies of the primary nest predator(s).  By providing summaries of the mechanisms 

underlying each of nine hypotheses that are commonly used to explain patterns in nest 

predation , we hope to encourage more explicit tests of the mechanisms underlying 

spatial, temporal, and interspecific variation in the risk of nest predation.  Identifying the 

proximate mechanisms responsible for spatial, temporal, and interspecific variation in the 

risk of nest predation will likely help to explain the diversification of avian life-history 

strategies.     
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CHAPTER II 

DO BIRDS USE FOLIAGE DENSITY AS AN EFFECTIVE STRATEGY TO AVOID 

NEST PREDATION? NEW INSIGHTS FROM A COMPARATIVE ANALYSIS 

I.  ABSTRACT 

Selection of a breeding site is critical for many animals, especially for birds whose 

offspring are sessile during a large portion of their growth and development.  Birds are 

often assumed to prefer concealed nest sites because dense foliage surrounding a bird’s 

nest is thought to reduce the risk of nest predation.  However, 74% of past studies (n = 

106) that have evaluated this assumption failed to support the nest-concealment 

hypothesis; increased foliage density was not associated with reduced nest predation.  We 

conducted a comparative analysis to identify the factors that contribute to variation in the 

efficacy of foliage density to deter nest predation.  We found that the discrepancy in 

results among past studies that have examined the nest-concealment hypothesis is due to 

interspecific differences in a variety of intrinsic and extrinsic factors that affect nest 

predation but have previously been ignored.  Interspecific differences in male and female 

plumage brightness and female body mass explained variation in results across studies.  

Variation in nesting success, latitude, and elevation (which reflect differences in the nest 

predator and vegetation communities) also affected whether foliage density reduced the 

risk of nest predation across studies.  Moreover, the timing of measurement and the 

methods used to measure foliage density created biased estimates of foliage density, and 

thereby limited the ability of many past authors to rigorously test the hypothesis.  Our 

results demonstrate that the effects of nest concealment on nest placement and probability 
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of nest predation vary among species and that at least some of this variation is predictable 

based on the bird’s morphological traits and characteristics of the ecosystem.  Lack of a 

detectable relationship between foliage density and nest predation in many species does 

not imply that foliage density is unimportant, but rather that species may be facing 

different trade-offs associated with the risk of predation to themselves versus their 

offspring.  Future advances to our understanding of avian nest-site selection require 

studies that simultaneously test predictions of the nest-concealment hypothesis as well as 

predictions of alternative mechanistic hypotheses that can explain non-random nest 

placement in birds. 

II. INTRODUCTION 

Predation is a pervasive selective pressure and animals have evolved many behavioral, 

morphological, and physiological traits to avoid predation (Sih 1994, Caro 2005, Lima 

2009, Morosinotto et al. 2010).  Predator avoidance strategies are particularly common in 

animals with sessile offspring  that develop at a stationary location outside the females’ 

body and are vulnerable to predation (Resetarits and Wilbur 1989, Thompson and 

Pellmyr 1991, Gripenberg et al. 2010).  Hence, selection of a safe breeding site is under 

intense selection in species with sessile offspring such as birds and many of fish, reptiles, 

and insects (Ricklefs 1970, Thompson and Pellmyr 1991, Martin 1992a;1998, Gripenberg 

et al. 2010).  Selection of a breeding site is particularly critical for birds because nest-site 

choice can also affect female survival (Wiebe and Martin 1998, Miller et al. 2007).  The 

most common mechanistic hypothesis invoked to explain nest-site selection in birds is the 

nest-concealment hypothesis, which posits that birds select nest sites with dense foliage 
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to reduce the ability of predators and brood parasites to visually locate or access nests 

(Martin and Roper 1988, Martin 1992a).  Nest predation is considered a strong selective 

force in most birds and affects a variety of behavioral and life-history traits in addition to 

nest-site selection (Slagsvold 1982, Martin 1993;1998, Lima 2009, Roper et al. 2010).  

Given that nest predation can have pervasive effects on many aspects of avian life-

histories, past authors have assumed that birds should choose a breeding-site that has a 

lower risk of detection by a predator (Jaenike and Holt 1991, Martin 1992a;1998, Roper 

et al. 2010).  Thus, the nest-concealment hypothesis makes two explicit predictions: (1) 

birds should prefer nest sites with dense foliage, and (2) probability of nest predation 

should be negatively associated with foliage density.  Past studies that have examined the 

effects of foliage density on probability of nest predation have reported equivocal results 

(Clark and Nudds 1991, Martin 1992a, Howlett and Stutchbury 1996, Burhans and 

Thompson 1998, Peak 2003).  For example, increased foliage density was associated with 

reduced nest predation in hermit thrushes (Catharus guttatus; Martin and Roper 1988) , 

but not in northern cardinals (Cardinalis cardinalis; Filliater et al. 1994).  If foliage 

density reduces the risk of nest predation and drives avian nest-site selection, why have 

past studies not found more ubiquitous support for the nest-concealment hypothesis?  

Past authors have recognized that little consensus exists across species regarding the 

relationship between foliage density and nest predation (Holway 1991, Howlett and 

Stutchbury 1996, Burhans and Thompson 1998, Liebezeit and George 2002, Vega Rivera 

et al. 2009), but none have sought to examine the cause (or correlates) of this 

interspecific variation despite hundreds of empirical studies that have tested predictions 
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of the nest-concealment hypothesis.  We conducted a comparative analysis to identify: 1) 

factors that might help explain the cause of these equivocal results from past studies that 

tested the nest-concealment hypothesis, and 2) the environmental settings in which 

foliage density is an important factor reducing nest predation.   

A variety of intrinsic and extrinsic factors may affect trade-offs that individual 

birds face when selecting a nest site and may explain why many past studies have failed 

to support the nest-concealment hypothesis.  For example, selecting an open nest site 

(rather than one surrounded by dense foliage) may be the best strategy to reduce the risk 

of nest predation or to improve thermoregulatory conditions that affect hatching success 

for some species in some environmental settings (Marzluff 1988, Gotmark et al. 1995, 

Wiebe and Martin 1998, Eggers et al. 2006).  Selection of a nest-site may represent a 

trade-off between minimizing the risk of adult predation and the risk of nest predation for 

some species (Wiebe and Martin 1998, Morosinotto et al. 2010).  For example, some 

species may select nest sites with low foliage density to increase the distance at which 

they first detect an approaching predator to reduce the risk of adult predation (Gotmark et 

al. 1995, Wiebe and Martin 1998).  Moreover, selection of a nest site with low foliage 

may be beneficial for some species if  nest sites with dense foliage increase travel time to 

foraging sites or increase feather damage (Cresswell 1997, Wiebe and Martin 1998).  

Finally, some species may compensate for poorly concealed nests by actively defending 

their nest or by reducing nest visitation rates, thereby reducing the risk of nest predation 

via behavioral responses (Cresswell 1997, Weidinger 2002, Remes 2005b, Fontaine and 

Martin 2006b, Lima 2009).  However, previous studies have failed to explore how these 
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types of trade-offs, or intrinsic differences among species, may affect the relationship 

between foliage density and the risk of nest predation (Wiebe and Martin 1998).  

 Different species undoubtedly face a different suite of trade-offs when selecting a 

nest site.  Recognizing and quantifying these differences will help advance our 

understanding of the ultimate mechanisms that underlie nest-site selection in birds.  

Identifying the traits and trade-offs that affect nest-site selection is also critical to 

understanding how nest predation affects other life-history traits.  Moreover, identifying 

the intrinsic and extrinsic traits that affect the risk of nest predation can aid in predicting 

which species are most likely to be affected by anthropogenic changes in foliage density.  

Determining which species are most sensitive to changes in foliage density is critical in 

light of predicted responses of vegetative communities to climate change and the effect 

climate change can have on avian nest success and survival (Sillett et al. 2000, Root et al. 

2003, Parmesan 2006, Cleland et al. 2007, Jiguet et al. 2007).  The objective of this study 

was to determine why many past studies have failed to find support for the nest-

concealment hypothesis by conducting a large comparative analysis designed to examine 

which methodological issues, extrinsic factors, and species traits influence whether or not 

foliage density affects the risk of nest predation in birds.   

III. METHODS 

We used the comparative method to examine which factors influenced whether past 

studies found support for the nest-concealment hypothesis.  We examined three types of 

factors: methodological, extrinsic, and intrinsic.  Methodological factors are important to 

consider because past researchers have used a variety of methods to measure foliage 
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density and nest concealment in birds:  visual estimates, density boards, visual 

obstruction readings (e.g., Robel pole), and stem density counts (Robel et al. 1970, 

Johnson 1997, Martin et al. 1997, Braden 1999, Davis 2005).  These methodological 

differences across studies may affect the relationship observed due to variation in bias 

and precision.  For example, visual estimates of foliage density may be subject to higher 

observer variation (Block et al. 1987, van Hees and Mead 2000, Leos 2003, Seefeldt and 

Booth 2006) and inconsistent visual estimates among observers may then obscure the 

relationship between foliage density and the risk of nest predation (Block et al. 1987).  

Variation among studies in the timing (relative to the nesting period) of when foliage 

density measurements are recorded may also potentially explain a lack of association 

between foliage density and the risk of nest predation, especially in environments where 

the extent of deciduous foliage changes throughout the breeding season (Burhans and 

Thompson 1998, Vega Rivera et al. 2009).  Seasonal increases in foliage density may 

introduce variation across studies depending on when field personnel measured foliage 

density (Burhans and Thompson 1998, Vega Rivera et al. 2009). 

 Extrinsic factors such as nesting success, latitude, longitude, and elevation might 

also affect the relationship between foliage density and the risk of nest predation.  

Species with consistently high risk of nest failure may be more likely to occur in systems 

with a rich predator community.  Differences in foraging strategies among nest predators 

in an area could influence the effectiveness of foliage density in reducing the risk of nest 

predation (Clark and Nudds 1991, Rangen et al. 1999, Martin and Joron 2003, Remes 

2005a).  Vegetative communities and plant phenological patterns also vary among 
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locations and are reflected by differences in latitude, longitude, and elevation and these 

differences may help explain the equivocal results of past studies.  Moreover, variation 

among studies in the composition of the local nest predator community can affect the 

relative importance of foliage density in reducing nest predation (Clark and Nudds 1991, 

Martin and Joron 2003, Remes 2005a).   

Intrinsic traits such as the degree of nest attentiveness, female body mass, clutch 

size, length of nesting period, male and female plumage brightness, and nest height also 

may help explain interspecific variation in the observed relationship between foliage 

density and the risk of nest predation.  For example, species with high nest attentiveness 

may be better able to physically deter predators or their presence on the nest (for cryptic 

species) may reduce the likelihood of discovery by nest predators.  In addition, 

incubation behavior varies greatly among species and the activity associated with more 

frequent visits to the nest may increase the risk of nest predation (Skutch 1949, Conway 

and Martin 2000b, Martin et al. 2000b).  Larger species may be better able to defend a 

nest site, but larger species also tend to build larger and more conspicuous nests, which 

can increase the risk of nest predation (Moller 1990, Antonov 2004, Lopez-Iborra et al. 

2004, but see Weidinger 2004).  Interspecific variation in clutch size and the length of the 

nesting period might also help explain some of the lack of support for the nest-

concealment hypothesis from past studies.  Large clutches often require more parental 

care that can increase the risk of nest predation due to increased activity around the nest 

(Skutch 1949, Conway and Martin 2000b, Martin et al. 2000b).  Moreover, the length of 

the nesting period affects how long eggs and nestlings are exposed to nest predators.  
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Plumage color and brightness of parents might increase the risk that a nest is discovered, 

especially by visually oriented predators (Gotmark and Hohlfalt 1995, Martin and 

Badyaev 1996).  Finally, nest height affects the risk of nest predation (Ricklefs 1969, 

Wilcove 1985, Martin 1992a), which may subsequently affect the relative importance of 

foliage density in reducing the risk of nest predation.  Moreover, ground-, shrub-, and 

canopy-nesting birds may be susceptible to a different suite of nest predators, and 

variation in the predator community could affect which nesting guild is more likely to 

show an association between foliage density and nest predation (Soderstrom et al. 1998, 

Santisteban et al. 2002).   

 We searched ISI Web of Knowledge Science Citation Index to identify all papers 

published (regardless of the journal) that included the keyword ‘nest concealment’.  We 

also used ISI Web of Knowledge to search all papers that included the following 

keywords: ‘nest* success’, ‘nest* survival’, and ‘nest predation’ that were published from 

1900-2008 in the following 23 ecological and ornithological journals: American 

Naturalist, American Midland Naturalist, Auk, Behavioral Ecology, Biological 

Conservation, Canadian Field-Naturalist, Condor, Conservation Biology, Ecology, 

Ecology Letters, Ecological Applications, Ecological Monographs, Evolution, 

Evolutionary Ecology Research, Forest Ecology and Management, Journal of Wildlife 

Management, Journal of Field Ornithology, Southeastern Naturalist, Southwestern 

Naturalist, Western North American Naturalist, Wildlife Society Bulletin, Wilson 

Bulletin, and Wilson Journal of Ornithology.  We reviewed all papers to determine if 

each study met our criteria for inclusion in the comparative analysis.  We restricted our 
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analysis to North American open-cup nesting passerines because the risk of nest 

predation is higher for these species compared to cavity-nesting birds and, hence, nest 

predation is more likely to affect nest-site selection in these species (Martin and Li 1992).  

We included studies that examined whether one or more components of foliage density 

affected the risk of nest predation.  We did not include studies that examined the effects 

of foliage density on the risk of nest predation for groups of species (e.g., studies that 

pooled data for >1 species).   

 When reviewing past studies, we used the authors’ interpretation of the effect of 

foliage density on the risk of nest predation.  For example, if an author(s) claimed that an 

increase in any of the foliage density variables that they measured were associated with 

reduced nest predation, we considered that study to have shown support for the nest-

concealment hypothesis.  Similarly, we considered a study to have shown support for the 

nest-concealment hypothesis if the author(s) used model selection criterion (AIC) and 

reported that at least one of their top models included foliage density.  If none of the top 

models included foliage density, we concluded that the study did not support the nest-

concealment hypothesis.  We recorded the direction of the effect whenever possible (i.e., 

whether the study reported a positive or negative association between foliage density and 

the risk of nest predation).  Studies in which foliage density was negatively associated 

with the risk of nest predation were given a score of ‘1’ and studies that reported no 

significant difference between depredated and successful nests in terms of foliage density 

(or foliage density was not among the top models) were given a score of ‘0’.  Three 

studies reported that foliage density was positively correlated with the risk of nest 
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predation.  We pooled these three studies with studies that reported no relationship 

between foliage density and the risk of nest predation because the nest-concealment 

hypothesis explicitly assumes a negative association between foliage density and the risk 

of nest predation.  We used the average effect of foliage density (i.e., ‘0’ for no effect and 

‘1’ for negative association) when we found >1 study on the same species that met our 

criteria.   

 For each study that met the above criteria (n = 106 studies, n = 50 species), we 

recorded the following variables directly from the paper: latitude, longitude, elevation, 

when field personnel measured foliage density in relation to nest fate, method used to 

measure foliage density, sample size, nest height, and estimate of nesting success (e.g., 

proportion of nests that fledged >1 offspring).  We used Google Earth to locate the 

approximate center of the study area based on the description provided in the paper if 

latitude, longitude, or elevation were not reported in the text of the paper.  We recorded 

nesting success based on estimates of daily nest survival (Mayfield 1975) reported in the 

text whenever possible, but used the proportion of successful nests (i.e., apparent nesting 

success) if Mayfield estimates were not reported.  For species in which we located more 

than one study with pertinent data, we used the average of elevation, latitude, longitude, 

nest height, and nesting success among studies.    

A.  Methodological factors 

 Past authors used a variety of sampling methods to measure foliage density at nest 

sites, including measurements of canopy cover, tree density, shrub cover, stem density, 

grass cover, vegetation height, and visual obscurity.  We included all of these different 
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metrics of foliage density in our analysis because all of these metrics likely influence 

visual, olfactory, or physical access of a predator to a passerine nest (Fisher and Davis 

2010).  Inclusion of variables such as stem density or shrub cover are warranted because 

the nest-concealment hypothesis suggests that dense foliage reduces the ability of 

predators to locate nests.  We included only studies that measured foliage density <5 m 

from the nest because that was the most common scale of measurement among published 

studies.  We also recorded whether studies used visual estimates or quantitative metrics to 

measure foliage density.  Studies that used visual estimates of foliage density based on 

the BBIRD protocol (Martin et al. 1997) were categorized as visual estimates (n = 71 

studies).  Studies that used a measurement tool (e.g., a density board or Robel pole; Robel 

et al. 1970) to measure foliage density or counted the number of certain vegetation 

features (i.e., stem counts) related to foliage density were categorized as quantitative (n = 

50 studies).  We found 15 studies that used both visual and quantitative methods to 

measure foliage density.  We separated the results of those 15 studies into two sets 

(results based on the visual estimates and results based on the quantitative metrics).  We 

calculated two sets of independent contrasts (one for studies that used visual estimates 

and one for studies that used quantitative metrics) because these methodological nuances 

are not traits inherent to species and we wanted to determine whether these nuances 

affected results of past studies.  Moreover, the raw percentage of studies that found 

support for the nest-concealment hypothesis (prior to controlling for phylogeny) differed 

between those that used visual vs. quantitative measures.   
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 The time during the breeding season when investigators measured foliage density 

can have large effects on results (especially in temperate, deciduous ecosystems; Burhans 

and Thompson 1998, Vega Rivera et al. 2009) because timing of measurement is 

confounded by seasonal patterns of foliage phenology.  Therefore, we examined the date 

when each study measured foliage density at nest sites.  Past studies measured foliage 

density at successful and depredated nests at various times during the breeding season 

and often did not clarify exactly when (relative to the nesting period) they recorded 

foliage density.  Descriptions of timing of measurement included “after fledging”, “after 

the nest was inactive”, “measured vegetation at each nest in July”, “within two weeks 

after the nesting attempt was completed”, and “within one day after the nest became 

inactive”.  Due to the vague nature of these descriptions, we categorized each study into 

one of three categories: after inactive, within 1 week of nest success or failure, or not 

reported.  The ‘after inactive’ category includes all studies that reported a vague 

description of timing of measurement (e.g., “after the nest was inactive” or “after 

fledging”) or those that recorded foliage density variables >1 week after nests either 

failed or fledged offspring (e.g., “within two weeks”).  The ‘within one week’ category 

includes studies that specifically stated that measurements occurred <1 week after nests 

either failed or fledged offspring.  The ‘not reported’ category includes all studies that 

failed to report when they measured foliage density.  We did not incorporate timing of 

measurement into our comparative analysis because timing of measurement is not a trait 

inherent to species and often differed among studies on the same species.  Hence, we 
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present the percentage of studies that found an association between foliage density and 

reduced nest predation for each of the three categories listed above.   

B.  Intrinsic factors 

 Numerous morphological, behavioral, and life-history traits likely influence (or 

are related to) the behavioral strategy species use to avoid or thwart nest predation.  For 

example, certain intrinsic traits may predict whether a species relies more on selecting a 

concealed nest site to avoid predation or instead relies on their ability to actively defend 

their nest site against predators (Wiebe and Martin 1998, Weidinger 2002, Lima 2009).  

Hence, we included intrinsic species’ traits that we felt were most likely to affect the 

relationship between foliage density and the risk of nest predation.  We included female 

body mass, nest attentiveness, clutch size, length of the nesting period (incubation and 

nestling periods), and male and female plumage brightness.  Other intrinsic traits may 

affect the relationship between foliage density and the risk of nest predation, but we 

focused on the most likely traits for which estimates were available in the literature.  We 

used mean body mass of females from Dunning (2008) and Poole (2005).  If female body 

mass was not available, we used mean male body mass (Dunning 2008).  We obtained 

estimates of percent nest attentiveness from Conway and Martin (2000b), Poole (2005), 

or the primary literature.  We only included estimates of nest attentiveness that were 

based on more than 10 on-bouts to increase the possibility that estimates were 

representative for the species.  Estimates of nest attentiveness were only available for 33 

of the 50 species in our data set, therefore we conducted two separate comparative 

analyses, one that included nest attentiveness as an explanatory variable (n = 33 species), 
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and another that did not include nest attentiveness as an explanatory variable (n = 50 

species).  We used estimates of mean clutch size from Poole (2005) and mean length of 

the nesting period from Ehrlich et al. (1988) or Poole (2005).  Male and female plumage 

brightness was assessed by five biologists who independently scored illustrations in 

Sibley (2000) based on plumage color and brightness.  Plumage brightness was scored on 

a scale from 1 to 6, with 1 indicating drab plumage and 6 indicating very striking and 

intensely colored plumage (after Martin and Badyaev 1996).  Although plumage color 

and brightness assessments with the human eye include some bias (Bennett et al. 1994), 

recent work suggests that human perception of plumage brightness and 

spectrophotometer results are positively correlated (Armenta et al. 2008, Seddon et al. 

2010).  Variation among our five observers in plumage brightness scores was small; 

correlation of plumage scores between observers was high (r’s > 0.52).    

C.  Statistical and comparative analyses 

 We used the comparative method to control for common descent among species 

based on phylogenetic independent contrasts (Felsenstein 1985, Harvey and Pagel 1991).  

Phylogenetic independent contrasts calculate the difference in trait values at each node on 

a phylogenetic tree (Felsenstein 1985, Garland et al. 1992).  We constructed phylogenies 

based on the most current phylogenetic trees available (Lovette and Bermingham 2002, 

Jonsson and Fjeldsa 2006, Klicka and Spellman 2007, Rabosky and Lovette 2008, 

DaCosta et al. 2009) in program Mesquite (Version 2.6 build 486; Maddison and 

Maddison 2009).  We set all branch lengths equal to one (assumed Brownian motion 

under the speciation model) because branch length estimates were either not available or 
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were not consistent across sources for the species in our dataset (Felsenstein 1985).  Prior 

to performing analyses on independent contrasts, we regressed the absolute value of the 

standardized phylogenetic independent contrast against their standard deviations to check 

for adequate fit of the branch lengths to the tip data (Garland et al. 1992).  All contrasts 

adequately fit the data (P’s > 0.05) except longitude and length of the nesting period for 

independent contrasts based on studies that used quantitative metrics to measure foliage 

density.  For cases where contrasts failed to adequately fit the tip data and 

transformations of variables failed to improve the fit, we removed the poor-fitting 

variables from our analysis.  We arcsine square root-transformed proportional data (nest 

attentiveness and nesting success) and log-transformed elevation to meet the assumptions 

of independent contrasts and to improve normality.  Standardized independent contrasts 

approximated normal distributions and correlation among variables was low (|r| < 0.75) 

for all pairs of explanatory variables.  We used the APE package in program R (Paradis et 

al. 2004) to calculate phylogenetic independent contrasts for female body mass, nest 

attentiveness, clutch size, length of nesting period, nest height, nesting success, female 

plumage brightness, male plumage brightness, latitude, longitude, and elevation.   

 We performed logistic regressions on both raw species contrasts and standardized 

independent contrasts (forced through the origin) in program R (response variable was a 

0 or 1 indicating no support or support for the nest-concealment hypothesis).  We 

developed a list of candidate models based on variables we felt were mostly likely to 

influence the relationship between the risk of nest predation and foliage density.  We did 

not construct complex models with multiple terms and interactions due to the relatively 
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small number of species for which data was available.  Our global models adequately fit 

the data (Deviance of studies that used visual methods = 0.23, deviance of studies that 

used quantitative methods = 0.34).  We used Akaike’s Information Criterion (AIC) to 

compare among candidate models (Burnham and Anderson 2002).  We evaluated model 

plausibility by examining ∆AICc values, Akaike weights (w), and evidence ratios 

(Anderson 2008).  We used relatively conservative criteria to determine which models 

were plausible given the data: ∆AICc < 6.0, evidence ratios < 15, or Akaike weights > 

0.03.  We also compared models based on raw species data (without correcting for shared 

ancestry), but we report only results from phylogenetic independent contrasts because the 

null model from raw species contrasts was ranked as equally plausible given the data, 

suggesting a high degree of model uncertainty.  

 Because methodological factors affected the proportion of studies supporting the 

nest-concealment hypothesis, we examined two sets of independent contrasts (one that 

only included studies that included quantitative metrics and one that included studies that 

used visual estimates) to examine how our suite of explanatory variables affected the 

relationship between foliage density and the risk of nest predation.   

IV. RESULTS 

We reviewed 106 studies (with 50 species represented) that examined the effects of 

foliage density on the risk of nest predation.  Increased foliage density was associated 

with reduced nest predation in only 24% of studies (Fig. 1; n = 106).  Three percent of the 

studies reported that increasing foliage density increased the risk of nest predation, in 

direct contrast with the nest-concealment hypothesis.   
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 Methods used to estimate foliage density affected whether a study found support 

for the nest-concealment hypothesis.  Fifty-six percent of the studies (n = 71) relied on 

visual estimates of foliage density following the BBIRD protocol (Martin et al. 1997) 

whereas only 13% (n = 16) used a density board to measure foliage density and 31% (n = 

39) used the Robel pole method (Robel et al. 1970), the Daubenmire method 

(Daubenmire 1959), or counted stem density (some studies used >1 method).  Studies 

that used quantitative metrics, such as a density board, were nearly three times more 

likely to report that increased foliage density was associated with reduced nest predation.  

The time during the breeding season when researchers measured foliage density also 

affected the observed relationship between foliage density and the risk of nest predation.  

Studies that measured foliage density within one week of known nest fate (success or 

failure) were two times more likely to report that increased foliage density was associated 

with reduced nest predation, compared to studies that were not explicit regarding when 

they measured foliage density (Fig. 2). 

 Among studies that used visual estimates of foliage density, species with brightly 

colored males were less likely to show that increased foliage density reduced the risk of 

nest predation (Table 2, Fig. 3a).  Although female body mass had very low support 

(Table 2), larger species tended to show slightly less support for the nest-concealment 

hypothesis relative to smaller-bodied species (Fig. 3b).  All other intrinsic and extrinsic 

traits we examined (for studies that assessed foliage density visually) did not meet our 

criteria for model plausibility (Table 2).   
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 Among studies that used quantitative methods to measure foliage density, nesting 

success and the brightness of a female’s plumage explained some of the interspecific 

variation in the relationship between foliage density and nest predation (Table 3).  

Species with greater nesting success (Fig. 4a) and those with more brightly colored 

females (Fig. 4b) were more likely to report that increased foliage density reduced the 

risk of nest predation.  Although latitude and elevation had relatively low support (Table 

3), these two extrinsic characters appeared to have some effect on the relationship for 

studies that used quantitative metrics.  Species nesting at lower elevations and higher 

latitudes were more likely to show support for the nest-concealment hypothesis (Fig. 4c, 

d).  We failed to find evidence that any of the other intrinsic and extrinsic traits that we 

examined helped to explain variation among past studies (Table 3).  

 We were able to include a larger number of studies (and hence species) in our 

analysis when we excluded nest attentiveness as a potential explanatory variable (50 

rather than 33 species), but our results were similar to the previous analysis.  Among 

studies that used visual estimates to measure foliage density (n = 40 species), all of the 

models were equally supported (∆AICc < 3 for all models except global model).  The null 

model was ranked second among our candidate models, suggesting that most models 

were no better than the null model.  Among studies that used quantitative methods to 

measure foliage density (n = 29 species), we found that nesting success and brightness of 

a female’s plumage were the top-ranked models, similar to the results obtained for the 

restricted analysis that only included species for which we had estimates of nest 
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attentiveness (n = 19 species).  However, these two models only afforded a slight 

improvement over the null model (∆AICc = 2.99). 

V.  DISCUSSION 

Seventy-four percent of previous studies (n = 106) failed to support the nest-concealment 

hypothesis; increased foliage density was not associated with reduced nest predation (Fig. 

1).  This lack of consensus is puzzling given that greater foliage density is generally 

assumed to reduce the risk of nest predation in songbirds (Murphy 1983, Martin 

1992a;1993, Burhans and Thompson 1998).  Lack of support for the nest-concealment 

hypothesis does not imply that foliage density is unimportant but rather that the 

importance of foliage density varies greatly among species and locations.  We found 

evidence that (1) methods used to measure foliage density, (2) timing of foliage density 

measurements (relative to timing of nest fate), (3) male and female plumage brightness, 

(4) nesting success, (5) latitude, and (6) elevation each affected the relationship between 

foliage density and the risk of nest predation in one or more of our analyses.   

One of the most important lessons learned from our review was that methods used 

to measure foliage density varied considerably among studies and had a substantial effect 

on the results.  In fact, we had difficulty determining how foliage density was measured 

in some studies due to vague methodological descriptions and lack of standardization 

across studies.  For example, visual assessment of foliage density was scored on different 

scales and at different distances from the nest.  Other authors reported that they measured 

vertical vegetation density but failed to provide a description of how vertical vegetation 

density was measured.  Similarly, a recent review of habitat selection found that 
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methodological descriptions were often vague and vary greatly among studies of 

grassland birds (Fisher and Davis 2010).  In the future, authors should provide (and 

editors should demand) greater clarity on the methods used to measure foliage density 

because methodological differences affected whether studies found support for the nest-

concealment hypothesis.  Studies that used visual estimates to assess foliage density were 

three times less likely to show support for the nest-concealment hypothesis.  When we 

controlled for relatedness among species (for studies that used visual estimates), we also 

found that few of the extrinsic and intrinsic traits we examined affected the relationship 

between foliage density and nest predation.  However, when we examined the suite of 

studies that used quantitative methods to measure foliage density, we were able to detect 

ecological correlates that affected the relationship between foliage density and the risk of 

nest predation.   

Failure to detect an association with foliage density could be due to high observer 

error associated with visual estimation of habitat metrics (Gotfryd and Hansell 1985, 

Block et al. 1987, van Hees and Mead 2000, Leos 2003).  In fact, when experienced 

observers independently estimated the same vegetation features visually, estimates 

differed significantly for >60% of the vegetation features (Block et al. 1987).  Moreover, 

when visual estimates of foliage density were compared to foliage density values 

obtained from photographs, visual estimates of foliage density tended to underestimate 

values of foliage density by 34% (K. L. Borgmann, unpublished data).  Failure of visual 

estimates to precisely measure foliage density around nest sites may be why so few 

studies found support for the nest-concealment hypothesis.  The use of visual estimates 
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could prevent researchers from detecting an association between foliage density and the 

risk of nest predation due to the inherent error associated with visual estimates.  Failure to 

detect a significant effect when one exists could have negative consequences if managers 

use these studies to help develop habitat management prescriptions for songbirds.  We 

recommend that methods to assess foliage density be re-evaluated to reduce the amount 

of observer variation.  Authors of future studies that test the nest-concealment hypothesis 

(or any other hypothesis that involves estimates of habitat variables) should demonstrate 

that their measures of foliage density are repeatable and that observer variation is 

minimal. 

 Another methodological factor that varied considerably among studies was the 

timing of field personnel recorded foliage density measurements.  Studies in which field 

personnel measured foliage density within one week of known nest fate were two times 

more likely to support the nest-concealment hypothesis compared to studies that were not 

explicit regarding when they measured foliage density at nests (Fig. 2).  This pattern may 

have been even more pronounced had authors provided more detail regarding the timing 

of the measurements (relative to the nesting period of their focal species).  The timing of 

foliage density measurements is particularly important in environments where the extent 

of deciduous foliage changes throughout the season (Burhans and Thompson 1998, Vega 

Rivera et al. 2009).  Forty-nine percent of the studies we reviewed recorded foliage 

density for all nests (successful and depredated) at the end of the breeding season or 

several weeks after the nests became inactive, likely at a time when foliage phenology 

surrounding nest sites had fully matured (Best 1978, Kelly 1993, Norment 1993, e.g., 
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Bell and Whitmore 2000, Flaspohler et al. 2000, Lusk et al. 2003, Newell and Kostalos 

2007).  Measuring foliage density at the end of the breeding season likely obscures the 

relationship between foliage density and nesting success because foliage density 

measurements do not reflect the conditions at the time when nests were actually exposed 

to nest predators (Burhans and Thompson 1998, Vega Rivera et al. 2009).  All nest sites 

may have relatively dense foliage by the end of the breeding season, especially those 

within deciduous plant communities.  Researchers measuring foliage at the end of the 

breeding season may then mistakenly conclude that foliage density does not influence 

risk of predation.  The large number of studies that measured foliage density at the end of 

the breeding season could explain why most studies failed to support the nest-

concealment hypothesis.  However, measuring foliage density immediately after the fate 

of a nest is known (fails or succeeds) is also problematic due to foliage phenology.  For 

example, in environments where deciduous foliage density increases as the season 

progresses, foliage density at nests that fail early would be measured earlier than 

successful nests and at a time when vegetation has not yet matured.  Foliage density at 

these early-season nests is measured first and then compared to successful nests at which 

foliage density is measured later in the season when nestlings fledge and after foliage has 

matured.  Researchers may then conclude that the amount of foliage density around the 

nest site decreases the risk of nest predation.  However, this pattern could be an artifact of 

seasonal foliage maturation if foliage density is measured at failed nests prior to that of 

successful nests.   
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Future studies need to address foliage phenology by recording foliage density at 

nests at the time appropriate for the question of interest after accounting for seasonal 

changes in foliage density (Burhans and Thompson 1998).  Accounting for foliage 

phenology can be done by recording foliage density measurements weekly at previously 

active nest sites (i.e., nests active in previous breeding seasons) or by measuring foliage 

density at all nests two days past the estimated fledge date (regardless of whether the 

nesting attempt fails or succeeds).  This later approach will ensure that foliage phenology 

is accounted for in comparisons between failed and successful nests without disturbing 

birds at active nests.  Although we could not account for the variation in timing of 

measurements in our comparative analysis due to sample size constraints and lack of 

clarity on this topic from past authors, other extrinsic traits we examined reflect patterns 

of foliage phenology that are confounded by timing of foliage density measurements.  For 

example, species nesting at lower elevations and in more northerly latitudes were more 

likely to show support for the nest-concealment hypothesis regardless of the methods 

used.  Date of first leaf emergence increases with latitude; first leaf out in southern 

latitudes occurs 60 days prior to that in northern latitudes within the United States 

(Schwartz and Caprio 2003).  We may be less likely to see an effect of phenology bias in 

southern latitudes because foliage has already begun leafing out by the time most 

migratory songbirds initiate breeding.  In contrast, first leaf emergence in the northeastern 

United States typically occurs between 3 May and 9 May (Schwartz and Caprio 2003), 

while the average first arrival date of long-distant migrants in New York and 

Massachusetts is 9 May (Butler 2003).  Hence, plant phenological effects are likely more 
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important in more northern latitudes because most songbirds do not initiate breeding until 

after the time of leaf emergence.  Latitudinal differences in leaf emergence in conjunction 

with variation in timing of foliage density measurements could explain why more species 

nesting in northern latitudes were more likely to support the nest-concealment hypothesis 

than species breeding at lower latitudes.   

 Latitudinal differences in nest predator communities may also explain why foliage 

density was more likely to influence the risk of nest predation at higher latitudes.  Indeed, 

the types of nest predators responsible for the majority of predation events at passerine 

nests varies with latitude (Thompson 2007).  Visually oriented small mammals and avian 

nest predators were responsible for the majority of nest predation events observed on 

video cameras at sites in northern latitudes  whereas snakes were the dominant nest 

predator observed in southern latitudes (Thompson 2007).  Because foliage density is 

expected to reduce the ability of nest predators to locate nests visually, species breeding 

at locations with primarily visual predators may be more likely to benefit from selecting 

nest sites with dense foliage.  We found that species nesting at higher latitudes were more 

likely to show that increased foliage density reduced the risk of nest predation.  Snakes 

most likely use chemoreception to locate and depredate bird nests (but see Mullin and 

Cooper 1998) and are often the dominant nest predator at lower latitudes.  Hence, birds 

nesting in areas where snakes are the primary predator (which is often likely in southern 

latitudes) may be less likely to benefit from selecting a nest site with dense foliage.   

 Species with greater nesting success were more likely to show support for the 

nest-concealment hypothesis (Fig. 4a).  Well-concealed nests in areas with high predator 
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densities may still be discovered by nest predators despite higher foliage density due to 

high predator densities.  Moreover, species with low nesting success may be those that 

are subject to a wider diversity of nest predators with different foraging strategies, which 

could reduce the overall effectiveness of high foliage density concealing nests from 

predation (Clark and Nudds 1991, Rangen et al. 1999, Martin and Joron 2003, Remes 

2005a).  When levels of nest predation are high, other behaviors that reduce the risk of 

nest predation, such as altering renesting intervals, may prove more beneficial rather than 

a predator avoidance strategy, such as selecting a nest site with dense foliage (Roper et al. 

2010). 

 Our results suggest that plumage brightness and female body mass may also 

influence what species are most likely to show support for the nest-concealment 

hypothesis.  Species with brightly colored males were less likely to show support for the 

nest-concealment hypothesis (Fig. 3a).  Lack of support for species with brightly-colored 

males is not surprising given that these males tend to provide less parental care than 

sexually monomorphic species (Verner and Willson 1969).  Reduced activity at the nest 

site by brightly colored males may then reduce the risk of predation (Conway and Martin 

2000b, Martin et al. 2000b).  Alternatively, ambient light conditions can alter the 

conspicuousness of species with brightly colored structural plumage, such that blue 

colors tend to be less conspicuous in shaded environments (Endler 199, Heindl and 

Winkler 2003).  In contrast, species with brightly colored females were more likely to 

show support for the nest-concealment hypothesis (Fig. 4b).  Visually oriented predators 

are more likely to detect a nest with a bright-colored female sitting on the eggs, so 
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selection of well-concealed nest sites may be more important in these species.  The 

negative relationship between female plumage brightness and the risk of nest predation in 

warblers and finches (Martin and Badyaev 1996) may be due to brightly colored females 

selecting more concealed nest sites.  In fact, brighter females tended to have greater 

nesting success (K. L. Borgmann, unpublished data).  Our results corroborate previous 

studies showing that life-history traits and sexual selection co-vary in response to external 

selection pressures such as the risk of nest predation (Martin and Badyaev 1996, Badyaev 

1997).   

 Larger-bodied species tended to show less support for the nest-concealment 

hypothesis than smaller-bodied species (Fig. 3b).  Others have also suggested that larger 

species should show a weaker relationship with foliage density, in part, because larger 

species may be more capable of actively defending their nests (Cresswell 1997, 

Weidinger 2002).  Indeed, birds that showed stronger behavioral defenses against human 

intruders had nest sites that were less-concealed (Ricklefs 1977).  Larger species may be 

trading off reduced nest concealment for an increased view of their surroundings to 

increase the likelihood that they detect an approaching predator in time to physically 

deter the predator (Gotmark et al. 1995, Wiebe and Martin 1998, Miller et al. 2007). 

VI.  CONCLUSION 

Several methodological factors in addition to interspecific variation in extrinsic and 

intrinsic traits helped explain the equivocal results obtained by past studies that have 

attempted to test the nest-concealment hypothesis.  Future studies should not assume that 

a well-concealed nest site is an important component of nest-site selection in all birds.  
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Some species may prefer less-concealed nest sites because they have evolved a different 

approach for avoiding nest predation (Gotmark et al. 1995, Wiebe and Martin 1998, 

Miller et al. 2007).  Identifying the circumstances under which foliage density affects the 

risk of nest predation is critical for effective habitat management strategies for birds and 

will help provide a more thorough understanding of the ecological processes affecting 

nest-site selection in birds.  Failure to account for factors that affect the relationship 

between foliage density and the risk of nest predation may lead to inappropriate 

conclusions or result in overlooking important relationships.  Moreover, identifying 

species or ecosystems that are most likely to be affected by changes in foliage density can 

help predict which species may be at the greatest risk due to predicted changes in foliage 

phenology as a result of climate change.   
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CHAPTER III 

BREEDING PHENOLOGY IN BIRDS: MECHANISMS UNDERLYING INTRA-

SEASONAL CHANGES IN THE RISK OF NEST PREDATION 

I.  ABSTRACT 

An intra-seasonal decline in reproductive success has been documented across numerous 

taxonomic groups and this pattern has often been thought to drive breeding phenology in 

birds.  Intra-seasonal declines in clutch size are partially responsible for the intra-seasonal 

declines in reproductive success.  However, intra-seasonal variation in other factors that 

affect reproductive success, such as the risk of nest predation, may not follow this same 

pattern (i.e., may not decline as the breeding season progresses).  Intra-seasonal changes 

in the risk of nest predation, and the underlying cause of those changes, have largely been 

ignored in studies of avian breeding phenology despite the fact that the risk of nest 

predation has been shown to influence many other life history traits.  In the Sierra Nevada 

Mountains of California, nest predation was high early in the breeding season for Dusky 

Flycatchers (Empidonax oberholseri) and decreased as the breeding season progressed.  

To determine the underlying causes of intra-seasonal decreases in the risk of nest 

predation, we modeled the risk of daily nest predation as a function of (1) foliage 

phenology, (2) energetic demand, (3) developmental stage, (4) conspecific nest density, 

(5) food availability for nest predators, and (6) predator abundance.  The intra-seasonal 

decrease in the risk of nest predation early in the breeding season appears to be due, in 

part, to foliage phenology and spatial and temporal changes in predator behavior.  The 

risk of nest predation was associated with foliage density early, but not late, in the 
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breeding season.  However, experimental reduction of foliage density surrounding 

Wilson’s Warbler (Wilsonia pusilla) nests on the same study site did not affect the risk of 

nest predation.  Supplemental food provided to nest predators resulted in a numerical 

response by nest predators, increasing the risk of nest predation at nests located near 

feeders.  Finally, risk of nest predation was positively associated with abundance of avian 

nest predators, especially early in the breeding season.  We show that intra-seasonal 

changes in foliage density and factors associated with changes in the behavior of nest 

predators affect temporal patterns of nest predation.  These selective pressures also likely 

influence the timing of breeding in birds and deserve further study.     

II.  INTRODUCTION 

The reproductive period is a critical time for many organisms; individuals must resolve 

when, where, and how many offspring to produce.  Both the timing of reproduction and 

the number of offspring produced can have important fitness consequences and are 

considered primary life history traits (Perrins 1965, Hochachka 1990, Verhulst et al. 

1995, Svensson 1997).  For example, reproductive success declines with date in a variety 

of organisms including fish, insects, birds, and mammals (Perrins 1970, Clutton-Brock et 

al. 1987, Hochachka 1990, Landa 1992, Schultz 1993, Cushman et al. 1994, Verhulst and 

Nilsson 2008).  Individuals that breed later in the breeding season typically produce 

smaller broods or have offspring of lower quality (Perrins 1965, Klomp 1970, Landa 

1992, Cushman et al. 1994, Svensson 1997, Einum and Fleming 2000).  Despite many 

studies seeking to better quantify the underlying mechanisms for this common pattern, 

the cause(s) of the intra-seasonal decline in reproductive success are not well-understood.  
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Past authors that have sought to understand the cause(s) of intra-seasonal declines in 

reproductive success have primarily focused on two hypotheses: the date hypothesis and 

the individual quality hypothesis (Verhulst et al. 1995, Hansson et al. 2000, Christians et 

al. 2001, Verhulst and Nilsson 2008, Gruebler and Naef-Daenzer 2010).  The date 

hypothesis suggests that extrinsic factors associated with date affects reproductive 

success (Brinkhof et al. 1993, Norris 1993, Verhulst et al. 1995, Gruebler and Naef-

Daenzer 2010), whereas the quality hypothesis suggests that intrinsic factors such as 

individual quality affects reproductive success in which higher quality (older and/or in 

better physical condition) individuals breed earlier and also produce more offspring 

(Hochachka 1990, Nilsson 1993, Christians et al. 2001).  Numerous studies have sought 

to disentangle the date and quality hypotheses by inducing replacement clutches in birds 

or cross-fostering broods between early- and late-nesting birds (Hansson et al. 2000, 

Verhulst and Nilsson 2008).  Verhulst et al. (1995) suggested that if extrinsic factors 

associated with date are responsible for intra-seasonal declines in reproductive success, 

then females induced to lay replacement clutches should have lower reproductive success 

and if individual quality is responsible for the pattern, then females induced to lay 

replacement clutches later in the season should show little change in reproductive 

success.  However, experiments that manipulate timing of breeding have not produced 

consistent results (Hochachka 1990, Verhulst and Tinbergen 1991, Nilsson 1994, Brown 

and Brown 1999, Christians et al. 2001, Verhulst and Nilsson 2008, Gruebler and Naef-

Daenzer 2010), in part because experiments cannot manipulate timing of breeding 

without also affecting individual quality (Hansson et al. 2000, Verhulst and Nilsson 
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2008).  Experiments that induce replacement clutches (delay timing of breeding) or cross-

foster clutches (advance or delay timing of breeding) also affect individual quality, and 

hence, have limited ability to discriminate between these two hypotheses (Verhulst and 

Nilsson 2008).  More importantly, date per se cannot explain the cause of the pattern 

because date itself is not a selective pressure; some process associated with date must be 

responsible for the intra-seasonal decline in reproductive success.  Unfortunately, few 

studies have tested mechanistic hypotheses to identify the ultimate cause underlying the 

intra-seasonal decline in avian reproductive success (but see Murphy 1986, Brown and 

Brown 1999).  Studies that have examined intra-seasonal patterns in reproductive success 

have focused almost entirely on intra-seasonal declines in avian clutch size (Perrins 1970, 

Hochachka 1990, Verhulst et al. 1995, Verhulst and Nilsson 2008).  However, other 

reproductive parameters other than clutch size may not be associated with breeding date 

in the same way as clutch size.  Hence, a comprehensive understanding of breeding 

phenology and how breeding phenology might change in response to anthropogenic 

stressors (e.g., climate change) requires a more thorough understanding of the 

mechanisms underlying intra-seasonal changes in each life history trait.   

Despite hundreds of studies documenting the intra-seasonal decline in 

reproductive success in birds, few studies have examined whether intra-seasonal changes 

in nest predation is one of the underlying causes of that pattern.  This is surprising given 

that nest predation is the primary cause of nest failure in birds (Ricklefs 1969, Martin 

1992a) and influences the evolution of clutch size and many other life history traits 

(Stearns 1992, Martin 1995, Lima 2009).  Although early breeding is often assumed to be 
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beneficial (due to intra-seasonal declines in clutch size; Klomp 1970, Price et al. 1988, 

Perrins and McCleery 1989, Nager and van Noordwijk 1995), intra-seasonal variation in 

the risk of nest predation could also affect timing of breeding decisions.  If nest predation 

is high early in the breeding season (Llyod et al. 2001, Brown and Roth 2002, Davis 

2005, Emery et al. 2005), increased risk of nest predation may counteract benefits gained 

from a larger clutch for individuals that breed early in the season.  Such a pattern would 

create a dilemma, especially for single-brooded passerines with limited renesting 

frequency.  Individuals should breed early to maximize brood size, but breeding early 

incurs a higher risk that the entire brood will get depredated.  Alternatively, delaying 

breeding until later in the season may lead to a smaller brood, but those offspring might 

have a higher probability of fledging.  Thus, intra-seasonal variation in the risk of nest 

predation can cause inter- and intra-specific variation in the timing of breeding and might 

help explain the diversity of life-history strategies in co-existing birds.   

 To better understand constraints on avian breeding phenology, we need more 

information on (1) the extent to which the risk of nest predation changes during the 

breeding season, and (2) the underlying mechanisms responsible for any intra-seasonal 

changes in nest predation.  Numerous authors have reported that the risk of nest predation 

is not constant throughout the breeding season (Hartley and Shepherd 1994, Davis 2005, 

Emery et al. 2005, Grant et al. 2005, Preston and Rotenberry 2006b, Wilson et al. 2007, 

Kroll and Haufler 2009), but few empirical studies have examined how and why nest 

predation changes throughout the season.  Studies that have sought to explain spatial or 

interspecific variation in nest predation can provide some insight into possible causes of 
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intra-seasonal (i.e., temporal) patterns in nest predation.  Five hypotheses commonly 

proposed to explain spatial or interspecific variation in nest predation include variation 

in:  (1) nest concealment (Martin 1992a), (2) food availability for nest predators 

(Angelstam et al. 1984, Schmidt 1999, Miller et al. 2006), (3) predator abundance 

(Angelstam 1986, Andren 1992, Noojibail 1995), (4) energetic constraints due to cold 

temperatures (Ancel et al. 1998, Conway and Martin 2000a;b), and (5) nest predator 

foraging efficiency (Martin 1988a, Nams 1997, Elmberg et al. 2009).  These same 

mechanisms can also potentially explain intra-seasonal variation in the risk of nest 

predation.  For example, foliage density increases as the breeding season progresses in 

many temperate systems (Burhans and Thompson 1998), which can potentially cause a 

decrease in the risk of nest predation as the breeding season progresses.  Food availability 

for common nest predators can also change during the breeding season, causing predators 

to spend more time searching for food and thereby increase their probability of 

discovering a nest.  Intra-seasonal changes in these and other factors could influence 

timing of breeding independent of intra-seasonal changes in clutch size.  To address these 

issues, we examined intra-seasonal changes in the risk of nest predation in Dusky 

Flycatchers (Empidonax oberholseri) and tested six mechanistic hypotheses to explain 

why nest predation in this species was higher early compared to later in the breeding 

season.  Our six hypotheses evaluated the effects of: (1) foliage phenology, (2) energetic 

demand, (3) developmental stage, (4) conspecific nest density, (5) food availability for 

nest predators, and (6) predator abundance.   



81 

 The foliage-phenology hypothesis relies on the same mechanism that underlies 

the nest-concealment hypothesis (often implicated as the cause of spatial or interspecific 

patterns in nest predation), which suggests that dense foliage inhibits the transmission of 

auditory, visual, or olfactory cues that predators use to locate nests (Martin and Roper 

1988, Martin 1992a, Filliater et al. 1994).  Thus, nests surrounded by dense foliage 

should have a lower risk of nest predation compared to nests with less foliage.  The 

foliage-phenology hypothesis assumes that foliage density increases with date, such that 

nests initiated early in the breeding season are surrounded by less foliage compared to 

nests initiated later.  The foliage-phenology hypothesis predicts that the risk of nest 

predation will track intra-seasonal increases in foliage density.  Moreover, if foliage 

phenology is causing the risk of nest predation to vary with date, then we would predict 

that foliage density would explain more variation in nest predation than date alone.   

 In montane and north-temperate ecosystems, breeding typically commences when 

ambient temperatures are quite low.  For example, Neotropical migratory songbirds in 

montane meadows in the Sierra Nevada begin breeding in late May when night time 

temperatures are often < 0°C (K. Borgmann, unpublished data).  Metabolic demands of 

incubating females can increase by 50-90% in small-bodied songbirds when ambient 

temperature is 0° C relative to when ambient temperatures is 15° C (Haftorn and 

Reinertsen 1985).  Changes in energetic demands associated with ambient temperatures 

below physiological optima can cause females to alter their incubation patterns (Ancel et 

al. 1998, Conway and Martin 2000a;b).  Length of off- and on-bouts decrease when 

ambient temperatures fall below physiological zero, resulting in more frequent foraging 
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trips because females need to balance their own metabolic needs with the thermal needs 

of their developing embryos (Conway and Martin 2000a).  Alteration of incubation 

patterns as a result of changes in ambient temperature can subsequently increase the 

amount of activity around a nest site which in turn could attract predators to the nest site 

(Skutch 1949, Conway and Martin 2000b, Martin et al. 2000b, Londono et al. 2008).  The 

energetic-demand hypothesis suggests that low ambient temperature early in the season 

affects incubation behavior which, in turn, increases the probability of detection by a 

predator.  Hence, the energetic-demand hypothesis predicts that ambient temperature 

should explain more variation in the risk of nest predation than date alone, such that the 

risk of nest predation should be negatively associated with ambient temperature when 

temperature is below 26°C.   

 The developmental-vulnerability hypothesis suggests that nest predation differs 

among developmental stages of the nesting cycle.  Risk of nest predation can differ 

among laying, incubation, and nestling stages due to variation in the amount of activity 

around the nest site (Skutch 1949, Martin et al. 2000b, Muchai and du Plessis 2005) or 

because some predators may be less likely to eat either eggs or nestlings (Sieving and 

Willson 1999).  If differences in the risk of nest predation among developmental stages 

explain the intra-seasonal decline in the risk of nest predation, then we predict that:  (1) 

nest predation will be higher during the incubation stage than the nestling stage in 

systems with intra-seasonal declines in the risk of nest predation, and (2) risk of nest 

predation will not vary with date within each of the developmental stages of the nesting 

cycle. 
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 The foraging efficiency hypothesis suggests that predators are more likely to 

develop search images when nest density is high (Tinbergen et al. 1967, Martin 1988a, 

Nams 1997, Elmberg et al. 2009).  This hypothesis assumes that predators become more 

efficient foragers as nest density increases by searching locations that previously resulted 

in a reward.  In other words, high nest density results in a functional response by nest 

predators.  Intensification of a predator’s search image can increase the risk of nest 

predation, especially if nests are located in similar microhabitats (Martin 1988a, Nams 

1997).  If intra-seasonal changes in nest density explain intra-seasonal patterns in nest 

predation then we predict that the daily risk of nest predation will be positively associated 

with the number of active Dusky Flycatcher nests.   

 The food-availability hypothesis suggests that availability of prey affects foraging 

behavior of nest predators.  Cold temperatures early in the season may limit the 

availability of insect (Choi 2008) and cone crops (Woodward et al. 1994, Messaoud et al. 

2007) that serve as a major food source for a number of nest predators in our study 

system [e.g., Steller’s Jays (Cyanocitta stelleri), chipmunks (Tamias spp.), and squirrels 

(Tamiasciurus douglasii)].  Thus, nest predators are likely to increase the amount of time 

spent foraging and/or increase the amount of space over which they forage to meet their 

metabolic needs when the abundance of their main food source is low.  An assumption of 

this hypothesis is that nest predation is incidental to other foraging activities and that nest 

contents (e.g., eggs and nestlings) are taken opportunistically (Vickery et al. 1992, 

Schmidt 1998, Schmidt et al. 2001).  Nest predation is then a function of either the 

amount of time a predator spends moving through an area or the amount of space 
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traversed by a predator (Vickery et al. 1992, Schmidt 1998, Schmidt et al. 2001).  If the 

food-availability hypothesis explains high nest predation early in the breeding season, 

then we predict that supplementing nest predators with food early in the breeding season 

(when ambient food is presumably less abundant) will cause predators to reduce the 

amount of time spent foraging, subsequently reducing the risk of nest predation.  In other 

words, providing predators with additional food early in the breeding season should result 

in predator satiation via a functional response.   

 The predator-abundance hypothesis suggests that variation in nest predation is 

caused by variation in predator density.  The hypothesis predicts that predator abundance 

decreases with date during the breeding season and this decrease in predator density 

explains why nest predation is highest early in the breeding season.  Predator abundance 

could change during the breeding season due to (1) short-distance altitudinal migration 

associated with extreme weather conditions or changes in the availability of food 

resources (Lorenz and Sullivan 2009), (2) birth of young, or (3) dispersal.  If the 

predator-abundance hypothesis explains high nest predation early in the breeding season, 

then we predict that:  (1) predator abundance will decrease with date, and (2) predator 

abundance will be positively correlated with risk of nest predation across study sites.   

We used experimental and correlative approaches to test the predictions of these 

six hypotheses in the Sierra Nevada Mountains in California.  Our goal was to identify 

the mechanism(s) most likely responsible for the observed intra-seasonal changes in 

avian nest predation.   
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III.  METHODS 

We examined intra-seasonal patterns of nest predation of Dusky Flycatchers and 

tested one prediction of the foliage phenology hypothesis at Wilson’s Warbler (Wilsonia 

pusilla) nests in montane meadows within the U.S. Forest Service Lake Tahoe Basin 

Management Unit, South Lake Tahoe, California (38° 56’ N 119° 59’ W) from 2006 to 

2008.  We monitored nests within five 10 - 20 ha montane meadows that ranged in 

elevation from 2000 to 2390 m.  We selected these five study sites because preliminary 

surveys (2004-2005) identified adequate breeding populations of Dusky Flycatchers and 

Wilson’s Warblers compared to other meadows surrounding Lake Tahoe.  Sites were 

dominated by willows (primarily Lemmon’s willow [Salix lemmonii] and Geyer’s willow 

[Salix geyeriana]), grasses, sedges (Carex spp.), rushes (Juncus spp.), and numerous 

herbaceous flowering plants.  Mixed-conifer forest with lodgepole pine (Pinus contorta), 

white fir (Abies concolor), and Jeffrey pine (Pinus jeffreyi) surrounded each meadow.  

Small patches of quaking aspen (Populus tremuloides) also occurred along edges of 

meadows.    

A. Nest searching and monitoring 

 We located nests primarily by following females carrying nesting material or food 

to their nests.  We discovered 64% of Dusky Flycatcher nests and 48% of Wilson’s 

Warbler nests prior to clutch completion.  We monitored nests every two to four days 

until the offspring fledged from the nest or the nest was depredated (Martin and Geupel 

1993).  We considered a nest successful if we observed parents feeding at least one 

offspring outside of the nest or if we observed fecal matter on the rim of the nest cup.  
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Nests in which eggs or nestlings disappeared prior to expected fledging were considered 

depredated.  Because our goal was to assess the risk of nest predation, we considered 

nests that fledged only Brown-headed Cowbirds (Molothrus ater) as successful (2 Dusky 

Flycatcher and 19 Wilson’s Warbler nests).  We did not include nests where parental 

activity at the nest ceased but eggs remained intact (i.e., abandoned nests; n = 4) or nests 

with uncertain nest fates (n = 1) in our analysis.  This project was approved by The 

University of Arizona Institutional Animal Care and Use Committee (IACUC #06-049). 

B. Foliage phenology 

 We measured foliage density at key points throughout the nesting cycle (e.g., date 

of nest failure, date of expected fledging) at nest sites that were occupied in 2008.  We 

also measured foliage density weekly in 2008 at nest sites that were active during one of 

the two previous breeding seasons to test the foliage-phenology hypothesis.  We 

measured foliage density at nest sites from previous years because we did not want to 

cause adults at active nests to abandon clutches due to repeated measurements of foliage 

density at the nest site.  We used two approaches to measure foliage density at Dusky 

Flycatcher nests: (1) visually estimate the percent of the nest site obscured by vegetation 

following a national protocol (Martin et al. 1997), and (2) calculate the percent of the nest 

site obscured by vegetation from digital photographs of the nest.  Estimating the percent 

of the nest site obscured by vegetation for Dusky Flycatcher is often problematic because 

Dusky Flycatchers frequently reuse nesting material from failed nests (i.e., nests often 

disappear soon after failure, eliminating the point of reference).  Hence, we placed a 

small piece of flagging at the base of the nest cup to mark the nest location immediately 
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after we determined nest fate (i.e., once the nest was no longer active).  We then used 

wire to secure a 12.7 cm orange styrofoam ball at the location of the nest.  An observer 

stood 1 m from the orange ball and visually estimated the percent of the ball obscured by 

vegetation and also took a digital photograph (Kodak EasyShare C813 camera) of the ball 

while standing at the same location.  The observer obtained visual estimates and took 

photographs at each nest site at two height intervals (0.5 m and 1 m) from each of four 

cardinal directions around the nest.  We marked locations where observers stood with pin 

flags and observers used a pole to standardize viewing height to ensure that 

measurements were taken from the same location on subsequent visits.  The Styrofoam 

ball was left in place at the nest site until the end of the breeding season to reduce 

measurement error associated with placement.  We used MATLAB (Version 7.8 R2009a) 

image processing to calculate the percentage of orange pixels in each image and to 

determine the percentage of foliage obscuring the nest.   

 We used digital photographs and visual estimates to quantify foliage density at 

Dusky Flycatcher nests only in 2008.  We used a density board to measure foliage density 

in 2006 and 2007.  We placed a 0.25m2 density board at the center of each nest and an 

observer counted the number of white squares visible while looking at the density board 

at two height intervals (0.5 m and 1.0 m) while standing 1 m from the nest.  Observers 

used a pole to standardize viewing height (0.5 and 1.0 m) and recorded the two density 

board readings at each of four cardinal directions around the nest.  Density board 

measurements, however, had low repeatability due to the challenges of placing the 

density board in the same location on subsequent visits.  Small changes in the placement 
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of the density board resulted in large differences in foliage density estimates between 

visits that did not correspond with intra-seasonal changes in foliage density.  Hence, we 

used estimates of foliage density obtained from the digital photographs in 2008 to assess 

the effect of foliage phenology on daily nest survival of Dusky Flycatchers for all years 

of the study (2006-2008).  Although foliage density can change annually, repeated 

measurements of foliage density at Wilson’s Warbler (Wilsonia pusilla) nests measured 

the same week in subsequent years did not differ (Mean difference between years = 2.20 

% ± 2.98, K. L. Borgmann, unpublished data).  Foliage density is also not likely to show 

measurable changes over one to two years in the shrub layer where Dusky Flycatchers 

nest.   

 We calculated predicted daily values of foliage density by regressing foliage 

density estimates obtained from weekly field measurements of nest sites at each of our 

five study sites on date because our goal was to assess how foliage phenology affected 

risk of daily nest predation and we did not measure foliage density daily.  We evaluated 

both linear and quadratic terms for date to quantify the temporal trends in foliage density 

at each of our five study sites.  We used beta estimates from the equation of the best-

fitting model assessed with AIC to generate predicted foliage density values for each day 

of the breeding season at each of our five study sites.  We calculated predicted values 

separately for each study site because the sites varied in elevation and, hence, phenology 

of foliage maturation.   

 We also conducted a foliage reduction experiment at Wilson’s Warbler nests to 

examine whether foliage phenology affects the risk of nest predation.  We used Wilson’s 
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Warbler nests for this experiment because they were abundant on our study sites and 

herbaceous vegetation surrounding Wilson’s Warbler nests (typically forbs and grass) 

was easier to manipulate compared to that surrounding Dusky Flycatcher nests (typically 

tree and shrub branches).  We paired two Wilson’s Warbler nests based on initiation date 

and randomly selected which nest within a pair was the control and experimental nest.  

We initiated experiments immediately after foliage appeared to have completely matured 

at our study sites (19 June 2006, 25 June 2007, and 26 June 2008).  We clipped 

vegetation at the foliage reduction nests within 3 m of the nest site with an electric hedge 

trimmer (Black and Decker cordless shrubber model # DS700) to mimic foliage density 

levels observed early in the breeding season.  We used a density board to measure foliage 

density following the methods described above prior to foliage reduction and again after 

we reduced foliage density.  Although density board measurements can be biased due to 

placement error (see above), measurements were taken on the same day during the 

experiment by the same observer to minimize error.  We followed the same procedure at 

the control nests: measured foliage density, operated hedge trimmer (but did not cut 

vegetation), and spent the same amount of time at the nest site (15 minutes).  The 

observer wore rubber boots and nitrile gloves to reduce human scent and all experimental 

manipulations were performed by the same observer (K. Borgmann).  We observed each 

nest from a distance of 10-15 m following the treatment to determine whether the female 

returned to the nest.  Two females abandoned their nests following treatment and were 

not included in the analysis.   
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C. Energetic demand 

 We recorded ambient temperature at our study sites with Thermochron i-buttons 

(DS1921k Maxim Integrated Products, Sunnyvale, CA) in 2007 and 2008.  We set i-

buttons to record temperature every hour and calculated the minimum ambient 

temperature recorded each day.  In 2006, we used temperature data collected at the Lake 

Tahoe Regional Airport (Western Regional Climate Center) near our study sites 

(maximum distance to our study sites was 33 km).  We examined both linear and 

quadratic terms to help quantify the relationship between minimum ambient temperature 

and date at each study site for all years pooled.   

D. Foraging efficiency 

 We used the Horvitz-Thompson estimator (Dinsmore et al. 2002, Wilson et al. 

2007) to provide an estimate of the number of nests active per day, allowing us to test the 

foraging efficiency hypothesis.  This approach allowed us to estimate the number of nests 

initiated per day after correcting for nests that failed prior to discovery ('adjusted nests' in 

Wilson et al. 2007).  We estimated the number of active nests per day of the breeding 

season by first calculating the number of nests initiated per day after correcting for nests 

that failed prior to discovery and then by calculating how long each of the initiated nests 

survived.  First we calculated the number of nests initiated for each day of the breeding 

season following these steps: (1) we calculated the probability that a nest survived until 

the day the nest was discovered for every day of the breeding season based on parameter 

estimates obtained from the best-fitting logistic exposure model (Daily nest survival = 

Date + Date2; see below for description of logistic exposure models), (2) we divided the 
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observed frequency of each nest (i.e., 1) by parameter estimates from step 1 to obtain the 

number of nests that failed prior to discovery (i.e., ‘adjusted nests’ in Wilson et al. 2007) 

for every day of the breeding season, (3) we summed the number of nests we found each 

day with the number of ‘adjusted nests’ for every day of the season (obtained from steps 

1 and 2) to get the total number of nests initiated each day of the season.  Second, we 

calculated how long each of the found nests and ‘adjusted nests’ were active during the 

breeding season to estimate the number of active nests for each day of the breeding 

season.  We recorded a ‘1’ for every day of the season that a found nest was active.  For 

‘adjusted nests’, we first needed to generate an estimate for how long each of these nests 

was active.  To do this we (1) determined the age of each found nest on the date the nest 

was discovered, (2) averaged the age of found nests that were discovered on the same 

day, (3) divided the average age of found nests discovered on the same day (values from 

step 1 and 2) by two as a general estimate for the length of time the ‘adjusted nests’ were 

active (Wilson et al. 2007), and (4) recorded a ‘1’ for every day of the season that an 

‘adjusted nest’ was estimated to be active.  Finally, we summed the number of found and 

‘adjusted nests’ to obtain an estimate of the number of nests that were active for each day 

of the breeding season (rounded to the nearest whole number).   

E. Food abundance for nest predators 

 We provided nest predators with dried corn, black oil sunflower seeds, and whole 

in-shell peanuts to test the food-abundance hypothesis at three of our study sites in 2007 

and 2008.  We placed supplemental food (726 g of food per feeder) in bird feeders 40 m 

apart within our study sites.  We hung bird feeders on the outer branches of trees.  We 
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also scattered additional food on the ground while walking between feeders to provide 

supplemental food for predators that may have had difficulty accessing the feeders (e.g., 

Peromyscus maniculatus).  Feeders were filled regularly (typically once or twice every 

five days) beginning 19 May in 2007 and 21 May in 2008.  We provided supplemental 

food for approximately one month, coinciding with the early portion of the breeding 

season, which is when this hypothesis assumes that ambient food was less abundant (19 

May - 23 June 2007 and 21 May - 27 June 2008).  We opportunistically recorded 

predators observed at feeders while monitoring and locating nests.   

F. Predator abundance 

 We established three to four point-count stations at all five of our study sites.  The 

number of point-count stations varied among sites due to variation in the size of our study 

sites. Point-count stations were placed 250 m apart along the meadow-forest boundary 

within our study sites.  We surveyed each site once per week in 2007.  We did not 

conduct point-count surveys in 2006 or 2008 due to logistical constraints.  Point-count 

surveys began at various times throughout the day (sunrise to 1400) to capture variation 

in predator activity among different suites of nest predators (Wilson et al. 1996).  

Observers recorded all potential nest predators seen or heard within 50 m of the point-

count station for 10 minutes at each point.  Observers did not conduct point-count 

surveys during weather conditions thought to reduce detection probability (e.g., 

precipitation or wind >9 km/hr).  We calculated the average number of nest predators 

detected across all survey points within a site for each week of the breeding season.  We 

separated predator abundance into avian and mammalian nest predators because foraging 
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strategies are assumed to differ among these two taxa (Soderstrom et al. 1998, Rangen et 

al. 1999).  We used a linear regression (predator abundance = date) to determine if 

predator abundance changed with date.   

G. Modeling nest predation 

 We used the logistic exposure method (Shaffer 2004, Shaffer and Thompson 

2007) to model the daily probability of nest predation.  The logistic exposure method 

allows nest predation to be modeled based on individual continuous, categorical, and 

time-varying covariates and provides less biased estimates of nest predation compared to 

the Mayfield (1975) method (Shaffer 2004, Shaffer and Thompson 2007).  We modeled 

nest predation with PROC GENMOD and the logit link function in SAS (Shaffer and 

Thompson 2007, SAS Institute 2008).  We first examined how the risk of nest predation 

changed during the breeding season prior to evaluating each of our hypotheses and then 

examined whether the addition of covariates from each of the hypotheses to the “date 

only” model was supported by our data.  This two-step process allowed us to evaluate 

whether any of the models that included explicit mechanisms (i.e., food, predator 

abundance, etc.) performed better than our best “date only” model.  We used date (the 

mid-point between consecutive nest checks) as a continuous covariate because our goal 

was to assess what factors affected intra-seasonal patterns of nest predation.  We included 

all Dusky Flycatcher nests that were not part of an experimental treatment to assess the 

overall pattern of intra-seasonal changes in nest predation.  We used an information-

theoretic approach to evaluate four models (Burnham and Anderson 2002): (1) constant 

survival (i.e., risk of nest predation was constant throughout the breeding season), (2) 
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linear date term, (3) quadratic date term, and (4) cubic date term.  We did not include 

year as a covariate in our models because preliminary examination of the data indicated 

that nest predation was similar among years.  We ranked models based on ∆AICc values.  

We used a likelihood ratio test to assess if the more complex date term (quadratic or 

cubic date term) improved model fit.  We removed the more complex term from models 

in subsequent analyses if the quadratic or cubic term did little to improve the fit of the 

model based on likelihood-ratio tests.  

 Next, we compared our “date only” model with more complex models to assess 

each of our six hypotheses: (1) foliage phenology, (2) energetic demand, (3) 

developmental stage, (4) foraging efficiency, (5) food availability for nest predators, and 

(6) predator abundance.  We conducted separate model selection procedures for the food-

availability and predator-abundance hypothesis due to differences in the subsets of nests 

(and hence the sample sizes) available to test these two hypotheses.  We also modeled the 

effects of the foliage reduction experiment (one prediction of the foliage phenology 

hypothesis) with a separate model for the same reason.  We evaluated 23 candidate 

models to determine if intra-seasonal changes in foliage phenology, energetic demand, 

developmental stage, or foraging efficiency contributed to intra-seasonal changes in nest 

predation.  We checked for correlation between foliage density and minimum ambient 

temperature prior to evaluating models because foliage growth is often correlated with 

temperature.  Correlation between foliage density and minimum ambient temperature was 

low (|r| < 0.4). 
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 Although common methods used to assess model fit and overdispersion are often 

ill-suited for logistic exposure models (Shaffer and Thompson 2007), we assessed model 

fit with the Hosmer and Lemeshow goodness-of-fit test (Hosmer and Lemeshow 2000).  

The goodness-of-fit test indicated that the global model (linear, quadratic, and cubic date 

variables and covariates) fit the data well (P = 0.867).  We assessed overdispersion by 

examining the ratio between χ2 and model degrees of freedom from the global model and 

our results indicated little overdispersion (ĉ < 1.00).  We regarded models with ∆AICc 

values < 3.0 and evidence ratios < 5.0 as equally plausible (Anderson 2008).  We used 

the effective sample size to calculate AICc which is the total number of days a nest 

survived and the number of intervals that ended in nest failure (Rotella et al. 2004). 

 We generated model-based estimates of the risk of nest predation after we fit 

models with the logistic exposure method to determine the effect of individual covariates.  

We used model-averaged parameter estimates and 95% confidence intervals in cases of 

model selection uncertainty (Burnham and Anderson 2002).  We report estimates of nest 

predation based on the single best model in cases where only one model was supported 

by the data.  We produced estimates of nest predation while holding date at representative 

values throughout the breeding season to determine how individual time-varying 

covariates affected nest predation (Shaffer and Thompson 2007).  For example, we 

calculated estimates of daily risk of nest predation for values of foliage density at seven 

representative dates during the breeding season that corresponded to the range of nest 

initiation dates observed. 
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IV. RESULTS 

We monitored 185 Dusky Flycatcher nests from 2006 to 2008.  Predation accounted for 

94% of nest failures.  Risk of nest predation followed a curvilinear pattern in which daily 

nest predation was high early in the breeding season, decreased sharply, and then 

remained relatively constant thereafter (Fig. 5; β with 95% CL: Date = 0.510 [0.080, 

0.221], Date2 = -0.001 [-0.002, -0.001]).  The top two models included cubic and 

quadratic effects of date, while linear effects of date and the constant survival model had 

∆AICc > 10.00 (Table 4).  Because the cubic term added little to overall model fit 

(Likelihood ratio test χ2 = 1.6, P = 0.209), we removed the cubic term from subsequent 

models where we examined the effects of additional covariates on patterns of nest 

predation.   

A. Foliage phenology 

 Foliage density measured at nest sites changed with date (F2,142 = 37.43, P 

<0.001).  The amount of foliage present at nest sites increased by 17% from the 

beginning of the breeding season until 1 July when foliage density reached maturity and 

remained relatively constant throughout the remainder of the breeding season (Fig. 6).  

These intra-seasonal increases in foliage density affected the risk of nest predation for 

Dusky Flycatchers (Table 5).  The model that included an interaction between foliage 

density and the linear date term was the best supported model (Table 5).  All other 

models we examined did not meet our criteria for model plausibility.  The risk of nest 

predation was negatively associated with foliage density early in the breeding season, but 

not later in the breeding season (Fig. 7).  
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 We reduced foliage density experimentally at 28Wilson’s Warbler nests to 

23.40% ± 2.23(SE) which was similar to foliage density levels during the first three 

weeks (22 May – 10 June) of the breeding season (24.51% ± 2.09 [SE]).  However, we 

did not detect an increase in the risk of nest predation at treated nests relative to control 

nests (n = 32).  Four models (including the null) were equally supported by the data (∆ 

AICc < 3.0), indicating that our experimental reduction in foliage density had an 

insignificant effect on the risk of nest predation at Wilson’s Warbler nests (Table 6; 

model averaged parameter estimate for foliage reduction = 0.091 ± 0.222). 

B. Energetic demand 

 Minimum ambient temperature increased with date until the middle of the 

breeding season (7 July), at which point minimum ambient temperature began to decline 

with date (F2,106 = 56.41, P < 0.001).  Changes in ambient temperature had little effect on 

risk of nest predation; models containing temperature ranked well below the constant 

survival model (Table 5).   

C. Developmental vulnerability 

 The risk of nest predation did not differ between incubation and nestling stages 

throughout the breeding season (Table 5).  Neither developmental stage nor the 

interaction between developmental stage and date were among the best supported models 

(Table 5), suggesting that risk of nest predation did not differ between developmental 

stages.  Moreover, the insignificant pattern was opposite that predicted by the 

developmental-vulnerability hypothesis; nest predation was slightly higher during the 
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nestling stage compared to the incubation stage, although the 95% CL for model-

averaged parameter estimates included zero.   

D. Foraging efficiency 

 The number of nests active per day peaked on 23 June (Fig. 8).  Intra-seasonal 

changes in nest density did not correspond with the observed intra-seasonal pattern in the 

risk of nest predation (Fig. 8, Table 5).  Models that included nest density all had little 

support.  Indeed, the pattern was in the opposite direction predicted by the foraging-

efficiency hypothesis; risk of nest predation decreased with increasing nest density (Fig. 

4). 

E. Food availability for nest predators 

 We observed Steller’s Jays (Cyanocitta stelleri), Douglas squirrels (Tamiasciurus 

douglasii), and chipmunks (Tamias spp.) consuming food at the feeders.  Potential nest 

predators consumed 31 kg of supplemental food every week in each year of the 

experiment.  The interaction between food supplementation and a quadratic date effect 

was the best-supported model (Table 7).  However, supplemental food increased rather 

than decreased risk of nest predation (Fig. 9).  The risk of nest predation at Dusky 

Flycatcher nests < 50 m from a feeder was higher than at nests >50 m from a feeder (Fig. 

9).  Prior to supplemental feeding, predator abundance was equal at point-count stations < 

100 m and >100 m from feeders (Fig. 10; Pre <100 = 0.8 ± 0.58; Post >100 m = 0.8 ± 

0.37).  However, predator abundance at point-count stations located within 100 m of a 

feeder doubled following food supplementation (Fig. 10; Post <100 m = 1.6 ± 0.39; Post 

>100 m = 0.5 ± 0.25). 
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F. Predator abundance 

 Potential nest predators detected during point-count surveys included Steller’s 

Jays, Clarks Nutcrackers (Nucifraga columbiana), Common Ravens (Corvus corax), 

Northern Goshawks (Accipiter gentilis), Red-tailed Hawks (Buteo jamaicensis), 

chipmunks, and Douglas squirrels.  Abundance of avian and mammalian nest predators 

changed during the breeding season (Avian, F1,42 = 13.96, P < 0.001; Mammalian, F1,42 = 

27.44, P < 0.001).  Avian nest predators decreased with date, whereas mammalian nest 

predators increased with date (Fig. 11).  Intra-seasonal changes in abundance of avian 

and mammalian nest predators affected the risk of nest predation for Dusky Flycatchers 

(Table 8).  Models incorporating the main effect and interaction terms of predator 

abundance and a quadratic date term were among the best supported models (Table 8).  

The risk of nest predation and abundance of avian nest predators increased early in the 

breeding season, but both were unrelated to date late in the breeding season (Fig. 11).  

The risk of nest predation decreased slightly with increasing mammalian nest predators 

early in the breeding season, but risk of nest predation was unaffected by the abundance 

of mammalian nest predators late in the breeding season when mammalian nest predators 

were actually more abundant. 

V. DISCUSSION 

We found that the risk of nest predation in Dusky Flycatchers changed with date and 

identified two key mechanisms that appear to be contributing to this pattern: foliage 

phenology and predator behavior.  Intra-seasonal variation in nest predation is not 

uncommon but the nature of the pattern appears to vary among species and ecosystems.  
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Past studies have reported that nest predation decreased with date (Lanyon 1957, Nolan 

1963, Hartley and Shepherd 1994, Brown and Roth 2002, Davis 2005, Winter et al. 2005, 

Preston and Rotenberry 2006a), increased with date (Wiebe 2003, Nur et al. 2004, Grant 

et al. 2005, Muller et al. 2005, Kroll and Haufler 2009), decreased mid-season (Burhans 

et al. 2002), or peaked mid-season (Wilson et al. 2007).  Although intra-seasonal 

variation in nest predation is not uncommon, the underlying causes of these phenological 

changes have rarely been examined.  Numerous studies have found that reproductive 

success declines with date and many have attributed these declines to either date per se, a 

negative association between breeding date and individual quality, or both.  However, 

date per se is unappealing because date does not address the mechanisms underlying the 

pattern; extrinsic factors that co-vary with date are likely responsible for intra-seasonal 

declines in reproductive success and identifying those extrinsic factors was the goal of 

this study.  

A. Intra-seasonal changes in the environment 

 We found support for the foliage-phenology hypothesis.  Foliage phenology 

appeared to contribute to intra-seasonal variation in the risk of nest predation in other 

systems (Lanyon 1957, Hartley and Shepherd 1994, Wilson et al. 2007, Kroll and Haufler 

2009, Rodewald et al. 2010, Skagen and Yackel-Adams 2010).  Nests become more 

concealed from nest predators as foliage density increases during the breeding season.  In 

fact, nests with greater foliage had a lower risk of nest predation.  However, results from 

studies that have examined the effects of foliage density on nest survival are equivocal 

(Clark and Nudds 1991, Martin 1992a, Howlett and Stutchbury 1996, Burhans and 
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Thompson 1998, Peak 2003).  Much of the discrepancy among past studies can be 

attributed to predictable differences among species and ecosystems (e.g., plumage 

brightness, latitude, and elevation; Borgmann and Conway, in prep.).  Moreover, failure 

of many past studies to detect a relationship between foliage density and the risk of nest 

predation was due, in part, to inappropriate timing of foliage measurements relative to 

foliage and breeding phenology (Borgmann and Conway, in prep.).  Experimental 

reduction of foliage density at Wilson’s Warbler nests did not affect the risk of nest 

predation, but Wilson’s Warblers were not an ideal study species because males have 

bright plumage (a trait that was negatively associated with support for the nest-

concealment hypothesis in a recent comparative study; Borgmann and Conway, in prep.).  

Moreover, the risk of nest predation was relatively constant throughout the breeding 

season for Wilson’s Warblers and, hence, changes in foliage density should be less likely 

to affect the risk of nest predation in this species (K. L. Borgmann, unpublished data).   

 We did not find support for the energetic-demand hypothesis or developmental-

vulnerability hypothesis.  Intra-seasonal decreases in the risk of nest predation are likely 

not due to changes in behavior caused by increasing ambient temperature or to 

differences in vulnerability associated with developmental stage.  We also did not find 

support for the nest predator foraging efficiency hypothesis.  Increased foraging 

efficiency as a result of increased reward rate or density of active nests has been 

documented in some studies (Klett and Johnson 1982, Niemuth and Boyce 1995, 

Lariviere and Messier 1998, Roos 2002, Emery et al. 2005), but not in others 

(Zimmerman 1984, Andren 1991, Ackerman et al. 2004, Kroll and Haufler 2009).  The 
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effect of nest density on foraging efficiency of predators is likely to be scale or context 

dependent (Andren 1991, Lariviere and Messier 1998, Schmidt and Whelan 1999b, 

Rangen et al. 2001, Ackerman et al. 2004).  Despite this caveat, nest density often peaks 

several weeks into the breeding season for most species (Grant et al. 2005, Kroll and 

Haufler 2009), suggesting that increased foraging efficiency likely is not driving the early 

season increase in nest predation in our system.  Moreover, foraging efficiency of nest 

predators is more likely to increase when nests are in a clumped distribution (Niemuth 

and Boyce 1995), and Dusky Flycatcher nests did not have a clumped distribution within 

our study system.   

 We observed Steller’s Jays, chipmunks, and Douglas squirrels consuming food 

from the feeders and we documented one instance each of a Steller’s Jay, weasel 

(Mustela spp.), and Brown-headed Cowbird depredating nests.  Chipmunks, deer mice, 

Clark’s Nutcrackers (Nucifraga columbiana), and Douglas squirrels have also been 

documented depredating nests in the region (Cain et al. 2003).  Thus, our supplemental 

food was likely consumed by species responsible for at least some of the nest predation 

events at our study sites.  However, we did not find support for the nest predator food-

availability hypothesis.  Nest predation increased (rather than decreased) at nests nearest 

to feeders.  The increase in nest predation in response to our supplemental food 

experiment suggests that supplemental food caused a numerical response by nest 

predators.  Predator abundance doubled near feeders after food supplementation began, 

but did not change in areas that were not near feeders, suggesting that supplemental food 

drew local predators into the area and subsequently increased the risk of nest predation.  
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Hence, supplemental food redistributed local nest predators, but did not satiate them to 

the point where they stopped depredating nests.  Bird feeders are frequently used by the 

public to attract birds, but feeding birds and often other unintentional visitors (e.g., 

squirrels and chipmunks) at bird feeders may result in a numerical response and an 

increase in local nest predation, suggesting that a more cautionary approach to feeding 

birds may be warranted.   

Spatial and temporal changes in predator abundance or foraging behavior that we 

observed in response to supplemental food are consistent with a hypothesis previously 

proposed by Schmidt et al. (Schmidt et al. 2001, Schmidt and Schauber 2007).  The 

enemy-free space hypothesis suggests that predators alter their foraging behavior in 

response to abundance of their primary prey (or cumulative prey) by changing the (1) 

total time spent foraging, or (2) amount of space searched for food (Schmidt et al. 2001, 

Schmidt and Schauber 2007).  The enemy-free space hypothesis has been proposed to 

explain variation in nest survival among patches (Schmidt et al. 2001), but could also 

explain intra-seasonal variation in nest survival.  The enemy-free space hypothesis 

assumes that predators will exploit prey-rich patches in systems with high spatial 

heterogeneity in prey abundance (Schmidt et al. 2001, Schmidt and Schauber 2007).  Our 

food supplementation experiment corroborates the mechanism underlying the enemy-free 

space hypothesis.  Other supplemental food studies have also provided support for the 

enemy-free space hypothesis (Boutin 1990).   

We did find some support for the predator-abundance hypothesis; risk of nest 

predation increased early in the season and avian nest predators were more abundant 
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early in the breeding season.  Other studies have also found that predator abundance was 

positively associated with probability of nest predation (Angelstam 1986, Andren 1992, 

Rodewald and Yahner 2001, Patten and Bolger 2003, Fontaine and Martin 2006a).  

Abundance of avian nest predators may have decreased during the breeding season on 

our study sites due to altitudinal migration or dispersal.  Clark’s Nutcrackers often 

migrate attitudinally in response to intra-seasonal availability of food resources or to 

periods of inclement weather at higher elevations (Tomback 1998, Lorenz and Sullivan 

2009).  Indeed, we detected a greater number of Clark’s Nutcrackers early in the breeding 

season (K. L. Borgmann, unpublished data).  Abundance of avian nest predators may also 

decrease late in the breeding season as individuals begin to disperse after their breeding 

season.  Steller’s Jays initiate breeding prior to Dusky Flycatchers and may therefore 

begin dispersing while Dusky Flycatchers are still incubating and brooding young, 

leaving them less vulnerable to predation by Steller’s Jays later in the breeding season.  

However, the positive association between avian predator abundance and nest predation 

early in the breeding season is merely an association.  The relationship between the 

density of the primary nest predator and the number of nests depredated by that species 

needs to be examined explicitly to more rigorously test the predator-abundance 

hypothesis.   

 The intra-seasonal change in predator abundance that we observed could also be 

an artifact of declining detection probability with date (Alldredge et al. 2007) as 

increased foliage density late in the breeding season could reduce detection probability 

(Pacifici et al. 2008).  Although we did not account for detection probability, we 
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restricted our analysis to include only detections within 50 m of point-count stations.  The 

frequency of visual and auditory detections did not change with date (Mean date of aural 

detections = 40.58 ± 2.32 [SE]; mean date of visual detections = 34.11 ± 4.84 [SE]), 

suggesting that detection probability likely did not change substantially with date. 

B. Intra-seasonal changes in nest predation and timing of breeding 

 Given that timing of breeding is heritable in at least some birds (van Noordwijk et 

al. 1981, Cooke and Findlay 1982), and many species exhibit intra-seasonal declines in 

clutch size (Klomp 1970, Perrins and McCleery 1989), some authors have suggested 

directional selection on timing of breeding.  However, timing of breeding varies 

considerably within species and we lack evidence for directional selection on breeding 

date in birds (Price et al. 1988).  Variation in risk of nest predation could be one factor 

that contributes to intra- and inter-specific variation in timing of breeding.  The high risk 

of nest predation early in the breeding season for Dusky Flycatchers could shift timing of 

breeding until later in the breeding season.  However, annual and intra-seasonal variation 

in the risk of nest predation in conjunction with trade-offs associated with other life-

history traits offers another reason why directional selection has not reduced more of the 

variation in timing of breeding.   

 Decisions regarding when to initiate breeding are likely influenced by many 

factors, such that individuals are hedging future survival and number and quality of 

offspring produced (Brown and Brown 1999, Brown and Roth 2002).  Although risk of 

nest predation was higher earlier in the breeding season, individuals may still breed early 

if the benefits of early breeding outweigh the costs of the increased risk of nest predation.  
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Offspring from early nests may have higher survival than offspring from late-season nests 

because offspring from early nests may (1) have more time for growth and development 

prior to migration, (2) obtain higher quality winter territories which can affect overwinter 

survival, and (3) may have higher levels of antioxidants (Perrins and McCleery 1989, 

Hochachka 1990, Verhulst et al. 1995, Brown and Roth 2002, Arnold et al. 2010).  

Adults may also breed early despite the increased risk of nest predation if breeding late 

increases costs associated with overwinter adult survival such as timing of molting and 

acquisition of high-quality winter territories (Murphy 1986, Brown and Roth 2002).  

Adults may also bet hedge to increase the number of breeding opportunities available if 

they should get depredated early in the breeding season.  However, survival is not always 

lower for offspring hatched late in the season (Nilsson 1994, Brown and Brown 1999) 

and adult survival may be greater for individuals breeding later in the season in some 

systems (Brown and Brown 1999).  Clearly, numerous factors can influence trade-offs 

between adult and offspring survival, and intra-seasonal variation in nest predation is just 

one factor.  

 Examination of intra-seasonal changes in the risk of nest predation highlights an 

additional reason why heritable traits are often correlated with fitness but still exhibit 

substantial variation; non-heritable factors (e.g., foliage density) may be associated with 

both timing of breeding and the risk of nest predation (Price et al. 1988).  However, much 

less attention has been paid to the interaction between biotic and abiotic traits that affect 

fitness and timing of breeding.  The focus of many past studies has been on intra-seasonal 

declines in a particular reproductive trait (typically clutch size), however, other 
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reproductive parameters or environmental factors may not decline with date.  Patterns of 

foliage phenology, for example, may actually improve conditions for some species during 

the breeding season.  The focus on intra-seasonal declines in clutch size and the date 

versus female quality hypotheses has stifled examination of other intra-seasonal patterns 

that contribute to important trade-offs which may affect the evolution of life-history 

strategies.  New statistical techniques aimed at assessing intra-seasonal patterns 

(Dinsmore et al. 2002, Shaffer 2004, Shaffer and Thompson 2007, Post van der Burg et 

al. In press) should encourage further examination of intra-seasonal patterns in all 

reproductive parameters (not just clutch size).   

 Identifying the mechanisms underlying intra-seasonal patterns in nest predation is 

critical given that responses to increases in spring temperatures have varied among 

species, suggesting that other life-history traits affect timing of breeding decisions (Visser 

et al. 2003).  Moreover, as society and regulatory agencies look to scientists for models 

that will help predict the potential effects of climate change, we need to improve our 

understanding of the factors that influence timing of breeding in birds.  We first need to 

identify both environmental and behavioral factors that influence timing of breeding and 

the risk of nest predation to understand and predict how species will respond to climate 

change. 
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Table 1.  Hypotheses, mechanisms, and assumptions of hypotheses commonly cited to explain temporal, spatial, and 
interspecific variation in the probability of avian nest predation.  We list challenges that future investigators should address to 
more rigorously evaluate each hypothesis. 
 

Hypothesis Mechanism Assumptions Challenges 
Predator-abundance 
 

Abundance of nest predators 
affects the risk of nest 
predation. 
 

 1. Identity of primary nest 
predator(s) must be known. 
 

Predator-diversity Foraging strategy varies 
among species of nest 
predators, such that increased 
predator diversity increases 
the risk of nest predation.  
 

1. Vegetation or habitat 
characteristics inhibit ≥1 
nest predator but not 
other species from 
accessing bird nests. 

1. Knowledge of the foraging 
strategy of nest predator(s) is 
limited. 
 
 
 

Predator-activity Predator activity affects the 
risk of nest predation. 

1. Nest predation is 
incidental. 
 

1. Nest predator activity needs to 
be clearly defined. 

2. Why nest predator activity 
changes should be considered. 

3. Predator movement rates must 
be linked directly to the risk of 
nest predation. 

Prey-switching 
 

Predators switch from 
foraging for primary prey to 
foraging for eggs and nestlings 
in response to decreased 
abundance of their primary 
prey. 
 

1. No assumptions made 
about the distribution of 
prey. 

2. Nest predation is not 
incidental. 

1. Identity of primary nest 
predator(s) must be known. 

2. Determine abundance of 
primary prey. 

3. Determine the species of nest 
predator responsible for nest 
losses. 
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Hypothesis Mechanism Assumptions Challenges 
Enemy-free space Predators alter (1) time spent 

foraging or (2) proportion 
space used in response to 
abundance of primary prey (or 
cumulative prey). 

1. Nest predation is 
incidental. 

2. Distribution of primary 
prey is independent of 
the distribution of bird 
nests. 

3. Predators quickly and 
accurately assess patch 
quality. 

4. Predators use a fixed 
quitting harvest rate 
strategy. 
 

1. Assumptions have not been 
tested. 

Predator search 
image 

The risk of nest predation 
increases with increasing 
density of con-specific nests. 

1. Predators can assess and 
respond to prey density. 

2. Nest predation is not 
incidental. 

 

1. Must estimate nest density using 
methods that account for 
imperfect detection. 
 

Potential-prey-site 
 

Predator search intensity is 
negatively correlated with the 
number of potential but 
unoccupied prey sites. 

1. Predators form search 
images with increasing 
reward (i.e., nest 
predation is not 
incidental). 

2. Predators only search 
potential-prey sites. 

 
 
 
 

1. Assumptions have not been 
tested. 

2. Difficult to test in systems with 
a diverse predator community. 
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Hypothesis Mechanism Assumptions Challenges 
Nest-concealment 
 

Dense foliage reduces the 
transmission of auditory, 
visual, or olfactory cues that 
predators use to locate nests. 
 

1.  Nest predation may or 
may not be incidental. 

1. Knowledge of the foraging 
strategy of nest predator(s) is 
limited. 

2. Determine the extent to which 
dense foliage can reduce visual 
or olfactory cues. 
 

Structural-
complexity 

Predator search efficiency is 
affected by dense and 
structurally complex foliage 
which impedes 
maneuverability and physical 
access to bird nests. 
 

1. Nest predation may or 
may not be incidental.  

1. Limited knowledge of predator 
foraging efficiency at various 
levels of foliage density. 

2. Identity of primary nest 
predator(s) must be known. 
 

Prey-behavior Parental activity around the 
nest is positively correlated 
with the risk of nest predation. 

1. Predators use visual or 
auditory cues to locate 
nests. 

1. Experiments that modify 
parental activity (without 
changing other behaviors) are 
difficult and yet to be 
performed. 
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Table 2.  Candidate models examined to explain interspecific variation in the effects of 
foliage density on risk of nest predation in open-cup nesting passerines (n = 25 species).  
This analysis was restricted to studies that used visual estimates to measure foliage 
density (n = 71 studies).   
 

Models -2 log L K ∆ AIC w 
Evidence 

ratio 
Male plumage brightness 8.17 2 0.000 0.750  
Female body mass 5.26 2 5.828 0.041 18.418 
Latitude 4.99 2 6.362 0.031 24.103 
Latitude, Longitude 6.22 3 6.543 0.028 26.394 
Length of nesting period 4.87 2 6.605 0.028 27.159 
Longitude 4.84 2 6.661 0.027 27.970 
Null model 3.39 1 7.175 0.021 36.213 
Elevation 4.25 2 7.847 0.015 50.649 
Female plumage brightness 4.21 2 7.939 0.014 52.789 
Nest attentiveness, Female body mass 5.26 3 8.448 0.011 68.145 
Clutch size 3.77 2 8.816 0.009 82.374 
Latitude, Longitude, Elevation 6.22 4 9.434 0.007 111.881 
Nest height 3.41 2 9.471 0.007 113.576 
Nesting success 3.40 2 9.529 0.006 117.125 
Nest attentiveness 3.39 2 9.563 0.006 118.984 
Global model (all terms) 21.81 12 22.010 0.000  
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Table 3.  Candidate models examined to explain interspecific variation in the effects of 
foliage density on risk of nest predation in open-cup nesting passerines (n = 19 species).  
This analysis was restricted to studies that used quantitative metrics to measure foliage 
density (n = 55 studies).   
 

Models -2 log L K ∆ AIC w 
Evidence 

ratio 
Nesting success 0.54 2 0.000 0.548  
Female plumage brightness 0.11 2 0.860 0.357 1.537 
Latitude, Elevation -0.48 3 4.947 0.046 11.864 
Clutch size -3.21 2 7.490 0.013 42.162 
Latitude -3.94 2 8.949 0.006 88.403 
Nest attentiveness -4.02 2 9.110 0.006 94.500 
Null model -5.31 1 9.143 0.006 96.158 
Nest attentiveness, Female body mass -2.58 3 9.156 0.006 97.875 
Elevation -4.33 2 9.729 0.004 130.500 
Male plumage brightness -4.40 2 9.873 0.004 140.538 
Female body mass -4.60 2 10.268 0.003 171.281 
Nest height -5.21 2 11.649 0.002 342.563 
Global model (all terms) 10.12 10 28.849 0.000  
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Table 4.  Model selection results examining the potential relationship between the risk of 
nest predation (NP) and date for Dusky Flycatchers (n = 167) from 2006 to 2008, Lake 
Tahoe, California.  Effective sample size used to calculate AICc  = 2882.  Models were 
ranked by ∆AICc. 
 

Model -2 log L K ∆AICc wi 

NP = Date, Date2, Date3 -292.37 4 0.00 0.64 
NP = Date, Date2 -293.95 3 1.16 0.36 
NP = Constant -301.38 1 12.01 0.00 
NP = Date -301.23 2 13.71 0.00 
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Table 5. Model selection results examining the effect of foliage phenology (Foliage), 
minimum energetic demand (Temp), developmental stage (Stage), and conspecific nest 
density (Density) on the risk of nest predation (NP) for Dusky Flycatchers (n =167) from 
2006 to 2008, Lake Tahoe, California.  Effective sample size used to calculate AICc = 
2882.  Models were ranked by ∆AICc. 
 

Model -2 log L K ∆AICc wi 

NP = Foliage, Date, Foliage*Date -290.89 4 0.00 0.76 
NP = Date, Date2 -293.95 3 4.12 0.10 
NP = Foliage, Date, Date2, Foliage*Date2 -293.03 4 4.28 0.09 
NP = Stage, Date, Date2 -296.12 3 8.47 0.01 
NP = Density, Date, Density*Date -295.54 4 9.31 0.01 
NP = Stage, Date, Date2, Stage*Date2 -295.70 4 9.62 0.01 
NP = Stage -297.80 2 9.82 0.01 
NP = Stage, Date, Stage*Date -295.86 4 9.95 0.01 
NP = Density, Date -296.87 3 9.96 0.01 
NP = Density, Date, Date2, Density*Date2 -295.99 4 10.21 0.00 
NP = Stage, Date -297.15 3 10.53 0.00 
NP = Density -298.71 2 11.64 0.00 
NP = Density, Date, Date2 -297.75 3 11.73 0.00 
NP = Constant -301.38 1 14.97 0.00 
NP = Foliage -300.67 2 15.55 0.00 
NP = Temp -300.76 2 15.74 0.00 
NP = Foliage, Date, Date2 -299.84 3 15.91 0.00 
NP = Date -301.23 2 16.67 0.00 
NP = Foliage, Date -300.56 3 17.35 0.00 
NP = Temp, Date, Date2 -300.65 3 17.52 0.00 
NP = Temp, Date -300.75 3 17.72 0.00 
NP = Temp, Date, Date2, Temp*Date2 -300.05 4 18.34 0.00 
NP = Temp, Date, Temp*Date -300.19 4 18.62 0.00 
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Table 6.  Model selection results examining the effects of foliage reduction on the risk of 
nest predation (NP) at Wilson’s Warbler nests (n = 60), 2006-2008, Lake Tahoe, 
California.   
 

Model -2 log L K ∆AICc wi 

NP = Constant -79.41 1 0.00 0.35 
NP = Day -78.51 2 0.23 0.31 
NP = Foliage reduction -79.17 2 1.53 0.16 
NP = Foliage reduction, Date -78.38 3 1.98 0.13 
NP = Foliage reduction, Date, Foliage reduction*Date -78.27 4 3.78 0.05 
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Table 7.  Model selection results examining the effects of providing supplemental food 
for nest predators on the risk of nest predation (NP) for Dusky Flycatchers (n =76) from 
2007 to 2008, Lake Tahoe, California.  Effective sample size used to calculate AICc = 
1446.  Models were ranked by ∆AICc. 
 

Model -2 log L K ∆AICc wi 

NP = Food, Date, Date2, Food*Date2 -142.14 5 0.00 0.61 
NP = Food, Date, Date2 -144.38 4 2.46 0.18 
NP = Date, Date2 -145.61 3 2.92 0.14 
NP = Food, Date, Food*Date -145.53 4 4.76 0.06 
NP = Food, Date -148.49 3 8.68 0.01 
NP = Date -149.64 2 8.96 0.01 
NP = Food -152.51 2 14.72 0.00 
NP = Constant -153.97 1 15.62 0.00 
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Table 8.  Model selection results from models examining the effects of avian and 
mammalian nest predator abundance on the risk of nest predation (NP) for Dusky 
Flycatchers (n = 83) in 2007, Lake Tahoe, California.  Effective sample sizes used to 
calculate AICc = 1200.  Models were ranked by ∆AICc. 
 

Model -2 log L K AICc ∆AICc wi 

NP = Avian, Date, Date2 -135.37 4 278.78 0.00 0.38 
NP = Mammal, Date, Date2  -135.81 4 279.66 0.87 0.25 
NP = Avian, Date, Date2, Avian* Date2  -135.37 5 280.79 2.01 0.14 
NP = Mammal, Date, Date2, Mammal*Date2 -135.69 5 281.44 2.65 0.10 
NP = Avian, Date -138.60 3 283.21 4.43 0.04 
NP = Avian, Date, Avian* Date -138.13 4 284.30 5.51 0.02 
NP = Mammal, Date -139.23 3 284.48 5.70 0.02 
NP = Avian, Mammal, Date -138.48 4 284.99 6.21 0.02 
NP = Mammal, Date, Mammal*Date -139.05 4 286.13 7.35 0.01 
NP = Avian, Mammal, Date, Date2 -139.72 4 287.48 8.69 0.01 
NP = Date, Date2 -140.95 3 287.92 9.14 0.00 
NP = Mammal -142.71 2 289.43 10.65 0.00 
NP = Avian -142.92 2 289.85 11.07 0.00 
NP = Date -143.30 2 290.62 11.84 0.00 
NP = Constant -148.78 1 299.56 20.78 0.00 
 

 



118 

Relationship between foliage density and
the risk of nest predation

Postive No effect Negative

P
er

ce
nt

 o
f 

st
ud

ie
s

10

20

30

40

50

60

70

80

90

 
 
 
Figure 1.  Percent of studies (n = 106) that reported a positive correlation, a negative 
correlation, or no relationship between foliage density and the risk of nest predation.   
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Figure 2.  Percent of studies that reported a negative association between foliage density 
and risk of nest predation differed depending upon the timing (relative to the date of 
failure or fledging) when foliage density was measured at nest sites.  Studies that 
measured foliage density within one week of known nest fate were two times more likely 
to report a negative association between foliage density and risk of nest predation.     
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Figure 3.  Whether or not foliage density affected the risk of nest predation in birds 
depended upon (a) male plumage brightness and (b) female body mass.  The analysis was 
based on phylogenetic independent contrasts for a suite of species (n = 25) where foliage 
density was measured with visual estimates. 
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Figure 4.  Whether or not foliage density affected the risk of nest predation in birds 
depended upon (a) nesting success, (b) female plumage brightness, (c) latitude, and (d) 
elevation.  The analysis was based on phylogenetic independent contrasts for a suite of 
species (n = 19) in which foliage density was measured with quantitative methods. 
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Figure 5.  Estimates of the daily probability of  nest predation in Dusky Flycatchers (solid 
line) with 95% upper and lower confidence limits (dashed lines) generated from the best 
supported model (Nest predation = Date, Date2; Table 4).   
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Figure 6.  Percent of the nest site obscured by foliage density within 1-m radius 
surrounding Dusky Flycatcher nests increased with date (Mean percent foliage density 
for nests on the same day ± SE).     
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Figure 7.  Estimates of daily probability of nest predation for Dusky Flycatchers as a 
function of the percentage of the nest obscured by foliage generated from the best 
supported model (Nest predation = Foliage density, Date, Foliage Density*Date; Table 
5).  The effect of foliage density on daily nest predation was assessed at seven 
representative dates throughout the breeding season.  Daily nest predation was negatively 
associated with foliage density early in the breeding season (2 – 18 June), but not late in 
the breeding season (when foliage density matured).       
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Figure 8.  Daily probability of nest predation (solid line,Y2 axis; dashed lines are 95% 
CL) of Dusky Flycatchers decreased with increasing number of active nests (Y1 axis) 
until the middle of June. 
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Figure 9.  Estimates of daily probability of nest predation for Dusky Flycatchers (heavy 
lines) with 95% upper and lower confidence limits (fine lines) generated from the best 
supported model (Nest predation = Food, Date, Date2, Food*Date2; Table 7).  Daily nest 
predation was higher in areas near feeders (dashed line) compared to areas further from 
feeders (solid line), but the effect dissipated later in the season.       
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Figure 10.  Average number (±SE) of avian and mammalian nest predators detected 
within 50 m of point-count stations < 100 m from feeders and > 100 m from feeders for 
the periods both pre- and post-food supplementation.  The average number of predators 
detected was similar pre-food supplementation at point count stations < 100 m and > 100 
m from feeders.  Post-food supplementation, the average number of predators detected 
increased at point-count stations located < 100 m from feeders (black bars) but decreased 
at point-count stations > 100 m from feeders (gray bars). 
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Figure. 11.  Average number (±SE) of avian and mammalian nest predators detected per 
study site in 2007.   
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APPENDIX A.  ANIMAL SUBJECT APPROVAL. 
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