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Abstract 

This thesis examines the dynamics of cloud forest bird communities 

along an altitudinal gradient on the eastern slopes of the Ecuadorian Andes.  

Specifically, I examined the seasonality of breeding, investigated a novel tool 

for documenting altitudinal migrations, and compared diets among groups of 

hummingbirds.  In Chapter 2, I compared the prevalence of breeding 

condition in mist-netted birds among elevations and months.  Overall, birds 

breed less seasonally at lower latitudes, but there is substantial variation in 

the timing of breeding, which varies with both abiotic conditions like 

precipitation (Hau 2004; Tye 1992), photoperiod (Hau et al. 1998) and 

temperature (Wikelski et al. 2000), and the biotic variation in plant 

phenology (Komdeur 1996), and insect abundance (Poulin et al. 1992).  

Several of these biotic (e.g. canopy height, biological diversity) and abiotic 

(e.g. temperature, pressure) factors vary along elevational gradients.   I 

compared the percentage of birds captured in breeding condition along an 

altitudinal transect in eastern Ecuador, and found that breeding is more 

seasonal at higher altitudes.  There was a marked increase in breeding birds 

during Sept-Nov at higher elevations, but I found no such “breeding season” 

at lower elevations.   

I also examined a novel methodology for tracing annual altitudinal 

migrations which takes advantage of the natural variation in deuterium 
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abundance from the base to the peaks of the Andes (Chapter 3).  Local 

migrations by birds in the tropics pose conservation problems, in part 

because the movements themselves are difficult to document.  There is a 

theoretical relationship between Deuterium (or 18O) signature and elevation, 

because of fractionation during precipitation events and evapotranspiration. 

A previous study had suggested that if a bird had more or less deuterium in 

its tissues than theory would suggest, such discrepancy might be used to 

identify altitudinal migrants.  Unfortunately, when I refined the methodology, 

I found that the variation within species and sites was too great to allow such 

applications.  

In Chapter 4 I shifted my focus to comparing diet among 

hummingbirds.  Hummingbirds rely on the sugars in nectar to meet their 

high metabolic requirements, but most nectars are extremely low in nitrogen. 

As a result, the birds must also consume arthropods to meet their protein 

requirements.  In many hummingbird species, males use nectar resources 

differently from females.  I hypothesized that the different genders might 

also differ in their intake of arthropods, because females have higher 

nitrogen requirements for breeding.  I used stable nitrogen isotopic analysis 

of feathers and blood to demonstrate that females feed at higher trophic 

levels than males and adults at higher levels than juveniles, respectively. 

Feathers from female Coeligena torquata (Collared Inca) showed significantly 

higher 15N levels (one-tailed t20=1.73, p<.05) than males. The difference 
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between genders in Heliodoxa leadbeateri (Violet-fronted brilliant) was 

smaller (one-tailed t16=1.63, p=.06).   δ
15N was significantly lower for 

juveniles (mean = 6.34‰, SD = 2.10) than for adults (mean = 7.53‰, SD 

= 1.24). It appears that females captured during the breeding season were 

also feeding at higher trophic levels than those captured outside of the 

breeding season, although the sample sizes were small.  Finally, I also found 

a slight but unanticipated effect of elevation on δ15N values in feathers.    
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“In the torrid zone, or the part of it covered by Peru, heat or 

cold does not depend on distance, or how near to or how far 

from the equator a region is, but on differences of altitude or 

lowness in the same region and over a very small 

distance...” 

Garcilaso de la Vega, 1612, Royal Commentaries 
on the Incas and General History of Peru 
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Chapter 1 Introduction 

1.1 Temporal variation in the tropics   

Time and temporal scale are increasingly important in ecological 

science (Levin 1992).  Patterns appear or disintegrate when the time scale of 

a study is altered, a phenomenon that has given rise to new theoretical 

frameworks, like metacommunity (Leibold et al. 2004). Additionally, 

advances in computational statistics offer ecologists the tools to incorporate 

temporal variability in ways that were impossible only a few years ago (Clark 

2005).   The analytical flexibility has changed the course of some significant 

areas of ecological theory, e.g. biodiversity and ecosystem function (Loreau 

2000).  In order to design experiments and explanations that coherently 

incorporate temporal variability, ecologists must accurately  parameterize the 

scale of change (Hewitt et al. 2007).  In this dissertation, I ask how 

communities of Andean birds change throughout the year by studying 

breeding season, local migration along an elevational gradient, and diet.   

1.2 Year-round studies of neotropical birds  

Though many studies of neotropical birds are limited to the dry season 

or boreal summer, there are a few published studies with at least one year’s 

continuous data from near my study site in Sangay National Park (~2°S).  

Most of these cases document more than one ecological feature (e.g. 

community composition, diet changes and breeding cycles).  Alden Miller 

(1963) undertook one such study, at a cloud forest site 3.5°N, at about 
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2000m on the western slopes of the Andes.  His site had two dry periods, the 

stronger from June to September, and a weaker one in January and 

February.  However the forest remained wet year round thanks to almost 

nightly heavy fog.  Temperature varied among months by no more than 5°C.  

Miller continuously recorded positive evidence of breeding, such as active 

nests, reproductive condition, and presence of fledglings.  Although he was 

unable to control for his search effort very well, he found breeding 

throughout the year with a single moderate swell (about three fold) of 

breeding activity during the first wet season, between March and May.  

Among the four quarters he found the least breeding activity during the other 

wet season, and he concluded that there was no correlation between the 

breeding of avifauna and rainfall.  Instead, Miller suggested that residents 

might time their breeding activity so that the greatest demand for food by 

the young of the year was when migrants were absent, between June and 

September (Miller 1963).       

 About thirty years later, Salaman (2001) documented changes in the 

avian community in another western slope forest, near 1°N, between 1100-

1400m.  His site, 100 m below Miller’s, had high (over 7000mm per annum) 

relatively constant rainfall, with two peaks in May and October, and the 

stronger dry season between July and September. However, even the driest 

month (September) had over 225 mm of rain, which is comparable to wet 

season levels at other sites.    Average annual temperature was about 19°C.  

the diurnal emperature range ws much greater than the seasonal 
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temperature range, with monthly minima ranging from 15.4°C in August, to 

23.8°C in September.  Salaman found that season did not affect the relative 

abundance of the various species, though breeding was synchronized within 

trophic guilds.  Insectivores and hummingbirds bred during peak rainfall 

intensity (thought to provide the peak of insect and flower resources) and 

frugivores bred synchronously during the driest months, such that fledging 

occurred at peak fruit availability.  Only Allocopterus deliciosus (Club-winged 

manakin) exhibited annual population fluctuations, due to post-fledging 

dispersal.  Salaman concluded that the avifauna of the area were generally 

ecologically stable, with constant populations, synchronized breeding and 

small movements.   

The study site nearest to mine where the avifauna receive year-round 

attention is Yanaycu Biological Station, at .5°S and 2100m.  Yanayacu is also 

on the eastern slope of the Andes, where precipitation patterns are markedly 

different from those of the western slope.  As in my study site, the driest 

season is between September and December, though there is significant 

variation between years.  The station provides access to a relatively intact 

elevational gradient, and the lead biologist, Harold Greeney, has published 

over 30 papers on the breeding biology of birds in the area (e.g. Dobbs and 

Greeney 2006; Greeney 2005; Greeney 2007; Greeney and Halupka 2008).  

Bird breeding seems to be least seasonal at mid elevations, and most 

seasonal at high. According to Greeney, flycatchers and hummingbirds breed 

in drier months and tanagers in wetter months. 
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In Bolivia, where the stability of the near equatorial tropics gives way 

to more seasonal climes, Sebastian Herzog (pers. comm.) found avian 

reproductive activity at ~ 1150m showing a strong peak during the rainy 

season for virtually all species regardless of diet and taxonomic family.   At 

3700m, in a high altitude Polylepis forest at 17°S,  where a single distinct 

rainy season occurs from November to March, the community composition 

varies throughout the year (Herzog et al. 2003).  Insectivores tend to remain 

year-round, whereas fewer than half of the frugi-granivores and nectarivores 

have constant annual presence.  These birds reached a significant minimum 

in mid-winter (June-July).  

1.3  Life history of tropical birds 

Life histories, the events that influence reproductive traits are central 

to much ecological theory. Tropical birds lay smaller clutches and care for 

their young longer than their temperate counterparts (Lack 1947a; Lack 

1947b; McNamara et al. 2008). Tropical birds also have slower growth rates 

and generally lower metabolisms (Wiersma et al. 2007), but evidence is 

mixed on whether tropical birds might also be generally longer-lived. There 

have been various factors proposed for determining these differences, with 

greater stability of food supply the most often cited.  Others propose that 

nest predation could be a powerful explanatory factor in clutch size. Ashmole 

hypothesized (1965), that clutch sizes are larger farther from the equator 

where fledglings face less competition. Recently, McNamara et al (2008) 

provided a novel theoretical framework in which only one variable, the 
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seasonality of food, is adequate to explain most of these differences.  They 

created a decision model of when and how often to produce what number of 

eggs, which depended on food availability and foraging ability.  According to 

their model, birds in less seasonal environments were restricted by food 

availability during breeding season, whereas birds in seasonal environments 

tended to die overwinter.  The seasonal food limitation in the aseasonal birds 

selected for  the suite of life history characteristic that we do in fact find in 

tropical birds: small clutch, long parental care, higher age at first breeding, 

and high juvenile survival.   

The breeding cycle, at a population or community level, is another life 

history trait that varies with latitude.  That birds near the equator have 

extended breeding seasons has been observed for over 50 years (Skutch 

1950), and has been confirmed by many and more recent studies, usually of 

single species (fig 1.1).  This observation created a flurry of papers in 

community ecology, largely because of interest in whether breeding behavior 

could explain bird diversity.  Macarthur (1964) developed an index of 

breeding activity for a community throughout the year, the number of 

Equally Good Months (EGM), which ranged from 1 to 12.  Scientists 

continued to use the inverse relationship between the EGM and latitude as 

well as other measures at other scales, to document extended breeding 

seasons near the equator (Wyndham 1986, Fig 1.2).  In many ways, these 

studies have been overlooked by subsequent generations, as non-

experimental community ecology has fallen out of favor, and researchers 
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devote greater attention to more tightly testable hypotheses, e.g. 

photoperiodic control in a single species.  Hypothesis-driven studies offer 

more sophisticated theoretical advances and better statistical treatment, but 

the upshot has been that community level observations of natural history are 

less common, and more difficult to publish.   

1.4  Altitudinal gradients 

Elevational gradients have been important in ecological theory as 

testing grounds for the patterns and mechanisms of community ecology 

(Rahbek 1997; Terborgh 1992).  Scientists have investigated Rapoport’s rule 

that high latitude species have larger ranges than low latitude species with 

elevation as a proxy (Dziedzioch et al. 2003), and other theories, including 

mechanisms of evolution (Ward 1994). There have been few studies of 

seasonality in equatorial mountain forests, perhaps because near-constant 

photoperiod and fog suggest little intra-annual variability.  But the minimal 

variation in photoperiod means that the most powerful correlate of 

seasonality in most ecosystems is controlled, which allows focused 

consideration of the other variables. 

Several aspects of bird biology are known to vary along altitudinal 

gradients. Though life history trade-offs along elevational gradients have 

been characterized for lizards, very little work has been done on birds.  One 

phylogenetically controlled study found that cardueline finches at higher 

altitudes had smaller clutches, fewer broods, and longer incubation periods 

than lower elevation birds (Badyaev 1997).  The primary causes of the trade-
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offs remain in question, though variation in nest predation, food limitation, 

breeding phenology and climate have been suggested.  Badyaev (1997) 

found nest predation and limited food availability unlikely to explain the 

variation he found in life history traits.  A further examination of parental 

care among a variety of specis found that high elevation species had lower 

annual fecundity, but more parental care.  Male participation was much 

higher at higher elevations, and biparental care covaried with sexual 

selection and dimorphism (Badyaev and Ghalambor 2001).  In addition to 

greater dimorphism, increased sexual selection along elevational gradients 

results in effects like more complex songs (Snell-Rood and Badyaev 2008).   

1.5 Time, elevation, and conservation 

Though partially protected by their steepness, cloud forests are 

disappearing from the Andes at an alarming rate, as ever-expanding human 

populations are willing to inhabit steeper lands, and as infrastructure 

developments create easy access.  Over 75% of the Andean montane shrub 

habitat has already disappeared.   Because the high Andes offer unique 

habitat and are home to numerous endemics, their loss has a 

disproportionate effect on biodiversity.  It is becoming critical that scientists 

decide how to prioritize highland forested areas for conservation.  

Understanding the dynamics of seasonality and local movements is necessary 

to make informed decisions about what to save, and a central goal of this 

thesis was to better inform those questions.   
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1.6 Study area  

Sangay National Park (fig 1.3), on the western edge of the Amazon 

basin, extends from the snow-capped peaks of some of Ecuador’s tallest 

volcanoes into the lowlands of the tropical rainforest.  It represents some of 

the most pristine forest left on the eastern slope of the Andes in Ecuador, 

and as such is one of the few places on earth to still support viable 

populations of the Andean condor, mountain tapir, and Spectacled (or 

Andean) bear (IUCN 2007).  It is located in the Amazonian/Yungas 

biogeographic province, about 160 km south of Quito, and extends between 

the provincial capitals of Riobamba (from 20 km to the west) and Macas 

(from 15 km to the South east).  It falls within Morono-Santiago, Chimborazo 

and Tungurahua provinces, and is administered by the Ministry of the 

Environment of Ecuador (Ministerio del Ambiente).   

1.6.1 Vegetation 

Elfin forest forms from about 3000m to the treeline on the eastern 

slopes of much of the Andes.  It is a dwarfed and stunted forest, 

characterized in part by the prevalence and variety of Vaccinium spp.  At the 

highest elevations, elfin forest gives way to the highest-growing tree 

community of the Andes: ancient and twisted Polylepis trees interspersed with 

grasslands. 

Below the elfin forest, cloud forest blankets the steep valleys that fall 

away to the Amazon basin, to about 2000m.  The forest is taller here, 

reaching about 12m.  Each tree is generally blanketed with epiphytes. 
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Finally, the lower reaches (1300-2000m) of the park are rainforest, 

where annual rainfall may reach 5000mm.  The species diversity takes a 

noticeable jump at these altitudes, and canopy emergents reach 20 m in 

height.  

1.6.2 Conservation status and history 

Sangay offers a breathtaking scope of ecosystems and species.  

Because of its dramatically changing topography, animal and plant species 

change drastically with changes in altitude.  It was originally gazetted as a 

270,000ha National Wildlife reserve in 1975, and upgraded to a park 4 years 

later.  It was inscribed as a World Heritage Site in 1983.  The current World 

Heritage Site does not include the 1992 addition of 245,000ha along the 

southern border.   A road bisecting the park was begun in the early 90s, 

which resulted in the 1992 listing of the area as a World Heritage ite in 

danger.  The road was inaugurated in September 2005, though construction 

continues, especially clearance of the nearly constant landslides.  A typical 

rainy season month will witness about 20 road-blocking mudslides.  There 

are substantial human impacts along the road.  At the highest elevations, the 

local indigenous burn and run cattle on the grasslands.  At the lower 

elevations there are extensive, inhabited ranches.  The central elevations are 

being settled now that there is regular transportation by landowners with 

historical claims and landless squatters, both of whom are rapidly clearing 

forest for agriculture.   
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1.6.3 Field sites and protocol 

My research represents the first long-term biological study in the area.  

To examine several dynamics along an altitudinal gradient, I established sites 

at intervals of several hundred meters in elevation.   My upper sites were 

located along the new 120 km road (completed in 2005) that bisects the 

park, and offers access to good forest at elevations over 2000m.  Because 

the habitat at the lower end of the road was so disturbed, we used a 

backcountry trail to the Sardinayacu Lakes to access 3 sites in virgin forest 

below 2500m in elevation (fig 1.3).  The lowest sites were dense, diverse, 

and wet tropical forest.  The vegetation thinned and shortened at the higher 

elevation sites.  The highest site, at 3500m, was a stunted elfin forest of no 

more than 10m, interspersed with high altitude grassland.  Though daytime 

temperatures on sunny days could reach 25°, temperatures frequently 

reached freezing at night.  Nearby areas were sometimes burned.  The field 

site locations were Atillo, 3500m (2°11S, 78°29’W), Tingichaca, 3000m 

(2°12’S, 78°26’W), Purshi, 2500m (2°12’S, 78°23’W);  Lago 1750m (2°04’S, 

78°13’W); Primero 1550m (2°05’S, 78°11’W); and Nueva 1350m (2°06’S, 

78°09’W) (fig. 1.3).   

At each site, I cleared net lanes opportunistically, near hummingbird 

flowers or along small ridges.  I attempted to visit each site each month of 

the study, though a wide variety of factors interfered with scheduling (fig 

1.4).  On each visit, I captured birds in mist nets (12 m, 4 shelf, 32mm 

mesh) and assessed their breeding condition.  Each sampling day, I ran 10-
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15 nets for approximately 8 hours, beginning at sunrise. Because capture 

rates dropped precipitously even on the second day, as birds learned about 

the nets, I tried to net no more than three days per net site per month.  Only 

some locally common birds were marked, though unmarked recaptures were 

often identifiable by missing feathers or clipped claws.   

 At the sites at 1750m and 2500m, there was room for 20+ net lanes, 

so I could set the full complement of 10 nets in two different places.  Hence I 

tended to remain slightly longer in at those sites.  These extra days of 

netting, rain and missed months meant that some sites had more netting-

hours of effort over the study period (fig 1.5). 
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1.7  Figures  

 

Figure 1.1  Months of avian breeding compiled from studies ranging from 

19°N to 13°S. 
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Figure 1.2. The relationship between latitude and the “equally good month” 

index of breeding duration, figure from Wyndam (1986).  
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Figure 1.3  Study sites in Sangay National Park .   
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Figure 1.4  Timing of site visits during 2004 and 2006.    
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Figure 1.5.  Number of species caught in mistnets per site (bars) and hours 

of netting effort (line).  
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Chapter 2   The timing of breeding varies with altitude     

Birds breed less seasonally at lower latitudes, both at the community 

(Wyndham 1986) and species (Murton 1977) levels (see introduction and fig 

1.1).  But even within the tropics, there is substantial variation in the timing 

of breeding, which varies with both abiotic conditions like precipitation (Hau 

2004; Tye 1992), photoperiod (Hau et al. 1998) and temperature (Wikelski 

et al. 2000), and the biotic variation in plant phenology (Komdeur 1996), and 

insect abundance (Poulin et al. 1992).  In Ecuador alone, there are records of 

both year-round breeding (Tallman 1997), and highly seasonal breeding, e.g. 

in the Peruvian Antpitta (Greeney 2004).  Several of these biotic (e.g. canopy 

height, biological diversity) and abiotic (e.g. max-min and mean 

temperature, atmospheric pressure, precipitation amount and type) factors 

vary along elevational gradients.  Here I compare breeding seasonality in 

bird communities along an altitudinal transect in eastern Ecuador, and find 

that breeding is more seasonal at higher altitudes. 

Given the interest in the mechanisms that control the timing of 

reproduction, the variation of breeding phenology with elevation in the 

tropics has received surprisingly little attention.  Skutch (1950) studied 

altitudinal variation in breeding seasons in Panama (10°N), and reported that 

the dates of most of the nests he found above 2700m fell within only a few 

months.  He therefore proposed that birds might breed more seasonally at 

higher elevations. Badyaev and Ghalambor (2001) mention the suspected 

pattern.  Experienced bird guides from Ecuador have also provided anecdotal 
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evidence of such a pattern nearer to the equator (Canaday, Coopmans, 

Navarette, pers. comm.).  

Studies of altitude and bird breeding are logistically difficult and 

garnered attention primarily from community ecologists of the 1960s and 

70s. Most of the datasets that are available to address the dynamics of 

breeding in the tropics are not of sufficient scope and depth to fully address 

the effects of altitude.  Many studies have documented annual variation in 

species abundance, densities and other factors in communities at one 

elevation (Fogden 1972; Hilty 1980; Miller 1963), but few have attempted to 

compare communities between elevations (Kreft 2008; Salaman 2001).  To 

date, no one has attempted to monitor activity over a range of elevations 

throughout the year.  Moreover, the study of community-level behavior is 

simply less common than it was previously.  Community studies have largely 

given way to species and even individual-level research.  It is far more 

typical to find accounts of the breeding season of species (e.g. studies cited 

in fig 1.1).  A few species level studies have explicitly addressed breeding 

and altitude, e.g. tropical House wrens in Costa Rica avoid initiating clutches 

when weather conditions are least hospitable at high altitudes, though they 

may breed almost year round at lower elevations (Young 1994), but the 

literature is sparse. 

The annual breeding cycle in birds has been linked to climate (Snow 

1976), but in most systems, the seasonal pattern is either obvious (as in the 

temperate spring) or too noisy to disentangle (as in the lowland Amazon, 



 

19 

Tallman 1992).  In the eastern Andes of Ecuador, temperature and 

precipitation are relatively constant throughout the year at any site, but 

there is slight seasonal variation driven by the overhead passage of the sun.  

Photoperiod is identical at different altitudes and virtually constant 

throughout the year, but temperature, rainfall, and cloudiness can vary 

appreciably along an altitudinal gradient. Perhaps more importantly, these 

climactic conditions are less variable throughout the year at lower elevations 

than at higher altitudes.  Variation in sea surface temperature could also 

contribute to a seasonal signal (Vuille et al. 2000).  The prevailing winds 

come from the eastern lowlands all year round, driving air upslope until it 

condenses into clouds, though the amount of cloud cover varies (Bendix et 

al. 2006).   

Seasonal climatic signals in wet equatorial forests are relatively subtle: 

compared to the rest of the tropics, the intra-annual variation in 

temperature, rainfall and photoperiod is slight.  But despite the low 

amplitude of seasonal variation, plants (Bendix et al. 2006), moths (Hilt et 

al. 2007), sap-sucking insects (Novotny and Basset 1998), and some birds 

(Greeney 2004) have been found to exhibit strong seasonal patterns of 

reproduction. Since primary productivity in cloudy, humid high elevation 

forests is lower than in the lowlands, breeding might be more sensitive to 

subtle variations in conditions at high elevation. I hypothesized that altitude 

exaggerates the seasonal variability, and that avifaunal communities would 

have increased seasonality of breeding at higher elevations.  
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2.1 Materials and methods 

See introduction for a description of the sites and sampling. Finding 

active nests is undoubtedly the best way to know if a species of bird is 

breeding at a given time.  However, experienced banders can determine the 

reproductive state of birds in the hand by examination, because the bellies of 

breeding females lose their feathers to facilitate heat transfer during 

incubation.  Increased vascularization swells the area until it has a blister-like 

appearance.   In males, the cloacal protuberance swells to several times its 

normal size in the peak of breeding season (DeSante 2007). 

2.1.2 Environmental variables 

I compared precipitation, temperature, cloud cover and productivity 

along the altitudinal transect using four data sets: in situ data loggers for 

temperature and relative humidity; an interpolated grid (WorldCLIM) based 

on measurements of precipitation and temperature at scattered climate 

stations; cloud frequency as calculated from the Advanced Very High 

Resolution Radiometer (AVHRR), and primary productivity and leaf area 

index as estimated from absorbed photosynthetically active radiation (APAR).  

First, I deployed Hobo Pro dataloggers at 1350 and 3500m from July 

2004 until April 2005. The dataloggers recorded temperature and relative 

humidity each hour.  

Secondly, I examined climate variables at the study sites using a 

global data set.  WorldCLIM (Hijmans et al. 2005) combines several global 

climate data sets, including stations from The Global Historical Climate 
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Network Dataset, FAO, and International Center for Tropical Agriculture, R-

Hydronet in Latin America, as well as smaller climate stations. The authors of 

WorldCLIM used ANUSPLIN-SPLINA software, which fits a continuous surface 

to the points, but not necessarily through each point. They fit the spline 

using elevation as an independent variable, because doing so reduced errors.   

In Ecuador, WorldCLIM relies on over 200 climate stations, and offered 

the best available coverage for determining average monthly precipitation 

and maximum and minimum temperatures for each elevational zone of the 

study area.  WorldCLIM revealed a seasonal signal very similar to that of the 

nearby weather stations (figs. 2.1, 2.3) as well as San Francisco Biological 

Station (c. 2500m about 90 miles to the south), which has by far the most 

sophisticated climate station in comparable altitudes (Rollenbeck et al. 

2007).   

To select the elevational zones, I used a raster of 1 km2 resolution of 

altitudes in the Sangay World Heritage Site, which contains my field sites and 

similar nearby forest.  I then selected all cells that fell within ±50 meters of 

the elevation of each study site, and averaged the climatic variables for each 

group of cells. The variance in the monthly values provides a useful metric of 

seasonality, which can then be compared across elevations.    

Thirdly, I used a cloud data set derived from the AVHRR (Advanced 

Very High Resolution Radiometer) scenes in 2002 and 2004 (Bendix et al. 

2006) which provided cloud frequency data based on a cloud detection 

algorithm for 1km2 pixels. That data set provided the cloud cover for all 
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measurements of each pixel.  The resulting grid is then divided by the 

number of images used and multiplied by 100 in order to calculate relative 

frequencies.  I examined the cloud frequency they measured near my sites, 

within a rectangle bounded by -2.048566S, -78.124636W and -2.264496, -

78.504174, (fig 2.2). 

Finally, I compared estimates of Gross Primary Productivity (GPP) and 

Leaf Area Index (LAI) for the upper and lower sites throughout the year.  The 

estimates were derived from absorbed photosynthetically active radiation 

(APAR) as measured by the Moderate Resolution Imaging Spectroradiometer 

(MODIS) satellite instrument.  The MOD17 data product offers 1km2 

resolution at an 8-day interval.  The instruments are unable to measure 

APAR with dense cloud cover, which was common in my study sites, 

especially during the rainy season.  This created gaps in the data.  Therefore, 

I analyzed the data at a relatively low resolution, instead of attempting a 

precise local measurement for small areas near each site.  I compared two 

100 km2 squares centered at my 3000 and 1750m sites, which allowed me to 

observe the trends in GPP and LAI at upper and lower elevations, but did not 

over-interpret the data.  Furthermore, my 3500m site fell within a 

particularly cloudy patch, partly because of the proximity of the lakes at 

Atillo, so I also examined another 100 km2 square from the next ridge, which 

had similar forest cover and less cloud interference. 



 

23 

2.1.3 Capture methods 

Between July and October, 2004, in April 2005, and between July and 

October, 2006, I captured 1119 birds along the altitudinal transect (see 

section 1.6.3).   I weighed, measured, and if possible sexed and aged each 

bird (IACUC protocol registry A126-06-04). Though I did not band all birds 

with perfect consistency, I banded some of the most common resident 

species, excluding hummingbirds.  Because I collected a tail feather from 

each capture, I was able to identify recaptures from the tail feather regrowth.  

For non-hummingbirds, I identified juveniles by skull ossification.  If small 

windows of unossified skull were present, I recorded the age as 

indeterminate, and excluded the animal from the analysis of adults.   To 

assess reproductive condition, I classified each captured bird as breeding or 

non-breeding according to the development of its cloaca or brood patch.  I 

recorded the stage of the brood patch (1-5) and the size of the cloacal 

protuberance (1-4) as per Monitoring Avian Productivity and Survivorship 

Protocols  (DeSante 2007).  Hummingbirds were excluded from this analysis 

because they display only very subtle exterior indications of breeding status.  

I classified female birds as breeding from the time their brood patches were 

defeathered and starting to swell, until the skin ceased to look wrinkly (BP 

scores 3-5).  Breeding males were defined by a cloacal protuberance score 

greater than 2.  I personally scored each brood patch and cloacal 

protuberance.  For some groups (e.g. flowerpiercers), which tend to have 
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larger than normal protuberances, classification relied on both field 

experience and familiarity with the birds of the area. 

Every morning that I ran nets at a site, I also set out pan traps to 

capture insects to index insect abundance.  The pan traps consisted of 10 

yellow plastic bowls, which were 19 cm in diameter and 10 cm deep, set out 

at 5 meter intervals along the net lanes.  I put the pan traps in shady areas 

and reused the same sites each month when possible.  In each pan, I placed 

5 cm of water and a few drops of liquid soap, to reduce surface tension so 

that any insect alighting on the pan would drown.  When we closed nets, I 

counted, measured and recorded every organism in the pans.  I was unable 

to identify the arthropods with great precision, but I at least recorded the 

order.  There was great variability between days, even at a given site.  Data 

from days with even short periods of rain were discarded.   

2.1.4 Quantitative methods 

I determined the percentage of birds captured in breeding condition at 

each elevation during each month for which I had data.  I did not have data 

from both years for all months and sites, but the percentages for each month 

for 2004 and 2006 were very similar, so I combined the data from the two 

years.  I then compared the observed values to a biologically uninformed null 

model which reflected the expected percentage if birds were equally likely to 

breed in any month. Because cloacal protuberances and brood patches are 

visible for more than 30 days (though less than 60, if nests are successful), I 

assumed that I might classify a bird as breeding if it were captured in either 
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of two consecutive months.  Therefore, H0 = 1/12 * 2, so the proportion of 

birds breeding each month under the null hypothesis was .1666 (but see 

discussion). 

To evaluate the probability of finding my results, given the assumption 

of consistent levels of breeding through out the year, I used a nonparametric 

bootstrap to generate confidence intervals around the mean value for each 

site for each month.  If the confidence interval did not include H0 =(.167), I 

counted the month as a significant departure.  

For the arthropod biomass index, I assigned each animal a value 

based on its volume calculated by πr2h, as a rough approximation from the 

volume of a cylinder.  The index was simply the average daily volume of 

arthropods per pan.   

2.2 Results 

2.2.1.  Environmental variables 

Precipitation, temperature, cloud cover and productivity each varied 

along the altitudinal transect.  Unsurprisingly, the higher sites were generally 

colder, drier, cloudier, and less productive than the lower sites.  There was 

also greater variation in temperature, rainfall, and productivity throughout 

the year at the higher sites.   

Total precipitation decreased monotonically with elevation (fig 2.3).  

These sites showed a strong northern hemisphere signal, with monthly 

precipitation peaking in June and lowest in December and January (figs 2.3, 



 

26 

2.4).  Mean monthly temperature was lowest during the wet season.  There 

was little variation in the relative humidity recorded by the dataloggers, 

which was usually above 90%.  However at 3500m, there were series of dry 

days and elevated temperatures from late October through January (fig 2.4).   

In the WorldCLIM dataset, bioclimatic variables are derived from 

monthly temperature and rainfall values.  For temperature and precipitation, 

the standard deviation about the annual mean monthly value, or the 

coefficient of variation for precipitation, provide a rough index to seasonality 

(fig 2.5).  Of the study sites, the 2500m and 2800m sites showed the 

greatest variation in precipitation and temperature among months. 

According to the AVHRR data set (Bendix et al. 2006), cloud frequency 

increased with altitude in the eastern cordillera (F1,4 = 23.45, P<.05; fig 2.6).  

However, the remotely sensed data set did not distinguish between daylight 

and nighttime measurements.  Most of the eastern cordillera is often cloudy 

at night, throughout the year (fig 2.7), so the increase in cloud cover with 

altitude would be even stronger if I could exclude nighttime values.   

Finally, both weekly gross primary productivity (GPP, fig 2.8) and 

weekly leaf area index (LAI, fig 2.9) were higher at lower elevations. In the 

plot centered on the lower sites, GPP and LAI appeared to be less variable 

throughout the year, though there were few data points in March.   Again, 

cloud cover interfered with the measurement of APAR, and created gaps in 

the data, precisely at the times of year (March-August) when GPP and LAI 

are presumably at their lowest at the high altitude sites (figs 2.8  & 2.9, B).  
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This problem was greater at the upper, cloudier zone, and worse in my study 

area, which seems to have particularly frequent cloud cover, than in nearby 

sites of the same elevation.  I therefore examined a plot on the next ridge to 

the north, as well, which offered more useable weeks between March and 

August (figs 2.8 & 2.9, C).  This plot showed lower GPP and LAI between 

March-August than September-February.  It should be noted, also, that the 

very absence of data is informative, because it means that March-August in 

the higher zone had frequent cloud cover.  This cloudiness provides a proxy 

for rainfall in and of itself.      

2.2.2. Bird breeding and insect availability 

In sites above 2000m, birds exhibited a burst of breeding in 

September and October of 2004 and 2006, around the time when 

temperature, GPP and LAI increased, and cloud frequency decreased (fig 

2.10A).  During the months I was able to sample, the sites below 2000m had 

relatively constant levels of breeding.  I did not have data for November-

March of either year.  Statistically, only high altitude sites showed departures 

from the null hypothesis, and then only in the austral spring (table 2.1).  

Finally, there was greater insect biomass in the pan traps at higher 

elevations during September and October (fig 2.11).  However, the data 

coverage of the biomass index was poor (constantly interrupted by rainfall) 

and the number of replicates is low.  
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Table 2.1  Proportion of breeding birds captured at each site, ± 1 SE (N) 

If the bootstrapped confidence interval did not include H0 = 0.167, value is 

marked with an (*) and bolded.   

 

2.3 Discussion 

Skutch (1950) proposed that “at higher altitudes, the peak of 

reproductive activity is narrower”, based on a comparison of three sites in 

Panama.  But after nearly 60 years, little additional evidence has surfaced.  A 

recent comprehensive review merely restated his claim (Stutchbury 2001). 

Though altitude is known to shorten the breeding season of temperate birds 

(Perfito et al. 2004) and delay the onset of breeding at various latitudes 

(Sanz 1997; Widmer and Biebach 2001), Skutch’s hypothesis has not 

received confirmation in the neotropics until this study.  My results show a 

burst of breeding activity at higher altitudes in the austral spring, despite the 

areas’ close proximity to the equator. 

  1390 1550 1760 2515 2820 3525 

April 
0.2078±.13 

(15)   
0.0000±.N/A 

(9)   
0.2289±.1
4 (12)   

May     
0.2281±.14 

(27)     

June 
0.3020± .14 

(15) 
0.3302±.
16 (14) 

0.1979±.09 
(25)      

July 
0.2486± .12 

(17) 
0.2555±.
16 (9) 

0.1420±.09 
(19) 

0.2360±.05 
(43)   

0.0000±N/A 
(14) 

Aug 

0.1739± .07 
(9) 

0.3111±.
08 (17) 

0.0998±.07 
(16) 

0.1787±.06 
(44)   

0.1170±.1 
(12) 

Sept 
0.2567± .09 

(29)  
0.2269±.07 

(44) 
*0.4836±.09 

(21) 
0.3299±.1
2 (20) 

*0.4173±.1
1 (24) 

Oct 
0.1690±.07 

(17) 
0.1722±.
11 (17) 

0.2909±.07 
(25) 

*0.7099±.0
6 (64) 

*0.4191±.
17 (17) 

*0.5198±.
12 
(24) 
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Unfortunately, neither this nor any nearby area has been well-studied 

throughout the year, so the breeding activity between November and March 

is unknown to any degree of certainty.  Museums hold multiple nest records 

and eggs from February and March in the interandean valley, especially near 

Quito at 0°15’ S.  But the climate is very different there (June-Aug is the 

driest rather than the wettest quarter), and collecting effort is unrecorded. 

Other mistnetting efforts from the eastern slopes, by Thomas Smith’s lab at 

University of California Los Angeles recorded that just under half of birds 

captured in December at 3800 masl were in breeding condition, and between 

15 and 35% of captures were in breeding condition in April and May at 1900 

masl (Smith, pers. com.).  These results are consistent with my findings, but 

did not represent large sample sizes or provide data for other months, so I 

cannot rule out the possibility that there could be a jump in breeding levels 

at lower elevations during the unsampled months.  Furthermore, because I 

could not net birds in Nov-Dec-Jan, it is possible that the breeding peak at 

high elevation is longer than I observed.  

The null hypothesis I used in this analysis (aseasonal nesting) was 

biologically uninformed.  It was based solely on random probability, and 

irregular departures from its predictions would likely have been impossible to 

interpret.  However, since breeding was much more frequent only at higher 

elevations in September and October, the departures suggest a pattern that 

bears explanation and further study. 
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The leading hypothesis for the timing of breeding is that it corresponds 

to variation in food resources (Ahumada 2001; Brightsmith 2005; Cotton 

2007; Poulin et al. 1992; Ralph and Fancy 1994), which include both 

arthropods and fruit and flowers for the birds represented in my samples.  

Insect and plant seasonality might be the ultimate factor in timing avian 

breeding in most cases, though some experimental approaches of controlling 

food resources have failed to manipulate breeding schedules (Armstrong and 

Pyke 1991).  The breeding currency hypothesis (Greenberg 1995) suggests 

that some birds rely on a seasonal abundance of large, nutrient-rich 

arthropods for breeding.  In the highlands of southern Ecuador, the 

abundance of geometrid moths doubles in the October-November dry 

season, probably because of their reliance on seasonally abundant fruits (Hilt 

et al. 2007).  An increase in available arthropods might drive the breeding 

seasonality I observed.  The biomass of insects in my pan traps was higher 

at high altitudes during the surge in breeding, but pan traps alone do not 

represent a comprehensive view of the availability of arthropod resources 

(Wells and Decker 2006).  Moreover, I was unable to sample sites with great 

frequency, and the variability was quite high.   

Plant resources also play an important role in the seasonal dynamics of 

many bird species (Kimura et al. 2001).  One might expect frugivorous and 

nectarivorous birds to breed when plants are at annual fruiting and flowering 

peaks, but data to confirm this are sparse (Bancroft et al. 2000; Chaves-

Campos 2004), and there are several counter-examples (e.g. Fogden in 
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1972), which suggest that even frugivorous birds rely on seasonally 

abundant insects to feed their nestlings, and in the case of females, meeting 

the elevated nitrogen requirements of the breeding season.  Nectarivores 

might breed at the peaks of flowering, but if leaf flush immediately proceeds 

or follows (Bendix et al. 2006), larval abundance might also be high.     

The phenologies of insects, plants, and birds are synchronized with 

climate if the climate signals are strong enough, as in the spring at higher 

latitudes.  For example, in the northern spring, it is easy to see that birds 

breed when days are long, sunny and warm.  However, identifying the most 

important climate variables in relatively constant climate conditions is much 

less straightforward (Bendix et al. 2006).  In equatorial montane forests, 

photoperiodic control, radiation and precipitation are often highly overlapped, 

and their relative importance to tree phonologies are near impossible to 

disentangle (Guenter et al. 2008).    

In this study, climate varied both among sites because of the 

elevational gradient, and within sites throughout the year.  Several variables 

change monotonically with altitude everywhere in the world (e.g. 

temperature and pressure).  In my study area, cloud frequency generally 

increases with altitude (Bendix et al. 2006), though areas in the lee of the 

eastern foothills may have less cloudy microclimates.  Total annual 

precipitation declines with altitude in the study area.  None of these 

observations tells us why birds might breed more seasonally at higher 
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elevations, unless they affect another variable, like prevalence of nest 

predators (see below).   

Changes in photoperiod, though they prompt reproduction in many 

bird species (Stutchbury 2001) by providing a reliable cue for favorable 

conditions to follow (Preston and Rotenberry 2006), are extremely small this 

close to the equator, and moreover, do not vary among study sites. 

Therefore photoperiod is also unlikely to play a role in the differences in 

seasonality among altitudes. 

To compare among the sites, we must look at the interannual 

variability in each elevational range.  In my study area, birds breed most 

seasonally where temperature and precipitation showed greatest seasonality 

according to an interpolated global data set (WorldCLIM), in situ dataloggers, 

and remote measures of GPP and LAI.  It should be remembered that the 

differences in seasonality along this transect are very subtle, especially 

compared to the dramatic differences between cordilleras or between several 

degrees of latitude.  The study sites are close together and all experience 

high rainfall.  Nevertheless, at lower sites, the conditions might be mild 

enough that plant reproduction is staggered and plant resources are available 

throughout the year.   At San Francisco Biological Station, at altitudes below 

where I found abundant breeding (1900-2300 masl, ~4°S), there was 

relatively poor interspecific synchronization of flowering, especially when 

compared to the seasonal forests of the western cordillera (Guenter et al. 

2008).   
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During the foggy, wet months at high elevations, plants might be 

limited by the low light levels resulting from cloud cover (Graham et al. 2003), 

and by the photosynthetic capacity of leaves that are constantly wet 

(Bruijnzeel and Veneklaas 1998; Ishibashi and Terashima 1995; Letts and Mulligan 

2005).  Cloud cover in particular is now recognized as important to ecosystem 

function in the equatorial Andes.  There is a rapid increase of cloud frequency 

above 2500 in nearby sites, mainly caused by advective clouds near the 

peaks of the Cordillera (Bendix et al. 2006).  If light places a strong limit on 

plant activity during the rainy season, seasonal stretches of warm dry days 

might be adequate to synchronize plant phenology at the higher sites (and 

the attendant abundance of food for insects and birds alike).   

Secondly, insect phenology is likely to correlate to both plant 

phenology (Wolda 1988; Wright and Vanschaik 1994) and climatic variables that 

directly affect arthropod development such as temperature (Tauber et al. 1998).  

Unfortunately my pan trap data were not sufficient to provide a good 

indication of the availability of insects at the study sites.  In temperate 

climes, many insects require a certain threshold of total heat (measured in 

degree days) to progress into the next life cycle stage (Trudgill et al. 2005).  In 

my study area, strong and prolonged sunlight is rarely available, and cold 

cloudy days may limit the development of many insects.  Good records of 

daily irradiance are scarce, but just south of my site, sunlight peaks between 

September and November at 1900 and 2800m (Bendix et al. 2006).  Daily 

sunlight should also be correlated with overnight temperature lows, which 
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are a proxy for cloud free skies.  From the WorldCLIM data, both the annual 

variance in minimum temperature and a greater range of temperatures from 

November to January at higher sites suggest more cloud free days.   

Finally, there are two biotic hypotheses that I cannot rule out.  First, 

nest predation may decline at higher altitudes, so that all birds can breed at 

the optimal time, whereas lower altitude populations might renest throughout 

the year.  In the tropics, nest predation can be more important than food 

availability in determining the timing of breeding, though most evidence 

comes from areas with unusually and artificially high nest predation (Morton 

1971).  There are undoubtedly more nest predators at the lowest elevations 

than the highest, though previous studies have not found a decrease in nest 

predation with elevation (Badyaev and Ghalambor 2001).  If nest failures force 

lower elevation birds to constantly re-nest, then my null hypothesis, which 

assumes that the birds bred once a year, would be a poor predictor.  The 

alternative null hypothesis would be prolonged periods of renesting, and a 

higher probability of finding birds in breeding condition during any given 

month.  Frequent re-nesting at low elevations should lead to a high 

proportion of birds in breeding condition throughout the year, which is not 

consistent with my observations.   

A second biological factor that may be at play is interspecific 

competition, such that breeding is staggered to avoid competition in species-

rich areas.   Avian species diversity declines at altitudes above 1500m, even 

when area is controlled (Rahbek 1997).  High diversity at lower elevations 
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suggests another, though rather unfashionable hypothesis: that competition 

avoidance might lead to staggered breeding at lower elevations.  A more 

detailed study would be necessary to rule this out.   

In this chapter, I present the most convincing evidence to date for 

seasonal breeding at higher altitudes in the tropics.  I further propose 

mechanisms by which intra-annual climate variability could account for these 

differences.  In particular, I call attention to the importance of clouds and 

cloud frequency to all aspects of tropical montane cloud forest biota. 
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2.4.  Figures 

 

Figure 2.1  Study site and nearby climate stations.  Individual climate 

diagrams showing mean monthly precipitation (mm) and mean daily 

temperature (°C) are given for the sites labeled 1-3. 
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Figure 2.2  Cloud frequency was calculated for all 1 km2 grid cells falling 

within the box. 
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Figure 2.3  WorldCLIM-derived mean monthly precipitation for the areas 

immediately around my sites. Total precipitation decreased monotonically 

with elevation.  Monthly precipitation peaked in June in all elevation zones 

and was lowest in December and January.  These are consistent with the 

site-based climate diagrams in the map above. 
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Figure 2.4  Daily averages of temperature and precipitation, as measured by 

in situ dataloggers in study sites at 1350 (A) and 3500 (B) masl.  

A 

B T
e
m
p
e
ra
tu
re
 (
°C

) 

R
e
la
tiv
e
 H
u
m
id
ity
 (%

) 



 

40 

0

10

20

30

40

50

60

70

1391 1548 1758 2513 2821 3526  

 

Figure 2.5  Indices of seasonality: Intra-annual variation in precipitation 

(blue) and temperature (red) for each elevation zone.  Altitudes between 

2000-3000masl are the most seasonal.  Note that this is an index of 

seasonality based on the standard deviation of the annual mean, so the two 

series values cannot be compared to each other. Temperature seasonality is 

the standard deviation of average annual temperature * 100, and and the 

precipitation seasonality is the coefficient of variation of precipitation.   
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Figure 2.6  Annual frequency of cloud cover, as measured by AVHRR. 
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EAST           WEST 

Figure 2.7  Cloud frequency by night and day (figure from Bendix 2006). 

Though this data is from slightly to the north of my study sites, the 

information for the eastern slopes shows that there is lower daytime cloud 

frequency at lower elevations
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Figure 2.8  Gross primary productivity through the year as measured by 

MODIS, in a 10 square KM around the lower (A) and upper (B) sites.  

Missing data usually indicates cloudy days.  Because cloud cover was so 

frequent at the higher sites during JJA (probably from a local microclimate), 

I included a plot from high elevations on the next ridge to the south (C). 
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Figure 2.9  Leaf Area Index throughout the year as measured by MODIS, in a 

10 square KM around the lower (A) and upper (B) sites.  Missing data 

usually indicates cloudy days.  Because cloud cover was so frequent at the 

higher sites during JJA (probably from a local microclimate), I also included 

a plot from high elevations on the next ridge to the south (C). 
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Figure 2.10  Proportion of birds captured in breeding condition.  Birds 

showed a sudden burst of breeding activity in September at higher sites (A, 

in red), but bred more consistently at lower sites (B, in blue). 
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Figure 2.11  An index of insect abundance in pan traps, which were left out 

while nets were open.   
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Chapter 3 Using deuterium to examine altitudinal 
migrations in Andean hummingbirds  

Altitudinal migration is a specific subset of intratropical migration in 

which birds typically breed at higher altitudes and travel down-slope 

afterwards (Chesser 1997; Stiles 1988), though in hummingbirds the pattern 

can be reversed (Stiles 1985).  Movements within the tropics by forest-

dwelling birds are difficult to trace and believed to be rare (Levey and Stiles 

1992).  Most landbirds that undergo seasonal movements are frugivores and 

nectarivores, whose movements track the availability of fruit and nectar 

(Loiselle and Blake 1992; Powell and Hobson 2006).  Such altitudinal 

movements make species especially vulnerable to habitat loss, and 

complicate conservation efforts.  For example, recent efforts to protect 

suitable habitat for the Black-bellied puffleg (Ericonemis nigrivestis) have 

been frustrated by its intra-annual movements (BirdLife 2004).   

Though there are multiple accounts of birds with only a seasonal 

presence at a given site, definitive evidence of altitudinal migration has been 

elusive.  To pinpoint movements, scientists must track individuals or observe 

multiple sites throughout the year for multiple years to determine which 

species are moving where at what time.  However, tracking individuals with 

radio or satellite is only possible with large-bodied birds (Powell and Hobson 

2006) and large research budgets, and has not been widely employed in the 

tropics.   Nor have direct observations provided much information other than 

the occasional anecdote (ONeill and Parker 1978).  Only in recent decades 
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has the scrutiny of tropical bird communities been consistent and detailed 

enough to reveal local population fluctuations at a single site (Herzog et al. 

2003; Salaman 2001).  No mark-recapture studies of the scale and scope 

required to fully describe movements of species or populations has yet been 

realized in a tropical country.  Furthermore, research is often limited to the 

dry season and the northern summer.   

Using stable isotopes can bypass some of these challenges, though the 

technique is still in its infancy in its application to tropical birds (Herrera et 

al. 2003).  The origins of a variety of migratory birds have been found using 

the deuterium to hydrogen ratio (D:H) in blood and feathers (Atkinson et al. 

2005; Pain et al. 2004; Perez and Hobson 2007). The proportion of D in the 

water that evaporates off the surface of the ocean is relatively constant.  The 

D:H ratio is then altered by evaporation and condensation, a process called 

fractionation.  But once water is ingested or absorbed by an organism, there 

is relatively little fractionation of deuterium in biological systems, so that 

animal (and plant) tissues can reflect the isotopic signature of their origin.  

Isotopes in avian tissues can therefore indicate where the tissue was grown if 

there is sufficient variation in the local D:H ratios, such as along the 

gradients found at continental scales (Herrera et al. 2005; Smith et al. 

2003).  Metabolically active tissues, like blood, can give information over a 

short time scale of the previous week or less, whereas inert tissues, like 

feathers or claws, reflect the isotopic signature of wherever they were grown.  
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Hobson et al. (2003) tested the feasibility of tracking altitudinal 

migrations in hummingbirds on the eastern slopes of the Andes with the 

natural abundances of 13C (δ13C) and deuterium (δD) in their feathers.  They 

found that the concentration of deuterium in feathers decreased with 

elevation, and concluded that this approach can “elucidate previously 

unrecognized patterns of life history variation in both temperate and tropical 

species that migrate across elevational isotopic gradients.” If this potential 

can be realized, the methodology could have a genuine conservation 

application.  The possibility has generated enthusiasm, and a recent study in 

Nicaragua assumed a strong relationship between altitude and isotopic 

signature in bird tissues to “detect” altitudinal migrants (Fraser et al. 2008).  

However, the difference between a scientific possibility and a functional and 

efficient conservation tool is great.  In this chapter, I look at Hobson et al’s 

conclusions in greater detail, using a larger and broader data set from the 

same region, and ask whether stable isotopes are likely to provide the sort of 

tracking information useful to conservationists in this system. 

 Some biological systems are better suited to stable isotope methods 

than others.  In migratory studies using stable isotopes, matching the scale 

of variation in δD and the scale of the animals’ movements has been 

straightforward in some systems and intractable in others.  Successful 

examples include blackbird feathers that precisely reflected their latitude of 

origin (Wassenaar and Hobson 2000).  Meehan et al. (2001) were able to 

infer δD of precipitation from feathers of Cooper’s hawks with the remarkable 
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precision of ±3‰.  On the other hand, Rocque et al (2006) found that δD 

values in plover feathers ranged over 113‰ at a single site.  Several have 

urged that δD be employed only to assign birds to broad geographical 

regions (Langin et al. 2007).  

I investigated the conditions on the eastern slopes of the Andes, which 

have been suggested as a good system for isotope studies because of the 

strong relationship between altitude and δD.  Rain in the eastern Andes 

comes, ultimately, from the Atlantic Ocean (McGregor and Niewolt 1998).  

Water vapor from the Atlantic enters the atmosphere and is advected inland.  

This water vapor undergoes progressive fractionation during transport. Rain 

is enriched (and hence the cloud mass depleted) in the heavier isotopes of 

water (18O and D) because heavier isotopes condense first.  As the water 

vapor moves westward, progressive condensation of liquid with higher values 

of δD and δ18O than the remaining vapor progressively depletes the vapor in 

heavier isotopes of both elements.  This is the “continental” effect.  Likewise, 

progressive condensation of water vapor that is forced upwards in the 

eastern cordillera progressively depletes isotopes at higher elevations, the 

“altitude” effect.   The isotopic proportions are discernibly higher at the base 

of the Andes, and decline with elevation (e.g. Gonfiantini et al. 2001; IAEA 

2001; Rozanski et al. 1992; Salati et al. 1979; Smith and Evans 2007; Vuille 

et al. 2005). δD values of precipitation collected at weather stations along 

the eastern slopes of the Ecuadorian Andes shows a decrease of 

approximately 10‰ per 1000 m change in elevation (fig 2B).  A mass 
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spectrometer can detect changes as small as 1‰, though biological tissues 

tend to have more noisy and complicated signals.     

As explained above, where there is a strong relationship between 

location and δD in precipitation, biologists are able to glean spatial 

information from the isotopic signatures of bird tissues.  In Hobson’s study in 

the eastern Andes, deuterium in hummingbird feathers responded significantly 

to changes in elevations above 400m  (Hobson et al. 2003).  However, for the 

relationship to be useful in deducing bird movements, it must be both strong 

and specific.  In Hobson et al’s data, the linear relationship between feather 

deuterium and elevation explained just over half of the variability in the data, 

which puts into doubt the ability of isotopic methods to actually track 

movement and provide information for a conservation tool.  There are 

multiple sources of variability inherent to the system, several of which are 

addressed below in the Discussion section.   

First, in order to detect specific movements, the method must be 

proven for a particular system, both for precipitation and in the birds.  In this 

case, there are data from weather stations in the eastern Andes, which can 

be compared to site-specific data.  Sampling δD and δ18O values directly 

from rain at various elevations helps us understand the sources of variability 

in the system.   

Secondly, it is impossible to determine the validity of the method if 

there is uncertainty about where the feathers were grown.  A weak 

relationship between elevation and deuterium in avian tissues could result 
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from two things.  Either the theoretical and modeled gradient (IAEA 2001) in 

isotopes in rainwater might not be detectable on an appropriate biological 

scale, or the animals may be engaging in altitudinal movements, and their 

tissues might therefore reflect the signal from another elevation.  Before 

assuming that isotopic differences reflect differences in locations, biologists 

must rule out the possibility that the variation among birds is due to other 

factors (e.g. variability in the δD of the birds’ water sources).  Since some 

nectarivores are known to make regular altitudinal movements, it is 

especially difficult to clarify which of these possibilities better explains a 

difference between isotopic ratios in their feathers and environment.  

Therefore the relationship between altitude and feathers must be established 

for birds that are extremely likely to remain as local residents, like 

understorey insectivores.  

Another way to be sure of the location of origin of the tissues takes 

advantage of the difference between metabolically active tissues and 

metabolically inert tissues.  Feathers are inert, and may reflect the bird’s 

location months before capture (whenever it grew the feather), whereas 

blood turns over rapidly and therefore reflects current conditions, integrated 

over approximately two weeks (Bearhop et al. 2002; Mazerolle et al. 2005).  

δD in blood, even of migrants, should be more indicative of the recent 

altitudinal habitat than δD in feathers, and thus offer a better vehicle for 

evaluating such isotopic methods along an elevation gradient on the eastern 

slopes of the Andes.  In this chapter, I revisit isotopic signatures in 
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Ecuadorian cloud forest birds, with a particular focus on understorey 

insectivores and the relationship between blood δD and altitude.   

3.1  Materials and Methods   

Between April and October 2004, during April 2005, and between June 

and October of 2006, I captured 123 birds (71 hummingbirds) from which I 

collected isotope samples for analysis (see data table in appendix).  At each 

site I cleared net lanes opportunistically, near hummingbird flowers or along 

small ridges.  I weighed, measured, sexed and aged each bird before 

collecting two retrices and ~ 75uL of blood from a clipped claw of 

hummingbirds (IACUC protocol A126-06-04).   I did not collect blood from 

other birds.  I stored the rectrices in envelopes at ambient temperature and 

preserved the blood in 1.5 mL tubes with 99% ethanol until analysis.  Any 

isotopic exchange with the ethanol was mostly likely to be with the water 

content of the blood, which was freeze dried off (see below). 

I collected rainwater in five gallon industrial grade buckets with O-ring 

seals, with mesh-covered funnels of nine cm diameter inserted into the lids 

and sealed into place with industrial epoxy.  A one cm layer of mineral oil on 

top of the water prevented evaporative water loss (Friedman 1992).  After 

one month, I filtered 50 mL and stored the samples in airtight containers for 

analysis.  Data were obtained for the ~ 30 day interval between the 

September and October visits in 2004 at the 1390, 1780, 2500 and 3500 

masl sites.  If it rained while I was running nets at a station, I collected 

rainwater from individual precipitation events.  Finally, I evaluated two 
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nectar samples from plants (Centropogon spp.) at 2500m that were visited 

by hummingbirds.   

I cleaned the feathers of surface oils using 2:1 chloroform: methanol 

solution, and then dried them overnight in a fume hood.  I then cut .35 mg 

samples from the feather vane and packaged them in silver cups.  I freeze-

dried the blood and arthropods in a lyophilizer overnight, and then weighed 

out 0.15 mg samples. The water samples were filtered and autosampled. 

The conventional delta (δ) notation compares the proportion of heavy 

isotopes in a sample to the proportion in a standard.  Results are expressed 

as per mil(‰) relative to the standard.  δD is defined as [(RSAMPLE – RSTANDARD 

)/ RSTANDARD ]*1000, where  

RSAMPLE is the measured ratio of D:H in the sample, and  

RSTANDARD is the known ratio of D:H of the standards, which were either 

SMOW (Standard Mean Ocean Water) or SLAP (Standard Light Antarctic 

Precipitation), or a special set of keratin standards for feathers.   

The samples were run in the Duke Environmental Stable Isotope 

Laboratory on a Carlo Erba Elemental Analyzer Mass Spectrometer with 

precision of duplicate samples ±0.11‰.  Duke University internal standards 

were used for blood: Duke citric, Duke sucrose and Heka benzoic (which 

were, in turn, calibrated to international reference materials IAEA PEFI 

polyethylene foil, and NBS mineral oil).    

Approximately 40% of the hydrogen in feathers is able to exchange 

with the ambient water vapor, though samples equilibrate to laboratory 



 

55 

conditions within two weeks (Chamberlain et al. 1997). The feathers will 

equilibrate with every environment they are in, so the best way to control for 

this effect is simply to keep them under the same conditions, so that the 

effect of the local environment is the same among samples and standards.  

Therefore, I stored the feathers together in the lab for at least 15 days 

before analysis, ran samples in groups as large as possible to minimize intra-

run sources variation, and used external standards that had undergone 

controlled equilibration to correct for the effects of exchangeable hydrogen.  

These standards used natural sources of keratin, which were prepared and 

processed under constant and known water vapor conditions in a process 

designed to allow better assessment of δD in keratin, and better comparison 

among laboratories and runs: Bowhead Whale Baleen Keratin (BWBII), 

Chicken Feather Standard (CFS) and Cow Hoof Standard (CHS) (Wassenaar 

and Hobson 2003).  Precision relative to external standards was generally ± 

1‰ for blood and ± 0.2‰ for feathers.  I did not design the study with 

replicates of individual samples, though I did obtain values for one replicate 

of a feather sample and one replicate of a blood sample. 

In addition to hummingbirds and other nectarivores, I sampled 

resident insectivores unlikely to undergo movements with respect to 

elevation.  Because no single species of understorey insectivore was found 

throughout the transect, I analyzed feathers from genera or functional 

groups which spanned the largest altitudinal range.  I grouped Premnoplex 

brunnescens and Margarornis squamiger as treerunners, Basileutus 
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coronatus, B. nigrocristatus, and B. trisriatus as Warblers, and Ochthoeca 

diadema and O. frontalis as chat-tyrants for analysis.  For instance, 

Ochthoeca diadema (Yellow-bellied chat-tyrant) is replaced by O. frontalis 

(Crowned chat-tyrant) at higher elevations.  These groups were selected for 

analysis because they are related and have similar habits.   Each is a flock-

living species that maintains a territory of a few hectares.  On steep terrain 

their territories may encompass about 300 vertical meters around the mean 

elevation. 

Finally, in addition to the parametric models and descriptions of the 

relationship between altitude and δD which are directly comparable to 

Hobson et al’s previous study (2003), I also used a method of assignment 

with exclusion adapted from population genetics to test my ability to 

correctly ascribe birds to their known location of origin.  I assigned 

nectarivores based on the δD of blood samples, because that data set had 

the highest correlation coefficient.  I calculated the posterior probability that 

a sample belonged to each elevational group by calculating the normal 

frequency distribution for the group without the sample in question, then 

determining the likelihood (the value of cumulative density function) that the 

sample belonged to each group.  A bird was assigned to the group where its 

membership was most probable.  I used Rocque’s (2006) exclusion threshold 

of an 80% probability as an acceptable threshold for inclusion in a group.  

That is, if the probability of a bird’s membership was less than 80% for a 

group, the bird was not assigned to it, even if that was the highest 
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probability among the groups.  Because some of the sites were quite near 

each other, and distinguishing among them was unlikely, I also tested the 

assignment of the birds to upper sites (2500-3500masl) versus lower sites 

(1300-1900masl).   

 

3.2  Results  

The International Atomic Energy Agency has been monitoring isotopes 

in precipitation since 1961.  Their Global Network of Isotopes in Precipitation 

includes 17 stations in Ecuador.  The best year-round record in the country 

comes from Izobamba, a monitoring station near the capital city of Quito.  

δD in precipitation varies throughout the year at that single site in the 

interandean valley, with the June average about 60‰ lower than December 

(fig 3.1A).  Seven other stations fall along the eastern slopes of the Andes, 

as do the study sites.   δD in precipitation from the eastern slopes of the 

Andes decreased with increasing elevation.  The relationship has a consistent 

slope but different intercepts in drier ENSO (1992) and wetter non-ENSO 

years (fig. 3.1B). 

The relationship between δD and δ18O in my samples had a somewht 

less positive slope (δD = 5.85 * δ18O – 1.3493, t1,22 =8.9891, p<.0001, fig. 

3.2) than the Global Meteoric Water Line (GMWL) (δD = 8 * δ18O + 10), 

which is a calculation of the average global relationship between δD and δ18O 

in water.  Departures from the GMWL reflect local evaporation and 

fractionation processes.  Usually, lower slopes imply lower humidity. 



 

58 

In the precipitation samples I collected from buckets along the 

transect both δ18O (t1,11 =-8.6244, p<.0001) and δD (t1,11 =-6.4956, 

p<.0001) were strongly related to elevation (fig 3.3).  δD decreased about 

4.15‰ for every 500m of increased elevation.  All individual rain events 

from April 2004 and most from July 2006 fell below the October values, 

implying the same sort of seasonal variation we saw in the GNIP station near 

Quito.  The peak probably falls at a different time of year at the two sites, 

because June-August is the wettest quarter in eastern slope sites and the 

driest in the Interandean Valley.   

The δD values of the two nectar samples I obtained were -44.80‰ 

and -28.54‰, despite having been collected from the same species in the 

same clearing on the same day.  I also repeated the measurement of one 

blood and one feather sample.  δD of the repeated measure of the blood 

sample varied by 2.6‰ , and by 2.7‰ for the feather. 

Taken together, understorey insectivores (fig 3.4) showed a weak 

relationship between altitude and the δD values of their feathers (t1,34 =-

1.9411, P=.06), with altitude accounting for little of the variation among 

samples.  When I separated the insectivores into sub-groups, the 

relationships weakened further (table 3.1).   
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Table 3.1.  Relationships between elevation and deuterium in feathers in 

resident understorey insectivores. 

Groups* 
Altitudinal 

range 
N 

Slope 

(‰/mete

r) 

t statistic,  

P-value 
R2 

Tree runners  1550-3530 11 -.0048 
t1,9 =-0.6455, 

P=0.5347 
.04 

Warblers 1550-2800 15 -.0069 
t1,12 =-0.9627, 

P=0.3547 
.07 

Chat tyrants 1750-3530 8 -.0051 
t1,6 =-.5232, 

P=0.6196 
.04 

*Because there were no species found throughout the transect, I grouped 
Premnoplex brunnescens and Margarornis squamiger as treerunners, Basileutus 
coronatus, B. nigrocristatus, and B. trisriatus as Warblers, and Ochthoeca diadema 
and O. frontalis as chat-tyrants for analysis. 

 

δD in nectarivore feathers, on the other hand, showed a significant 

relationship to elevation of capture (t1,30 =-3.02, P<.005, fig 6A), and the 

same slope as my water samples, but elevation again explained little of the 

total variation (r2=.13).  When species with fewer than 5 samples (table 3.2) 

were removed from the analysis, the relationship between δD in feathers and 

altitude disappeared altogether (t1,50= -1.51, P=.14).   Blood samples were 

available for three species (table 3.2), and when the data were pooled, blood 

also varied significantly with altitude (t 1,29= -4.92, P<.001, fig. 3.5B), but 

other factors contribute more than half of the variability in the data (r2=.46).    

When the nectarivore data were broken down into species (or group 

in the case of flowerpiercers Diglossa albilatera, Diglossopis glauca, and D. 
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cyanea), there were no significant relationships between altitude and D in 

feathers or blood (table 3.2) except for the blood of H. leadbeateri.  

  

Table 3.2 Deuterium in feathers and blood of nectarivores. 

D
e
u
te
r
iu
m
 i
n
 F
e
a
th
e
r
s
 

Species 
Altitude 

range 
N Slope 

t statistic,  

P-value 
R2 

Adelomyia 

melanogenys 

1391-

2514 
23 -0.0023 

t1,20 =0.4321, 

p=0.6703 
0.01 

Flowerpiercers 
1391-

3527 
16 -0.0073 

t1,14 =-

1.4099, 

P=0.1889 

0.17 

Phaethornis 

syrmatophorus 

1391-

2514 
18 -0.0115 

t1,16 =-

1.8867, 

p=0.0775 

0.18 

 

Colibri thalassinus 2514 2 N/A N/A N/A 

Coeligena torquata 2514 4 N/A N/A N/A 

Boissonneaua 

matthewsii 
2514 2 N/A N/A N/A 

Metallura williami 3527 1 N/A N/A N/A 

D
 b
lo
o
d
 

Adelomyia 

melanogenys 

1391-

2514 
15 -0.0050 

t1,13 =-

1.3968, 

p=0.1859 

0.13 

Heliodoxa 

leadbeateri 

1391-

1759 
11 -0.0147 

t1,9 =2.5599, 

p=0.031* 
0.42 

Heliangelus exortis 
2515-

3527 
7 -0.0032 

t1,5 =-.3958, 

p=0.7187 
0.05 

* Significant at a .05 level 

Within-site variation of a single species was generally high (table 3.3).  

Obviously running more samples would add statistical power, but the range 
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of values for resident birds is quite large compared to the expected between-

site variation. 

 

Table 3.3 Variability in D values for a single nectarivores species at a single 

site.  “Meters” represents the uncertainty in elevational range implied by 

one SD. 

D
 F
e
a
th
e
r
s
 

Species 
Altitud

e 
N Mean SD meters 

Basileuterus 
coronatus 

2500 8 -79.9 8.4 ±1200 

Margarornis 
squamiger 

2500 4 
-

60.81 
19.7 ±3940 

Phaethornis 
syrmatophorus 

1750 7 -64.0 9.5 ±863 

D
 b
lo
o
d
 Basileuterus 

coronatus 
2500 9 -65.5 2.04 N/A 

Adelomyias 

melanogenys 
1750 7 -82.3 3.5 ±700 

 

 In the assignment test of nectarivores based on their blood δD values, 

between 25 and 33% of birds failed to meet the threshold for inclusion in 

their own group, and 62% of the birds were assigned incorrectly.  However, 

the sample sizes were small, and some of the groups were separated by as 

little as 200 meters in elevation, so I didn’t expect exact assignment.  I was 

able to assign 69% of the birds to the correct elevation group of upper sites 

(2500-3500masl) versus lower sites (1300-1900masl).   
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3.3. Discussion  

Nectarivorous birds exhibit seasonal elevational movements in Ecuador 

and elsewhere but there are significant logistical obstacles to tracking their 

locations: they are too small for tracking devices, and there have been few 

trapping efforts of sufficient scale in the tropics.  A preliminary study of 

isotopes in hummingbirds feathers in Ecuador suggested that stable isotope 

analysis might offer a solution to the challenges of tracking migrations along 

the eastern slopes of the Andes, where isotopic signature varies strongly with 

altitude (Hobson et al. 2003).  If isotopic analysis could reliably ascribe birds 

to a narrow altitudinal ranges, then the methodology would have powerful 

conservation implications.  To test the methodology’s potential, I deepened 

the preliminary study’s analysis by examining isotopic concentrations in local 

water sources, metabolically active tissues, and in birds that were known to 

be local.  However, variability was so high that the method failed to achieve 

the necessary resolution to place birds at the known sites. 

Detecting elevational movements with stable isotopes would require 

better discrimination between altitudes than I found, because altitudinal 

migrations are apt to be relatively short and may only include some of the 

individuals of a species (Atkinson et al. 2005; Ramos 1983).  My results were 

consistent with Hobson et al (2003), yet indicated that stable isotopes are 

unable to reliably and efficiently track altitudinal migration in this system.  

My results were comparable to their results and confirmed the strong 

relationship between isotopes in rainwater and elevation.  On the other hand, 
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within-site variability was very high relative to between-site variability.  

Although the change in ‰ δD per meter was almost identical for 

precipitation and nectarivore feathers, the range of elevations implied by one 

standard deviation was very large (Table 3.3).  Furthermore, the birds could 

not be reliably placed at their own sites.  Neither using known residents, nor 

using blood instead of feathers was able to refine the relationship sufficiently.  

Because the relationship cannot be definitively established with birds that are 

not moving, nor in tissues that ought to represent their current location 

(such as blood), it is questionable to use these methods to determine the 

origins of birds that are thought to be moving.   

One of the primary lessons in using stable isotopes to establish 

migratory connectivity, which has been receiving enthusiastic attention since 

about 2000, is that the technique is sometimes powerful, but that some 

systems may present intractable challenges.  For instance, shorebirds may 

be an especially variable group.   Mountain plovers showed variation of up to 

60‰ at a single site (Wunder et al. 2005), and Rocque et al (2006) were 

unable to distinguish between plover populations at an inter-continental 

scale.  Other systems have proved unpredictable, also.  Wood thrushes in the 

U.S. had feather values that were significantly more enriched than expected 

based on precipitation values (Powell and Hobson 2006).  Researchers are 

attempting to employ these methods in regions where there is good reason 

to suspect geographic differences in δD, but in many instances variation 

among individuals at a single terrestrial site is greater than the variation 
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between sites.  Redstarts breeding in Ontario had statistically strong 

averages for a given location, with over half the population’s feathers falling 

within ±3‰ of the mean, but at an individual scale, variation was 

sometimes great enough to displace the modeled origin of a bird by several 

degrees of latitude (Langin et al. 2007).  In each of these cases, the scale of 

variability over the geographic region was insufficient to outweigh variability 

with a single site, as was the case in the current study.  Sources of variability 

among samples at a given site can be divided roughly into biotic and abiotic 

factors.   

 

3.3.1 Physiological and Behavioral sources of δD variability 

The variation I found in δD of avian tissues within specific sites may 

have been partly caused by local movements, such that the tissues 

represented the δD signals of various areas.  In many species, juveniles and 

subadults move from their natal locations, so I might have collected some 

feathers grown elsewhere.  Additionally, some populations exhibit partial 

migrations (common in temperate birds), so some of the individuals of a 

given species could have grown feathers elsewhere.  However, we expect 

more movement in nectarivores, so the higher variability in the insectivore 

feathers reduces the likelihood of these explanations.       

Alternatively, there may be physiological reasons for the high 

variability.  Once water is ingested, there may be fractionation in the birds’ 

system.  For example, hummingbirds can dehydrate during natural, 
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overnight fasts (Bakken and Sabat 2008).  However, most of these sites had 

very high humidity with minimal overnight evaporation.  Evaporative water 

loss may vary among individuals and guilds, but especially at the higher 

sites, and during the drier months, losing considerable moisture would result 

in higher δD values in the blood, as light isotopes evaporate more quickly 

than heavy.  But because we are reasonably certain from laboratory studies 

that diet/tissue fractionation is consistent among individuals (Hobson et al. 

1999), variation in individual behaviors and diet is a more parsimonious 

explanation of variability (Langin et al. 2007). 

Feathers of insectivorous birds exhibited slightly higher values and 

greater variation in δD than nectarivores.  Higher trophic levels sometimes 

exhibit higher values of δD (Birchall et al. 2005).  This is probably related to 

the food sources of prey items.  Plants discriminate against heavy isotopes 

when synthesizing organic compounds, but leaf water can have higher δD 

than precipitation because lighter isotopes evaporate more quickly during 

transpiration.  If the birds feed on insects which feed on leaves, one might 

expect slightly higher δD in insectivores. 

Because they are thought to under go fewer local movements, I 

expected that insectivores would show less variability than nectarivores, 

which was not the case.  But if the differences are due to differences in local 

water sources rather than movements, this result is more intuitive.  

Hummingbirds undoubtedly receive adequate moisture from the nectar in 

their diets, but insectivores might be using water from a wider variety of 
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sources, according to the water content of their prey.  Birds that supplement 

their insectivorous diet with fruit may absorb sufficient water from their diet.  

That might also be the case in birds feeding on larval lepidopterans, annelids 

and other juicy arthropods, whereas a hawking insectivore feeding mainly on 

small hymenopterans would require other sources of water from the 

environment.  Such sources could vary considerably in δD.  For example, 

streams could reflect upslope isotopic signatures, whereas water trapped by 

leaves might concentrate heavy isotopes by evaporation.   

Within the nectarivores, δD in feather samples was more variable than 

the δD of blood samples. This difference probably has a behavioral 

component as well as an abiotic one (see below), because the feathers reflect 

the signal of when and where they were grown.  If the feathers were grown 

at different locations, or as the bird was moving, we would expect higher 

variation than we find in blood, which integrates the signal from water 

absorbed over a shorter period of time.  Alternatively, some of the variability 

might be due to measurement error in keratin, which has hydrogen that is 

free to exchange with laboratory water vapor.  Despite the measures we took 

to avoid this problem, there might have been more error associated with the 

measurement for feathers than blood.   

 

3.3.2. Variability in δD of precipitation and dietary water 

To determine geographic origin from isotopes in tissues, the δD of the 

water sources in a site must be relatively consistent.  However, there are 
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several sources of within-site variation of δD in precipitation and other water 

sources.  The isotopic signature of precipitation varies on monthly, daily and 

spatial scales.   

At a broad scale, the considerable intra-annual variation in the 

monthly means of δD in the rain just above the transect in the interandean 

valley (IAEA 2001) is good reason to suspect similar variability in the study 

sites.  Precipitation tends to have lower δD in the rainy season, which falls 

during the March-May in the interandean sites, and June-August at the study 

sites.  If the birds grow their feathers at different times of year, intra-annual 

or seasonal variation could be a significant source of variability.  Shorebird 

feathers showed high variation because of the “noise” associated with 

monthly variation in δD of precipitation in several sites in central Argentina 

(Farmer et al. 2003).  On a localized scale, δD in precipitation has been 

found to vary by up to 15‰ in a day at Japanese sites of the same 

elevation, separated by only a few kilometers (Yamanaka and Shimizu 2007).  

Even samples from a single rain event at a single site can show roughly a 

15‰ range in δD values, though this variability from weather stations is 

usually short-lived in the environment, where mixing occurs rapidly.  Finally, 

topographic variability in mountainous regions (such as the study sites) 

produces microclimates that may affect local δD values on a very small 

spatial scale.  Slope, aspect and exposure vary greatly over areas smaller 

than the ranges of many birds in the Eastern Andes. 
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 Isotopic signatures in plants may vary in plants among microclimates, 

because of variable transpiration rates.  Leaf water is enriched in D as light 

isotopes preferentially evaporate during transpiration.  δD of leaf water can 

be 50‰ higher than δD of precipitation under very dry conditions because 

low relative humidity accelerates transpiration (Chamberlain et al. 1997).  

Along the altitudinal transect in this study, relative humidity was generally 

higher at the higher sites, which could have dampened the altitudinal signal 

in birds that get their moisture, even indirectly, from plants.  Even within a 

single plant species at a single location, there was substantial variation in the 

δD values for the two nectar samples I was able to run in the mass 

spectrometer (about 15‰).  This may reflect the mixing of dew or rainwater 

with the nectar we collected via capillary tubes, but that same mixing may be 

experienced by hummingbirds, and contribute considerable variation to the 

δD values of the water they ingest.   

One of the primary conclusions from this study is that researchers 

must measure the isotopic concentrations in any likely or observed dietary 

water sources, as well as in precipitation.  Many bird studies are simply using 

δD in feathers and interpolated isotope models, rather than attempting to 

document local conditions and local variability.     

 

3.3.3. Statistical treatment: error vs. variability   

For the regressions in this study, increasing sample sizes or averaging 

across species would lower the p-values and eventually lead to greater 
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statistical significance, but the intraspecific variability in values would persist.  

Intraspecific variability is particularly problematic when attempting to detect 

altitudinal migrations, because often only part of a population migrates.  In 

general, probability-based approaches are superior for more sophisticated 

data models, because they allow researchers to partition variability into error 

and expected natural variability.  The treatment of error and variability are 

important, because “assuming that the single observed outcome represents 

average behavior of a random process is profoundly different than assuming 

that the outcome could be anywhere within a range of likely outcomes from 

the same process” (Wunder and Norris 2008).  Even though a probability-

based framework more closely adheres to what we know about the system 

(i.e. allows us a range of expected variability, rather than an average value), 

there are still limitations in the common assignment procedure.  In 

assignment, the binning masks uncertainty due to the overlapping probability 

densities (Wunder and Norris 2008).  For example, though the sample might 

be ascribed to the correct group, because that is the most likely one, 

researchers rarely report the probabilities for all the other groups, which may 

be quite high.  In the present study, a probability-based assignment provided 

a more logical framework for addressing the natural variability than simply 

ascribing the variation to error, but didn’t improve the predictive ability or 

make the method more useful.   

Authors have debated the appropriate reporting of error in for isotopic 

analyses.  By far the most typical treatment in the literature is simply to 
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report the variability among repeated measurements of the standards.  This 

accurately reflects the measurement error due to instrumentation and 

laboratory procedures, but may significantly underestimate the variability 

associated with feather samples that are not perfectly homogenous, much 

less the variation among the feathers for a given bird.  Therefore some argue 

that the only appropriate way to describe error is based on replicates of the 

ecological samples (Jardine and Cunjak 2005).  Convention and cost have 

made this rare, though information from replicates has been included in 

models that allow for partitioning of the sources of variability (Wunder and 

Norris 2008).  Here, I simply report the more typically-used analytical error, 

as well as the difference in values for the 2 replicates I ran (2.6‰ for blood, 

2.7‰ for feathers) because I didn’t have enough replicate samples to give a 

good estimation of the variability associate with replicates.  

In conclusion, for isotope methodology to confidently detect altitudinal 

migrants along the eastern slopes of the Andes, it would have to be able to 

reliably place resident birds at their sites of captures.  This study casts 

serious doubt on that possibility.  Documented altitudinal migrations are 

often over relatively short distances.  For example, birds move over 500-950 

meters in altitude in Costa Rica (Loiselle and Blake 1991).  Reliably detecting 

such distances requires great precision in isotopic techniques, but the natural 

variability in some systems might easily mask altitudinal effects.  In this 

context, biologists should bear in mind the tradeoffs between spending 

money on laboratory analysis that might never have a practical application, 
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and paying the salaries of underemployed South American biologists to 

observe the birds year round.  
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Figure 3.1  Interannual variation in mean monthly δD at a single site near 

Quito, Ecuador 0.3° S 78.6° W (A).  Variation of δD in precipitation collected 

at weather stations along an altitudinal gradient on the eastern slope of the 

Andes.  Data from IAEA, no error reported. 
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Figure 3.2  δD versus δ18O in the samples collected in over a month in 

buckets (filled squares) or during single rain events (open squares) at study 

sites. 
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Figure 3.3  δD (A) and δ18O (B) values from water collected at the study 

sites. 

Elevation (meters) 

δδδδ18181818OOOO    

δδδδDDDD    

δ
18O = -3.85-0.0015(Elevation), r2= .87 

δD =  -23.71-0.0083(Elevation), r2= .79 



 

75 

 

1000 1500 2000 2500 3000 3500

Elevation

-90

-80

-70

-60

-50

-40

-30

F
ea

th
er

 D

 

Figure 3.4  Deuterium values in feathers of understorey insectivores (N = 

44). 

    

δD=  -49.12-0.0073(Elevation), r2= .09 
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Figure 3.5  The relationship between altitude and deuterium in feathers (A, 

N=62) and blood (B, N=32) of nectarivorous birds on the eastern slopes of 

the Andes at 2°S.  A includes previous values, which are given as averages 

for each species and site.  Both feathers and blood respond to elevation, but 

elevation explains very little of the variability of the data. 

B  

dD=  -61-0.002(Elevation), r2= .47 

A   

dD=  -52-0.0085(Elevation), r2= .13 
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Table 3.4.  δD values for bood and feathers of cloud forest birds. 

MASL Date Genus Species Blood D Feather D Guild 

1391 09/22/2006 Premnoplex brunnescens  -58.40 I 

1548 10/26/2004 Premnoplex brunnescens  -49.83 I 

1548 09/23/2006 Premnoplex brunnescens  -72.93 I 

1548 10/27/2006 Premnoplex brunnescens  -54.92 I 

1548 10/26/2004 Psuedotriccus pelzelni -79.48  I 

1759 10/24/2004 Premnoplex brunnescens  -46.84 I 

1759 10/29/2006 Premnoplex brunnescens  -32.80 I 

1548 8/27/2004 Henicorhina leucophrys  -37.56 I 

1759 8/28/2004 Henicorhina leucophrys  -67.71 I 

1759 8/28/2004 Henicorhina leucophrys  -66.40 I 

1759 8/28/2004 Henicorhina leucophrys  -65.63 I 

1759 10/24/2004 Henicorhina leucophrys  -67.35 I 

1759 10/24/2004 Henicorhina leucophrys  -61.27 I 

1759 10/24/2004 Henicorhina leucophrys -73.01  I 

2514 10/11/2004 Margarornis squamiger  -55.95 I 

2514 10/11/2004 Margarornis squamiger  -51.21 I 

2514 10/11/2004 Margarornis squamiger  -46.32 I 

2514 10/14/2004 Margarornis squamiger  -89.74 I 

3527 8/12/2004 Margarornis squamiger  -62.20 I 

1548 8/30/2004 Basileuterus tristriatus  -70.60 I/O 

1759 8/28/2004 Basileuterus tristriatus  -62.71 I/O 

1759 10/24/2004 Basileuterus tristriatus  -69.75 I/O 

1759 10/28/2006 Ochthoeca diadema  -56.57 I/O 

2514 9/11/2004 Basileuterus tristriatus  -79.61 I/O 

2514 9/11/2004 Basileuterus tristriatus  -66.80 I/O 

2514 10/9/2004 Basileuterus coronatus  -84.71 I/O 

2514 10/9/2004 Basileuterus coronatus -69.05  I/O 

2514 10/11/2004 Basileuterus coronatus  -85.71 I/O 

2514 10/12/2004 Basileuterus coronatus  -70.58 I/O 

2514 10/14/2004 Basileuterus coronatus  -85.39 I/O 

2514 10/14/2004 Basileuterus coronatus  -85.03 I/O 

2514 10/14/2004 Basileuterus coronatus  -84.61 I/O 

2514 10/14/2004 Basileuterus coronatus  -79.70 I/O 

2514 10/14/2004 Basileuterus coronatus  -63.39 I/O 

2514 9/11/2004 Boissonneaua matthewsii  -85.80 I/O 
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Table 3.4 cont. 

2514 10/11/2004 Boissonneaua matthewsii  -68.03 I/O 

2514 5/22/2004 Ochthoeca diadema  -74.36 I/O 

2514 5/23/2004 Ochthoeca diadema  -47.00 I/O 

2514 10/22/2006 Ochthoeca diadema  -66.98 I/O 

2822 4/14/2004 Basileuterus nigrocristatus  -59.82 I/O 

2822 10/21/2006 Ochthoeca diadema  -89.25 I/O 

3527 7/23/2006 Ochthoeca diadema  -75.57 I/O 

3527 09/13/2006 Ochthoeca frontalis  -46.11 I/O 

3527 09/14/06 Ochthoeca frontalis  -78.95 I/O 

1391 8/26/2004 Adelomyia melanogenys  -91.48 N 

1391 8/26/2004 Adelomyia melanogenys  -80.93 N 

1391 8/26/2004 Adelomyia melanogenys  -75.37 N 

1391 8/26/2004 Adelomyia melanogenys  -74.93 N 

1391 8/26/2004 Adelomyia melanogenys  -60.17 N 

1391 6/3/2004 Diglossopis glauca  -55.29 N 

1391 8/11/2006 Diglossopis glauca  -69.46 N 

1391 09/22/2006 Diglossopis glauca  -61.65 N 

1391 10/21/2004 Heliodoxa leadbeateri -84.68  N 

1391 10/21/2004 Heliodoxa leadbeateri -82.01  N 

1391 10/21/2004 Heliodoxa leadbeateri -78.43  N 

1391 09/22/2006 Heliodoxa leadbeateri -78.16  N 

1391 07/18/2006 Phaethornis syrmatophorus  -58.09 N 

1391 09/26/2006 Phaethornis syrmatophorus  -48.12 N 

1548 7/15/2004 Adelomyia melanogenys  -84.53 N 

1548 7/15/2004 Adelomyia melanogenys  -60.89 N 

1548 10/22/2004 Adelomyia melanogenys -75.15 -67.83 N 

1548 10/22/2004 Adelomyia melanogenys -72.27 -67.66 N 

1548 10/22/2004 Adelomyia melanogenys -69.41 -62.99 N 

1548 10/22/2004 Adelomyia melanogenys -70.93  N 

1548 10/22/2004 Heliodoxa leadbeateri -79.78  N 

1548 10/26/2004 Heliodoxa leadbeateri -82.76  N 

1548 10/26/2004 Heliodoxa leadbeateri -76.02  N 

1548 6/4/2004 Phaethornis syrmatophorus  -58.28 N 

1548 7/15/2004 Phaethornis syrmatophorus  -60.79 N 

1548 08/13/2006 Phaethornis syrmatophorus  -54.83 N 

1548 08/13/2006 Phaethornis syrmatophorus  -51.41 N 

1548 09/23/2006 Phaethornis syrmatophorus  -46.27 N 
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Table 3.4 cont. 

1548 10/27/2006 Phaethornis syrmatophorus  -53.72 N 

1759 10/24/2004 Adelomyia melanogenys -76.14 -75.60 N 

1759 10/24/2004 Adelomyia melanogenys -80.38 -71.59 N 

1759 10/24/2004 Adelomyia melanogenys -84.79 -67.77 N 

1759 10/25/2004 Adelomyia melanogenys -80.11 -78.47 N 

1759 4/23/2005 Adelomyia melanogenys -83.95 -101.12 N 

1759 4/23/2005 Adelomyia melanogenys -85.33 -79.67 N 

1759 4/23/2005 Adelomyia melanogenys -85.19  N 

1759 8/28/2004 Diglossopis glauca  -44.74 N 

1759 10/28/2006 Diglossopis glauca  -66.06 N 

1759 09/24/06 Heliodoxa leadbeateri -71.35  N 

1759 10/29/2006 Heliodoxa leadbeateri -77.84  N 

1759 10/29/2006 Heliodoxa leadbeateri -77.26  N 

1759 10/29/2006 Heliodoxa leadbeateri -75.60  N 

1759 6/6/2004 Phaethornis syrmatophorus  -69.67 N 

1759 6/6/2004 Phaethornis syrmatophorus  -50.61 N 

1759 8/28/2004 Phaethornis syrmatophorus  -67.07 N 

1759 7/16/06 Phaethornis syrmatophorus  -78.57 N 

1759 7/16/06 Phaethornis syrmatophorus  -57.40 N 

1759 09/24/06 Phaethornis syrmatophorus  -57.22 N 

1759 10/28/2006 Phaethornis syrmatophorus  -67.69 N 

2514 10/11/2004 Adelomyia melanogenys -79.53 -74.38 N 

2514 10/11/2004 Adelomyia melanogenys -86.07 -74.17 N 

2514 10/11/2004 Adelomyia melanogenys -79.00 -64.72 N 

2514 10/11/2004 Adelomyia melanogenys -78.04 -63.72 N 

2514 10/14/2004 Adelomyia melanogenys  -88.89 N 

2514 10/14/2004 Adelomyia melanogenys  -64.80 N 

2514 9/11/2004 Coeligena torquata  -81.38 N 

2514 9/11/2004 Coeligena torquata  -82.45 N 

2514 9/11/2004 Coeligena torquata  -94.04 N 

2514 10/11/2004 Coeligena torquata  -68.97 N 

2514 9/11/2004 Colibri thalassinus  -87.20 N 

2514 10/14/2004 Colibri thalassinus  -64.10 N 

2514 8/16/2004 Diglossa albilatera  -81.91 N 

2514 10/11/2004 Diglossa albilatera  -51.92 N 

2514 7/21/2006 Diglossa albilatera  -86.99 N 

2514 7/21/2006 Diglossa albilatera  -65.40 N 
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Table 3.4 cont. 

2514 9/11/2004 Diglossopis cyanae  -88.98 N 

2514 9/11/2004 Eriocnemis alinae  -89.89 N 

2514 10/9/2004 Heliangelus exortis -87.36  N 

2514 7/22/2006 Heliangelus exortis -94.14  N 

2514 7/22/2006 Phaethornis syrmatophorus -95.49 -79.03 N 

2514 09/19/06 Phaethornis syrmatophorus  -68.02 N 

2514 10/24/2006 Phaethornis syrmatophorus  -50.80 N 

2822 09/16/06 Heliangelus exortis -101.79  N 

2822 09/16/06 Heliangelus exortis -101.34  N 

3527 9/7/2004 Diglossa albilatera  -69.34 N 

3527 10/20/2006 Diglossa albilatera  -74.22 N 

3527 10/20/2006 Heliangelus exortis -94.49  N 

3527 9/7/2004 Metallura williami  -97.20 N 

* I = insectivore, I/O = Insectivore/Omnivore, N = Nectarivore 
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Chapter 4 Using N-15 to examine protein sources in 
hummingbird diets  

Hummingbirds are best known as nectarivores, but they also 

supplement their diet with arthropods and probably some fruits.  They rely 

on sugar-rich nectars, which are extremely low in nitrogen, to meet their 

high metabolic requirements.  The birds have a suite of adaptations to their 

nitrogen-poor diets, including lowered nitrogen demands (McWhorter et al. 

2003; Tsahar et al. 2006) and specialized bacteria in their guts to recycle 

nitrogen (Preest et al. 2003).  Such adaptations to conserve nitrogen imply 

an important role for protein sources in hummingbird diets. Meeting protein 

needs may figure in their behavioral and physiological adaptations more than 

has been previously recognized. Indeed, the availability of arthropods may 

determine the timing of breeding in dry tropical forests (Poulin and Lefebvre 

1997). 

Within hummingbird populations, there are substantial behavioral 

differences between males and females.  Compared to females, males 

typically spend more time defending their territories (Chai et al. 1996; 

Temeles et al. 2002; Van Dooren et al. 2004) and less time tending the nest 

and feeding the young (Baltosser 1996).  In some species, males offer no 

contribution to parental care.  Different genders may also forage on different 

plants, or otherwise differ in foraging strategies to reduce intraspecific 

competition (Temeles et al. 2002).   While these gender differences are well-

studied in relation to nectar resources, there is very little information on 
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arthropod foraging, though one study in the Colombian Andes found female 

hummingbirds more likely to have spiders in their guts than males (Rico-G. 

2005).   

I hypothesized that female hummingbirds might also differ in their use 

of arthropods, because of their higher nitrogen requirements for breeding.  

Furthermore, I hypothesized that juveniles might be more similar to females, 

because they also face high nitrogen demands.  This study compares the 

arthropod component of diet among three hummingbird species common in 

the Eastern Andes, and between genders, age classes, and seasons in the 

two of these species which are sexually dimorphic.  

Adelomyia melanogenys (Speckled hummingbird) is a diminutive, 

monomorphic, short billed generalist (Altshuler 2006).  The other two study 

species are strongly dimorphic, so their gender can be readily distinguished 

in the field.  Heliodoxa leadbeateri (Violet-fronted brilliant) is stocky and 

aggressively territorial (Altshuler, 2006). H. leadbeateri shows marked sexual 

dimorphism not only in plumage, but also in the males’ greater size and 

slightly shorter, straighter bills.  In Coeligena torquata (Collared Inca), the 

genders are also readily distinguished by plumage but have the same bill and 

body shape, though males tend to have slightly longer wings.  Their behavior 

has not been classified, but a Peruvian congener was described as a “filcher” 

(Altshuler 2006).  Filchers steal nectar from territories defended by other 

birds.  Birds that employ stealing strategies regularly get into aggressive 
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interactions (unlike trap-lining hummingbirds that make repeated visits to a 

series of plants), but almost never as the aggressor.   

It is easy to observe hummingbirds catching arthropods on occasion, 

but difficult to gather systematic data over prolonged periods.  In fact, there 

are no published data sets that quantify gender differences in arthropod 

foraging behavior.  Gary Stiles, who has probably spent more time watching 

hummingbirds than anyone else alive, was unable to obtain sufficient data to 

compare any gender-specific arthropod foraging at La Selva, Costa Rica, 

where he worked on and off for 18 years (1995).  Therefore, foraging 

observations are biased toward easily-observed flower visits.  Furthermore, 

nectar leaves almost no trace in the digestive tract, so gut analyses of 

hummingbirds cannot reveal information on nectar use.  Given these 

difficulty in evaluating protein sources via direct observations, isotopic 

analysis can provide an alternative (Post 2002).  

Nitrogen enters ecosystems primarily from the atmosphere, where the 

stable isotope 15N composes 0.366 % of total N.   Once incorporated into 

biological systems, metabolic pathways favor 15N during each step of protein 

synthesis. It is therefore concentrated at each trophic level, so that top 

predators have appreciably higher 15N:14N ratios than autotrophs.  As a rule 

of thumb, the change in δ15N between trophic levels is 3.4±1.3‰(Post 

2002).  Thus, δ15N (defined as [(RSAMPLE – RSTANDARD )/ RSTANDARD ]*1000, where 

RSAMPLE is the measured ratio of 
15N:14N  in the sample, and RSTANDARD is the 

known ratio of 15N:14N of the international standard International Atomic 
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Energy Agency N2) can be used to evaluate the relative importance of 

different foods in the animal’s diet.  Higher δ15N values imply feeding at 

higher trophic levels.  For instance, this method has successfully 

distinguished bats that feed primarily on fruit from bats that consume more 

arthropods (Herrera et al. 2005), and revealed that tropical passerines rely 

more heavily on protein from fruits than protein from insects when fruits are 

most abundant (Herrera et al. 2005). 

In this study, I rely on an important difference between the way 

dietary nitrogen is incorporated into feathers and the way it is incorporated 

into whole blood.  Feathers are a relatively inert material, their composition 

permanently fixed at growth.  Blood, on the other hand, reflects the animal’s 

diet in the 5-10 days before sampling.  In addition, it is worth noting that the 

δ15N signatures between feathers and blood differ slightly simply because of 

the metabolic pathways involved in the production of each tissue.  Keratin in 

feathers has a slightly higher δ15N signature than blood as determined in 

laboratory experiments where the birds are fed a constant diet (Herrera et al. 

2005). 

Because they require nitrogen to supplement their largely nectar-

based diet, nearly all hummingbirds forage for arthropods in one fashion or 

another, primarily by hover-gleaning, or by hawking (Wolf et al. 1976).  The 

prey taken by hover-gleaning might include small spiders and prey stored in 

spider webs, whereas hawking behaviors will only capture flies.  Because 

spiders feed at a higher trophic level than most flies, their tissues contain a 
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higher proportion of 15N.  That higher proportion should be reflected in the 

tissues of hummingbirds that consume mostly spiders.  I determined the δ15N 

ratio and total nitrogen content of flies and small spiders, and then compared 

that to the δ15N in hummingbird feathers.   

4.1 Materials and methods 

See introduction for a description of the sites and sampling. 

4.1.1 Field methods 

I observed several species of hummingbirds visiting tiny spider webs 

on a rock wall near Purshi (2500m), so I collected arthropods from the webs 

and stored them in 99% ethanol for isotopic analysis.  In most cases, it was 

easy to find and collect the spider.  I occasionally found remnants of tiny flies 

in the webs, but never sufficient to sample.  I collected live flies and 

microhymenopterans from near plants where I saw birds perched.  I also 

collected fruit (blackberry) and pollen from Fuscia sp.  I collected only small 

arthropods, thus it was necessary to homogenize all the samples to obtain 

sufficient sample for elemental analysis. 

Between July and October, 2004, in April 2005, and between July and 

October, 2006, I captured 22 A.melanogenys, 28 C. torquata, and 24 H. 

leadbeateri and collected two retrices and ~ 75uL of blood from a clipped 

claw (IACUC protocol A126-06-04).   Juveniles were identifiable by minute 

crosshatching along the length of their bills.  I also discovered a suite of 

plumage characteristics exclusive to juveniles in H. leadbeateri.  Juveniles 
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have prominent rufous borders to the malar stripe, which are visible even 

through binoculars.   I stored the retrices in envelopes at ambient 

temperature and preserved the blood in 1.5 mL tubes with 99% ethanol until 

analysis. 

I attempted to make direct observations of arthropod foraging by 

hummingbirds, but was unable to obtain useful data.  I was only able to 

record foraging activities by H. leadbeateri and C. torquata 12 and 7 times 

respectively.  For half of the H. leadbeateri observations, I was unable to 

determine the gender.   

4.1.2 Laboratory methods 

I cleaned the feathers of surface oils using 2:1 chloroform: methanol 

solution, and then dried them overnight in a fume hood.  I then cut 1.00 mg 

samples from the feather vane and packaged them in tin cups.  I freeze-

dried the blood and arthropods in a lyophilizer overnight, and then weighed 

out 0.35 mg samples. The samples were run in the Duke Environmental 

Stable Isotope Laboratory on a Carlo Erba Elemental Analyzer Mass 

Spectrometer with precision of duplicate samples ± 0.11‰.  Standards were 

composed of international reference materials IAEA N2, and Duke University 

internal standards, Duke Cellulose, Duke Sucrose, Duke Urea, and Costech 

acetanilide.  Precision is generally ± 0.2‰ relative to external standards and 

a little better relative to internal standards. 
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4.2 Results 

4.2.1 Protein sources 

The spiders contained both a higher concentration of nitrogen and a 

higher δ15N than flies (table 4.1). 

Table 4.1  Percent nitrogen and δ15N for potential sources of hummingbird 

dietary protein at 2500m elevation.  Because samples were small, and 

material was homogenized for analysis, I was unable to estimate error.    

  N δ15N 

Spider (n = 1) 14.6 % 7.4‰ 

Flies (n = 1) 11.0% 3.5‰ 

Fruit (n = 1) 0.9% 4.0‰ 

Pollen (n = 2) 3.7±1.9% -5.1±4.4‰ 

 

4.2.2 Effects of species, age, and gender 

4.2  Anova results showing species and age class as primary effects 

Effects SS df MS F P 

Species 42.89 2 21.45 12.69 .000 

Age class 10.44 2 10.44 6.18 .015 

Interaction 3.76 2 1.88 1.16 .334 

Residuals 118.28 70 1.69   

 

δ15N of tail feathers (table 4.2) varied by species, age class, and 

gender (for the species for which I was able to determine sex in the field).  I 

compared the effects of species and age class on feather δ15N for all three 
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species. An analysis of variance yielded a main effect for both species, F 

(1,74) = 12.7, p < .01, and age class, F(1,74) = 6.2, p = 0.015, such that 

δ15N was significantly lower for juveniles (mean = 6.34‰, SD = 2.10) than 

for adults (mean = 7.53‰, SD = 1.24; table 2).  Though I was unable to 

compare genders in the monomorphic A. melanogenys, pairwise comparisons 

of δ15N within the other species indicated that feathers from female C. 

toquata showed significantly higher 15N levels (one tailed t20=1.73, p<.05) 

than males (fig 4.1). There was weaker evidence for a difference between 

genders in H. leadbeateri (one tailed t16=1.63, p=.06) (fig 4.1).   The δ
15N 

values for feathers are summarized in Table 4.3 and the full data set is 

reported in Appendix 1. 

 

4.3  δ15N in cloud forest hummingbird feathers.  Values are Mean ± 1 SD, 

(sample size) 

Species Adults Males Females Juveniles 

A. melanogenys 6.53 ±1.2‰ 
(16) 

N/A N/A 5.03±2.12 ‰  
(7) 

H. leadbeateri 7.95±0.96‰ 
(21) 

7.39±0.99‰ 
(9) 

8.09±0.97‰ 
(12) 

7.22±0.96 ‰  
(4) 

C. torquata 7.84±0.94‰ 
(22) 

7.55±1.04‰ 
(12) 

8.24±0.82‰ 
(10) 

7.55±1.94 ‰  
(5) 

 

Previous studies of trophic position have examined δ15N in blood rather 

than in feathers (Herrera et al. 2005; Herrera et al. 2003), so I examined the 

relationship between δ15N in blood and feathers in my data (fig. 4.2).  The 

two tissues have slightly different δ15N values even in birds fed a consistent 

diet in a laboratory (Hobson and Bairlein 2003).  Therefore, I expected my 
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feather δ15N values to be slightly higher than the blood δ15N values from 

previous research.   

Though I was unable to collect and analyze blood from each individual 

used in the feather study, I had both blood and feather data for a total of 30 

hummingbirds captured during this field work.  In these birds, the mean δ15N 

in feathers was indeed 2.12‰ higher than that of blood (paired t30=-10.23, 

p<.001).  This is comparable with laboratory values of a 1.6‰ difference 

between blood and feathers in Silvia borin (Garden Warblers) (Hobson and 

Bairlein 2003). The relationship between δ15N in blood and feathers was 

highly significant (F1,29 =62.0, p<.0001) (fig 4.2). 

Adjusting for the ~2‰ difference we expect between δ15N in blood 

and feathers, the values I found in Ecuadorian hummingbirds were 

comparable with those previously reported for wild caught tropical birds.  A 

previous study found δ15N values in blood of approximately 2.2-3.4‰ for 

granivores and 6-6.1‰ for insectivores in tropical rainforest birds in Mexico 

(Herrera et al. 2003).  Blood samples from the present study ranged from 

5.03‰ for a juvenile A. melanogenys to 8.24‰ for an adult C. torquata.   

However, values of δ15N in feathers and blood were generally in the same 

range as those of spiders.    

It is difficult to compare the variability that I found among individuals 

in a species to any other records because most published values for wild 

caught birds rely on very small sample sizes, and no comparable data set 

with differences among age classes and genders has been published.  In 
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Mexico, the SDs for mean δ15N based on at least 10 birds of a species ranged 

from 0.7- 1.3‰.  In the present study, the SD for each subgroup (e.g. 

juveniles of a certain species) with 10 replicates ranged from 0.8-1.2‰ 

(table 4.3). 

4.2.3. Effect of season 

Because my samples sizes of blood were so small, I used feathers for 

most comparisons, and blood δ15N only to compare females captured during 

breeding and non-breeding seasons.  Because feathers are inert, they 

capture information only from the period during which they were grown.  The 

seasnal comparison could only be done with blood, because it required a 

tissue that integrated values over a short period of time, offering current 

values.  Juvenile hummingbirds were common in the nets during October and 

November.  Blood samples from female H. leadbeateri had lower δ15N during 

the months that no juveniles were sighted (5.68 ± .26‰) than when there 

were juveniles present (6.77 ± .08‰).  The difference was significant (one 

tailed t9=3.44, p<0.005 nbreeding = 5, nnon-breeding= 4).  

4.2.4. Effect of elevation 

There was also a significant, though noisy relationship between 

elevation and δ15N in A. melanogenys (F1,09 =7.716, p=.01) (fig 4.3).  

Though this study was not designed to examine the effect of elevation, the 

results are worth reporting so that future studies are careful to note this 

potential trend in samples collected over an elevational range.   
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4.3 Discussion 

The first significant result of this study is that nitrogen isotopes are 

capable of revealing intraspecific differences in the diet of wild birds.  

Previous studies have discriminated among species of different guilds 

(Herrera et al. 2003), but here, I have demonstrated that δ15N can also be 

used to discriminate within the rather narrow guild of nectarivores, and even 

further, within species.   

Among-species comparisons reveal that there are clearly some 

differences in the diet of the smaller, lighter, shorter-billed A. melanogenys 

compared to H.leadbeateri and C. torquata. A. melanogeys individuals are 

probably using a wider variety of protein sources, perhaps incorporating 

some nitrogen from fruit. The differences between the two dimorphic species 

were minimal, though H. leadbeateri’s behavior might have led us to expect 

lower δ15N values.  H. leadbeateri is the more territorial of the two species, 

which is correlated with higher burst power in flight (Altshuler 2006).  Higher 

burst power generally entails less ability to hover (Chai et al. 1996), so we 

might have expected that H leadbeateri as a species would prefer flying prey 

to that obtained by raiding webs, thus consuming fewer spiders and having 

lower δ15N.  I failed to detect such a difference. 

The results suggest that female hummingbirds feed at a higher trophic 

level than males, which is consistent with a recent behavioral study of 

Colombian hummingbirds that found females relying more heavily on spiders 

than males of the same species (Rico-G. 2005).  The differences in that study 
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were especially marked in Coeligena helianthea, a congener of the C. 

torquata in this study.  Isotopic analysis deals only with assimilated protein 

(Herrera et al. 2005) in the birds tissues, so that a higher δ15N does not 

imply more total protein in the diet.  However, spiders are both richer in 

protein and have higher δ15N than flies, so it is likely that female 

hummingbirds are in fact assimilating more protein.   

The role of pollen and fruit is not likely to be great in any hummingbird 

species.  Pollen is probably too well-protected to be digestible by 

hummingbirds’ rather weak digestive system (van Tets and Nicolson 2000), 

and fruit has such a low total nitrogen content (< 1% N) that it is incapable 

of contributing very much protein to a hummingbird’s diet (Levey and Stiles 

1992).   

A more precise baseline of δ15N for the ecosystem would strengthen 

the conclusions presented here.  For example, if the spiders I sampled were 

actually representative of the higher trophic levels of prey items, we would 

have expected feather values to have δ15N values 2.4‰ higher than the 

arachnids, rather than similar values.  Clearly, the full explanation of sources 

of assimilated protein sources for these hummingbird communities is more 

complex than this research could detect.  In fact, it is difficult to account for 

all of the sources of variation even in much better-studied systems 

(Daugherty and Briggs 2007).  Further research should pay careful attention 

to achieving a representative sample of all potential protein sources.   
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Gender differences are unlikely to be caused by metabolic differences, 

and physiological differences between genders have not been studied in 

relation to protein, although they have been examined in relation to sugar 

digestion (Markman et al. 2006).  However, in captive studies of other birds, 

there has been no indication that 15N assimilation differed between genders 

(Yohannes et al. 2005, pers.comm).  Some captive studies can be difficult to 

extrapolate to natural environments, but metabolic pathways are unlikely to 

be affected by captivity.   

The trade-offs of consuming volant vs. non-volant arthropods play out 

differently for male and female hummingbirds.  Males generally have 

narrower wings, even in species that have almost no sexual dimorphism 

(Wolf et al. 1976).  Their narrower wings are thought to give them greater 

maneuverability and more powerful flight, which is useful in territory or mate 

defense, but makes hovering more difficult and more energetically 

demanding (Chai et al. 1996).  Hence males may be eating more volant 

arthropods because they are less costly to catch. Aerial foraging strategies 

may also be less disruptive to maintaining vigilance of their territories.  On 

the other hand, females have broader wings and they also face higher 

nitrogen demands.   

The higher δ15N values in the blood of females during months when 

juveniles were also present indicates a breeding season shift in arthropod 

diet, probably in response to the high nitrogen demands of reproduction.  

This intra-annual difference in diet underscores the importance of protein 
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sources to the hummingbirds. The results are consistent with the hypothesis 

that demands of protein synthesis during breeding can result in generalized 

gender differences in avian resource use.   

Finally, I hypothesized that juveniles would have δ15N levels 

comparable to those of females, because they also face steep protein 

requirements for their growth.  Instead, they showed lower average values of 

δ15N than adults of either sex.  This might be because juveniles lack the skills 

or stamina to forage on the same prey as adults.  

In addition to the hypotheses this study was designed to address, I 

found an unanticipated relationship between elevations and feather δ15N, 

with higher δ15N at higher elevations, which should be considered by future 

studies.  The most conservative explanation for the pattern is simply a 

statistical accident.  However, Hobson found a slight relationship between 15N 

and elevation, also.  Alternatively, the hummingbird diets might alter among 

elevations, even within a given species.  Finally, there might be an aspect of 

plant physiology than changes with altitude, though a literature review 

provided little insight. 

Stable isotope analysis offers novel insights into the diets of 

nectarivorous birds, and overcomes many of the challenges that have 

plagued behavioral studies of their protein consumption.  In this paper, I 

have shown strong differences between the diets of male and female 

hummingbirds, which I suggest are the product of both physiological 

constraints of sexual selection, and the protein requirements of breeding.  
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These differences have been suggested previously, but have not been 

convincingly confirmed until now.   
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4.4. Figures 
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Figure 4.1  δ15N in the feathers of male and female hummingbirds.  In both 

species, females had higher δ15N than males.  Asterisk denotes significance 

at the p=.05 level. 
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Figure 4.2  The relationship between δ15N in feathers and blood from 

Andean hummingbirds.  Feather values averaged 2.12‰ higher than blood.
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Figure 4.3  δ15N in A. melanogenys feathers bore a slight but significant 

relationship to elevation (F1,20 =7.716, p=.01).  Blood values shown for comparison.
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Table 4.4  δ15N in feathers of hummingbirds. 

SPECIES AGE SEX δ15Nfeather DATE MASL 

H. leadbeateri A F 7.89 7/15/2004 1700 

H. leadbeateri A F 5.96 10/21/2004 1300 

H. leadbeateri A M 6.78 10/21/2004 1300 

H. leadbeateri A F 9.77 10/21/2004 1300 

H. leadbeateri A F 9.10 10/21/2004 1300 

H. leadbeateri A M 7.28 10/22/2004 1700 

H. leadbeateri A M 8.62 10/22/2004 1700 

H. leadbeateri A F 7.81 10/24/2004 1950 

H. leadbeateri A F 7.21 10/24/2004 1950 

H. leadbeateri A M 6.86 10/26/2004 1700 

H. leadbeateri A M 6.59 10/26/2004 1700 

H. leadbeateri J F 7.52 10/26/2004 1700 

H. leadbeateri A F 7.96 4/23/2005 1950 

H. leadbeateri A F 8.37 4/23/2005 1950 

H. leadbeateri J F 6.39 09/22/06 1350 

H. leadbeateri A M 6.43 09/23/06 1700 

H. leadbeateri A M 8.92 09/24/06 1900 

H. leadbeateri A F 8.13 10/27/2006 1700 

H. leadbeateri A F 7.77 10/28/2006 1900 

H. leadbeateri J M 7.51 10/29/2006 1900 

H. leadbeateri A F 8.81 10/29/2006 1900 

H. leadbeateri A M 7.62 10/29/2006 1900 

H. leadbeateri A F 8.35 10/29/2006 1900 

H. leadbeateri J F 8.75 10/29/2006 1900 

A.melanogenys A NA 7.44 10/11/2004 2500 

A.melanogenys A NA 6.37 10/11/2004 2500 

A.melanogenys A NA 8.59 10/11/2004 2500 

A.melanogenys A NA 7.17 10/11/2004 2500 

A.melanogenys A NA 8.20 10/14/2004 2500 

A.melanogenys A NA 9.69 10/14/2004 2500 

A.melanogenys A NA 6.05 10/22/2004 1700 

A.melanogenys J NA 4.38 10/22/2004 1700 

A.melanogenys A NA 5.60 10/22/2004 1700 

A.melanogenys A NA 7.78 10/24/2004 1950 

A.melanogenys A NA 5.50 10/24/2004 1950 

A.melanogenys A NA 4.24 10/24/2004 1950 

A.melanogenys J NA 2.54 10/24/2004 1950 
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Table 4.4 cont. 

A.melanogenys J NA 5.00 10/25/2004 1950 

A.melanogenys A NA 5.59 4/23/2005 1950 

A.melanogenys A NA 5.22 4/23/2005 1950 

A.melanogenys A NA 5.34 4/23/2005 1950 

A.melanogenys A NA 6.44 4/23/2005 1950 

A.melanogenys J NA 8.82 08/13/06 1700 

A.melanogenys J NA 4.13 09/24/06 1900 

A.melanogenys J NA 6.77 10/29/2006 1900 

A.melanogenys J NA 3.56 08/14/08 1900 

C. torquata A M 7.96 7/3/2004 2500 

C. torquata A F 8.33 7/3/2004 2500 

C. torquata A F 8.49 7/3/2004 2500 

C. torquata A M 8.02 7/3/2004 2500 

C. torquata A M 8.23 7/3/2004 2500 

C. torquata A M 7.13 7/3/2004 2500 

C. torquata A F 8.53 7/5/2004 2500 

C. torquata A M 7.90 8/15/2004 2500 

C. torquata A F 7.97 8/16/2004 2500 

C. torquata A M 7.69 8/16/2004 2500 

C. torquata A M 8.57 8/16/2004 2500 

C. torquata A NA 7.35 8/16/2004 2500 

C. torquata A F 6.82 9/11/2004 2500 

C. torquata A F 6.74 9/11/2004 2500 

C. torquata A M 5.15 9/11/2004 2500 

C. torquata A F 9.12 10/11/2004 2500 

C. torquata A M 7.49 10/11/2004 2500 

C. torquata J M 5.83 10/12/2004 2500 

C. torquata A M 7.43 10/14/2004 2500 

C. torquata J NA 7.66 10/14/2004 2500 

C. torquata A F 9.49 7/22/2006 2500 

C. torquata A F 9.04 7/22/2006 2500 

C. torquata J F 10.02 7/22/2006 2500 

C. torquata J M 7.57 7/22/2006 2500 

C. torquata A F 7.59 09/19/06 2500 

C. torquata A F 9.17 10/23/2006 2500 

C. torquata J F 5.00 10/23/2006 2500 

C. torquata A F 7.63 10/24/2006 2500 
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Chapter 5 Conclusions 

Although tropical climates are generally considered to be consistent 

throughout the year, this dissertation underscores the importance of 

seasonal dynamics in such climes.  Birds react to the seasonal changes in a 

variety of ways.  First, birds probably time their breeding to correspond to 

seasonal abundances of their preferred foods.  Second, some birds move 

during the year to time their presence to the maximum resource availability 

in a locality. Thirdly, they may undergo seasonal shifts in diet.  There is also 

evidence for ontogenetic and species-wise trophic partitioning.   

Breeding seasonality 

The timing of birds’ breeding is thought to be ultimately determined by 

food availability.  Many studies have characterized the breeding of tropical 

birds (Stutchbury 2001), but the sources of variation within the tropics are 

also considerable.  Altitude might play an important role in determining the 

length of breeding season, but few studies have specifically addressed 

altitude.  

• Bird communities in Sangay National Park breed more 

seasonally at higher altitudes.  Captured birds were much more 

likely to be in breeding condition between September and 

November at altitudes above 2000 meters.  At lower elevations, 

breeding was more consistent year-round.   
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• The timing of breeding in these bird communities is probably a 

response to seasonal availability of food resources.  At higher 

elevations, photosynthesis might be light-limited in the rainy 

season.    

• Altitude should be explicitly considered in reviews of tropical 

breeding seasonality.  

Hummingbird diets 

Protein is important in hummingbird diets, but dietary studies almost 

always focus on nectar foraging, because it easier to observe nectar foraging, 

which is also the stage for most social interactions that attend foraging.  

Though it is difficult to observe hummingbirds feeding on arthropods for 

sufficient time to generate good comparative behavioral data, stable isotopes 

can offer a portrait of foraging strategies.   

• Using the abundances of 15N in feathers and blood of three 

species of hummingbird, I compared sources of protein between 

males and females, adults and juveniles, and among species.   

• Female hummingbirds feed higher at higher trophic levels than 

males. 

• The gender difference in trophic level in hummingbirds is 

greater in C. torquata a species with less sexual dimorphism 

than H. leadbeateri. 
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• Isotopes indicated that juvenile hummingbirds generally feed at 

lower trophic levels than adults, probably because they are not 

yet adept at capturing protein-rich prey. 

• Female hummingbirds feed at higher trophic levels during 

breeding season than at times when there is no evidence of 

breeding. 

 

Tracking migrations 

Altitudinal migration is a common strategy by which birds deal with 

resource fluctuation.  Recent studies have suggested that the natural 

abundances of stable isotopes along the elevational gradient of the Eastern 

Andes is adequately reflected in bird feathers such that local movements by 

birds can be tracked (Herrera et al. 2005; Hobson et al. 2003).  I attempted 

to refine this method by using the feathers of resident birds to eliminate the 

possibility that the feathers were grown at a different location.  Furthermore, 

I examined blood, which integrates isotopic signal over a shorter period of 

time, and minimizes the likelihood of catching a signal from another location 

for nectarivores and species which might be more vagile. 

• Although I found a statistically significant relationship between 

feathers and altitude for the combined set of nectarivores, this 

relationship was insufficient to answer specific conservation 

questions.   
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• Despite the clear relationship between elevation and isotopic 

signature, deuterium in blood and feathers cannot be used to 

reliably describe local migrations 
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