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There is increasing evidence that the type of land cover surrounding remnant 

patches of native habitats (the ‘matrix’) can modify effects of landscape change on 

biodiversity; thus the traditional idea of dichotomous habitat and non-habitat 

following island biogeography theory is insufficient in complex landscapes.  Matrix 

type can have dramatic influences on the amount of functional connectivity in a 

landscape, and some types of land use may conserve connectivity better than others. 

Evidence is accumulating across multiple systems that pollinator communities and the 

plants they pollinate and depend upon respond negatively to habitat loss and 

fragmentation.  However, relatively little effort has been devoted to examining the 

effects of matrix type on pollinator movements. Tropical forest conversion often 

results in matrix areas of agricultural use, predominantly animal pasture and crop 

growth.  Areas of pasture are vastly different than native forest, both in terms of 

physical structure and the resources they might provide to native pollinators.   



Our research compared responses of four mature-forest associated tropical 

hummingbird species to varying matrix type.  We conducted a titration experiment 

where unlimited food was provided along transects through two matrix types (pasture 

and regenerating forest (hereafter “scrub”) to test whether functional connectivity 

differed, independent of resource availability.  We used radio frequency identification 

(RFID) systems to empirically test differences in the use of matrix types by species, as 

well as the distance each species ventured into each matrix type.  The number of 

feeder visits for one specialist species, the green hermit (Phaethornis guy), was 

strongly influenced by matrix type; scrub was >1.4 times (95% CI = 1.24 – 1.57) more 

permeable than pasture, and forest was >4 times (95% confidence interval [CI] = 3.66 

– 4.65) more permeable than scrub.  However, we did not detect an effect of matrix 

type on the number of rufous-tailed hummingbird (Amazilia tzacatl) visits. The other 

two species (violet sabrewing [Campylopterus hemileucurus] and stripe-throated 

hermit [Phaethornis striigularis]) were never detected in pasture, and only rarely in 

scrub, although sample sizes for these species were low. Interestingly, two of our 

species – violet sabrewing and green hermit – also showed a strong affinity for forest 

interior, which may explain greater observed rates of pollination in large patches. 

Overall, our results suggest that the presence regenerating tropical forest scrub boosts 

functional connectivity by a ‘forest interior’ species (the green hermit), and therefore 

has the potential to restore hummingbird pollination networks in fragmented tropical 

landscapes. 
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DOES THE MATRIX MATTER?  USING RADIO FREQUENCY 

IDENTIFICATION (RFID) TECHNOLOGY TO EXAMINE HUMMINGBIRD 

MOVEMENTS IN FRAGMENTED TROPICAL LANDSCAPES 

 

Introduction 

There is increasing evidence that the type of land cover surrounding remnant 

patches of native habitats (the ‘matrix type’) can modify effects of landscape change 

on biodiversity; thus the traditional idea of dichotomous habitat and non-habitat 

following island biogeography theory (MacArthur and Wilson 1967) is insufficient in 

complex landscapes (Driscoll et al. 2013, Jules and Shahani 2003, Prugh et al. 2008).  

Forman and Godron (1986) defined matrix as the dominant land cover type, but the 

definition we use here is thought to be more biologically meaningful (Driscoll et al. 

2013).  Matrix can influence biodiversity in several important ways.  Matrix type can 

have dramatic influences on the amount of functional connectivity in a landscape, 

meaning that it may conserve or alternatively decrease the ability of organisms to 

move between suitable habitat areas.  Some types of land use may conserve 

connectivity better than others.  These matrix types are considered permeable, while 

land use types that reduce or eliminate connectivity are considered impermeable, 

resulting in barriers to movement of organisms between native habitats across the 

landscape (Hansbauer et al. 2008, Gascon et al. 1999, Laurance et al. 2004, Moore et 

al. 2008).  Permeability and connectivity are species-specific ideas and may change 

drastically depending on what is being considered.  Effects of habitat structure may be 

important; for example, open pasture containing no vertical structure may be used 

quite differently than plantation forest or highly structured regenerating forest (Bender 

and Fahrig 2005).  In addition, matrix containing a gradient of habitat types (‘low-

contrast’) may be more hospitable for some animals than one containing hard edges 

between cover types (‘high-contrast’) (Laurance et al. 2004).  Resource base may also 

be very important to animals using matrix areas.  This can be affected by 
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anthropogenic use (i.e. gardens or crop plantations such as bananas) or native flora 

regeneration in matrix areas (Driscoll et al. 2013). 

Evidence is accumulating across multiple systems that pollinator communities 

and the plants they pollinate and depend on can show negative effects from habitat 

loss and fragmentation (Aguilar et al. 2006, Andren 1994, Ghazoul 2005, Hadley and 

Betts 2009, Hadley and Betts 2012, Hinsley 2000).  Since pollinators are required to 

move around landscapes to find resources and the plants depend on this movement for 

effective pollination, barriers to pollinator movements may exert effects on pollination 

activity across the landscape.  However, relatively little effort has been devoted to 

examining the effects of matrix type on pollinator movements (e.g. Diekötter et al. 

2007).  Matrix type and quality may be important for pollination in several respects.  

Matrix may promote localized movement of pollen that depresses reproductive 

success of plants, or alternatively may ensure that pollinators move substantial 

distances across the landscape, resulting in higher pollination rates and pollen quality 

(Hadley and Betts 2012).  Limitation of pollinator movement can disrupt pollination 

services and gene flow between plant populations and thus effective reproduction of 

those plants (Ashman et al. 2004, Borgella et al. 2001, Ghazoul 2005, Kremen et al. 

2007).  Non-native crop plants provide food resources but also pollen.  If native 

pollinators visit these plants, they then may transport this pollen around the landscape 

at the expense of native pollen (Rodriguez-Cabal et al. 2013).  This may result in large 

changes in the pollen web and reduced pollination of native species, leading to lower 

seed set of and thus declines in native plant communities (Hadley et al. 2014).  If the 

matrix does not contain suitable resources and native habitat is reduced past certain 

thresholds, pollinators may decline as well as native plant communities (Hadley and 

Betts 2012).  These mechanisms of resource and vegetation effects may independently 

or collectively affect pollinator movements, but the importance of each is not currently 

well understood.  Understanding these factors in detail can provide land managers 

with the opportunity to alter the matrix, and use this as a conservation tool to decrease 

habitat loss and fragmentation effects on pollinators.   
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Tropical forest conversion often results in matrix areas of agricultural use, 

predominantly animal pasture and crop growth.  Areas of pasture are vastly different 

than native forest, both in terms of physical structure and the resources they might 

provide to native pollinators.  Resources can influence pollinator movements around 

habitat areas (Collins 2008, Garrison and Gass 1999, Stiles 1975).  Fragmentation 

could disrupt these movements if the distance between patches is too large or patches 

are too small to support local populations of pollinators and their needed resources.  

This may also lead to disruption of pollen flow around the landscape.   

Hermit hummingbirds (subfamily Phaethornithinae) are forest-dwelling 

species that exhibit “traplining” behavior (McBride 2012, Stiles and Skutch 1989).  

Traplining is a behavioral pattern of foraging in which individuals tend to return to 

specific food resources at semi-predictable times and in predictable patterns (Ohashi 

and Thomson 2009).  This behavior is observed in several groups of organisms other 

than hummingbirds, such as Marten (genus Martes) and honeybees (genus Apis) 

(Spencer 2012).  The Green Hermit (Phaethornis guy) is a common hummingbird 

species and an important pollinator in Costa Rica (Borgella et al. 2001) that lives in 

forested habitat and exhibits traplining behavior.  Violet Sabrewings (Campylopterus 

hemileucurus) and Stripe-throated Hermits (Phaethornis striigularis) are also common 

species that exhibit this behavior (Tshering et al. 2011, Sedgwick 2011, Stiles and 

Skutch 1989).  Several hummingbirds in southern Costa Rica are lekking species 

(Green Hermit, Stripe-throated Hermit, Violet Sabrewing), meaning that males gather 

in communal display grounds, termed leks, to attract females to mate with (McBride 

2012, Tshering et al 2011, Sedgwick 2011).  Leks tend to be stable over many 

generations (Harger and Lyon 1980, Stiles and Wolfe 1979), and the ability to reach 

leks may be disrupted if matrix is hostile surrounding the forest patch in which the lek 

occurs.  This may potentially also have strong effects on bird movements and 

subsequently pollination patterns and hummingbird populations.  Many other species 

of hummingbirds do not exhibit traplining or lekking behavior such as the Rufous-

tailed Hummingbird (Amazlia tzacatl).  Since they maintain localized territories and 
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do not appear to travel outside of them (Reich 2010, Stiles and Skutch 1989), they 

may show differing responses to habitat loss and fragmentation and matrix types. 

Currently most research has focused on gap crossing (e.g. Belisle and 

Desrochers 2002, Develey and Stouffer 2001, Harris and Reed 2002) rather than 

independent effects of specific matrix types on movement, although some studies have 

attempted to examine this (Pither and Taylor 1998, Ricketts 2001).  However, 

previous studies relating to these topics have not assessed the effects independently, 

since the effects of food and cover are often confounded.  The effect of food 

availability on functional connectivity has not been extensively investigated.  These 

mechanisms are the important underlying drivers of functional connectivity between 

native habitat patches.  The appropriate method to independently test the effects of 

food resources and cover resources is via a titration experiment.  Titration experiments 

attempt to standardize food availability across different matrix types in order to 

separate the independent effects of cover type from resource availability (e.g., 

Moriarty et al. 2015).  This enables researchers to directly examine functional 

connectivity of different matrix types without the confounding effect of ‘motivation’ 

caused by resource availability (Belisle 2005). 

Our research compares responses of pollinator hummingbirds to varying 

landscape structure as well as resource amount by observing movements of four 

species.  The species of hummingbirds used (Green Hermit, Violet Sabrewing, Stripe-

throated Hermit, and Rufous-tailed Hummingbird) represent a variety of life history 

traits reflecting diet, habitat specialization and territoriality, and are also important 

pollinators for many tropical plant species such as Heliconia tortuosa.  We chose these 

species because they are all common across the study area and were conducive to 

study, and yet comparatively little is known about their patterns of habitat use, and this 

work is designed to deepen that understanding in the context of their pollination 

services.  Because these species are important pollinators in southern Costa Rica, 

understanding their movements is critical for gaining an understanding of how pollen 

flow and pollination webs and dynamics may change if pollinator movements are 
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affected by land use and landscape change.  Specifically, we tested the effects of two 

common matrix types – pasture and regenerating forest (hereafter “scrub”) – in 

relation to mature forest.   Our scope of inference will include hummingbird 

pollinators in deforested landscapes in southern Costa Rica (Borgella et al. 2001, 

Hadley et al. 2014).  I predicted that for mature-forest associated species, scrub should 

provide greater functional connectivity than pasture, independent of the effects of 

resource availability. If this is true, it opens the management possibility of increasing 

hummingbird functional connectivity quite rapidly by either actively or passively 

restoring pasture to include woody plants (Cole et al. 2011). 

METHODS 

Study Area, Species, and Design 

Our study area was the landscape within and surrounding the Las Cruces 

Biological Station (8º 47’ N, 82º57’ W), operated by the Organization for Tropical 

Studies (OTS) in southern Costa Rica.  The region is heavily influenced by 

agricultural use (predominantly pasture use, but also some crop production such as 

coffee and banana), and forest fragments of various sizes (1 - >1000 of Ha) and ages 

(stand initiation to unaltered primary forest) are scattered through the region.  The 

primary forest type is Pacific premontane humid forest (Hadley and Betts 2009).  We 

selected seven forest landscapes (patches of forest surrounded by matrix) for titration 

experiments, one of which centered on the Las Cruces reserve.  Matrix types initially 

included mature forest (older than ~30 years), scrub habitat/regenerating forest 

(younger than ~30 years), forest with and without streams, open pasture, and 

hedgerows crossing pasture.  These were selected because the characteristics of each 

are biologically relevant to our study species.  The variation across matrix types in 

cover amount and structural complexity was a chief driver in our choices; streams are 

thought to possibly function as movement corridors for some species (Volpe et al. 

2014), such as Green Hermits, and also are habitat for a major resource for Green 

Hermits, Heliconia tortuosa (Hadley et al. 2014), and so may also contain higher 
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resource amounts.  Hedgerows across pasture have been found to aid in crossing that 

matrix type (Kormann et al. 2016).  To account for spatial variation among local 

landscapes, we used a blocked design where landscapes contained as many different 

matrix types as possible; all experimental landscapes contained pasture, scrub and 

forest types.  We selected forest patches containing leks of our study species in order 

to ensure that we could capture and tag as many individuals as possible.  At each study 

patch, radio frequency identification device (RFID) readers were deployed at a center 

point (at or close to the banding site) and in four lines of four readers each across 

different treatment types. Readers were spaced at 25, 75, 175, and 275 meters from the 

center point in each line, creating a “grid” that is approximately 550 meters across 

depending on terrain (Fig. 1). 

 

 

Fig. 1 Maps of seven landscapes that functioned as ‘blocks’ in titration experiments.  

Panel on lower right shows full study area with all seven landscape locations. Each 

landscape contained pasture and forest. Two landscapes contained all three treatments. 

Colored dots represent locations of hummingbird feeders with RFID readers (Blue = 

forest, yellow = scrub, red = pasture, black = hedgerow). The center of each sample 

landscape usually contained a lek, or at least the known location of green hermit 

hummingbirds. 
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Radio Frequency Identification Devices 

We used RFID readers and passive integrated transponder (PIT) tags to 

examine the movement patterns of hummingbirds across our treatment types.  

RFID/PIT systems work by recording the unique identity of the PIT tags when they 

are within the magnetic field generated by the antenna of the RFID reader.  The tag 

frequency is excited by the magnetic field, and the information coded into the tag is 

bounced back to the reader and the unique tag ID, time, and date are subsequently 

recorded in the reader’s memory.  This technology is widespread across many 

industries and has been used extensively in fisheries research and recently with 

passerine birds (Bonter and Bridge 2011, Bonter et al. 2013) and hummingbirds 

(Brewer et al. 2011), but to our knowledge, this is the first use investigating matrix 

permeability. 

Hummingbird Capture and PIT Tag Attachment 

At lek sites and near food sources (primarily Heliconia tortuosa flowers) we 

captured hummingbirds using mist nets and Hall traps (manufactured by the 

Hummingbird Monitoring Network) that contained feeders.  After capture birds were 

banded and painted on the head with a unique color combination in order to facilitate 

visual identification without recapture.  Birds deemed suitable (based on alertness and 

body condition) were subdermally implanted with an 8mm Passive Integrated 

Transponder (PIT) tag (0.034 g) (Oregon State University Animal Care Use Permit 

No. 4266) (Fig. 2).  See Appendix for details of the procedure.  Tags and implantation 

needles were purchased from Biomark.   
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Figure 2.  An RFID reader station (left), and implanted PIT tag on a hummingbird 

(right). 

Feeder Design and Use 

We designed feeders that provided small amounts of sugar water at timed 

intervals to mimic natural flower nectar provisioning rates.  However, the results 

presented in this thesis used unlimited-access feeders to serve in the titration 

experiment.  The reader antennas were positioned at the feeding spout on both types of 

feeders so as to record a read when a hummingbird visited the feeder.  We conditioned 

birds to the reader sites by “pre-baiting” with unlimited access feeders for at least 1 

week to acclimatize hummingbirds to feeders so they could form an association with 

the image of a feeder and presence of a resource.  After pre-baiting, we deployed 

readers with the same feeders for 1 week. 

 

 



9 
 

Site Measurement and Characterization 

In order to test predictions of hummingbird movement relating to cover type 

and food resource amount, we measured the vegetation characteristics at all sites. This 

enabled us to characterize structure and food resources, and control for confounding 

variables.  Vegetative measurements at each plot were taken within a 20 meter radius.  

We measured general cover type description (i.e., primary forest, old secondary forest, 

young secondary forest, scrub, pasture, with or without stream), slope, aspect, percent 

cover, canopy cover, tree density, average canopy height, average diameter of canopy 

trees, and the number and species of actively flowering plants.  We measured slope 

using a clinometer and aspect with a compass.  We also estimated understory cover 

(vegetation <10 m).  Canopy cover was measured using a densiometer at a location 

that was 2 meters north of reader stations to avoid the canopy influence of the tree to 

which the reader was attached.  We measured tree density by conducting a variable-

radius survey with a 10-factor prism.  Tree diameters at breast height (DBHs) were 

grouped by size (<30, >30 cm DBH) to characterize the site as mature or young scrub 

forest.  We also estimated average canopy height and average diameter of canopy 

trees.  All observers conducted several surveys simultaneously in order to calibrate 

observation values and techniques to all observers. 

All data were collected from February to May of 2013. 

Analysis 

Response variables that are measured using RFID systems are 

presence/absence of individuals at specific points (reader stations) and the time each 

hummingbird spent at the feeder.  From this data we calculated the return interval and 

distance between presence records.  We used the number of discrete ‘visits’ to feeders 

as a primary response variable. This produces a more biologically meaningful 

response metric, as a tagged bird can sit on a feeder and rapidly accumulate hundreds 

of reads due to the high sampling rate of the RFID readers of every 1/3 second.  

However, this large number of reads only amounts to one feeder visit.  Therefore we 
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consolidated all sequential groups of reads separated by less than 30 seconds into 

single visits. 

Statistical Modeling 

We summarized data by consolidating information into a master data frame 

that included all RFID reader visit data for each individual bird, along with basic data 

about the individual including age, sex and species.  This included patch- and point-

level data such as location coordinates, vegetation metrics, point distance from matrix 

type edge, and number of reads and visits. 

In order to test the effects of matrix type on the number of visits by each 

species, we modeled the number of visits as a function of cover type (i.e. forest, 

pasture, scrub) and Heliconia abundance for green hermits and rufous-tailed 

hummingbirds.  We included Heliconia abundance to account for the high likelihood 

that some cover types have more resources that others (particularly forest). Previous 

work has shown that Heliconia abundance exerts a strong influence on green hermit 

distributions (Volpe et al. 2016).  We used generalized linear mixed models in the 

lme4 package (Bates et al. 2015) in the program R (R Core Team 2013) with a 

negative binomial distribution to reflect the zero-inflated nature of the data.  To reflect 

repeated sampling of individuals and of individuals within landscapes, we used 

‘individual’ nested within ‘landscape’ as random effects.   

In the titration experiment, in order to test the distance that individuals moved 

into different cover types, we modeled the number of visits as a function of distance 

from the edge of each cover type.  Specifically, we modeled: number visits ~ distance 

to edge*cover type for each species separately (green hermit, rufous-tailed 

hummingbird, and violet sabrewing).  As above, ‘individual’ was nested within 

‘landscape’ as random effects in each model where possible. For all models, we 

calculated confidence intervals using a Wald test.   
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RESULTS 

Data collection resulted in 54,000 individual reads and 5754 visits from 77 

individual birds of 4 species (Table 1, Fig. 3). Raw data indicate that a pattern of 

preference for forest over matrix types exists for our study species, and that within 

matrix regenerating forest is used more than pasture (Fig. 4).  Within forests, stream 

corridors did not appear to be selected.  In statistical analyses, we combined stream 

points within forest into the forest cover type, and dropped hedgerow points from the 

data due to lack of information. 

Two inter-patch long-distance movements were recorded, covering total 

distances of 1.0 and 2.8 kilometers. 

Figure 3.  Summary of number of visits recorded from each of 4 study species.  GREH 

= green hermit, RTAH = rufous-tailed hummingbird, STRH = stripe-throated hermit, 

VISA = violet sabrewing. 
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Figure 4.  Summary of number of visits recorded from each matrix type.   

 

Matrix Type Use 

Eighty-two percent (n=4720) of all visits to readers occurred in forest.  Green 

hermits were strongly and positively associated with forest and Heliconia abundance 

(GLMM: F=567.18, P <0.001; Fig. 5).  Visits were 4.123 times (95% confidence 

interval [CI] = 3.66 – 4.65) more likely to occur as compared to pasture.  Importantly, 

multiple comparisons revealed that scrub had significantly more visits than pasture 

(GLMM: Z = -3.29, P < 0.001; Fig. 5).  Scrub had 1.40 times more visits than pasture 

(95% CI = 1.24 – 1.57).  We did not detect an influence of matrix type on rufous-

tailed hummingbirds feeder use.  However, we had limited power to detect difference 

given the small sample size (n=8 individuals).  We did not include violet sabrewings 

in this analysis due to the inability of the GLMM to converge, because there were zero 

visits in pasture. 

Distance into Matrix Types 
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Green hermit visits increased positively with distance from the edge into the 

forest (GLMM: F=12.44, P<0.001; Fig. 6), indicating that they are associated with 

forest interior.  In contrast, feeder visits by hermits significantly decreased with 

increasing distance into scrub (GLMM: t = -5.37, P<0.001).  Counterintuitively, green 

hermits were more likely to visit distant feeders in the pasture matrix type (GLMM: 

t=3.89, P<0.001), but it is important to note that, in total, only 6 of 53 birds were 

present at pasture points. 

Rufous-tailed hummingbirds showed a strong increase with increasing distance 

into forest (GLMM: F=3.29, P=0.004; Fig. 6).  Scrub showed a weakly negative 

relationship of visits with increasing distance (GLMM: t = -0.98, P=0.33) and pasture 

showed a weakly positive relationship of distance to visits (GLMM: t = 1.46, P=0.14).  

However these results may be misleading due to the few individuals (n=8) included in 

analysis, as well as the fact that the model was not able to converge using ‘Individual’ 

as a nested random effect.   

Violet sabrewings showed a positive relationship to increasing distance into 

forest (GLMM: F=8.49, P<0.001; Fig. 6), suggesting that sabrewings are associated 

more with interior forest habitat.  Sabrewings did not visit any pasture points, which is 

strongly suggestive that they avoid pasture.  As with Rufous-tailed hummingbirds, 

there were few individuals (n=9) included in this analysis, and the models were also 

unable to run using ‘Individual’ as a random effect (we could account only for non-

independence caused by ‘landscape’).  Stripe-throated hermits were excluded from 

statistical analysis due to lack of data, but none of the stripe-throated hermits observed 

used pasture or scrub and only one used scrub (Table 1). 

In all figures the y-axis is directly interpretable as number of visits.  The value 

is the number of visits to any specific point as compared to all surveyed points because 

of the way the data had to be structured. 
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Species Forest Scrub Pasture 

GREH 2875(53) 619(22) 173(6) 

RTAH 1498(7) 85(6) 129(2) 

VISA 254(9) 4(1) 0(0) 

STRH 93(4) 8(1) 0(0) 

 

Table 1. Number of visits by species and cover type.  Number of individuals is noted 

in parentheses. GREH = green hermit, RTAH = rufous-tailed hummingbird, VISA = 

violet sabrewing, STRH = stripe-throated hermit. 
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Fig. 5.  Parameter estimates and 95% confidence intervals showing the number of 

visits (log transformed) in pasture and scrub in relation to forest (the reference value, 

indicated by the solid black line).  Confidence intervals not overlapping zero indicate 

significant effects of matrix type.  For green hermit but not rufous-tailed 

hummingbird, both pasture and scrub show lower use than forest, and scrub was used 

significantly more than pasture.  GREH = green hermit, RTAH = rufous-tailed 

hummingbird. 



16 
 

 

Figure 6.  Number of visits by distance in meters from the edge of each matrix type 

(e.g. edge of forest/scrub into forest, edge of forest/pasture into pasture, etc.).  All 
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species showed more visits with increasing distance into forest. The effect of scrub 

matrix was variable across species.  

We do not yet have results for data investigating food resource alteration and 

hourly and daily movement patterns. 

DISCUSSION 

It is increasingly acknowledged that the matrix plays a key role in functional 

connectivity of habitats for animals (Driscoll et al. 2013). Overall, our results support 

this expectation for green hermit hummingbirds (a traplining species), but not for 

rufous-tailed hummingbirds (a territorial species). Green hermits were more than twice 

as likely to move through scrub than pasture, even after we experimentally boosted 

food resource availability in both matrix types and accounted for baseline food 

resources.  The other two species that visited RFID readers (violet sabrewing and 

stripe-throated hermit) did not move into either land use type, however sample size for 

these species was too small for statistical modeling. 

Interestingly, green hermits showed a stronger trend toward interior forest 

habitats and away from edges than we expected, based on current information about 

the species.  This suggests another mechanism for observed fragmentation effects on 

Heliconia tortuosa reproduction (Hadley et al. 2014); plants near the edge may be less 

likely to be visited by green hermits – the most abundant pollinator of this species 

(Betts et al. 2015), thus resulting in decreased fruit and seed set.  This trend toward 

interior forest by green hermit and violet sabrewing may be driven by local-scale 

vegetation, an idea that we will test with our point-scale vegetation data.  

Nevertheless, based on our results of use by distance into matrix types, it is possible 

that even early stage forest regeneration in adjacent edge may eliminate or reduce this 

edge effect on hummingbird visits. 

Our results for green hermit use of pasture were counter-intuitive, with the 

number of visits increasing with distance from the forest edge.  However, it is 

important to note the paucity of the data at these sampling points for this species (only 
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6 of the 55 individuals, and 173 of the 3667 visits, recorded for this species).  

Nevertheless, it is intriguing that these six individuals did not show the same 

behavioral aversion to open pasture as the other individuals. It would be interesting to 

know whether these individuals were particularly bold, or if something about those 

feeder locations was particularly attractive (for example, perhaps the absence of 

competitors or predators).  

The same small sample size issue may have affected our model results and 

conclusions for rufous-tailed hummingbirds and violet sabrewings.  The entirety of the 

data from rufous-tailed hummingbirds consisted of visits from only 8 individual birds 

in 2 sample landscapes.  In addition, these two sample landscapes were not entirely 

representative of the spectrum of different matrix types, consisting primarily of 

younger forests with smaller diameter trees (Fig.7, Patches 10 and 47).  Violet 

sabrewing data consisted of visits from only 9 individual birds, and no visits in the 

pasture matrix type. 
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Figure 7.

 

Figure 7.  Average diameter at breast height (DBH) of canopy trees in each of our 7 

sample landscapes.  The two patches that show high use of forest by rufous-tailed 

hummingbirds, 10 and 47, have the smallest average DBH of canopy trees.  This 

indicates younger forest that is more recently regenerated and structurally closer to 

scrub habitats. 

An important issue to consider with this study, as in many ecological studies, 

is that of imperfect detection (MacKenzie et al 2002).  There are several issues that 

may have contributed to imperfect detection in our work.  First, the detection of PIT 

tags by the RFID readers may have been influenced by several factors.  Each species 

of hummingbird we tagged was of a different size, ranging from very small (~2.5 

grams; stripe-throated hermit), to very large (~11 grams; violet sabrewing).  Each 

species also had different morphologies, most importantly in the bill.  Hummingbirds 

show dramatic variation in bill morphology as a result of adaptive radiation; rufous-

tailed hummingbirds have a relatively short, stout, and straight bill, while hermit show 

relatively long and decurved bills (Stiles 1975).  These differences mean that the 

birds’ head and body are in different positions relative to the flower or feeder spout.  
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Our RFID reader antennas were sufficiently large to accommodate each species within 

them, but the distance at which reads were reliably obtained by our antennas (~ 10 cm) 

means that depending on the birds’ position, likelihood of recording reads may have 

differed.  In addition, the orientation of the tag to the antenna influenced tag 

readability.  We attempted to position the antenna so that it would most likely be 

oriented correctly to the tag as it was placed under the birds’ dorsal skin.  Variation in 

behavior of both species and individuals possibly could have resulted in fewer 

detections.  Nevertheless, we do not expect that this source of imperfect detection 

would have resulted in a bias with respect to cover type use; in other words, imperfect 

detection should remain constant for all feeders across each matrix type. 

On the other hand, visual obstruction around feeder locations could constitute 

as bias for or against certain matrix types.  Readers/feeders in forests were highly 

variable in the amount of vegetation surrounding them, and those in pasture were 

highly visible, while those in scrub were variable in their visibility.  More generally, 

however, the distance trends and matrix type preferences suggest that this was not a 

large issue.  Foraging strategies of hummingbirds, especially trapliners, mean that 

birds investigate their home ranges and territories thoroughly and would be likely to 

encounter feeders.  Many sources of nectar come from understory herb species such as 

Heliconia, which exist in the same understory conditions as we placed our feeders.  

Given the ephemeral nature of these floral resources, birds must constantly be 

investigating the understory for nectar resources and would be highly likely to 

encounter our feeder stations.  However, the nature of feeders is that they are a highly 

concentrated and abundant source of food resource (sugar water rather than nectar, but 

still high energy).  This fact, combined with the fact that in one phase of our sampling, 

‘nectar’ from the feeders was essentially an unlimited resource, means that our 

sampling was not passive.  Birds had the choice to not utilize feeders, but there was a 

large incentive for them to do so, meaning that they may have been more likely to visit 

a feeder than a flower given the choice.  Our ‘pre-baiting’ phase of putting feeders out 
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in advance of attached readers also may have increased likelihood that birds were 

preferentially using them over naturally occurring food resources. 

Our results show that matrix type influences hummingbird movement across 

landscapes.  Although previous studies have shown a strong preference by green 

hermits for forest and hedgerows over pasture (Volpe et al. 2014, Kormann et al. 

2016, Volpe et al. 2016), To our knowledge, this is the first study that shows 

differential use of matrix types by a hummingbird species.  The intermediate levels of 

movement between existing native forest areas and the areas of pasture and active 

grazing use indicates that these areas of scrub are valuable for promoting functional 

connectivity even in early stages of restoration.  Pasture regeneration can help 

facilitate movement of some species (e.g., green hermit, violet sabrewing) between 

areas of their preferred forest habitats.  This is consistent with previous findings in the 

Biological Dynamics of Forest Fragments project – which found that as regenerating 

forest surrounding fragments aged, hummingbird captures increased substantially 

(Stouffer et al. 2011).   

There are several potential mechanisms that could cause differential matrix use 

by green hermits.  First, individuals may avoid areas without cover to minimize 

predation risk.  The tiny hawk (Accipiter superciliosus) is thought to be a main 

predator on hummingbirds (Stiles 1977).  Although we saw very few predators of any 

kind in matrix areas (e.g., tiny hawks, pit vipers), rare predation events could be a 

primary driver of hummingbird movements and behavior.  It is probable that 

interspecific competition could be a primary factor influencing matrix use, following 

the theory of ideal despotic distributions (Fretwell and Lucas 1970).  This could be 

tested by examining the trends we discovered in relation to metrics of body condition 

such as amount of body fat, or in relation to factors such as age or sex.  Rufous-tailed 

hummingbirds seem to be more abundant in secondary forest based on our 

observations and show a less clear association with particular matrix types.  In several 

instances, we have observed rufous-tailed hummingbirds ‘winning’ aggressive 

encounters with green hermits (Betts, Hadley pers comm, pers obs). In future work, 
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we will use RFID data to test whether times and locations without rufous-tailed 

hummingbirds show increased use by green hermits.  An alternative mechanism is that 

the navigational abilities of hummingbirds are dependent on the physical habitat, such 

that when a hummingbird moves into an unfamiliar habitat type (e.g. open pasture 

rather than forest) it becomes disoriented and cannot navigate effectively.  If the 

perceptual range of hummingbirds is limited that may also contribute to their lack of 

use of some land use types (e.g. pasture). 

Our results for green hermit indicate that intermediate matrix types may have 

the ability to lessen the effects of fragmentation as they mature.  This increased 

potential for movement of hummingbirds between areas of forest could have large 

impacts on both connectivity of metapopulations of these species in fragmented 

landscapes as well as the pollination services they provide.  The impacts of 

fragmentation shown on pollination by the species of hummingbirds we studied, such 

as Heliconia tortuosa (Hadley et al. 2014) could be helped as well, with the increased 

pollen movement from the birds aiding in reproduction of these species in smaller, 

isolated forest patches.  While it is outside the scope of this project, based on this and 

previous work (e.g. Hadley and Betts 2009, Volpe et al. 2014, Kormann et al. 2016) 

potential exists for these regenerating areas of matrix to aid in the movement of other 

forest-associated species that disperse the seeds of plants that hummingbirds help 

pollinate.  

We suggest several avenues for future research. The first is to analyze the visit 

data both pre- and post-reduction of food resources at feeders to test the degree to 

which food availability influences hummingbird use of differing matrix types.  Are 

essentially unlimited resources necessary to lure rufous-tailed and green hermit 

hummingbirds into scrub and pasture, or would ‘normal’ amounts of nectar (reflecting 

those of H. tortuosa) suffice? Alternatively, both matrix type and food resources may 

act synergistically to affect hummingbird movements and space use.  The answer to 

this question would affect the success of experimental plantings in restoration 

treatments for both hummingbird use and pollination success.  Also contained in these 
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data is the information to examine temporal patterns of use of land use types and food 

resources by hummingbirds in these landscapes.  Analysis of hourly movements could 

potentially reveal how movement patterns change through each day.   

Overall, our results demonstrate that there are clear differences in how each 

hummingbird species use fragmented landscapes in our study area, both in level of use 

of matrix types and the distance different species are willing to move into each.  The 

results suggest that fragmentation effects on hummingbird movement (Hadley and 

Betts 2009) and pollination (Hadley et al. 2014) are certainly not irreversible – and 

given plant growth rates in the study region, may be restored with only 20-30 years of 

passive restoration of pasture land to scrub and secondary forest. 
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APPENDIX 

PIT Tag Implant Methods 

We performed implant procedures at the capture sites, immediately after standard 

banding and measurement procedures.  If birds were not appearing vigorous they were 

not implanted, and if at any point during the procedure their condition appeared to 

deteriorate, the procedure was aborted.  The entire process lasts a few minutes when 

the implanter is proficient, and birds were fed sugar water before and after the 

procedure to ensure that they had sufficient energy.  The area we implanted is the 

featherless tract on the birds’ back, in order to position the tag in the upper back 

region, where there is ample loose skin.  The tags were generally positioned to one 

side up this region, in order to minimize skin breakage as well as positioned so as not 

to interfere with wing or neck mobility. 

All of our necessary tools were set on a portable banding table.  Birds were held 

against a foam pad in a modified cigar grip, with thumb and finger restraining the 

wings while leaving the back exposed.  One team member remained in this position to 

restrain the birds and prevent movement that could result in unintentional injury.  A 

second team member then performed the implanting procedure.  We used cotton 

swabs to apply 2% lidocaine gel to locally anaesthetize the implant site, as well as 

position feathers away from the featherless back.    We then disinfected the area with 

betadine soap, and dabbed it dry with a cotton swab.  We pinched the skin in the 

center of the back with angle-tipped forceps to create a skin tab that we could insert a 

needle easily into.  The needle was inserted at the lower back in order to move the tag 

a maximum possible distance from the injection site.  A needle containing an 8x2 mm 

PIT tag (0.034g) was inserted through the skin and slowly moved up the back until it 

was positioned to correctly leave the tag.  The syringe body was then attached to the 

needle and the tag was slowly injected.  Needles and syringes were obtained from 

BioMark.  Once the tag was injected in the proper position the needle was withdrawn 

and the hole was closed using VetBond surgical glue.  Forceps were used to hold the 
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hole closed as the surgical glue was applied.  A small (~3x4mm) piece of darkly 

colored fabric was then glued over the sealed incision using eyelash glue to prevent 

birds from picking or scratching at the site; the eyelash glue is for temporary use and 

wears off after days to weeks, giving the incision time to heal.   

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


