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Thesis Abstract 

Gray hawks became established in the San Pedro River (SPR) valley in the mid-1900s 

following landscape changes that created habitat for them. The population of gray hawks along 

the SPR is at the northern edge of the species’ range, and its growth has been documented 

periodically since the 1970s. A study in the 1990s quantified gray hawk diet and habitat use in 

this area, and found that gray hawks hunt primarily in mesquite, eat mostly lizards, and that their 

productivity is positively correlated with the percentage of mesquite in their territories. The gray 

hawk population along the SPR has nearly doubled since the initial study was conducted, and 

pairs now nest in areas that contain little or no mesquite. Our main objectives were to determine 

whether: a) diet and habitat requirements have changed for gray hawks along the SPR since the 

population has as expanded, and b) productivity has declined as the population has expanded into 

habitats of potentially lower quality. We used nest cameras to document prey deliveries, and 

ESRI ArcGIS to quantify vegetation types within estimated home ranges of gray hawks. We 

compared productivity of gray hawk pairs in the 1990s and the 2010s, as well as the current 

productivity of pairs in territories that had been occupied by gray hawks in the 1990s (original 

territories) and those that only became occupied after the original study was completed (new 

territories). We found that that gray hawks used a wider variety of vegetation types, such as nest 

trees surrounded by grasslands, and consumed a wider variety of prey than they did in the 1990s, 

and that productivity remained constant over time. Like many populations at the edge of their 

range, the gray hawks that initially settled in the San Pedro River valley likely had access to only 

a portion of the resources that are common at the center of the species’ range, and therefore 

appeared to have a narrower set of diet and habitat requirements than the species as a whole.  

Areas that are currently being used by gray hawks for nesting (e.g., nest trees surrounded by 
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grasslands) were likely unsuitable in the 1990’s because they were being used for agriculture and 

grazing. The two chapters of this thesis will be submitted to journals for publication and 

therefore contain overlapping information. 

 

Thesis Introduction 

The population of gray hawks along the San Pedro River (SPR) has been increasing since 

landscape change created habitat there in the late 1800s. Its pattern of settlement throughout the 

area appeared to follow the habitat heterogeneity hypothesis, which is a mechanism of density 

dependent population growth (Fretwell and Lucas 1970). Territories with more mesquite, which 

were of potentially higher quality, were occupied first, and territories that contained primarily 

grassland, which were potentially of lower quality, were settled later. We investigated whether 

productivity declined as the gray hawk population grew, and whether territories that were settled 

first were more productive than those that were settled subsequently, as predicted by the habitat 

heterogeneity hypothesis. We also quantified the diet and habitat of gray hawks in their current 

distribution to learn how the population’s use of resources has changed as it has expanded, and to 

update our understanding of gray hawk ecology. 
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Appendix 1: Gray Hawk Diet and Habitat in the San Pedro River Valley: Changes with 

Population Expansion 

 

Abstract 

Current understanding of gray hawk habitat and diet in the United States is based on a study of a 

population in the San Pedro River (SPR) valley, Arizona, conducted in the 1990s.  The SPR 

valley is at the northern edge of the species’ range, and gray hawks became established here 

several decades prior to that initial study after landscape changes created habitat for gray hawks. 

In the 20 years since the initial study of this pioneer population, gray hawk nest density has 

nearly doubled along the upper SPR and pairs now nest along stretches of the river and in the 

nearby mountain ranges that were previously unoccupied. Individuals in fringe and pioneer 

populations, like the gray hawks that first settled in the SPR valley, can demonstrate resource use 

that diverges from resource use in core populations because the resources that are available to 

them are more limited than at the core of the species’ range. In the 1990's, gray hawk 

productivity was positively correlated with the percent of mesquite surrounding the nest, and 

lizards composed the majority of the diet. We revisited the gray hawk population from which the 

original observations on diet and habitat were made and compared diet, productivity, and 

vegetation surrounding nests between territories that were occupied at the time of the original 

study (original territories) and those that have become occupied since that time (new territories). 

We used nest cameras to document prey deliveries to 24 nests, and ESRI ArcGIS to quantify 

vegetation types within estimated home ranges of gray hawk pairs. Our objective was to 

determine if the conclusions generated in the initial study are supported by the current 

population. We found that the new territories contained less mesquite than original territories, 
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and that the most common vegetation type in new territories was grassland. In contrast to the 

findings of the initial study, percentage of mesquite within a pair’s home range was not related to 

their productivity. Pairs in original territories ate more lizards than those in new territories, but 

that mammals and snakes composed the majority of overall diet for pairs in all nests. We 

conclude that gray hawks are more plastic in their nest-site and diet selection than has been 

previously shown, and speculate that the elimination of grazing and agriculture along the upper 

SPR since 1988 facilitated the regeneration of grassland that could support prey for gray hawks. 

 

Introduction 

Understanding the factors that limit species’ ranges is of central importance to ecology 

and conservation, and the edge of a species’ distribution is one place to investigate which factors 

determine whether a species can persist. Such studies must consider a species’ overall flexibility. 

Understanding what limits a species’ expansion requires knowledge about the resources that it 

could potentially use. Fringe areas are transitions from habitat, where the species persists, to non-

habitat, where it does not. Conditions in these areas can differ from those at the core of the 

species’ distribution (Brown 1984, Hargreaves et al. 2014). Most species require many biotic and 

abiotic resources to survive, many of which can vary over space and time (e.g., temperature, soil 

characteristics, vegetation, absence of predators, and availability of prey). The places where 

these resources overlap are habitat, and they often become less common at the edge of a species 

range. Populations in these areas often patchier and may be more vulnerable to environmental 

change (Maurer and Taper 2002). The edge of the species’ range, therefore, occurs at the 

boundary of the extremes that populations can tolerate (Kirkpatrick and Barton 1997).  The diet 

and habitat of individuals at the limit of their species’ range may highlight the minimal diet and 



10 
 

habitat requirements for the species to persist. Furthermore, habitat at the fringe may contain 

only a fraction of the resources that the species could potentially use, and the diet and habitat 

selection of individuals occupying range limits may underrepresent the species’ overall 

flexibility.  

Gray hawks (Buteo plagiatus) are neotropical raptors whose range extends throughout 

Central America and they reach their northern limit in southern Arizona. The only studies on 

gray hawk biology (e.g., one PhD dissertation, Bibles 1999, and a species account, Glinski 1988) 

were conducted in this northern region and suggest that gray hawks primarily nest in cottonwood 

trees, hunt in mesquite and eat lizards (Glinski 1988, Bibles 1999), and that their productivity is 

positively correlated with the amount of mesquite surrounding their nests (Bibles 1999). At the 

core of their range, however, gray hawks have been observed nesting in thorn scrub and other 

types of vegetation (Glinski 1988). The fact that they are common and widely distributed 

throughout their range also suggest that they may be successful in a variety of vegetation types 

(McNaughton and Wolf 1970, Hanski and Gyllenberg 1997, Bean et al. 2002).  

The single peer-reviewed study of gray hawk biology (i.e., Bibles 1999) focused on a 

population along the San Pedro River (SPR) in the 1990s (Bibles 1999). The SPR had only 

become habitat for gray hawks several decades prior to the study. Flooding in the late 1800s 

reshaped the river, which at the time was a marshy cienega, and created favorable conditions for 

cottonwood (Populus fremontii) trees to become established. By the 1960s, the trees had grown 

tall enough to be potential nest sites, and the population of gray hawks there has been growing 

since that time. Aerial photographs show that cottonwood trees reached their current density and 

extent in the 1980s (Stromberg et al 2006) and cattle and agriculture were removed from the 
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surrounding area in 1988, when the Bureau of Land Management established the San Pedro 

National Riparian Conservation Area (SPRNCA) along a portion of the SPR.  

The pairs that arrived first (pre-1990s) occupied primarily areas where mesquite flanked 

the river. As the grassland has recovered from cattle and cultivation, gray hawk pairs have settled 

sites along the SPR that are surrounded by grassland. Gray hawks also nest in the Madrean oak 

woodlands of the mountains surrounding the SPR. There are no records of when they began to 

settle there, and no research has been done on their diet and habitat in this vegetation type.  

We examined gray hawk habitat, diet and productivity across the current distribution of 

gray hawks in the SPR Valley to update our understanding of what might confine gray hawks to 

their current range. If gray hawks eat primarily lizards regardless of the vegetation type that 

surrounded their nests and produced more chicks in areas with higher densities of mesquite, then 

absence of mesquite could limit gray hawks to their current distribution. If, in contrast, gray 

hawks are equally productive in multiple vegetation types and eat a variety of prey, then other 

factors likely limit their distribution.  

 

Methods  

Study Area 

Our study area included a 50 km stretch of the upper San Pedro River (SPR) directly 

north of the Mexican border and multiple canyons in the Huachuca, Patagonia, and Santa Rita 

mountains. The San Pedro River flows north from the United States border with Mexico into the 

Gila River and eventually the Colorado River. It is undammed and un-diverted, and like many 

desert rivers, it has reaches of perennial, intermittent, and ephemeral flow. Monsoon flooding 

scours the riverbed every year in late summer (Stromberg et al. 2006, Brand et al. 2008). Mature 
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(30-100 years old, Brand et al. 2008) Fremont cottonwood (Populus fremontii) and Gooding’s 

willow (Salix gooddingii) frame the floodplain of the river in most reaches, where they reach a 

maximum height of over 20 m. Mesquite bosques (Prosopis spp.) with big sacaton (Sporobolus 

wrightii) understory dominate the terraces above the cut-banks, which rise up to 6m above the 

river channel. Mesquite and sacaton reach maximum heights of about 5 and 1 m, respectively, 

and the ratio of the two vegetation types varies. Terrace vegetation extends perpendicular to the 

channel for 100m to 2km (Brand et al. 2008, Dorr 2011). Though big sacaton is the most 

common understory species, other types of grasses with different structural properties grow in 

some areas. 

 The mountain ranges that are adjacent to the SPR are part of the chain of disconnected 

mountains at the northern end of the Madrean Archipelago called Sky Islands. We concentrated 

surveys in the canyons of these mountains because the trees on the slopes are shorter and 

scrubbier than those in the drainages, and gray hawks nest in the tallest trees available (Bibles 

1999). The ranges that we surveyed are all near the SPR or similar riparian areas. 

The Sky Islands rise to 2500 m above the surrounding desert, and are surrounded at the 

base by several species of cacti and grass. Madrean encinal woodlands characterize the foothills, 

which are between 1100 and 2000 m in elevation. These woodlands support many species of oak, 

and the understory is typically open with perennial bunch grasses. Around 1200 – 2100 m 

Madrean pine-oak woodland begins to mix with Madrean encinal, and it becomes more dominant 

as elevation increases. Principle trees in the pine-oak woodlands are Arizona white oak (Quercus 

arizonica), alligator juniper (Juniperus deppeana), and ponderosa pine (Pinus ponderosa) 

(Coronado Planning Partnership 2015, Gottfried et al. 1995). Sycamores (Platanus occidentalis) 

and willows (Salix spp.) grow along the streams and washes. These riparian areas are structurally 
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similar to those along the lower-elevation rivers like the San Pedro, where cottonwood trees take 

the place of sycamores.  

 

Field Methods 

We surveyed for gray hawk nests 2-5 times from March through June in 2010-2011 and 

2014-2016. Our protocol involved walking through the river or along the bank while whistling 

gray hawk contact calls (Glinski, personal communication). The cottonwood gallery is narrow 

enough that whistles could be heard at all potential nest trees on both sides of the river. When we 

detected a gray hawk either by sight or sound, we continued searching the area until we found 

the nest. If we were unable to find a nest, we conducted follow up surveys throughout the season 

to either locate the nest or determine whether the territory had remained active. We re-checked 

each nest at approximately 2-week intervals to determine its fate (failed, incubating or fledged) 

or age of the chicks.  

 

Determination of Nesting 

Following Steenhof and Newton (2015), we considered a territory occupied if a gray 

hawk alarm-called on two or more surveys and was at least 500m away from the center of the 

nearest known neighboring territory. Average home range along the SPR is 60ha (Bibles 1999, 

Bibles and Mannan 2004), and the radius of a 60-ha circle is approximately 500m. Unless they 

were concurrently occupied, we considered nests within 500m of each other to be alternates built 

by the same pair. We classified active nests as those with evidence of incubation (down clinging 

to nest) or chicks (chick begging, whitewash under the nest, prey deliveries). We defined chicks 

as fledged if they reached 30 days, or 0.75 of the age at flight (Glinski 1988, Bibles 1999). Nest 
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success was dependent on fledging at least one chick1, and nest productivity was measured as the 

number of chicks fledged.  

We refer to the territories that were documented in 1995-1997 as “original” because they 

were occupied during the initial colonization of the SPR. We termed the remaining territories 

(i.e. those established on the SPR after 1997 and in the Sky Islands) “new”, because they have 

only been documented in the 2010s.  

 

Diet Quantification: Field Methods 

We used nest cameras (Wingscapes Birdcam Pro) to document prey deliveries to 

nestlings and quantify gray hawk diet. The cameras were approximately evenly distributed 

among territories that were dominated by mesquite, grassland, and oak woodland. We used a 

stratified random sampling design to choose nests in each vegetation type. We installed cameras 

when chicks were between 15 and 25 days. Cameras were motion activated and took 8-10 photos 

after each trigger episode, with a five to ten minute latency between trigger episodes. 

 

Diet Quantification: Analysis 

We examined the nest photos to identify the species and approximate size of each prey 

delivery. We classified prey to species when possible and to family when species identification 

was difficult. Unknown items were excluded from the analysis. We used the height of the U.S. 

Geological Survey (USGS) aluminum bands (1cm, applied to chicks by a ground crew during 

camera installation) as a scale reference to determine length. When possible, we calculated 

length to weight regressions based on field data from previous studies (Rosen unpublished data, 

                                                      
1 We found fledged chicks dead near their nests on a few occasions, but nonetheless considered the nest 
successful because they met the criteria.  



15 
 

Hale 2017) and used the regression equation to determine the weight of each delivery. We used 

the average weights of species for which no baseline data were available. We used average 

species weights for all snakes because the entire animal was rarely visible and we were not 

confident estimating their lengths.  

Because the variation in angle, trigger sensitivity, and timing of camera placement 

affected the frequency of camera activation, we did not use nest photos to determine how much 

prey adults delivered to the nest. We assumed that each camera had the same probability of 

detecting prey types.  

 

Vegetation Analysis 

We measured the percent cover of vegetation types (e.g., grassland, mesquite, oak 

woodland etc.) in a 60-ha circle (i.e., the approximate size of a home range, Bibles 1999) around 

each nest site in ESRI ArcGIS. We used maps of vegetation cover from the USGS and Army 

Corps of Engineers (ACE) for the Sky Islands and SPR, respectively. We measured the percent 

cover of mesquite and grassland in each territory, and then calculated the differences in the 

percent cover of each of these vegetation types between original and new territories. We 

eliminated the types that made up < 5% of the total area of all territories combined. When the 

dataset specified finer categories of vegetation than we needed, we combined categories that 

describe similar vegetation types. For example, we combined “sacaton/togassa” and “sacaton” 

with “miscellaneous grasses and forbs” into “grassland.” 

 

Statistical Methods 
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We used an unpaired 2-sample t-test and a Wilcox’s ranked sum test to compare mean 

percent mesquite and grassland, respectively, in original and new territories. We included only 

the values from the first year the site was occupied for those we monitored for multiple years. 

We calculated the effect of mesquite on gray hawk productivity with a Poisson-distributed 

generalized mixed linear model, with percent mesquite in a pair’s home range as the explanatory 

variable, and their productivity as the response variable. We used a generalized linear mixed 

models with a Poisson distribution to compare productivity of original and new nests, and 

included all nests monitored during the current time period. Year and nest site were random 

effects in all models, which eliminated bias from measurements of the same nest site over 

multiple years, and accounted for stochastic differences in conditions from year-to-year. All 

reported values are 97.5% confidence intervals unless otherwise noted.  

We also used a linear model to assess the relationship between distance to nearest 

neighboring nest (i.e., nest density). We used a Wilcox’s ranked sum test to compare the mean 

percentage of each prey type in original and new territories. We classified prey types by 

taxonomic class, except for reptiles, which we split into categories for lizards and snakes so that 

we could more precisely quantify whether lizards made up the majority of gray hawk diet, as was 

found in the prior study. We also combined insects and chilopods into a category called 

“invertebrates” because there were few deliveries of each and both represented small prey.  

 

Results 

Habitat Characteristics 

The number of gray hawk nests increased from 0.19 per km in 1977 to 0.92 per km in 

2016 (Fig. 1.1). Mean percent of mesquite was greater in home ranges in original territories 
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(45.37 +/- 3.60, n = 44) than in those in new territories (21.16 +/- 4.62, n = 26), P = 2.90 e-06) 

(Fig 1.2). The reverse pattern existed for grassland: mean percent grassland in original territories 

(15.42 +/- 2.80) was lower than in new territories (51.91 +/-5.51), P = 2.95e-06 (Fig. 1.2).  

 

Effect of Mesquite on Productivity and Nest Density 

Our model of the effect of mesquite on productivity showed that the number of chicks 

fledged per gray hawk pair did not increase with the percentage of mesquite in their home range 

(estimate = -0.004, P = 0.20) (Fig 1.3), and there was no difference in productivity between 

original and new territories (original: 1.30 (1.00 – 1.67), n = 98, new: 1.49 (1.11 – 2.01), n = 50, 

P = 0.33).  Percent of mesquite in a pairs’ home range was also unrelated to distance to their 

nearest neighbor (estimate = -1.33, P = 0.277) (Fig 1.4).   

 

Diet 

Pairs in new territories delivered fewer lizards than those in original territories: mean 

percent in diet by weight (± SE) was 5.89 (+/- 1.92) g (n = 7) vs. 28.08 (+/- 8.55) g (n = 17), 

respectively (Fig. 1.5). The percentages of other prey types did not differ between the territory 

types (Fig. 1.5). Overall diet for all gray hawk pairs was comprised of 29 species from 11 

different orders (Table 1.1).  

 

Discussion 

 Individuals at the edge of their species’ range often only have access to a fraction of the 

resources that are available at the core of their range. The ecology of frontier populations does 

not always represent the full breadth of the species’ flexibility, since individuals there may not 
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have a diverse array of diet and habitat options. Without supplementary knowledge of the 

species’ ecology, studies of such populations could therefore conclude that the species is a 

specialist. Individuals of the intertidal gastropod Echinolittorina peruviana that reside at the 

highest extent of the intertidal zone (i.e., the fringe of their local distribution), had more limited 

diets than individuals at the center of the distribution. An examination of the high-intertidal 

gastropods alone would conclude that the species ate only select foods, but a study of the whole 

population, however, would reveal that E. peruviana can feed on a wide variety of prey (Reddin 

et al. 2016). Similarly, species in the Peromyscus genus at the northwestern extreme of the 

genus’ range have more specialized diets and habitat requirements than do members of the genus 

that live further south. These populations diverged into separate species when the glacial maxima 

cut off gene flow from core of their range (Sawyer et al. 2017). Before they became new species, 

however, they represented a fringe population that had access to only a fraction of the resources 

available further south. At that time, their distribution was likely limited by the environmental 

extremes that individuals could tolerate. 

When gray hawks first settled in the SPR valley, only some of the resources that they 

could potentially use were available to them. Suitable conditions (e.g. nest trees, foraging habitat, 

prey availability) overlapped primarily in the areas where mesquite flanked the river. The 

remaining areas had cottonwood trees, but the terraces on which gray hawks forage were 

dominated by ranch land and agriculture, which likely did not support sufficient prey for them. 

After the San Pedro National Riparian Conservation Area (SPRNCA) was created in 1988 and 

cattle and cultivation were removed, the vegetation slowly recovered (Kreuper et al. 2003), and 

likely began to support more small mammals and snakes. Gray hawks likely expanded into these 

areas after the initial study to take advantage of this prey base.  
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The gray hawks that occupied the SPR valley when the initial research was conducted 

were a fringe population, and appeared to require mesquite around their nests because that was 

the only vegetation near available nest trees that was suitable for foraging. Gray hawks therefore 

seemed to be limited at the northern boundary of their range by the presence of mesquite bosques 

that were adjacent to cottonwood forests. Our study revealed that gray hawks diet and habitat are 

less specialized than previously thought, and can thrive in a variety of vegetation types and hunt 

a diverse array of prey.  

Our data likely do not represent the full spectrum of resource use by gray hawks, 

however. The population in the SPR Valley is still at the northern edge of gray hawk range, and 

their habitat there may differ from the habitat at the core of the species’ distribution. For 

example, gray hawks in the SPR valley and throughout Arizona appear to nest only near rivers, 

streams, or washes. This may be because the only trees tall enough for their nests are in places 

with higher groundwater levels, not because they require riparian ecosystems. Suitable nest trees, 

and therefore groundwater levels, may limit gray hawk range in Arizona. If so, then the gray 

hawk population at the northern edge of its range could be vulnerable to environmental changes 

(e.g. drought, groundwater pumping) that lower the water table in riparian areas. 
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Appendix 2: Factors Underlying Gray Hawk Population Growth in the San Pedro River 

Valley 

Abstract 

 Average fecundity often declines as populations grow (i.e., one form of negative density 

dependence) and in some cases, the timing of occupancy of habitat patches of varying quality is 

the underlying mechanism. In this scenario, called the habitat heterogeneity hypothesis, the first 

settlers choose the patches of highest quality and those that arrive later occupy lower quality 

patches where fecundity is reduced. We studied an expanding population of gray hawks in the 

San Pedro River valley to determine whether productivity declined with population growth and if 

so, whether habitat heterogeneity was the mechanism. We compared the population’s 

productivity (average number of chicks fledged per nest) in the 1990s and the 2010s, as well as 

the current productivity of pairs in territories that had been occupied by gray hawks in the 1990s 

(original territories) and those that became occupied after the 1990s (new territories). 

 Our data did not support the habitat heterogeneity hypothesis: we found that productivity did not 

decline over time, and it did not differ between original and new territories during the 2010s. We 

posit that vegetation changes, such as continued recovery of grassland after the cessation of 

ranching and agriculture, may have facilitated an increase in prey. 

 

Introduction 

Fecundity often declines as populations grow (i.e., one form of negative density 

dependence, Fretwell and Lucas 1970, Pulliam and Danielson 1991). One explanation for this 

pattern is called the habitat heterogeneity hypothesis (HHH), wherein the first individuals to 

arrive at a site choose the best habitat patches, and as the population grows, new arrivals (or the 
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offspring of the original settlers) settle in lower quality patches where productivity is reduced 

(Fretwell and Lucas 1970, Petit and Petit 1996, Clasbeek and Sinervo 2002). As the ratio of low 

to high quality territories increases, overall population productivity declines.  

The gray hawk (Buteo plagiatus) population along the San Pedro River (SPR) in Arizona 

has increased 5-fold since it was first surveyed in the 1970s. The area became gray hawk habitat 

in the mid- to late-1900s when flooding reshaped the riverbed. What had been a marshy cienega 

transformed into a channelized river with cut-banks and terraces. The new substrate provided 

conditions for cottonwood (Populus fremontii) trees to become established along the riverbank, 

and mesquite (Prosopis spp.) bosque and sacaton (Sporobolus wrightii) grassland to grow in the 

terraces above the channel. As potential nest sites (i.e., cottonwood trees) increased, so too did 

the number of gray hawks that settled the area. The cottonwood forest reached its current density 

and extent in the 1980s (Stromberg 2006). Ranching and agriculture were eliminated in 1988 

when the upper SPR was set aside as the San Pedro Riparian National Conservation Area 

(SPRNCA). Density of nesting gray hawks along the SPR has continued to increase since 1995, 

and stretches of the river that were not yet settled in the 1990s now support nesting gray hawks 

(Bibles and Mannan 2004, Dorr 2011).  

Gray hawk expansion along the SPR occurred in a distinct pattern. Pairs that arrived first 

settled primarily in areas where mesquite bosques flanked the river (Bibles 1999). During this 

period, gray hawk productivity was positively correlated with the percent of mesquite in their 

home range, and they hunted primarily in that vegetation type (Bibles 1999). Later, gray hawks 

began nesting in trees surrounded by vegetation other than mesquite, with the predominant type 

being grassland. 
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The pattern of gray hawk settlement along the SPR has at least two explanations. The 

first, based on the HHH, is that gray hawks used nest trees surrounded by mesquite first because 

it was the highest quality habitat for foraging, and subsequent settlers occupied sites of lower 

quality.  If this idea explains the pattern of settlement of gray hawks along the SPR, the 

population would show a density dependent decline in fecundity, and sites that were settled later 

would be less productive than those that were settled first. New territories could also be equally 

productive to original ones but be spaced further apart, because pairs would need a larger area to 

gather equivalent resources in lower quality habitat.  

The second explanation is that gray hawks selected nest sites surrounded by mesquite 

prior to the late-1990s because the effects of ranching and agriculture made other areas 

unsuitable for foraging. This explanation assumes that the other areas recovered sufficiently by 

the 2010’s to provide foraging habitat, and that gray hawks can forage effectively in vegetation 

types other than mesquite. This explanation does not allow for predictions about the quality of 

the new areas as foraging habitat for gray hawks, nor about whether the population along the 

SPR should exhibit a density dependent decline in productivity. Hence, both explanations could 

be true if the population exhibited a density dependent decline in productivity, and productivity 

and/or nest density was greater in areas that were settled first versus those that were settled later. 

Conversely, the second explanation would be favored if the population did not show a decline in 

productivity, and if productivity and/or nest density did not differ by period of settlement. 

We studied gray hawks within the San Pedro Riparian National Conservation Area 

(SPRNCA) and several contiguous private inholdings to determine whether their population in 

this area has exhibited a density-dependent decline in productivity since the 1990s and, if so, 

whether habitat heterogeneity could be the mechanism.  
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Methods 

Study Area  

We monitored nests along 50 km of the SPR from United States border with Mexico 

north. This area overlaps areas in which gray hawks were studied in 1995-1996 (Bibles 1999) 

and 2010-2011 (Dorr 2011). The San Pedro River flows north from the United States border with 

Mexico into the Gila River and eventually the Colorado. It is undammed and un-diverted, and 

like many desert rivers, it has reaches of perennial, intermittent, and ephemeral flow. Monsoon 

flooding scours the riverbed every year in late summer (Stromberg et al. 2006, Brand et al.  

2008). Mature (30-100 years old, Brand et al. 2008) Fremont cottonwood (Populus fremontii) 

and Gooding’s willow (Salix gooddingii) frame the floodplain of the river in most reaches, where 

they reach a maximum height of over 20 m. Mesquite bosques (Prosopis spp.) with big sacaton 

(Sporobolus wrightii) understory dominate the terraces above the cut-banks, which rise up to 6m 

above the river channel. Mesquite and sacaton reach maximum heights of about 5 and 1 m, 

respectively, and the ratio of the two vegetation types varies. Terrace vegetation extends 

perpendicular to the channel for 100m to 2km (Brand et al. 2008, Dorr 2011). Though big 

sacaton is the most common understory species, other types of grasses with different structural 

properties grow in some areas. 

 

Field Methods 

We surveyed for gray hawk nests 2-5 times from March through June in 2010-2011 and 

2014-2016. Our protocol involved walking through the river or along the bank while whistling 

gray hawk contact calls (Glinski, personal communication). The cottonwood gallery is narrow 

enough that whistles could be heard at all potential nest trees on both sides of the river. When we 
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detected a gray hawk either by sight or sound, we continued searching the area until we found 

the nest. If we were unable to find a nest, we conducted follow up surveys throughout the season 

to either locate the nest or determine whether the territory had remained active. We re-checked 

each nest at approximately 2-week intervals to determine its fate (failed, incubating or fledged) 

or age of the chicks.  

We used ESRI ArcGIS to measure distance from each nest to its nearest neighbor in 2015 

and 2016. We included only these years in the density analysis because we were most 

experienced during that period and relatively confident that nearly all nests in the study area 

were located. We excluded nests at the edges of the study area and those that were adjacent to 

territories where we did not find a nest from the density analysis because we did not know the 

location of all nests that surrounded them.  

 

Determination of Territories 

We defined territories as the 60ha buffer around nests, and classified them as “original” if 

they were occupied in 1995-1997 (Bibles 1999). The area was surveyed in 1970s, but no exact 

nest locations exist for that time period (Glinski 1988), so we were only able to determine which 

sites were occupied before 1997. If a territory was established post-1997, we categorized it as 

“new.” We refer to the period from 1995-1997 (Bibles 1999) as “the 1990s” and the period from 

2010-2011 and 2014-2016 as “current.”  

Following Steenhof and Newton (2015), we considered a territory occupied if a gray 

hawk alarm-called on two or more surveys and was at least 500m away from the center of the 

nearest known territory. Average home range along the SPR is 60ha (Bibles 1999), and the 

radius of a 60ha circle is approximately 500m. Unless they were concurrently occupied, we 
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considered nests within 500m of each other to be alternates built by the same pair. We classified 

active nests as those with evidence of incubation (down clinging to nest) or chicks (chick 

begging, whitewash under the nest, prey deliveries). We defined chicks as fledged if they 

reached 30 days, or 75% of the age at which they can fly (Glinski 1988, Bibles 1999). A nest was 

called successful if at least one chick fledged2, and we defined yearly productivity as the average 

number of chicks fledged per nest (Steenhof and Newton 2015).  

  

Vegetation Analysis 

We analyzed the vegetation composition in a 60ha circle (Bibles 1999) around each nest 

with ArcGIS. A vegetation map of the SPR (U.S. Army Corps of Engineers 2001) provided 

polygons of every vegetation type found in the SPR watershed, and we calculated the percentage 

of each within every territory. We eliminated the types that made up < 5% of the total area of all 

territories combined. When the dataset specified finer categories of vegetation than we needed, 

we combined categories that describe similar vegetation types. For example, we combined 

“sacaton/togassa” and “sacaton” with “miscellaneous grasses and forbs” into “grassland.”  

 

Land-Use Change Calculations 

We used historical (1992) and recent (2013) aerial photos (Google Earth 2017) of the 

new territories to calculate the percent of land area that had obvious anthropogenic effects in the 

1990s that were gone in the 2010s. The impact of grazing was difficult to detect from the 

photographs, but the effects of cultivation were clear. We classified “obvious anthropogenic use” 

as vegetation that was separated by a road and occurred in a striated pattern or was a different 

                                                      
2 We found fledged chicks dead near their nests on a few occasions, but nonetheless considered the nest successful 
because they met the criteria.  
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color than the surrounding vegetation. Both sets of photos were taken during the summer. In 

ESRI ArcGIS, we laid a 16 x 16 grid of over a 60 ha square centered over each nest in the new 

territories. We used a square rather than a circle for this analysis to reduce estimation error. We 

then estimated the percent of land with anthropogenic effects in each square, subtracted the 

percentages in 1992 from those in 2013, and calculated the average change in each territory.  

 

Statistical Methods 

We used an unpaired 2-sample t-test and a Wilcox’s ranked sum test to compare mean 

percent mesquite and grassland, respectively, in original and new territories. We included only 

the values from the first year the site was occupied for those we monitored for multiple years. 

We used generalized linear mixed models with Poisson and binomial distributions to 

compare productivity and success of original and new nests, respectively. The success model 

also contained a link function to account for exposure days (Shaffer 2004). Nest site and year 

were random effects in both models, which eliminated bias from measurements of the same nest 

site over multiple years, and accounted for stochastic differences in conditions from year-to-year.  

To determine the difference in nest density between new and original nests, we first did a 

reciprocal transformation of the distance of each nest to its nearest neighbor to normalize the 

distribution. We then ran a linear mixed model with nest identification as a random effect.  

We used a Poisson-distributed generalized mixed linear model, with percent mesquite in 

a pair’s home range as the explanatory variable, and their productivity as the response variable, 

to examine the relationship between mesquite and gray hawk productivity. Year and nest site 

were random effects. All reported values are 97.5% confidence intervals unless otherwise noted. 
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Finally, we used a paired t-test to assess the changes in land use in home ranges from 1992 to 

2013. 

 

Results 

We monitored 70 individual territories within the study area (original = 44, new = 26). Over the 

5-year study period, we monitored a total of 188 nests, (original = 131, new = 57). Percent 

mesquite (mean +/- SE) was higher in original territories (45.40 +/- 2.10) than new ones (24.23 

+/- 3.19, P = 0.0001), and percent grassland was lower in original territories (15.98 +/- 1.65) 

than in new ones (51.92 +/- 5.51, P = 2.95e-06) (Fig. 2.1). Productivity varied among years, but 

mean current productivity was equivalent to that in the 1990s (Bibles 1999) (current = 1.35 +/- 

0.08, 1990s = 1.32) (Fig. 2.2). Raw productivity data from the 1990s were not available with 

which to calculate standard errors. There was also no difference in current productivity between 

original and new territories: original = 1.30 (1.00 – 1.67), new = 1.49 (1.11 – 2.01), P = 0.33) 

(Fig. 2.3). Mean distance from nearest neighbor did not differ between original and new 

territories: original = 567.5m (650.3m - 503.4m), new = 644.5m (800.8 - 539.6, P = 0.28). The 

percent mesquite in a pair’s home range was not related to their productivity (estimate = -0.004, 

P = 0.20) (Fig. 2.4). Visible anthropogenic effects on the landscape in new territories declined 

from the 1990s to the 2010s (mean +/- SE, 1990s = 8.50 +/- 2.59 %, 2010s = 0%, P = 0.006) 

(Fig. 2.5). There were no visible anthropogenic effects in the original territories in either period.  

 

Discussion 

Productivity of gray hawks did not decline between the 1990’s and 2010’s and current 

productivity and density did not differ between new and original territories; thus, we found little 
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support for a negative density effect on productivity or the HHH. Though the percentage of 

mesquite in original territories was higher than in new ones, we found that this metric was 

unrelated to productivity. Other vegetation types that currently occur along the SPR, including 

grassland, apparently are of equivalent quality as foraging habitat for gray hawks. We therefore 

speculate that the recently settled reaches of the SPR have likely undergone environmental 

changes since the 1990s that facilitated the spread of gray hawks into those areas.  

Though changes from the removal of agriculture and grazing along the SPR began 1987, 

the landscape surrounding the new territories may not have developed into gray hawk habitat in 

until after 1997. Removal of cattle along the SPR in 1987 caused an immediate increase in the 

herbaceous understory of mesquite and cottonwood dominated areas (Kreuper et al. 2003), but 

recovery of other types of vegetation was not documented and may have taken longer. In 

addition, all of the evidence of pre-1988 agriculture along the SPR is in the new territories, rather 

than the original ones.  

Land that had been grazed but not cultivated (as in some of original territories) may have 

recovered more quickly than land with both anthropogenic impacts, and aerial photographs show 

that these effects lasted into the 1990s (Fig. 2.5). Converted cropland and grazed grassland may 

not have initially supported sufficient prey, which would have prohibited gray hawks from 

settling there before the 1990s. Prey abundance, particularly small mammal and snake species 

that require grassland, likely grew as areas attained their current vegetation composition. Gray 

hawk diet in original territories was more similar to that documented in the 1990s than was diet 

in new territories: lizards made up a larger percentage of the prey base in original territories, and 

pairs in new territories ate more mammals than they did lizards. This suggests that hawks in new 
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areas may be taking advantage of recovered prey populations (La Porte Master’s thesis, 

Appendix 1). 

Other expanding raptor populations, including Spanish imperial eagles (Aquila adalberti) 

(Ferrer and Donazar 1996), goshawks (Accipiter gentilis) (Kruger and Lindstrom 2001), eagle 

owls (Bubo bubo) (Penteriani et al. 2004), and Mauritius kestrels (Falco punctatus) (Nevoux et 

al. 2011), have declined in average productivity likely as a result of habitat heterogeneity. Future 

studies should re-examine gray hawk productivity across vegetation types in the SPR valley to 

determine whether the area has reached carrying capacity for gray hawks, and what elements 

determine habitat quality for this species.  
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Figures and Tables 

 

 
 
Figure 1.1. Number of gray hawk territories per river km along the San Pedro River from 1977 to 
2016. 
 

 
    
Figure 1.2. Mean percentage mesquite (left) and grassland (right) in original (established before 
1997) and new territories (established after 1997) in the SPR Valley. 
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Figure 1.3. Number of gray hawk chicks fledged per nest the SPR Valley from 2010-2011 and 
2014-2016 by percent mesquite in the 60ha home range buffer around the nest. Line shows the 
result of a generalized linear mixed model (with year and nest site as random effects) of the 
effect of the percentage of mesquite in a gray hawk pair’s home range on their productivity 
(estimate = -0.004, P = 0.20).  
                                                                                                                                                                         

  
Figure 1.4. Gray hawk nest density (as measured by nests’ distance to their nearest neighbor) by 
percent mesquite in the 60ha buffer (estimated gray hawk home range) around the nest for nests 
along the SPR 2014-2016 (estimate = -1.33, P = 0.277). 
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Figure 1.5. Mean percent taxa by weight in the diet of gray hawks that nested in original (n = 7) 
and new territories (n = 17) in the SPR Valley from 2014 - 2016. 
 
Table 1.1. The classes, orders, and number of species per order delivered to gray hawk nests in 
the San Pedro River Valley from 2014 – 2016 (n = 24).  
 
 Class     Order     # Species  
 
 Amphibia    Anura     2 
 
 Aves     Galliformes    1 
      Passeriformes    4 
 
 Chilopoda    Scolopendromorpha   1 
 
 Insecta     Lepidoptera    1 
  
 Mammalia    Chiroptera    1 
      Lagomorpha    1 
      Rodentia    4 
      Carnivora    1 
   
 Reptilia    Squamata    11 
      Testudines    1  
____________________________________________________________________________ 
Total  6    11     28 
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Figure 2.1. Mean percentage mesquite (left) and grassland (right) in original (established before 
1997) and new territories (established after 1997) in the SPR Valley. 
 

 
Figure 2.2. Mean number of gray hawk chicks fledged in the San Pedro River valley in each 
study year and mean number of chicks fledged during all years in the 1990s and during the 
current period, respectively. Means from the 1990s lack error bars because raw data were not 
available with which to calculate standard errors. 
 
 



34 
 

 
Figure 2.3. Number of chicks fledged in new and original gray hawk territories in the San Pedro 
River Valley during the current period (2010-2011 and 2014-2016). 
 

 
Figure 2.4. Number of gray hawk chicks fledged per nest the SPR Valley from 2010-2011 and 
2014-2016 by percent mesquite in the 60ha home range buffer around the nest. Line shows the 
result of a generalized linear mixed model (with year and nest site as random effects) of the 
effect of the percentage of mesquite in a gray hawk pair’s home range on their productivity 
(estimate = -0.004, P = 0.20).  
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Figure 2.5. Aerial photographs of a new gray hawk territory in the San Pedro River valley from 
April 1992 (left) and April 2013 (right). Star indicates site of a nest in 2016; circle indicates 60 
ha estimated home range buffer around nest. Note evidence of agriculture present in 1992 which 
has dissipated by 2013. 
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