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Conversion Factors 
Inch/Pound to SI 

Multiply By To obtain 

Length 
mile (mi) 1.609 kilometer (km) 
 
SI to Inch/Pound 

Multiply By To obtain 

Length 
centimeter (cm) 0.393 inch (in.) 

millimeter (mm) 0.039 inch (in.) 

meter (m) 3.280 foot (ft) 

kilometer (km) 0.621 mile (mi) 

meter (m) 1.093 yard (yd) 
 
Temperature in degrees Celsius (ºC) may be converted to degrees Fahrenheit (ºF) as follows: 
 

ºF=(1.8×ºC)+32. 
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Distribution and Extent of Heavy Metal Accumulation in 
Song Sparrows (Melospiza melodia), Upper Santa Cruz 
River Watershed, Southern Arizona, 2011–12 

By Michael B. Lester and Charles van Riper III 

Abstract 
Riparian ecosystems in arid environments provide critical habitat for breeding, migratory, and 

wintering birds, yet are often at risk of contamination by heavy metals. Birds and other animals living in 
contaminated areas are susceptible to adverse health effects as a result of long-term exposure and 
bioaccumulation of heavy metals. We investigated the distribution and cascading extent of heavy metal 
accumulation in Song Sparrows (Melospiza melodia) in Arizona’s upper Santa Cruz River watershed. 
This study had three goals: (1) quantify the degree of heavy metal accumulation in sparrows and 
determine the distributional patterns among study sites, (2) compare concentrations of metals found in 
this study to those found in studies performed prior to the 2009 international wastewater treatment plant 
upgrade, and (3) assess sparrow condition among sites with differing potential sources of contamination 
exposure.  

We examined six study sites that reflected different potential sources of contamination. 
Hematocrit values, body mass residuals, and leukocyte counts were used to assess sparrow condition. 
Cadmium, copper, mercury, nickel, and selenium exceeded background concentrations at some sites, but 
generally were lower than or similar to concentrations found in earlier studies performed prior to the 
2009 international wastewater treatment plant upgrade. Concentrations were higher in recaptured birds 
in 2012 than in 2011 for 7 metals in feathers and 14 metals in blood, suggesting possible 
bioaccumulation. We found no cascading effects as a result of heavy metal exposure, but did find that 
heavy metal concentrations were reduced following the 2009 international wastewater treatment plant 
upgrade. 

Introduction 
Riparian woodlands provide a critical resource for breeding, migratory, and wintering birds, and 

support more species than any other vegetation type in southern Arizona (Johnson and others, 1977; 
Knopf and others, 1988; Rich and others, 2004). However, this vegetation type is often at risk of 
degradation due to anthropogenic activities (Webb and Leake, 2006). The degradation of riparian 
systems can have detrimental impacts on the avian community and other organisms living within the 
ecosystem, including humans. Therefore, understanding how birds respond to living in a polluted 
environment is crucial for making management decisions regarding southwestern riparian communities. 
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The upper Santa Cruz River in southern Arizona is dry throughout most of the year, but a 35 km 
stretch was revived in the mid-1900s when the river was filled with treated effluent from the Nogales 
International Wastewater Treatment Plant (Sonoran Institute, 2007), which treats water from Nogales, 
Arizona, and Nogales, Sonora. Furthermore, the river receives water from intermittent tributaries that 
flow through abandoned mining or urban areas. The upper reaches of the river now support lush riparian 
vegetation, but concerns about water quality have arisen because heavy metals, pesticides, and other 
contaminants have been discovered in the river (King and others, 1999; Kirkpatrick and others, 2009). 
Water quality also may be affecting local fauna. Avian monitoring at Tumacacori National Historical 
Park, approximately 17 km downstream of the Nogales wastewater treatment plant, found a relatively 
high incidence of deformities between 2001 and 2009 (Turner, 2001; Kirkpatrick and others, 2010), 
possibly indicative of high contaminant levels (Craves, 1994). Moreover, cattle regularly feed and drink 
along the upper Santa Cruz River and also may be at risk of bioaccumulation, as are the humans that 
consume the beef, thus highlighting the need for monitoring. 

In 1997, the U.S. Fish and Wildlife Service (USFWS) carried out an intensive study to assess the 
extent of contamination in water, sediment, fish, invertebrate, and bird populations within the upper 
Santa Cruz River watershed (King and others, 1999). In particular, Killdeer (Charadrius vociferus) were 
collected and examined for concentrations of heavy metals and organochlorines. The study found that 
birds are within the non-toxic range for cadmium, lead, mercury, and selenium (King and others, 1999). 
However, the migratory habits of Killdeer make it a less-than-desirable subject for studying chronic 
contamination because (1) it is difficult to determine if birds accumulated contaminants on breeding, 
wintering, or migration stopover sites, and (2) non-residents do not spend as much of their life at these 
contaminated sites as do residents (King and others, 1999). 

Song Sparrows (Melospiza melodia; fig. 1) provide an ideal subject for studying the extent of 
contaminant exposure because their non-migratory habits in the Southwest (Davis and Arcese, 1999) 
will mean that any contaminants they may have did not come from other locations, such as wintering 
grounds. Moreover, Song Sparrows in the Southwest rely heavily on riparian vegetation, feeding on 
aquatic insects and invertebrates, especially during the breeding season (Aldrich, 1985). As a result, 
individuals can be directly exposed to contaminants through foraging. 

A study of the upper Santa Cruz River is important because contaminants, such as heavy metals, 
can have profound effects on the ecosystem. Therefore, an unhealthy avian community may be an 
indication of detrimental conditions for other wildlife and for humans living along the Santa Cruz River 
corridor. The effects of contaminants on avian immunity are of particular interest, as exposure to 
contaminants may increase vulnerability to diseases through suppression of the immune system 
(Grasman, 2002). For example, organisms that are higher on the food chain are especially susceptible to 
bioaccumulative effects (Winter and Streit, 1992). For instance, harbor seals fed contaminated fish in 
northwestern Europe showed reduced natural killer cell function (Van Loveren and others, 2000), 
whereas lead exposure in birds has correlated with the protozoan parasite Trichomonas gallinae in 
Mourning Doves (Zenaida macroura; Locke and Bagley, 1967), as well as the fungal disease 
aspergillosis and avian cholera in waterfowl (Rocke and Samuel, 1991). Body condition also is 
negatively correlated with disease condition and positively correlated with immune function (MØller 
and others, 1998). Reduced body condition may consequently lead to lower reproductive output (Chastel 
and others, 1995). 
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This study was part of a collaborative effort to quantify the levels of contaminants in the upper 
Santa Cruz River ecosystem, including water, sediments, plants, insects, fish, and birds. Our assumption 
was that the distribution of metal concentrations in birds would represent the metal’s sources, such that 
birds occupying study sites in urban and mining areas will have higher heavy metal burdens than birds 
downstream of the Nogales wastewater treatment plant, which, in turn, will have higher burdens than 
birds at our control site. The objectives of our study were to: (1) quantify the concentrations and 
distributional patterns of heavy metals in blood and feathers of Song Sparrows among the six study sites, 
(2) compare with prior studies to assess the extent of heavy metal accumulation in birds at downstream 
sites after the 2009 wastewater treatment plant upgrade, and (3) quantify hematocrit values, body 
conditions (that is, residual body mass), and immune conditions (as a measure of leukocyte count) for 
Song Sparrows captured at six field sites throughout the upper Santa Cruz River watershed. These 
objectives allowed us to determine if birds were accumulating heavy metals over time and in patterns 
consistent with their source, to examine how heavy metal concentrations have changed over time, and to 
investigate the condition and response of birds living in a contaminated environment. This study also 
was done to provide a baseline of information to which future studies can compare changes in heavy 
metal concentrations over time. 

Methods 
Study Site Selection 

The Santa Cruz River flows southward from its headwaters in the San Rafael Grasslands of 
southeastern Arizona, United States, into Sonora, Mexico. It then skirts around the Sierra San Antonio 
mountain range, where it turns northward and re-enters the United States just east of Nogales, Arizona. 
Six sites within the upper Santa Cruz River watershed were selected for study, each with various degrees 
and sources of contamination (fig. 2). 

• Site LOCH, our control site, was located along the headwaters of the Santa Cruz River in San 
Rafael State Natural Area, east of the town of Lochiel (fig. 3). This site was upstream of all other 
sites and was used as a baseline because the area is closed to the general public and experiences 
the least amount of human disturbance and potential contamination. 

• Site NOWA was located at Nogales Wash, a tributary that leads directly into the Santa Cruz 
River (fig. 4). NOWA is located within urban cities of Nogales (Arizona and Mexico) and 
receives runoff from those cities. 

• Sites PLSP and SOCR were located at Sonoita Creek, which is another tributary of the Santa 
Cruz River, and receives runoff from abandoned mining areas in the Patagonia Mountains 
(Norman and others, 2008; fig. 5). Sonoita Creek is dammed to create Patagonia Lake, a popular 
recreational state park, before continuing toward the Santa Cruz River. Because contaminants in 
the water may precipitate out or settle once reaching the lake, we established one study site 
upstream of the lake (PLSP) and another site downstream of the lake (SOCR). 

• Site NIWWTP was located just downstream of the Nogales International Wastewater Treatment 
Plant, at the plant’s outfall (fig. 6). This facility treats approximately 15–17 million gal of 
sewage per day from the cities of Nogales, Sonora, and Nogales, Arizona, and the treated 
effluent is released into the Santa Cruz River. 

• Site TUMA was located along the Santa Cruz River at Tumacacori National Historical Park, 
which is approximately 17 km farther downstream of the Nogales International Wastewater 
Treatment Plant (fig. 7). 
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Bird Capture and Processing 
Song Sparrows were captured at all sites primarily between April 1 and June 30, 2011 and 2012, 

with birds also captured in July and August 2011 and 2012 at TUMA. We used 6- and 12-m mist nets 
(30-mm mesh) to target individual Song Sparrows (fig. 8). 

At most sites, we captured birds using these nets either by broadcasting Song Sparrow calls and 
songs, or by flushing them into nets while they were foraging or sitting on a nest. In addition, banding at 
TUMA occurred in conjunction with a Monitoring Avian Productivity and Survivorship (MAPS) 
station. Therefore, at this site we used constant-effort mist-netting techniques rather than target netting 
to capture Song Sparrows. Birds were banded, aged (after hatch year versus hatch year), and sexed 
(male versus female). Tarsus-metatarsus length and mass were recorded (Ralph and others, 1993). Outer 
tail feathers (rectrices) and blood samples from the brachial vein also were collected (fig. 9). 

Heavy Metals Analysis 
Feathers and blood were used as biomarkers to demonstrate the extent of long-term and 

immediate exposure, respectively. Blood and feather samples collected from each bird were sent to 
Activation Laboratories Ltd. (Ontario, Canada) for preparation and heavy metal analysis. Samples were 
analyzed for 21 focal heavy metals primarily chosen based on previous studies (King and others, 1999; 
Kirkpatrick and others, 2010). These focal heavy metals included silver (Ag), aluminum (Al), arsenic 
(As)1, barium (Ba), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), magnesium 
(Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), antimony (Sb), selenium (Se)1, 
strontium (Sr), thallium (Tl), uranium (U), vanadium (V), and zinc (Zn). Background concentrations of 
heavy metals in blood and feathers were determined from previous studies that examined concentrations 
of heavy metals in birds at unpolluted reference sites (Llacuna and others, 1995; Burger and Gochfeld, 
1997; Evers and others, 1998; Eens and others, 1999; Kahle and Becker, 1999; Thompson and Dowding, 
1999; Dmowski, 2000; Janssens and others, 2001; Osofsky and others, 2001; van Wyk and others, 2001; 
Wayland and others, 2001; Dauwe and others, 2002; Golden and others, 2003; Martinez-Lopez and 
others, 2005; Morrissey and others, 2005; Nam and others, 2005; Deng and others, 2007; Matz and 
Rocque, 2007; Pan and others, 2008; Rattner and others, 2008; Costa and others, 2011; Abduljaleel and 
others, 2012; Lane and others, 2012). 

Feathers.—Feathers are often used as a biomonitor of heavy metal contamination because they 
remain connected to the blood source until they have fully grown. As a result, metals in blood can 
become concentrated in feathers over a longer period of time than blood, making them easier to detect 
(Braune and Gaskin, 1987; Burger, 1993). In order to remove external contamination, feathers were 
twice washed with deionized water followed by 1 mol/L acetone (OptimaTM grade, Fisher Scientific; 
Burger and others, 1992). Samples were dried in a clean 45 °C oven for 4–5 hours and then weighed. In 
order to digest the samples, nitric acid (OptimaTM grade, Fisher Scientific) and hydrogen peroxide 
(UltraTM grade, Thermo Fisher Scientific) were alternately added to each sample, shaken, and twice 
heated at 85°C in a JULABO© hot water bath. The ratio of nitric acid to hydrogen peroxide was 
approximately 3:1. All samples were then diluted to 5 mL with deionized water and spiked with internal 
standards for quality control. Concentrations of heavy metals were measured with a Finnigan™ 
Element-2 (Thermo Fisher Scientific) high performance high resolution inductively coupled plasma-
mass spectrometer (HR ICP-MS). The recoveries ranged from 85 to 110 percent. 
  

                                                           
1Although As and Se are not truly heavy metals, for simplicity they will be referred to as such throughout this report. 
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Blood.—Unlike feathers, blood is constantly circulating and being filtered by organs such as the 
liver and kidneys. Therefore, a typical blood sample will only represent approximately 2 weeks of a 
given bird’s diet (Craighead and Bedrosian, 2008). Blood samples typically consisted of approximately 
100 µL collected directly from the brachial vein into ammonium-heparinized plastic capillary tubes. 
Samples were stored on ice packs in the field until they could be transferred to a -10 °C freezer. 
Digestion and analysis of blood followed the same procedure as for feathers; however, the ratio of 
reagents used to digest the blood was 1:1 instead of approximately 3:1. 

Comparison to Previous Studies 
In 1997, the USFWS examined concentrations of Cd, Cu, Hg, Se, and Zn in a small sample of 

Killdeer livers at Rio Rico North, a study site located midway between the Nogales International 
Wastewater Treatment Plant and Tumacacori National Historical Park (King and others, 1999). We used 
values found in literature to develop a feather:liver ratio for these heavy metals, which was then used to 
project relative sparrow liver concentrations (Llacuna and others, 1995; Agusa and others, 2005; Nam 
and others, 2005; Deng and others, 2007; Pan and others, 2008; Abduljaleel and others, 2012). 
Estimated liver concentrations for Song Sparrows were then compared to measured liver concentrations 
reported in the literature for Killdeer. In 2008 and 2009, Kirkpatrick and others (2010) examined 
concentrations of Cd, Cr, Cu, Hg, Ni, Pb, Se, and Zn in blood of Abert’s Towhees (Melozone aberti) and 
Yellow-breasted Chats (Icteria virens) at Tumacacori National Historical Park. Song Sparrow blood 
metal concentrations were compared directly to the average blood metal concentrations for Abert’s 
Towhees and Yellow-breasted Chats. 

Sparrow Conditions 
Hematocrit Values.—Blood samples were centrifuged in a ZIPocrit portable microhematocrit 

centrifuge (LW Scientific©) for 30 seconds, and calipers were used to determine hematocrit values (the 
proportion of red blood cells in a given blood sample). Low hematocrit values may be an indication of 
reduced health condition, such as parasite or bacterial infection (Ots and others, 1998; Snoeijs and 
others, 2004). 

Leukocyte Counts.—Thin blood smears were air dried and then fixed in a vial of 200-proof 
ethanol for 30–60 seconds. Smears were stained with a Giemsa stain solution for 30–60 minutes and 
then a light microscope was used to determine leukocyte counts (Bennett, 1970; Morishita and others, 
1999; Houwen, 2000). Slides were observed until approximately 30,000 red blood cells were examined. 
All white blood cells (lymphocytes, monocytes, basophils, eosinophils, and heterophils) were lumped 
into one category (leukocytes) in order to reduce the possibility of misclassifying white blood cell type. 

Body Conditions.—Avian body condition was determined based on obtained field 
measurements (mass and tarsus-metatarsus length). These methods are described in section, “Bird 
Capture and Processing.” 
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Statistical Analysis 
We used JMP 9.0 (SAS Institute Inc., 2010) to perform all statistical analyses. For individuals 

with heavy metal concentrations less than detection limits, we assigned a value equal to one-half the 
detection limit (Wong and others, 2002; Agusa and others, 2005). All concentrations were converted to 
parts per million and natural log-transformed (Ln), although all figures use back-transformed values. 

We used two- and three-way analysis of variances (ANOVAs) to test for differences in mean 
concentrations of each focal heavy metal among sites for blood and feathers, respectively. Sex was 
considered a main factor for both, whereas feather age was included as a main factor only for feather 
analysis. This was done to account for increasing heavy metal concentrations as a result of external 
deposition that was not removed by vigorous washing. Feather age was entered into the model as the 
number of days from the first date of feather collection for that particular field season. All possible 
interactions were included in both models, with the exception of feather age*sex*site interaction, so as 
to avoid over-fitting the models. LSMeans Student’s t-tests were then used afterward to determine how 
sites differed from one another in terms of mean concentration for each heavy metal. We used matched-
pair t-tests for feather samples of 37 individuals and blood samples of 33 individuals captured in both 
2011 and 2012 to determine if heavy metals are accumulating from one year to the next. Student’s t-tests 
were used to determine overall differences in heavy metal concentrations between years. 

White blood cells were analyzed as a proportion of total number of cells read for each blood 
smear. Proportions were natural log transformed and a two-way ANOVA with LSMeans Student’s t-test 
was used afterward to look for differences in white blood cell proportions among the six field sites. One- 
and two-way ANOVAs with LSMeans Student’s t-tests also were used to test for differences in means 
of body mass residuals and hematocrit values, respectively, among sites. Body mass residuals were used 
as an index for body condition and were calculated by fitting a linear regression of body mass versus 
tarsus-metatarsus length for males and females separately. A larger residual above or below the line of 
regression indicates if an individual is above or below average body condition, respectively (Ots and 
others, 1998; Snoeijs and others, 2004). 

Results 
Distributional Patterns and Inter-Annual Differences 

Feathers.—We collected 99 sparrow outer tail feathers in 2011 and 102 in 2012. Of the 21 focal 
heavy metals, 15 showed at least one significant difference among the six field sites in 2011 (table 1), 
and 16 showed at least one significant difference among the six field sites in 2012 (table 2). Thirty-seven 
individuals were captured during both years of this study, providing an opportunity to investigate if 
heavy metals are accumulating in tail feathers of the same individual over consecutive years. Of the 21 
heavy metals examined, 7 were significantly higher in 2012 than in 2011, whereas the other 14 showed 
no significant differences between years (table 3). When all individuals were considered, as opposed to 
just recaptured individuals, concentrations of Ag, Al, Cd, Mg, Mn, Sr, and Tl were all higher in 2012 
than in 2011, whereas concentrations of Cu, Hg, and Ni were all lower in 2012 than in 2011 (table 4). 
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Blood.—Blood samples were collected from 94 Song Sparrows in 2011 and 113 in 2012. Five 
heavy metals showed at least one significant difference among the six field sites in 2011 (table 5) and 12 
showed significant differences among sites in 2012 (table 6). Thirty-three individuals supplied blood 
samples in both 2011 and 2012, providing the opportunity to investigate if heavy metals are 
accumulating within the same individuals over multiple years. Of the 21 focal heavy metals examined, 
14 were significantly higher in 2012 than in 2011, and one (Ni) was significantly lower in 2012 than in 
2011 (table 7). When all adults were considered, 15 heavy metals showed significant differences 
between 2011 and 2012. Concentrations of Al, As, Cd, Cu, Fe, Hg, Mg, Mn, Mo, Pb, Sr, Tl, V, and Zn 
were all higher in 2011 than in 2012, whereas concentrations of Ni was lower in 2011 than in 2012 
(table 8). 

Comparison to Previous Studies 
Estimated Song Sparrow liver concentrations for Cu, Cd, Se, and Hg at sites NIWWTP and 

TUMA were all lower than liver concentrations of these metals reported by King and others (1999) for 
Killdeer at Rio Rico North. Zn was the only metal higher in Song Sparrows than Killdeer (fig. 10). 
Blood concentrations of Cr and Ni for Song Sparrows at site TUMA were lower than blood 
concentrations of these metals reported by Kirkpatrick and others (2010) for Abert’s Towhees and 
Yellow-breasted Chats. Cd showed similar concentrations between Abert’s Towhees and Song 
Sparrows, but Yellow-breasted Chats were less than detection limits. Pb, Cu, and Zn concentrations 
were only slightly higher in Song Sparrows than in Abert’s Towhees and Yellow-breasted Chats, 
whereas Hg and Se were two to six times higher in Song Sparrows than in Abert’s Towhees and Yellow-
breasted Chats (fig. 11). 

Sparrow Condition 
Hematocrit Values.—Hematocrit values were determined for 54 males and 28 females in 2011, 

and 65 males and 42 females in 2012. Red blood cell content in males averaged 50.15 and 51.05 percent 
in 2011 and 2012, respectively, whereas red blood cell content in females averaged 47.67 and 49.29 
percent in 2011 and 2012, respectively (fig. 12). Although males have a significantly higher hematocrit 
values than females in 2011 (two-way ANOVA, F(1,80)=6.67 p=0.0119), the difference was not 
significant in 2012 (two-way ANOVA, F(1, 105)=1.38, p=0.2427). 

Leukocyte Count.—Blood smears were examined for 88 Song Sparrows across all field sites in 
2011 and 115 in 2012. Between 25,520 and 46,255 cells were read per slide, with an average of 
approximately 31,500 cells. In 2011, average white blood cell counts were significantly higher at sites 
SOCR and NOWA than at all other sites (two-way ANOVA, F(5,82)=5.12, p=0.0004). There was no 
significant difference among sites in 2012 (two-way ANOVA, F(5,109)=1.01, p=0.4142; fig. 13). In 
general, the proportion of white blood cells were significantly higher in 2011 than in 2012 (two-way 
ANOVA, F(5, 197)=8.98, p=0.0031). 

Body Condition.—In 2011, body mass residuals were significantly higher at SOCA than at 
NIWWTP and TUMA, whereas body condition was significantly lower at TUMA than at all other sites, 
except NIWWTP (two-way ANOVA, F(5,82)=4.07, p=0.0023; fig. 14). There were no significant 
differences among sites in 2012. 
  



8 
 

 

Discussion 
This study provides an understanding of how heavy metals are accumulating in a resident 

riparian bird species and what possible associations they may have had on condition. 

Distributional Patterns 
For feathers, concentrations of 15 heavy metals were significantly different among sites in 2011, 

and of 16 in 2012. For blood, concentrations of 5 heavy metals were significantly different among field 
sites in 2011, and of 12 in 2012. Generally, birds accumulated heavy metals in relation to their sources 
of pollution. Data were relatively consistent between 2011 and 2012 in terms of which sites showed the 
highest or lowest concentrations of metals, indicating that the sources of pollution did not change 
between years. 

For most heavy metals, mean concentrations were lowest at our control site LOCH, or were not 
significantly different from the site that showed the lowest mean concentration. This corroborates our 
prediction that this site, given that its location is at the headwaters of the Santa Cruz River in the rural 
San Rafael Grasslands and that it is upstream of any industry, would have the lowest heavy metal 
concentrations. However, mean concentrations were highest at site LOCH or were not significantly 
different from the site with the mean highest concentration of As, Ba, Fe (2011 only), Tl (2011 only), 
and Sr (2012 only). These heavy metals may be mobilized from natural sources given that the San 
Rafael Grasslands has a volcanic geology (Towne, 2003; Mora and others, 2007). Furthermore, they do 
not seem to be any cause for concern as they fall below or within range of average background 
concentrations. 

NOWA was one of the sites with the highest concentrations of Cu, Cr, Fe, Mo, Sb, Se, and U in 
2011 and 2012. Concentrations of As in feathers also were the highest at NOWA in 2012. Heavy metals 
in Nogales Wash are probably from both anthropogenic sources and natural deposits (because Nogales 
sits on a volcanic landscape). In particular, not only does Nogales Wash receive surface-water drainage, 
but it also receives water from leaking sewage or drinking water pipes, as well as random “fugitive 
flow” from both Nogales urban areas. Fugitive flow is wastewater that bypasses the collection and 
transport system to the Nogales International Wastewater Treatment Plant, allowing it to instead flow 
into Nogales Wash. Cu was the only heavy metal at Nogales Wash at very high concentrations. Cu 
concentrations were highest at site NOWA both years although elevated in feathers at all sites in 2011 
and all sites but LOCH and TUMA in 2012. Although Cu is an essential mineral, overexposure can 
result in liver, kidney, or gastrointestinal disorders (Klaassen, 2001). Southern Arizona contains one of 
the nation’s largest deposits of Cu (Long and others, 1998). Therefore, it is possible that birds in the 
upper Santa Cruz River watershed and especially NOWA may contain the highest concentrations due to 
upstream runoff or urban sources of Cu in the wash. The high blood concentration of Se at NOWA is 
likely a result of anthropogenic factors, such as runoff from industry. 

Sites PLSP and SOCR are both located along Sonoita Creek, which receives runoff from 
abandoned mining areas in the Patagonia Mountains. The two sites are separated by Patagonia Lake, 
which may cause heavy metals in the upstream water (PLSP) to settle or precipitate out in the lake 
before reaching downstream (SOCR and through to the main Santa Cruz River channel). Both sites 
appeared to have similar concentrations for many of the focal heavy metals, although SOCR had a 
smaller sample size and usually did not differ statistically from other sites. Site PLSP often was not  
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significantly different from any other site in 2011, also due to a small sample size. However, trends at 
site PLSP during 2011 were still similar to trends in 2012, which had a much larger sample size. In 
particular, concentrations of Pb and Tl were highest at site PLSP, whereas concentrations of Pb and Hg 
were high at site SOCR. Pb and Tl do not appear to exceed background concentrations; however, Hg in 
feathers did exceed background concentrations at site SOCR in 2011. Chronic exposure to Hg can result 
in neurological disorders (Kakkar and Jaffery, 2005), as well as cause reproductive effects (Heinz and 
Hoffman, 2003). Site SOCR likely receives elevated Hg concentrations as a result of gold mining in the 
Patagonia Mountains, because Hg is used to extract gold from ore (Malm and others, 1990). The fact 
that concentrations are lower at site PLSP than at site SOCR, which is downstream and separated from 
site PLSP by Patagonia Lake, might indicate that Hg undergoes a biotransformation to methylmercury in 
Patagonia Lake, which allows for bioaccumulation at the downstream site (Gardner and others, 1978). 
SOCR’s small sample size also may be an important factor in its high mean concentration. 

 Mean concentrations were highest at the NIWWTP site, most notably for Cd and Ni. Mean 
concentrations of Mo also were one of the highest in 2011, and Cr both years, although they did not 
exceed background levels. However, Cd and Ni exceeded background concentrations in Song Sparrow 
feathers at the treatment plant. Cadmium is a non-essential mineral that can cause bone or kidney 
damage when exposure is high or long term. Both metals are also known carcinogens (Kakkar and 
Jaffery, 2005). The high Cd and Ni concentrations in feathers at the treatment plant were likely a result 
of industry in urban Nogales, as wastewater containing these metals was pumped from Nogales to the 
treatment plant. 

Similar to sites NIWWTP and NOWA, TUMA had one of the highest concentrations of Cr in 
2011 and 2012, and Mo in 2011 only. Moreover, mean concentrations of heavy metals were generally 
similar or significantly lower at TUMA than at NIWWTP and NOWA. Metal concentrations were never 
significantly greater at TUMA than at NIWWTP for any metal, and were only greater at TUMA than 
NOWA for Cd and Ni, likely due to its downstream location from the treatment plant. Metals that may 
be released in the effluent of treatment plant are likely at a lower concentration by the time it reaches 
TUMA, due to adsorption to sediments and settling. In 2011, concentrations of Ni in feathers were 
second highest at TUMA and exceeded background concentrations, which was likely an artifact of high 
Ni concentrations in water at the wastewater-treatment plant. 

Inter-Annual Differences 
Overall, concentrations of Ag, Al, Cd, Mg, Mn, Sr, and Tl in feathers were significantly higher 

in 2012 than in 2011. While concentrations of Cu, Hg, and Ni in feathers were lower in 2012 than in 
2011, they were still largely at concentrations exceeding literature values. However, blood 
concentrations were significantly higher for all metals except one (Ni) in 2011 than in 2012. 
Song Sparrow molt occurs after breeding in the late summer (Arcese, 1989), therefore, a 1 year lag must 
be taken into account when relating blood to feathers. Feather samples collected in 2012 may be more 
representative of blood samples collected in 2011, rather than blood samples collected in 2012. Because 
heavy metal concentrations were higher in 2011 blood samples than in 2012 blood samples, it is difficult 
to say whether higher metal concentrations in feathers in 2012 are a result of higher dietary exposure in 
2011, or if it is a result of temporal accumulation. 

Nevertheless, heavy metal concentrations in blood and feathers sampled in both years were 
significantly higher in 2012. For blood, this might be indicative of tissue accumulation for these metals, 
as it is possible that organs constantly exposed to blood, such as liver and kidneys, build up higher 
concentrations of heavy metals over time. Because of the constant blood flow, metals stored in tissue  
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can become mobilized and transfer back to the blood (Rattner and others, 2008). Therefore, higher 
concentrations in blood also may be indicative of higher concentrations in organs due to accumulation, 
as well as diet. Yet, because there is an overall decrease in metal concentrations between 2011 and 2012 
(that is, when all individuals are taken into account, as opposed to just the subset of recaptured 
individuals), increased dietary exposure does not seem like a probable explanation for the increased 
blood concentrations of the 33 recaptured Song Sparrows. Similarly, the increased concentrations among 
these 33 individuals appear to provide evidence against major depuration between years. This 
information seems to suggest that temporal accumulation in feathers also is occurring, although 
successive years of feather collection would be necessary to provide stronger evidence. 

Comparison to Previous Studies 
In 1997, the USFWS concluded that Al, Cd, Cu, Hg, Se, and Cr did not pose a concern for birds 

in the upper Santa Cruz River watershed as concentrations in Killdeer livers fell within the average 
range. No other potentially harmful metals, such as Ni, were detected (King and others, 1999). 

Mean concentrations of most heavy metals in Killdeer livers were higher than the estimated 
concentrations in Song Sparrow livers. Concentrations of Al, Cd, Cu, Hg, and Se in Killdeer livers 
collected at Rio Rico North, approximately 4.8 mi downstream of the Nogales International Wastewater 
Treatment Plant, were higher than estimated liver concentrations for Song Sparrows sampled at 
NIWWTP and TUMA (approximately 10 mi downstream of the treatment plant). This may be 
attributable to a facility upgrade at the wastewater-treatment plant in 2009. However, Zn concentrations 
were estimated to be higher for Song Sparrows at NIWWTP and TUMA than for Killdeer at Rio Rico 
North. 

In 2008 and 2009, Kirkpatrick and others (2010) examined the extent of heavy metal exposure in 
the blood of Abert’s Towhees and Yellow-breasted Chats at Tumacacori. They conclude that all metals 
are within the average range and heavy metal contamination does not pose a health risk for songbirds at 
Tumacacori National Historical Park. In general, this study agrees with the results of Kirkpatrick and 
others (2010), as most metals in Song Sparrow blood at TUMA were at concentrations similar to or less 
than Abert’s Towhees and Yellow-breasted Chats (fig. 3). For example, As, Cr, and Ni concentrations 
are lower in Song Sparrows, whereas Cd, Pb, and Sr in both studies show similar concentrations. 
Concentrations of Cu, Hg, Se, and Zn were higher in Song Sparrows than in Abert’s Towhees or 
Yellow-breasted Chats, suggesting that there may have been an increased uptake of these metals by 
birds at Tumacacori National Historical Park since 2008 and 2009. Although the difference for Cu, Hg, 
and Zn concentrations is rather moderate, it is nearly six times as large for Se. 

Furthermore, given the increasing proposals of new mines that may affect the Santa Cruz River 
watershed (Myers, 2010), this study may prove to be an important source of baseline information for 
future studies. We provide a baseline of heavy metal data in birds to which accumulation-monitoring 
studies in the region may look to compare so as to examine how the extent of heavy metal accumulation 
has changed in birds following mine development. 

Sparrow Condition 
The effects of heavy metal exposure on avian health have been well documented. For example, 

some heavy metals have been associated with reduced body condition in wintering diving ducks off 
coastal California (Takekawa and others, 2002), whereas selenium can lead to reduce cell-mediated 
immunity and suppress immunocompetence at certain doses in Mallards (Anas platyrhynchos; 
Fairbrother and Fowles, 1990). Furthermore, overall white blood cell count and antibody production 
were reduced in lead-dosed Mallards (Trust and others, 1990; Rocke and Samuel, 1991; Fairbrother and 
others, 2004). 
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Overall, the results of this study did not indicate any major health consequence to Song Sparrow 
condition in the upper Santa Cruz River watershed as a result of heavy metal exposure. Although a low 
hematocrit value can be indicative of reduced health, as it reveals the blood’s oxygen-carrying capacity 
and nutritional status (Ots and others, 1998; Snoeijs and others, 2004; Kilgas and others, 2006), 
hematocrit values in 2011 and 2012 fell within the average range given for passerine birds (Llacuna and 
others, 1996; Kilgas and others, 2006; Potti, 2007; Geens and others, 2010). This suggests that either 
heavy metal exposure did not affect hematocrit values or that exposure was not enough to induce 
hematological affects. Hematocrit values generally were lower in females than in males, although this 
was only significant in 2011. Although this is contrary to some studies, in which hematocrit values were 
higher in female Great Tits (Parus major) than males (Ots and others, 1998; Kilgas and others, 2006), it 
is consistent with others that suggest hormonal differences between males and females result in 
hematocrit differences (Prinzinger and Misovic, 1994). Possibly along related lines, another suggestion 
for this result is that during nesting (when blood samples were collected), females have a lower 
immunocompetence as a trade-off for reproduction (Ots and Horak, 1996; Nordling and others, 1998; 
Hanssen and others, 2005). 

For the most part, leukocyte count and body condition appear normal for birds in the upper Santa 
Cruz River watershed. There were no significant site differences in body mass residuals among sites in 
2012, and there does not appear to be any clear pattern as to why birds at TUMA showed a particularly 
low body condition in 2011. Furthermore, leukocyte counts appear similar among most sites, although 
they are elevated at sites SOCR and NOWA in 2011. Although this cannot necessarily be attributed to 
heavy metal exposure, it is possible that the slightly enhanced immune response is a result of exposure 
to moderate concentrations of heavy metals (Eeva and others, 2005). However, because the overall 
health of birds appears normal, we have no reason to believe that heavy metals are currently affecting 
avian well-being in the region. 

Although a heightened immune response as a result of moderate pollution levels may seem 
beneficial, it is important to keep in mind that it is an organism’s defense mechanism. Not only is it very 
expensive energetically (Martin II and others, 2003), but a constant immune response also can be 
physically harmful and contribute to the formation of some diseases (Nathan and Ding, 2010). 
Continued study in the upper Santa Cruz River watershed would be necessary to know if the heightened 
immune response in 2011 was an isolated occurrence, or if it is a general trend over several years. 

Although this study does not seem to show any major physical associations between chronic 
heavy metal exposure and condition, it is possible that there are unseen effects, such as at the molecular 
level. The development of differential gene expression assays to assess the immunological health of 
marine mammals provides a promising new technique for monitoring avian health. Environmental 
contaminants may affect genomic transcription via up- or down-regulation of certain genes, although 
often without observable effect, consequently altering protein production (Bowen and others, 2007). For 
example, American mink (Mustela vison) and sea otters (Enhydra lutris) exposed to petroleum oil show 
patterns in gene expression that are characteristic of oil exposure, despite a lack of any physical 
indication (Bowen and others, 2007, 2012). Future studies examining the effects of contaminants on 
wildlife should consider the evaluation of immune-regulating genes to provide insight into how different 
classes of chemicals, such as heavy metals, may or may not be compromising the health of free-living 
passerines or other wildlife (Bartosiewicz and others, 2001). 
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Furthermore, this study was not able to look at the reproductive effects of heavy metal exposure. 
Future studies should consider examining the productivity of resident birds in the upper Santa Cruz 
River watershed in relation to heavy metal exposure. Nestlings may be a better indicator of 
environmental conditions because they are more sensitive than adults (Janssens and others, 2003). 
However, because most heavy metal concentrations in blood seem to be less than those found in other 
studies, whereas some feather concentrations seem to exceed concentrations found in the literature, it 
would be interesting for future studies to conduct a life span study to determine the degree to which 
long-term heavy metal accumulation affects longevity. 

Heavy Metals Exceeding Average Background Concentrations 
Cd, Cu, Hg, Ni, and Se are of most concern on the Santa Cruz River as they exceeded the mean 

plus twice the standard error for most study sites for feathers or blood, particularly sites NOWA, 
NIWWTP, and SOCR. Zn is of borderline concern because some sites seem slightly elevated above the 
threshold for feathers, but the mean concentrations at most sites are not significantly different. 
Furthermore, Zn accumulation has increased in the region since previous studies. Although these metals 
are not necessarily present at toxic concentrations in the upper Santa Cruz River watershed (Kirkpatrick 
and others, 2010), they should be monitored in the future because they have the potential to cause 
harmful effects if they do accumulate to toxic levels. Furthermore, combinations of different 
contaminants can amplify an individual’s susceptibility to different health effects (Kakkar and Jaffery, 
2005), even if individual heavy metals do not exceed background concentrations. 

Conclusion 
Distributional patterns of heavy metal accumulation in birds reflected urban and mining sources 

of pollution among sites in the upper Santa Cruz River watershed. Certain potentially toxic metals, such 
as Cd, Ni, Cu, Hg, and Se, did exceed background concentrations found in the literature, particularly at 
sites NIWWTP, NOWA, and SOCR. However, concentrations of these metals have not reached what are 
presently considered toxic levels. Overall health of Song Sparrows at our study sites appear to be 
normal, as we did not find any strong evidence currently suggesting altered hematocrit values, white 
blood cell counts, or body condition in Song Sparrows due to heavy metal exposure. Furthermore, most 
heavy metal concentrations seem to have decreased over time following an upgrade to the wastewater-
treatment plant, because concentrations at sites downstream of the treatment facility were lower in 
2011–12 than in 1997 and 2008–09. 

Birds may be accumulating, over multiple years, significantly greater burdens of heavy metals 
that do not currently exceed background concentrations. This is evidenced by higher heavy metal 
concentrations in 2012 blood and feather samples of recaptured individuals, although more years of data 
collection are necessary to verify this trend. Therefore, continued monitoring of avian exposure to heavy 
metals in the upper Santa Cruz River watershed, as well as future studies examining altered gene 
expression, productivity, and longevity of resident riparian birds, is highly recommended in order to 
provide a bigger picture of long-term accumulation and its effects on the region’s wildlife.  
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Figure 1. A Song Sparrow (Melospiza melodia) shortly after being captured downstream of the outfall at the 
Nogales International Wastewater Treatment Plant, southern Arizona. 

               

          

Figure 2. Schematic showing locations (latitude 313833; longitude 1109158) of six study sites in the upper Santa 
Cruz River watershed, southern Arizona, 2011–12. LOCH, Lochiel (San Rafael Grasslands—control site); NOWA, 
Nogales Wash; PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below Patagonia Lake); 
NIWWTP, Nogales International Wastewater Treatment Plant; TUMA, Tumacacori National Historical Park. 
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Figure 3. Study site at the headwaters of the Santa Cruz River (latitude 313833; longitude 1106275) east of 
Lochiel, southern Arizona, in the San Rafael Grasslands. Lochiel is our control site because of the upstream 
location from potential sources of pollution and rural populations. 

 

  

Figure 4. A Javelina (Pecari tajacu) crossing our study site at Nogales Wash, southern Arizona. Nogales Wash 
receives runoff, including organic and inorganic contaminants, from the cities of Nogales, Sonora and Nogales, 
Arizona. 
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Figure 5. A cow drinks water from one of our study sites along Sonoita Creek (latitude 313500; longitude 1108437), 
near Patagonia Lake, southern Arizona. Sonoita Creek receives runoff from abandoned mining areas in the 
Patagonia Mountains. 

 

  

Figure 6. Our study site at the outfall of the Nogales International Wastewater Treatment Plant in southern Arizona. 
Song Sparrows (Melospiza melodia) were captured at locations downstream of the effluent release. 
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Figure 7. Santa Cruz River at Tumacacori National Historical Park (latitude 315500; longitude 1100600, southern 
Arizona. Tumacacori is the location of our most downstream study site. 

 
 

  

Figure 8. A field technician sets up a mist net across Sonoita Creek, below Patagonia Lake, southern Arizona, to 
help capture Song Sparrows (Melospiza melodia). 
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Figure 9. A field technician draw blood from a Song Sparrow (Melospiza melodia) at our control site, Lochiel 
(LOCH), southern Arizona. 
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Figure 10. Comparison of the heavy metals from birds in the1997 U.S. Fish and Wildlife Service study at Rio Rico 
North site (King and others, 1999) with the present study at sites Nogales International Waste Water Treatment 
Plant (NIWWTP) and Tumacacori National Historical Park (TUMA), in southern Arizona. Presented are mean 
concentrations in parts per million (PPM) of mercury (Hg), zinc (Zn), copper (Cu), selenium (Se), and cadmium 
(Cd) in livers of Killdeer (Charadrius vociferous) at Rio Rico North and Song Sparrows (Melospiza melodia) at 
sites NIWWTP and TUMA. Concentrations for Killdeer are observed, whereas concentrations for Song Sparrows 
(Melospiza melodia) are estimated based on observed feather concentrations and values found in the literature. 
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Figure 11. Comparison of heavy metals in Abert’s Towhees (Melozone aberti) and Yellow-breasted Chats (Icteria 
virens) from the Kirkpatrick and others (2010) study with Song Sparrows (Melospiza melodia) in the present study. 
Presented are mean concentrations in parts per million (PPM) of chromium (Cr), nickel (Ni), lead (Pb), mercury 
(Hg), selenium (Se), zinc (Zn), and copper (Cu) in blood of birds at Tumacacori National Historical Park, Arizona. 
Mean concentrations for Song Sparrows were averaged between 2011 and 2012. 

 

 
 

Figure 12. Mean hematocrit (percent red blood cells) of adult male and female Song Sparrows (Melospiza 
melodia) captured within the upper Santa Cruz River watershed, Arizona, during 2011 and 2012. Error bars 
represent the 95 percent confidence intervals. Sample sizes are given in parentheses following each sex, with 
numbers collected from 2011 on left and 2012 on right). 
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Figure 13. Mean proportion of white blood cells per total number of cells read for Song Sparrows (Melospiza 
melodia) in 2011 and 2012 at six field sites within the upper Santa Cruz River watershed, southern Arizona.  Error 
bars represent the 95 percent confidence interval. Sample sizes are given in parentheses below each study area, 
with numbers from 2011 on left and 2012 on right). Study sites: LOCH, Lochiel (San Rafael Grasslands—control 
site); NOWA, Nogales Wash; PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below 
Patagonia Lake); NIWWTP, Nogales International Wastewater Treatment Plant; TUMA, Tumacacori National 
Historical Park. 

 

Figure 14. Mean body mass residual score of adult Song Sparrows (Melospiza melodia) in 2011 and 2012 for six 
sites within the upper Santa Cruz River watershed, southern Arizona. Error bars represent the 95 percent 
confidence interval. Sample sizes are given in parentheses below each study area, with numbers from 2011 on 
left and 2012 on right). Study sites: LOCH, Lochiel (San Rafael Grasslands—control site); NOWA, Nogales Wash; 
PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below Patagonia Lake); NIWWTP, Nogales 
International Wastewater Treatment Plant; TUMA, Tumacacori National Historical Park. 
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Table 1. Mean natural log (Ln) in parts per million and standard error (SE) of 21 heavy metals in tail feathers of adult Song Sparrows at six sites in the upper 
Santa Cruz River watershed, southern Arizona, 2011.  
 
[Average background concentrations found in literature (Lit.); number of studies that information was taken from is given in parentheses. For information from more than 
one reference study, those data are presented with a standard error (SE). Sites sharing the same parenthetical letters, for example (A), (B), or (C), do not differ 
significantly. An asterisk indicates at least one significant difference among sites. Study sites: LOCH, Lochiel (San Rafael Grasslands—control site); NOWA, Nogales 
Wash; PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below Patagonia Lake); NIWWTP, Nogales International Wastewater Treatment Plant; 
TUMA, Tumacacori National Historical Park] 
 

Metal 
LOCH  
(n=19) SE 

NIWWTP  
(n=18) SE 

NOWA  
(n=21) SE 

PLSP  
(n=13) SE 

SOCR  
(n=5) SE 

TUMA  
(n=23) SE 

 
F 

 
p 

Lit. 
(n) 

 
SE 

Ag -4.758(A) 0.26 -5.086(A) 0.28 -4.884(A) 0.23 -4.852(A) 0.44 -4.936(A) 0.22 -4.840(A) 0.27 0.3779 0.8625 -2.040 (1) - 
Al 5.151(A) 0.11 5.018(A) 0.09 5.069(A) 0.10 4.976(A) 0.10 5.219(A) 0.13 5.087(A) 0.09 1.8299 0.1163 4.715 (5) 0.34 
As -1.007(A) 0.12 -1.457(C) 0.09 -1.298(B) 0.10 -1.052(ABC) 0.11 -1.019(AB) 0.19 -1.452(C) 0.07 5.7764 0.0001* 0.482 (4) 0.68 
Ba 2.446(A) 0.15 2.008(B) 0.09 2.197(B) 0.13 1.446(B) 0.11 2.000(AB) 0.21 2.233(B) 0.08 4.4341 0.0013* 2.331 (2) 0.30 
Cd -2.586(A) 0.11 -0.789(B) 0.11 -1.463(C) 0.12 -1.240(BC) 0.10 -2.381(A) 0.20 -0.923(C) 0.09 28.2896 <0.0001* -0.671 (8) 0.28 
Cr -1.430(A) 0.11 -0.996(B) 0.08 -1.143(B) 0.08 -1.724(AB) 0.12 -1.364(AB) 0.16 -0.949(B) 0.09 2.7657 0.0235* 0.175 (4) 0.63 
Cu 2.463(A) 0.05 2.499(A) 0.03 2.616(B) 0.05 2.477(AB) 0.06 2.374(AB) 0.05 2.475(A) 0.03 3.1866 0.0113* 2.156 (9) 0.08 
Fe 5.670(A) 0.12 5.311(BC) 0.09 5.576(AB) 0.10 5.391(ABC) 0.10 5.556(ABC) 0.13 5.400(C) 0.09 3.8058 0.0038* 4.838 (2) 0.42 
Hg -1.642(A) 0.27 -1.552(A) 0.26 -1.473(A) 0.18 -1.144(A) 0.15 0.742(B) 0.62 -1.469(A) 0.17 3.0617 0.0140* -0.068 (6) 0.22 
Mg 5.078(A) 0.08 5.059(A) 0.05 5.080(A) 0.07 5.096(A) 0.07 5.176(A) 0.23 5.138(A) 0.06 1.1787 0.3270 - - 
Mn 4.076(A) 0.18 3.427(B) 0.14 3.658(B) 0.18 4.243(ABC) 0.14 4.801(C) 0.31 3.786(B) 0.11 5.4383 0.0002* 2.872 (6) 0.66 
Mo -1.154(A) 0.05 -0.830(B) 0.03 -0.864(B) 0.05 -1.794(A) 0.11 -1.367(AB) 0.11 -0.889(B) 0.04 4.8374 0.0006* -1.073 (1) - 
Ni 0.029(A) 0.20 1.352(B) 0.14 -0.175(A) 0.13 -0.384(A) 0.18 -0.399(A) 0.11 0.427(A) 0.12 13.4433 <0.0001* -0.358 (5) 0.34 
Pb -0.350(A) 0.10 -0.038(B) 0.06 0.046(B) 0.09 0.770(ABC) 0.09 0.824(C) 0.13 0.196(B) 0.06 5.1424 0.0004* 1.896 (8) 0.34 
Sb -3.369(A) 0.10 -2.908(B) 0.05 -2.371(B) 0.10 -2.770(ABC) 0.09 -2.518(B) 0.08 -2.971(AB) 0.05 19.1914 <0.0001* -2.283 (1) - 
Se -0.228(A) 0.18 0.150(A) 0.14 0.201(A) 0.19 -0.575(A) 0.19 0.256(A) 0.25 -0.491(A) 0.15 0.4042 0.2317 0.412 (4) 0.47 
Sr 2.140(A) 0.13 2.034(A) 0.10 2.002(A) 0.12 2.011(A) 0.10 2.111(A) 0.20 2.391(A) 0.09 0.7161 0.6131 2.063 (2) 0.09 
Tl -5.548(A) 0.09 -5.907(B) 0.07 -5.852(B) 0.08 -5.130(AB) 0.10 -5.479(A) 0.11 -5.973(B) 0.09 5.9579 <0.0001* -0.978 (1) - 
U -3.770(A) 0.10 -3.187(B) 0.09 -2.885(C) 0.08 -3.406(AB) 0.09 -3.625(ABC) 0.11 -3.150(AB) 0.07 13.2079 <0.0001* - - 
V -0.784(A) 0.11 -0.799(A) 0.08 -0.762(A) 0.08 -1.061(A) 0.09 -0.868(A) 0.10 -0.621(A) 0.06 1.5775 0.7844 0.384 (1) - 
Zn 5.237(A) 0.03 5.282(A) 0.02 5.298(A) 0.02 5.214(B) 0.06 5.297(A) 0.03 5.205(A) 0.03 2.4513 0.0405* 5.070 (9) 0.10 
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Table 2. Mean natural log (Ln) in parts per million and standard error (SE) of 21 heavy metals in tail feathers of adult Song Sparrows at six sites in the upper 
Santa Cruz River watershed, southern Arizona, 2012.  
 
[Average background concentrations found in literature (Lit.); number of studies that information was taken from is given in parentheses. For information from more than 
one reference study, those data are presented with a standard error (SE). An asterisk indicates at least one significant difference among sites. Study sites: LOCH, Lochiel 
(San Rafael Grasslands—control site); NOWA, Nogales Wash; PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below Patagonia Lake); NIWWTP, 
Nogales International Wastewater Treatment Plant; TUMA, Tumacacori National Historical Park] 
 

Metal 
LOCH  
(n=20) SE 

NIWWTP  
(n=20) SE 

NOWA  
(n=20) SE 

PLSP  
(n=20) SE 

SOCR  
(n=6) SE 

TUMA  
(n=16) SE 

 
F 

 
p 

Lit. 
 (n) 

 
SE 

Ag -3.254(A) 0.29 -3.451(A) 0.14 -3.645(A) 0.16 -3.699(A) 0.17 -3.135(A) 0.21 -4.611(A) 0.17 1.8273 0.1801 -2.040 (1) - 
Al 5.244(A) 0.12 5.351(A) 0.09 5.393(A) 0.12 5.117(A) 0.10 5.320(A) 0.09 5.028(A) 0.11 1.1781 0.3270 4.715 (5) 0.34 
As -1.188(AB) 0.13 -1.262(BC) 0.08 -0.880(A) 0.12 -1.022(AB) 0.09 -0.801(ABC) 0.16 -1.708(C) 0.09 4.2432 0.0017* 0.482 (4) 0.68 
Ba 2.818(A) 0.15 2.092(B) 0.09 2.418(C) 0.10 1.677(D) 0.13 2.072(ABCD) 0.13 2.079(BD) 0.11 19.5213 <0.0001* 2.331 (2) 0.30 
Cd -2.194(A) 0.13 0.001(B) 0.20 -1.129(C) 0.17 -0.972(C) 0.08 -1.989(ABC) 0.20 -1.056(C) 0.13 19.6068 <0.0001* -0.671 (8) 0.28 
Cr -1.215(A) 0.22 -0.687(B) 0.22 -0.841(AB) 0.14 -1.678(C) 0.16 -0.998(ABC) 0.33 -1.364(AB) 0.12 4.1930 0.0019* 0.175 (4) 0.63 
Cu 2.305(A) 0.11 2.404(A) 0.06 2.720(B) 0.10 2.376(A) 0.04 2.351(AB) 0.12 2.146(A) 0.07 2.9834 0.0159* 2.156 (9) 0.08 
Fe 5.514(AB) 0.14 5.514(AB) 0.09 5.781(A) 0.14 5.337(B) 0.11 5.531(AB) 0.08 5.139(B) 0.10 2.9353 0.0173* 4.838 (2) 0.42 
Hg -2.708(A) 0.17 -1.664(BC) 0.14 -1.328 (C) 0.25 -1.957(BC) 0.22 0.050(D) 1.57 -2.681(AB) 0.15 5.9185 <0.0001* -0.068 (6) 0.22 
Mg 5.375(A) 0.11 5.361(A) 0.06 5.580(A) 0.08 5.437(A) 0.07 5.486(A) 0.11 5.171(A) 0.06 1.7051 0.1425 - - 
Mn 4.334(A) 0.17 3.565(B) 0.12 3.921(C) 0.13 4.662(A) 0.12 4.475(ABC) 0.30 3.579(B) 0.13 13.6671 <0.0001* 2.872 (6) 0.66 
Mo -1.379(A) 0.10 -0.938(B) 0.09 -0.575(C) 0.09 -1.628(A) 0.12 -1.386(ABC) 0.11 -1.095(B) 0.08 14.0622 <0.0001* -1.073 (1) - 
Ni -0.388(AC) 0.14 0.722(B) 0.11 -0.029(C) 0.15 -0.480(A) 0.06 -0.283(ABC) 0.11 -0.640(A) 0.10 15.5751 <0.0001* -0.358 (5) 0.34 
Pb -0.593(A) 0.12 0.031(BC) 0.10 0.100(B) 0.12 0.778(D) 0.07 0.750(ABCD) 0.14 -0.356(AC) 0.07 18.7977 <0.0001* 1.896 (8) 0.34 
Sb -3.485(A) 0.16 -2.663(B) 0.09 -2.250(C) 0.12 -2.719(B) 0.09 -2.600(ABC) 0.12 -3.249(A) 0.07 11.8235 <0.0001* -2.283 (1) - 
Se -0.390(A) 0.26 0.296(AB) 0.07 0.650(B) 0.12 -0.100(A) 0.11 0.045(ABC) 0.15 -1.740(C) 0.45 5.9181 <0.0001* 0.412 (4) 0.47 
Sr 2.659(A) 0.14 2.112(B) 0.09 2.377(C) 0.10 2.481(C) 0.11 2.419(ABC) 0.20 2.256(BC) 0.10 6.0776 <0.0001* 2.063 (2) 0.09 
Tl -5.616(A) 0.12 -5.793(B) 0.07 -5.584(AB) 0.10 -5.084(C) 0.08 -5.384(ABC) 0.10 -6.030(AB) 0.09 8.5320 <0.0001* -0.978 (1) - 
U -3.672(A) 0.13 -3.133(B) 0.09 -2.725(C) 0.10 -3.326(AB) 0.11 -3.575(ABC) 0.08 -3.315(AB) 0.10 9.2162 <0.0001* - - 
V -0.845(A) 0.14 -0.636(A) 0.09 -0.572(A) 0.10 -0.912(A) 0.11 -0.852(A) 0.07 -0.824(A) 0.09 1.9850 0.0893 0.384 (1) - 
Zn 5.205(A) 0.10 5.334(A) 0.06 5.413(A) 0.05 5.300(A) 0.03 5.179(A) 0.07 5.008(A) 0.06 1.2722 0.2837 5.070 (9) 0.10 
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Table 3. Mean difference in natural log-transformed (Ln) heavy metal concentrations between 2011 and 2012 for 
feathers of 37 Song Sparrows (Melospiza melodia) captured during both years of our study in the upper Santa 
Cruz River watershed, southern Arizona. 
 
[Only significant metals from a matched-pairs t-test are reported along with standard error, t-ratio (df), and p-value] 

 
Metal Mean Dif. [Ln(2012)- Ln(2011)] SE t(36) p 
Ag 1.6630 0.2289 7.26 <0.0001 
Al 0.2493 0.0829 3.01 0.0024 
Cd 0.3201 0.1116 2.87 0.0034 
Cr 0.2019 0.1152 1.75 0.0441 
Mg 0.2971 0.0678 4.38 <0.0001 
Sr 0.1774 0.0956 1.86 0.0358 
Tl 0.1515 0.0737 2.06 0.0235 

 

Table 4. Mean difference in natural log-transformed (Ln) heavy metal concentrations between 2011 and 2012 for 
feathers of all adult Song Sparrows (Melospiza melodia) captured in the upper Santa Cruz River watershed, 
southern Arizona.  
 
[Only significant metals from a Student’s t-test are reported along with standard error (SE), t-ratio (df), and p-value. 2011 
n= 99; 2012 n=102] 
 

Metal Mean Dif. [Ln(2012)- Ln(2011)] SE t(199) p 
Ag 1.2259 0.1510 8.12 <0.0001 
Al 0.1618 0.0633 2.56 0.0057 
Cd 0.3146 0.1254 2.51 0.0065 
Cu -0.1053 0.0431 -2.44 0.0079 
Hg -55.4800 0.1538 -3.61 0.0002 
Mg 0.3028 0.0458 6.61 <0.0001 
Mn 0.2007 0.1028 1.95 0.0262 
Ni -0.4102 0.1111 -3.69 0.0001 
Sr 0.2521 0.0707 3.57 0.0002 
Tl 0.1267 0.0678 1.87 0.0316 
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Table 5. Mean natural log (Ln) in parts per million and standard error of 21 elements in blood of adult Song Sparrows at six sites in the upper Santa Cruz 
River watershed, Arizona, 2011.  
 
[Average background concentrations found in literature (Lit.); number of studies that information was taken from is given in parentheses. For information from more than 
one reference study, those data are presented with a standard error (SE). An asterisk indicates at least one significant difference among sites. Study sites: LOCH, Lochiel 
(San Rafael Grasslands—control site); NOWA, Nogales Wash; PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below Patagonia Lake); NIWWTP, 
Nogales International Wastewater Treatment Plant; TUMA, Tumacacori National Historical Park] 
 

Metal 
LOCH  
(n=18) SE 

NIWWTP  
(n=16) SE 

NOWA  
(n=20) SE 

PLSP 
 (n=13) SE 

SOCR  
(n=6) SE 

TUMA  
(n=21) SE 

 
F 

 
p 

 
Lit. (n) 

 
SE 

Ag -7.851(A) 0.41 -7.350(A) 0.41 -7.538(A) 0.40 -8.047(A) 0.35 -7.385(A) 0.72 -7.497(A) 0.41 0.1134 0.9891 - - 
Al 0.684(A) 0.27 0.512(A) 0.22 0.743(A) 0.21 0.076(A) 0.10 1.151(A) 0.61 0.541(A) 0.16 0.9100 0.4788 4.404 (2) 0.04 
As -3.836(A) 0.31 -4.617(AB) 0.33 -3.588(A) 0.25 -4.388(AB) 0.31 -3.833(A) 0.10 -5.017(B) 0.27 3.0599 0.0139* -2.07 (4) 0.95 
Ba -2.982(A) 0.22 -3.130(A) 0.15 -3.037(A) 0.24 -3.590(A) 0.16 -2.945(A) 0.34 -3.006(A) 0.14 0.3123 0.9043 -0.051 (1) - 
Cd -5.915(A) 0.12 -5.448(B) 0.10 -5.338(B) 0.13 -5.445(B) 0.12 -6.154(A) 0.10 -5.439(B) 0.10 4.2635 0.0017* -3.732 (6) 0.85 
Cr -4.037(A) 0.24 -4.115(A) 0.29 -4.119(A) 0.28 -4.420(A) 0.26 -3.468(A) 0.33 -4.110(A) 0.14 0.5452 0.7415 1.719 (4) 0.76 
Cu -0.347(A) 0.10 -0.158(A) 0.10 -0.090(A) 0.12 -0.132(A) 0.28 -0.499(A) 0.07 -0.129(A) 0.09 0.5899 0.7077 -0.074 (6) 0.59 
Fe 6.913(A) 0.09 7.077(A) 0.12 7.000(A) 0.11 6.794(A) 0.08 6.674(A) 0.08 6.992(A) 0.11 0.8126 0.5440 5.866 (6) 0.92 
Hg -2.971(A) 0.24 -3.068(A) 0.19 -2.536(A) 0.21 -2.979(A) 0.14 -2.595(A) 0.09 -2.626(A) 0.19 0.6325 0.6755 -2.049 (7) 0.44 
Mg 5.264(A) 0.08 5.387(A) 0.11 5.404(A) 0.13 5.127(A) 0.07 5.074(A) 0.04 5.310(A) 0.09 0.6978 0.6266 5.150 (3) 0.57 
Mn -1.644(A) 0.27 -1.822(A) 0.18 -1.880(A) 0.19 -1.825(A) 0.14 -1.174(A) 0.22 -1.828(A) 0.11 0.9708 0.4407 -0.856 (5) 0.81 
Mo -2.625(A) 0.10 -2.390(A) 0.16 -2.643(A) 0.12 -3.178(A) 0.11 -2.970(A) 0.07 -2.619(A) 0.12 1.7037 0.1430 -3.650 (1) - 
Ni -5.472(A) 0.25 -4.595(A) 0.46 -5.215(A) 0.30 -4.692(A) 0.55 -4.828(A) 0.74 -4.909(A) 0.34 0.9117 0.4777 1.155 (2) 1.23 
Pb -3.521(A) 0.20 -3.337(A) 0.12 -3.461(A) 0.13 -3.232(A) 0.08 -3.462(A) 0.21 -3.339(A) 0.10 0.3249 0.8966 -1.392 (4) .125 
Sb -6.624(A) 0.35 -6.429(A) 0.22 -5.858(A) 0.34 -6.489(A) 0.24 -6.427(A) 0.27 -6.450(A) 0.31 0.9898 0.4292 - - 
Se 0.918(A) 0.11 1.215(A) 0.13 2.277(B) 0.21 0.712(A) 0.15 1.809(B) 0.18 1.166(A) 0.16 12.1130 <0.0001* 0.587 (5) 0.52 
Sr -2.159(A) 0.15 -2.550(A) 0.15 -2.270(A) 0.21 -2.088(A) 0.17 -1.975(A) 0.36 -2.240(A) 0.12 1.8067 0.1206 -0.276 (2) 0.54 
Tl -8.492(AB) 0.18 -8.808(C) 0.21 -8.064(CD) 0.13 -7.683(D) 0.10 -8.113(CD) 0.15 -8.738(BC) 0.11 6.6907 <0.0001* - - 
U -8.590(A) 0.27 -8.158(A) 0.21 -7.998(A) 0.22 -8.350(A) 0.12 -8.526(A) 0.19 -8.066(A) 0.13 1.1049 0.3643 - - 
V -5.489(AB) 0.30 -4.949(BC) 0.17 -4.747(C) 0.17 -6.050(A) 0.07 -5.466(ABC) 0.23 -5.041(BC) 0.11 3.4742 0.0067* -1.645 (1) - 
Zn 2.092(A) 0.10 2.233(A) 0.12 2.311(A) 0.13 1.991(A) 0.11 2.031(A) 0.07 2.254(A) 0.10 0.4937 0.7801 2.182 (6) 0.44 
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Table 6. Mean Ln (PPM) and standard error of 21 elements found in blood of adult Song Sparrows at six sites within the upper Santa Cruz River watershed, 
Arizona, 2012.  
 
[Average background concentrations found in literature (Lit.); number of studies that information was taken from is given in parentheses. For information from more than 
one reference study, those data are presented with a standard error (SE). An asterisk (*) indicates at least one significant difference among sites. Study sites: LOCH, 
Lochiel (San Rafael Grasslands—control site); NOWA, Nogales Wash; PLSP, Sonoita Creek (above Patagonia Lake); SOCR, Sonoita Creek (below Patagonia Lake); 
NIWWTP, Nogales International Wastewater Treatment Plant; TUMA, Tumacacori National Historical Park] 
 

Metal 
LOCH  
(n=22) SE 

NIWWTP  
(n=24) SE 

NOWA  
(n=21) SE 

PLSP  
(n=23) SE 

SOCR  
(n=6) SE 

TUMA  
(n=17) SE 

 
F 

 
p 

Lit. 
 (n) 

 
SE 

Ag -7.112(A) 0.26 -7.171(A) 0.26 -6.910(A) 0.20 -7.511(A) 0.36 -6.422(A) 1.26 -8.130(A) 0.34 1.325 0.2487 - - 

Al 0.107(A) 0.16 -0.105 (A) 0.17 0.490(A) 0.17 -0.126(A) 0.14 0.309(A) 0.42 -0.065(A) 0.11 1.9615 0.0908 4.404 (2) 0.04 

As -3.988(A) 0.12 -5.078(BC) 0.17 -4.698(CD) 0.12 -4.642(DE) 0.15 -4.055(AD) 0.31 -5.328(C) 0.13 11.1916 <0.0001* -2.07 (4) 0.95 

Ba -2.484(A) 0.33 -3.494(B) 0.22 -2.428(A) 0.30 -3.481(B) 0.28 -2.599(AB) 0.51 -3.510(B) 0.21 3.0481 0.0133* -0.051 (1) - 

Cd -6.296(A) 0.08 -5.668(BC) 0.12 -5.623(C) 0.09 -5.775(BC) 0.10 -6.373(A) 0.16 -6.062(AB) 0.08 7.6857 <0.0001* -3.732 (6) 0.85 

Crb -4.140(A) 0.28 -4.384(A) 0.37 -3.802(A) 0.34 -5.026(A) 0.31 -2.688(A) 1.39 -4.777(A) 0.27 1.5516 0.1808 1.719 (4) 0.76 

Cu -0.568(A) 0.06 -0.679(A) 0.09 -0.600(A) 0.07 -0.745(A) 0.05 -0.648(A) 0.12 -0.718(A) 0.04 0.7153 0.6134 -0.074 (6) 0.59 

Fe 6.469(A) 0.05 6.366(A) 0.09 6.498(A) 0.03 6.411(A) 0.03 6.379(A) 0.04 6.421(A) 0.02 0.8236 0.5357 5.866 (6) 0.92 

Hg -3.559(AB) 0.10 -4.066(C) 0.11 -3.116(DE) 0.09 -3.466(AD) 0.15 -2.773(E) 0.20 -4.061(BC) 0.19 8.9835 <0.0001* -2.049 (7) 0.44 

Mg 4.529(A) 0.05 4.450(A) 0.09 4.633(A) 0.03 4.609(A) 0.05 4.471(A) 0.06 4.636(A) 0.04 1.4094 0.2273 5.150 (3) 0.57 

Mn -2.389(AB) 0.15 -2.697(B) 0.15 -2.158(A) 0.16 -2.258(A) 0.13 -1.977(A) 0.17 -2.861(B) 0.14 3.0072 0.0143* -0.856 (5) 0.81 

Mo -2.774(A) 0.07 -3.151(B) 0.10 -3.020(AB) 0.03 -3.159(B) 0.12 -2.661(A) 0.42 -3.113(B) 0.04 2.9741 0.0151* -3.650 (1) - 

Ni -3.763(A) 0.28 -3.636(A) 0.28 -3.544(A) 0.20 -4.125(A) 0.16 -3.874(A) 0.49 -4.302(A) 0.22 0.9218 0.4701 1.155 (2) 1.23 

Pb -4.100(A) 0.19 -3.795(AB) 0.28 -4.030(A) 0.17 -3.461(B) 0.12 -3.692(AB) 0.10 -4.472(A) 0.06 2.3878 0.0432* -1.392 (4) 1.25 

Sb -6.395(A) 0.18 -6.049(A) 0.31 -6.198(A) 0.13 -6.665(A) 0.16 -5.747(A) 0.72 -6.771(A) 0.16 1.7319 0.1341 - - 

Se 0.726(A) 0.10 0.772(A) 0.12 2.701(B) 0.08 0.833(A) 0.15 1.595(C) 0.07 0.834(A) 0.13 40.4089 <0.0001* 0.587 (5) 0.52 

Sr -2.248(A) 0.10 -3.107(B) 0.15 -2.738(BC) 0.10 -2.495(AC) 0.11 -2.350(AC) 0.20 -2.845(B) 0.11 6.9074 <0.0001* -0.276 (2) 0.54 

Tl -8.649(A) 0.10 -9.659(B) 0.08 -8.733(A) 0.10 -7.853(C) 0.11 -8.378(A) 0.13 -9.242(D) 0.12 42.4231 <0.0001* - - 

U -8.643(A) 0.13 -8.539(A) 0.21 -7.720(B) 0.17 -8.529(A) 0.18 -8.643(A) 0.25 -8.617(A) 0.14 4.2286 0.0016* - - 

V -5.800(A) 0.19 -5.550(A) 0.15 -4.977(B) 0.14 -6.409(C) 0.21 -5.365(AB) 0.68 -5.528(AB) 0.09 6.6289 <0.0001* -1.645 (1) - 

Zn 1.672(A) 0.09 1.549(A) 0.17 1.906(A) 0.08 1.670(A) 0.06 1.734(A) 0.14 1.698(A) 0.06 0.8824 0.4958 2.182 (6) 0.44 

b. For Cr, only five adults were analyzed at site SOCR as one adult male showed an extremely high concentration that is likely attributable to a contamination during the 
sampling process.
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Table 7. Mean difference in log-transformed (Ln) heavy metal concentrations between 2011 and 2012 for blood 
samples of 33 Song Sparrows (Melospiza melodia) that were captured in both years of our study in the upper Santa 
Cruz River watershed, southern Arizona. 
 
[Only significant heavy metals from a matched-pairs t-test are reported along with standard error (SE), t-ratio t(32), and  
p-value (p)] 
 

Metal Mean Dif. [Ln(2012)- Ln(2011)] SE t(32) p 
Al 0.5869 0.1729 3.39 0.0009 
As 0.9101 0.2305 3.95 0.0002 
Cd 0.3707 0.0813 4.56 <0.0001 
Cu 0.5355 0.1214 4.41 <0.0001 
Fe 0.5126 0.0845 6.07 <0.0001 
Hg 0.8785 0.1642 5.35 <0.0001 
Mg 0.7762 0.0848 9.15 <0.0001 
Mn 0.6760 0.1920 3.52 0.0007 
Mo 0.3118 0.1325 2.35 0.0125 
Ni -1.3706 0.2687 -5.10 <0.0001 
Pb 0.3667 0.1886 1.94 0.0304 
Sr 0.5167 0.1295 3.99 0.0002 
Tl 0.5255 0.1288 4.08 0.0001 
V 0.4531 0.2135 2.12 0.0208 
Zn 0.5715 0.0970 5.89 <0.0001 

 

Table 8. Mean difference in log-transformed (Ln) heavy metal concentrations between 2011 and 2012 for blood 
samples of all adult Song Sparrows (Melospiza melodia) captured in the upper Santa Cruz River watershed, 
Arizona.  
 
[Only significant heavy metals from a Student’s t-test are reported along with standard error (SE), t-ratio t(205), and p-value 
(p). 2011, 94 Song Sparrows sampled; 2012, 113 Song Sparrows sampled] 
 

Metal Mean Dif. [Ln(2012)- Ln(2011)] SE t(205) p 
Al -0.5172 0.12 -4.37 <0.0001 
As -0.4864 0.15 -3.24 0.0007 
Cd -0.3404 0.07 -4.66 <0.0001 
Cu -0.4609 0.06 -7.23 <0.0001 
Fe -0.5112 0.05 -10.26 <0.0001 
Hg -0.8075 0.11 -7.32 <0.0001 
Mg -0.7321 0.05 -14.29 <0.0001 
Mn -0.6785 0.10 -6.50 <0.0001 
Mo -0.3318 0.07 -4.61 <0.0001 
Ni 1.1338 0.19 5.93 <0.0001 
Pb -0.5286 0.10 -5.11 <0.0001 
Sr -0.4210 0.09 -4.57 <0.0001 
Tl -0.4132 0.10 -3.98 <0.0001 
V -0.4372 0.13 -3.49 0.0003 
Zn -0.4827 0.07 -7.26 <0.0001 
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