Supporting Information

Appendix S1. Daily tracking 

In general, California Ccondors (Gymnogyps californianus) were tracked daily by radio telemetry and visual observation at all sites (i.e. southern California, Big Sur, and Pinnacles National Park). Stationary tracking using standard telemetry protocol (Kenward 2000) and mobile tracking using vehicles were used to detect the presence or absence of a condor in an area. In southern California, from 2002 onward, stationary tracking using radio telemetry performed near release or provisioning sites was used most extensively to detect condors (Grantham 2007) and mobile tracking was reserved for responding to reports of condors perching on man-made structures where flushing or hazing of the birds was required (Grantham 2007). Daily status (i.e. presence or absence) of condors was not recorded on days with inclement weather and evacuation due to wildfire activity. Because most tracking was performed in proximity to the release and provisioning sites, we assumed that if a bird was not detected by visual observation or radio telemetry, that the condor was not present in the immediate vicinity of the release or provisioning site. The reception range of the radio transmitters is affected by the terrain and vegetation at each site; however, typically the range is approximately 10- 20 km (Rodgers et al. 1996).

Appendix S2. Blood lead level data 

Blood samples were collected and lead levels determined using graphite furnace atomic absorption spectrophotometry at multiple commercial certified laboratories (Antech Diagnostics and IDEXX, Irvine, CA; Louisiana Animal Disease Diagnostic Laboratory (LADDL), Baton Rouge, LA; California Animal Health and Food Safety (CAHFS)  Laboratory, Davis, CA). Briefly, at LADDL, lead analysis was performed on whole blood via graphite furnace atomic absorption spectroscopy (GFAAS) with a Zeeman background correction using a PerkinElmer Analyst 800 instrument. Blood was diluted 16-fold and erythrocytes were lysed with a solution of 0.01% Triton X-100 and compared to aqueous standards. A reference sample of whole blood (Seronorm Trace Elements Whole Blood - Level 2, SERO AS, Billingstad, Norway) was used as a control for each assay. Each batch of samples with controls was analyzed twice. Average recovery of the control was 97% with a coefficient of variation of 6.3%. At CAHFS, blood lead levels were determined using GFAAS (Perkin Elmer Analyst 800). Samples were prepared by diluting 0.05 ml of blood to 1.00 ml with diluent consisting of 0.6% Triton X-100, 0.2% HNO3 and 0.2% NH4H2PO4 matrix modifier. Each analytical run included quality control samples consisting of a method blank, method detection limit spike, sample duplicates and a certified reference material. The reference material utilized was a WSLH (Wisconsin State Laboratory of Hygiene) lead proficiency testing blood sample. Results of the analyses of the method detection limit spikes were all acceptable (within +/- 10% of the 50 ppb spiked level), and analyses of the reference material were all within the acceptable range as determined by WSLH (mean, +/- 2 s.d.).  Results of sample duplicates were all within 10% of each other. At Antech, samples were prepared by mixing 0.05 ml of blood with 250uL of dilute hydrochloric acid solution in water (0.1 mol/L) and lead levels were determined using anodic stripping voltammetry (ASV) (ESA 3010B Trace Metals Analyzer (Environmental Science Associates)) with a mercury-coated graphite electrode, a Ag/AgCl reference electrode, and a platinum counter electrode. The machine was calibrated with each use and calibration of the ASV was carried out with calibrators made from bovine blood. The relative standard deviation for this method was < 10% with a 3% relative error. Determination of blood lead concentrations using ASV technology (3010B) and GFAAS have shown good correlation, and are therefore comparable for blood lead analysis (Bannon and Chisholm 2001). 
     Data prior to 1997 were excluded due to very low numbers of condors available for comparison. Since 2000, the use of a portable blood lead analyzer (Lead Care Blood Lead Testing System, ESA Inc., Chelmsford, MA) enabled on-site determination of blood lead levels and appropriate interventions for individuals with potentially toxic levels of lead exposure. Condors with moderately elevated blood lead levels (i.e. 25 - 40 µg/dL) detected on the portable analyzer were typically held at the field site and retested within 2-3 of days. Only laboratory-determined blood lead measurements were included in analyses because blood lead levels from the portable field analyzer are not as reliable as those determined in the laboratory. Because the commercial laboratories used different lower reporting limits for the blood lead levels, the lead data were censored at the highest lower reporting limit (5 ug/dL) and assigned a value of 2.5 µg/dL (reporting limit divided by 2) for values falling below the reporting limit. Measurements obtained from condors held in captivity for re-assessment or chelation therapy were excluded. In addition, measurements from individuals for which the reason for capture (i.e. capture for routine management purposes or because of a suspected lead exposure event) was unknown (n = 31) were excluded, because this information was needed to assess whether more intensive targeted sampling of individuals due to suspicions of a lead exposure event during the post-ban period confounded assessment of temporal trends of lead exposure.   A 10 µg/dL threshold was used to indicate elevated lead exposure as this level is approximately three times higher than the average blood lead level of condors prior to release to the wild that have no history of lead exposure (Finkelstein et al. 2012).  

Appendix S3. Time-varying risk factor characterization 

Designation of the four week period for characterizing risk factors was based on the assumption that, after ingestion of lead, the blood lead level increases over several days and then gradually decreases over the next two to three weeks with an estimated elimination half life of 13 +/- 3 days (Fry & Maurer 2003).  Telemetry and observation data used to characterize the risk factor for percentage of days the condor was  undetected within the exposure window was available at all of the sites. However, comprehensive feeding observation data to characterize reliance on proffered food was only available at the two sites in central California (Big Sur and Pinnacles National Park).  When characterizing these risk factors for reliance on proffered food and the percentage of days the condor was not detected by observation or telemetry, the days when tracking did not occur (i.e due to inclement weather) were treated as missing data points and calculations of the percentages were based on the numbers of days for which data were available. Misclassification of the risk factor variable for percentage of days the condor was not detected by observation or telemetry could occur as a result of battery failure or poor detection of an individual near the release or provisioning sites due to landscape features. However, we expect that any misclassification of the variable was not systematic and was unrelated to measurements of blood lead exposure in the individual. In observational studies, associations between risk factors and the disease are subject to temporal bias and reverse causation (i.e. a relationship exists between the risk factor and disease because the disease causes a change in the risk factor) because it is often not possible to prove that exposure to a given risk factor preceded development of disease. For example, decreased reliance on proffered food may result in increased risk of lead exposure from contaminated carcasses, but also the effects of severe lead poisoning could lead to depressed feeding activity (Pattee et al. 1981, 2006; Carpenter et al. 2003; Wynne & Stringfield 2007) and an apparent decrease in reliance on proffered food. Thus, to further elucidate functional relationships between condor blood lead levels and time-varying risk factors most subject to temporal bias and reverse causation, we determined that the percentage of days the condor was undetected and reliance on food provisions for the four week period preceding the defined exposure window were similarly related to lead exposure. 

Appendix S4. Monthly home range size estimation 

We used GPS transmitter data collected from 2005 through 2010 to calculate condor monthly home range sizes. GPS transmitters (Argos/GPS PTT-100; Microwave Telemetry, Inc., Columbia, Maryland) were programmed to collect location data at hourly intervals each day from 0500–2000 h PST, with a resolution of ±18 m (based on manufacturer specifications). Although we attempted to assign transmitters to sex and age classes in a balanced manner, management needs required the non-random assignment of transmitters in some cases. This led to gaps in location data for some individuals, so we restricted our home range analysis to individuals that had a minimum of 100 GPS transmitter locations per month to ensure each individual was sampled adequately. We used 99% fixed kernel density analysis to estimate monthly home ranges (Burt 1943; Silverman 1986; Horne & Garton 2006). Home range estimation allows insight into how individuals use space, including important areas that are not necessarily regularly utilized (Powell & Mitchell 2012). Initially, we evaluated the reference (href) and the least squares cross-validation (hlscv) smoothing parameters (Worton 1989; Kernohan et al. 2001) for use with our dataset. However, both smoothing parameters failed during initial analysis so we calculated home range size by initially estimating href with the Home Range Tools in ArcGIS (Rodgers et al. 2005), and then used Hawth’s Analysis Tools for ArcGIS (Beyer 2005) to calculate 99% fixed-kernel monthly home ranges using a grid cell size of 100 m. We used an ad hoc smoothing parameter (hadhoc) to choose the smallest increment of href that resulted in a contiguous 99% kernel polygon (i.e., 0.3*href = hadhoc) as this minimizes overestimation of the outward boundary of the utilization distribution (Berger & Gese 2007; Cline & Haig 2011). We deemed this a reasonable approach because i) field observations found that using the href overestimated condor space use in habitats immediately surrounding high use areas that contained many overlapping location points and ii) condors often concentrated their perching and roosting at the same distinct locations throughout the annual cycle, leading to GPS location data that contained a large number of overlapping individual location points. Home range size estimates calculated for this study ranged from 1,373 ha to 1,706,563 ha (median = 152,609 ha). 
Over 99.9% of condor locations determined by GPS transmitters during the post-ban period were within the area covered by the regulations (USFWS, unpublished data).

Appendix S5. Generalized estimating equations (GEE) linear regression model developments 

We developed Ggeneral estimating equations (GEE) linear regression models were developed to investigate the relationship between a wide range of putative risk factors for elevated lead exposure and blood lead level. Natural logarithmic transformed blood lead concentrations served as the dependent variable.  The GEE approach takes into account within-subject correlation associated with repeated measurements in individuals and unbalanced datasets resulting from subjects having different numbers of measurements taken at unequal time intervals throughout the study period (Hardin & Hilbe 2003). Temporal patterns and varied by geographic region and there was significant spatial variation in the effect of several risk factors on blood lead levels varied by geographic region, so we performed site-specificseparate analyses for each site (i.e. southern California, Big Sur, and Pinnacles National Park). In each site-specific GEE model, utilization of a secondary sites during the exposure window was assessed as a risk factor. Time undetected and reliance on proffered food at the Big Sur and Pinnacles National Park sites were negatively correlated (r = – 0.42, p < 0.001). Including both of these time-varying risk factors in the models resulted in multicollinearity; therefore, only the factor with the strongest relationship with lead level and best model fit was retained in the models. In the multivariable analysis for the southern California site, the original release location for the condor was also assessed as a risk factor for elevated lead exposure. Bitter Creek National Wildlife Refuge was used as the reference category as blood lead levels were lowest in condors released at this location.     
     Inter-annual variation was assessed in the GEE models using a categorical variable for year. Years during the pre-ban period with the lowest median blood lead level with sufficient sample size were selected as the reference category for each site-specific model. The relationship between the lead ammunition regulation and blood lead levels was assessed by incorporating a dichotomous variable in the models (0 = no ban, and 1 = ban). Data for some of the pre-ban years was too sparse for comparisons between years and to model interaction terms with the lead ammunition regulation. Therefore, blood lead data were grouped into five categories: 1) pre-ban period (1997 – August, 2008), 2) September, 2008 – December, 2008, 3) 2009, 4) 2010, and 5) 2011. The ban was implemented on July 1, 2008. However, blood lead levels obtained during July and August 2008 were included in the pre-ban period to account for the period of time that lead resulting from exposure during the pre-ban period may still be present in the blood (i.e. approximately five half-lives of lead in condor blood). Models including this categorical variable allowed for direct comparisons in blood lead levels among years during the post-ban period in addition to comparisons between the pre-ban period and specific years during the post-ban period. Furthermore, these models largely demonstrated similar fit to more complex models with each year as a categorical variable. 
     Seasonal variation was assessed in the GEE models by incorporating a variable for month of capture. Given the high prevalence of lead exposure in condors detected at various times throughout the year, we approached the analyses by first assessing monthly median blood lead levels. We then used bivariate analyses to systematically explore relationships between month and blood lead concentrations before evaluating in a multivariable framework. We tested for differences in the magnitude of blood levels between months using the Wald statistic and collapsed neighboring month categories that did not differ with respect to blood lead levels. The purpose of this unbiased approach was to maximize fit and reduce the variance estimates in the models.  Months with similar blood lead levels based on the Wald statistic were collapsed into categories with data from multiple monthsThe month category with the lowest geometric mean blood lead level was used as the reference category in the models. if the model demonstrated similar or improved fit. Seasonal distribution of sampling activities was variable across years. Because blood lead levels were higher in individuals that were captured and sampled due to suspicions of lead exposure, and there was a higher frequency of targeted sampling of individuals during the post-ban period, we controlled for this potential bias in our model by including a variable for reason for sampling (0 = routine, and 1 = suspected lead exposure). Sampling effort, as indicated by the proportion of individuals sampled at each capture event, was not significantly related to blood lead level and was similar between the pre-ban and post-ban periods. Different correlation structures (independence, exchangeable, and autoregressive) were evaluated to assess the best fit for all models. The GEE approach uses a quasi-likelihood framework for model estimation (Hardin & Hilbe 2003); therefore, quasilikelihood-under-the-independence-model information criterion (QIC and QICu) and correlation information criterion (CIC) statistics (Hardin & Hilbe 2003; Hin & Wang 2009) were used to select models. Standard errors were calculated using robust variance estimate techniques and graphical residual diagnostics were performed to assess goodness-of-fit. 

Appendix S6. Temporal cluster analysis

Temporal clusters of elevated blood lead levels (i.e. defined outbreaks of lead exposure) in the condor population were also detected through use of temporal scan statistics in the normal model in SatScan version 9.0 (Kulldorff et al. 2009). The model uses a permutation-based Monte Carlo hypothesis testing procedure to evaluate the statistical significance of clusters of data points by comparing the mean within the cluster to outside of the cluster (Kulldorff et al. 2009). Maximum temporal cluster sizes of 30 and 60 days were assessed for the analysis. Significant temporal clusters of elevated lead exposure were identified if blood lead levels within the cluster had a larger mean than outside the cluster (P < 0.05) (Kulldorff et al. 2009).

Appendix S7. Comparison of post-ban blood lead levels in sympatric scavenging birds 

Blood lead levels in California Ccondors (n = 27, median = 9 µg/dL, range = 1-48 µg/dL) were similar to levels observed in sympatric Ggolden Eeagles (Aquila chrysaetos) (n = 33, median = 7 µg/dL, range = < 6 - 110 µg/dL) sampled concurrently within the southern California Ccondor range during the first year post-ban (November and December 2008). However condor blood lead levels (n = 4, median = 9 µg/dL, range = 7 - 10 µg/dL) were slightly higher than levels in sympatric Tturkey Vvultures (Cathartes aura) (n = 33, median = 6 µg/dL, range = < 6 - 21 µg/dL) sampled concurrently in the Big Sur area (May and June 2009) (P < 0.02). The difference was still evident after adding 20 blood lead measurements from Big Sur condors sampled in April and July, 2009 (n = 24, median = 9 µg/dL, range = 2-23 µg/dL, P < 0.02). Albeit minimal, this difference in the magnitude of exposure between California Ccondors and Tturkey Vvultures may be explained by differences in their foraging ecology. Turkey Vvultures have comparatively smaller home ranges and do not fly as far as condors in search of food (Coleman & Fraser 1989; Meretsky & Snyder 1992). In addition, information on the food habits of condors and Tturkey Vvultures suggest that Tturkey Vvultures may have a more varied diet that includes birds, reptiles, and amphibians (Coleman & Fraser 1987; Collins et al. 2000; Platt & Rainwater 2009).  Golden Eeagles were captured during their winter migration, and therefore migrant Ggolden Eeagles were likely to have been foraging over larger areas prior to sampling. In addition to hunting live prey, Ggolden Eeagles scavenge on carrion, especially during the winter (Kochert et al. 2002). The Ggolden Eeagles sampled concurrently with the southern California Ccondors during the winter of the first year post-ban were observed to primarily scavenge on carrion (Kelly et al. 2011).

Appendix S8. Mean blood lead levels for key risk factors in the multivariable analyses

To illustrate estimated blood lead concentrations for key risk factor categories, we applied the coefficients for each site-specific model. In our calculations of estimated blood lead concentration (adjusted geometric mean) for each comparison, we elevated combinations of risk factor categories with relatively large sample sizes in order to provide the most robust estimates. Sample sizes were limited for some risk factor category combinations and together with high variation in estimates resulted in wide confidence intervals for the adjusted geometric means.   

Southern California
In southern California, relative to the mean lead level for the pre-ban period, the estimated mean lead level was 50% lower in 2009, but 1.2 times higher in 2010 (Table 3). Based on model estimation, condors > 3 years of age that were released or fledged at Hopper Mountain National Wildlife Refuge, undetected for 33% of the window preceding capture (i.e. upper quartile of the risk factor), and sampled in June for routine monitoring purposes, had an estimated adjusted geometric mean blood lead level during the pre-ban period of 16 µg/dL (95% CI: 13-20 µg/dL) compared to 9 µg/dL (95% CI: 7-11 µg/dL) in 2009 and 21 µg/dL (95% CI: 20-23 µg/dL) in 2010.
     Blood lead levels increased with greater time condors spent undetected (Table 3). Given the same risk factor categories noted above (i.e. age, original release or fledge location, and month) with a capture year of 2010, condors that were undetected for 33% of the time preceding sampling (i.e. upper quartile of the risk factor) had an estimated mean lead level of 21 µg/dL (95% CI: 20-23 µg/dL) compared to 16 µg/dL (95% CI: 13-20 µg/dL) in condors that were undetected for only 7% of the window (i.e. lower quartile of the risk factor). 
     Condors originally released at the Lion Canyon and Castle Crag locations had the highest lead levels among condors in southern California (Table 3). Based on model estimation, condors  > 3 years of age, sampled in June 2010 for routine monitoring purposes, and undetected for 33% of time preceding sampling, the estimated mean blood lead level was 29 µg/dL (95% CI: 24-37 µg/dL) for condors released at Lion Canyon and Castle Crag compared to 21 µg/dL (95% CI: 19-23 µg/dL) condors released or fledged at Hopper Mountain National Wildlife Refuge, and 19 µg/dL (95% CI: 16- 22 µg/dL) in condors released at Big Sur. 

Central California

Big Sur
In Big Sur, compared to the pre-ban period, the mean was reduced in magnitude by 23% in 2010; while in 2009 and 2011, the mean lead levels were similar to the level for the pre-ban period (Table 4). Based on model estimation given the following risk factor categories of  > 3 years of age, sampled in the summer (May to Aug) for routine monitoring purposes, detected only in the Big Sur area during the exposure window, and reliant on proffered food for 7% of time preceding capture (i.e. lower quartile of the risk factor), the estimated adjusted geometric mean blood lead level during the pre-ban period was 10 µg/dL (95% CI: 9-15 µg/dL) compared to a level of 8 µg/dL (95% CI: 7-9 µg/dL) in 2010.  For condors given the same risk factor categories, but captured in September and October, the mean lead level during the pre-ban period was 17 µg/dL (95% CI: 16-24 µg/dL), compared to a mean level of 13 µg/dL (95% CI: 11-19 µg/dL) in 2010. 
     Condors that were detected at a secondary site in addition to Big Sur during the exposure window had higher blood lead levels compared to condors that were detected only in Big Sur (Table 4).  Based on model estimation, the adjusted mean lead level for condors that were detected at both Big Sur and Pinnacles during the exposure window was 17 µg/dL (95% CI:16-25 µg/dL) compared to a level of 13 µg/dL (95% CI:10-17 µg/dL) for condors detected only in Big Sur. This was based on the following risk categories of   > 3 years old, sampled in September or October, 2011 and reliant on food for 7% of time preceding capture.  Given similar risk factor categories, but sampled during the pre-ban period when Big Sur condors were traveling to southern California, condors detected in southern California in addition to Big Sur had an adjusted mean lead level of 32 µg/dL (95% CI: 25-50 µg/dL) compared to 17 ug/dL (95% CI: 16-24 µg/dL) in condors detected only in Big Sur during the exposure window.  
    Big Sur condors that fed on proffered food for 7% of the window (lower quartile of risk factor) had a mean blood lead level of 17 µg/dL (95% CI: 16-25 µg/dL) compared to a mean level of 15 µg/dL (95% CI: 13-22 µg/dL) in condors that fed on proffered food for 22% of the window (i.e. upper quartile of risk factor). This estimate was based on the following risk factor categories: captured in September or October 2011, >3 years old, and detected in both Big Sur and Pinnacles National Park preceding capture. 

Pinnacles National Park
At Pinnacles National Park, the mean lead level in 2009 was higher than the level for the pre-ban period (Table 5). Based on model estimation, adult condors sampled routinely in October and November during the pre-ban period that were reliant on food subsidies for 3% of the exposure window preceding capture had a mean lead level of 22 µg/dL (95% CI: 20-40 µg/dL) compared to 76 µg/dL (95% CI: 43-79 µg/dL) in adult condors sampled routinely during October and November, 2009 with the same food subsidy reliance. Given the same risk categories, but sampled during the summer months (i.e. July through September), condors during the pre-ban period had a mean lead level of 11 µg/dL (95% CI: 8-20 µg/dL) compared to a mean lead level of 37 µg/dL (95% CI: 21-40 µg/dL) in condors sampled in 2009. 
     Pinnacles National Park adult condors sampled routinely in October or November 2009 that fed on proffered food for 3% of the exposure window (lower quartile of the risk factor) had a mean blood lead concentration of 76 µg/dL (95% CI: 43-79 µg/dL) compared to a mean level of 49 µg/dL (95% CI: 47-80 µg/dL) in condors that fed on proffered food for 17% of the window preceding capture (upper quartile of the risk factor).
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