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Serum antioxidant levels in wild birds vary in relation to diet, season, life history strategy, and species
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Methods Supplement (S1)
Antioxidant and uric acid analysis

Antioxidant capacity of serum was measured using the Trolox-equivalent Antioxidant Capacity (TEAC) assay following Cohen et al. (2007).  The assay uses a chromogenic free radical, 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, Sigma), activated by H2O2.  As the free radical is activated, the solution shows a linear increase in absorbance; any micromolecular antioxidants in the sample delay the start of this increase by quenching the free radical as it is activated.  When the antioxidants are exhausted, absorbance increase begins.  Antioxidant capacity is thus quantified by measuring the delay in start of increase relative to Trolox (Aldrich), a water-soluble vitamin E analogue used as the standard.  All measurements were conducted on a VersaMax spectrophotometer (Molecular Devices, Sunnyvale, CA).  The coefficient of variation for individual samples averaged 7% across assays.  This assay gives a functional measure of antioxidant capacity, i.e., it reveals how effectively the sample quenches free radicals.  It does not measure antioxidant contributions of proteins or enzymes or antioxidant activity in tissues.  Primary antioxidants contributing to the assay include uric acid, vitamins E and C, carotenoids, and phenolics (Miller et al. 1993).  The assay is known as Total Antioxidant Capacity, or TAC , but in fact measures only circulating micromolecular antioxidant capacity as used here.
Uric acid concentration was quantified with a spectrophotometric kit based on uricase and a chromogen (Sterling Diagnostics, Sterling Heights, MI).  The samples can be run alongside the antioxidant samples in the same microplate.  The average coefficient of variation for samples was 5% across assays.

Carotenoid and vitamin E analysis

Lipids were extracted by sequentially adding 100 (l ethanol and 100 (l tert-butyl methyl ether to 5-10 (l plasma, vortexing, and centrifuging for 15 s at 10000 RPM.  We transferred the supernatant to a fresh tube, evaporated the solvent to dryness under a stream of nitrogen, and redissolved the extract in 200 (l of 42:42:16 (v/v/v) methanol:acetonitrile:dichloromethane.  Carotenoids and vitamin E were subsequently analyzed using high-performance liquid chromatography (HPLC), following previously published methods (McGraw and Parker 2006), with the following slight modifications.  Pigment extracts were injected into a Waters Alliance 2695 HPLC system (Waters Corporation, Milford, Massachusetts) fitted with a Waters YMC Carotenoid 5.0 (m column (4.6 mm x 250 mm) and a built-in column heater set at 30°C.  We used a three-step gradient solvent system to analyze both xanthophylls and carotenes in a single run, at a constant flow rate of 1.2 mL/min: first, isocratic elution with 42:42:16 (v/v/v) methanol:acetonitrile:dichloromethane for 11 min, followed by a linear gradient up to 42:23:35 (v/v/v) methanol:acetonitrile:dichloromethane through 21 min, held isocratically at this condition until 30 min, and finishing with a return to the initial isocratic condition from 30-40 min.  Data were collected from 250-600 nm using a Waters 2996 photodiode array detector.  We identified molecules by comparing their respective retention times and absorbance maxima (λmax) to those of pure standards. 

Diet sources
Sources used to determine more general diet data included Handbook of Birds of the World (del Hoyo et al. 1992-2006), The Birder’s Handbook (Ehrlich et al. 1988), Life Histories of Central American Birds (Skutch 1969), The Tanagers (Isler and Isler 1999), Life Histories of North American Birds 


(Bent 1963a; Bent 1963b; Bent 1964a; Bent 1964b; Bent 1965; Bent 1968; Bent and Austin 1968; Bent and Zimmerman 1992) ADDIN EN.CITE , Wetmore et al. (1984), and Poulin and Lefebvre (1996).  Month-specific diets for temperate species were taken from sources in the first half of the 20th century, when large-scale cataloging of bird stomach contents was used to assess effects of species on agriculture 


(Beal 1897; Beal 1900; Beal 1907; Beal 1918; Hamilton 1935; Hamilton 1943; Judd 1895; Judd 1900; Judd 1901; McAtee 1908; McAtee 1926; Purdum 1902) ADDIN EN.CITE .  Sample sizes for these sources were generally in the hundreds or thousands and included substantial geographic variation.  Sources used for individual species are listed in Table S1.
Statistical notes

Some readers are likely to wonder why we did not correct for multiple testing, for example by using Bonferroni corrections.  There is a common misperception that such corrections are always necessary when multiple tests are performed.  The important distinction is between whether any significant result out of many tests is looked for (a correction is needed in this case) versus whether each test is performed for its own sake (Bonferroni corrections are inappropriate in this case).  In this study, we are always examining the result of each statistical test independently, so we cannot use typical corrections.  However, in this situation, a new problem arises: false discovery rates.  When many tests are performed, some percent of the results will be spuriously positive even if each test is performed separately – approximately 5% of tests with p=0.05, 1% of tests with p=0.01, etc.  There is no reliable way to determine which tests are spuriously positive (or which are spuriously negative), so caution must be used in interpretation.  The most basic check is to make sure that there are more positive results than would be expected by chance – in this case, casual examination of our tables shows that there are.  Some discussion of these issues and further citations can be found in Moran (2003) and Perneger (1998).
One colleague pointed out that it might be problematic to conduct principal components analysis (PCA) on phylogenetically structured data, since there is no software (to our knowledge) that can do PCA in this context.  This is an interesting question, and a thorough answer will require a formal statistical analysis beyond the scope of this paper.  However, we do not feel that the problem is large, particularly because we subsequently conduct phylogenetic analyses on the PCA scores we generate.  The function of PCA in this context is to generate new variables that summarize other variables.  It would seem less appropriate to correct for phylogeny during PCA because ultimately the phylogenetic question we are asking is, “does phylogeny mediate the relationship between diet and antioxidants?”  Thus, if we corrected for phylogeny during PCA, we would end up including two phylogenetic corrections in the analysis in order to answer this question – probably not appropriate.  If phylogenetic correction seemed to substantially alter our results, this might be more of an issue, but as it stands, we are not particularly concerned.

Phylogenies in Newick format

1) Including individuals of the same species sampled in different months as subtaxa of the species:

((rugd:8.3,(ruqd:3.5,(gcdo:2.4,wtdo:2.4):1.1):4.8):18.1,(bcmm:22.2,sttr:22.2):4.2,(nofl:5.9,dowo:5.9):20.5,lthe:26.4,((((((((((rmfc:1.5,sofc:1.5):2.6,stfc:4.1):0.1,pafc:4.2):0.5,(eaph:2.4,acfl:2.4):2.3):1.1,(ybel:3.8,leel:3.8):2.0):3.5,(yofc:4.6,brfc:4.6):4.7):0.1,nrfc:9.4):0.1,((((rcma:2.3,gcma:2.3):0.1,bcma:2.4):0.1,ltma:2.5):6.9,tlmo:9.4):0.1):4.4,(((bawc:3.4,btwc:3.4):0.5,pbwc:3.9):9.7,(slas:5.0,(ctaw:3.1,dwaw:3.1):1.9,(ocab:3.6,bcab:3.6):1.4,(spab:4.1,whab:4.1):0.9):8.6):0.3):5.9,(((flsj:3.4,(blja7:0.1,blja9:0.1):3.3):5.8,(gfgr:3.6,ygvi:3.6):5.6):3.7,((tres:11.7,((bcch6:0.1,bcch7:0.1):2.4,etti:2.5):9.2):0.1,((((grca3:0.1,grca6:0.1,grca7:0.1,grca9:0.1):9.1,(((woth6:0.1,woth7:0.1):2.5,swth:2.6):2.0,(ccro:1.3,(amro6:0.1,amro7:0.1):1.2):3.3):4.6):2.4,(cewa6:0.1,cewa7:0.1):11.5,(wbnu:10.1,(lbgw:8.3,((howr:0.3,shwr:0.3):5.0,(raww:3.3,(plwr:2.3,(buwr:1.2,bawr:1.2):1.1):1.0):2.0):3.0):1.8):1.5):0.1,(hosp:10.1,((tbeu:6.0,(amgo:2.7,(hofi6:0.1,hofi7:0.1):2.6):3.3):1.0,(((btsa:2.5,stsa:2.5):2.4,((vase:1.7,ybse:1.7):1.6,lesf:3.3):1.6,(((ghta:1.4,wsta:1.4):1.3,(cbta:1.4,frta:1.4):1.3):1.3,(rlhc:3.1,(pata:1.1,bgta:1.1):2.0):0.9):0.9):1.2,rott:6.1,rtat:6.1,((noca6:0.1,noca7:0.1,noca9:0.1):3.6,bbgb:3.7,(rbgr6:0.1,rbgr7:0.1):3.6,inbu:3.7):2.4,((((savs:1.9,(sosp6:0.1,sosp7:0.1):1.8):1.7,(eato6:0.1,eato7:0.1,eato9:0.1):3.5,((chsp6:0.1,chsp7:0.1):1.8,(fisp6:0.1,fisp7:0.1):1.8):1.7):2.3,bssp:5.9):0.1,(((rwbl6:0.1,rwbl7:0.1):1.3,bhco:1.4,(cogr:0.8,gtgr:0.8):0.6):0.6,ybca:2.0):4.0,(bwwa:2.3,(wiwa:2.1,((kewa:0.6,(coye6:0.1,coye7:0.1):0.5):1.3,(nowa:1.6,(nopa:1.3,(mawa:0.3,(yewa6:0.1,yewa7:0.1):0.2):1.0):0.3):0.3):0.2):0.2):3.7):0.1):0.9):3.1):1.6):0.1):1.1):6.9):6.6)

2) Including only individuals sampled in June

((rugd:8.2,(ruqd:3.4,(gcdo:2.3,wtdo:2.3):1.1):4.8):18.1,(bcmm:22.1,sttr:22.1):4.2,(nofl:5.8,dowo:5.8):20.5,lthe:26.3,((((((((((rmfc:1.4,sofc:1.4):2.6,stfc:4.0):0.1,pafc:4.1):0.5,(eaph:2.3,acfl:2.3):2.3):1.1,(ybel:3.7,leel:3.7):2.0):3.5,(yofc:4.5,brfc:4.5):4.7):0.1,nrfc:9.3):0.1,((((rcma:2.2,gcma:2.2):0.1,bcma:2.3):0.1,ltma:2.4):6.9,tlmo:9.3):0.1):4.4,(((bawc:3.3,btwc:3.3):0.5,pbwc:3.8):9.7,(slas:4.9,(ctaw:3.0,dwaw:3.0):1.9,(ocab:3.5,bcab:3.5):1.4,(spab:4.0,whab:4.0):0.9):8.6):0.3):5.9,(((flsj:3.3,blja:3.3):5.8,(gfgr:3.5,ygvi:3.5):5.6):3.7,((tres:11.6,(bcch:2.4,etti:2.4):9.2):0.1,(((grca:9.1,(swth:4.5,(ccro:1.2,amro:1.2):3.3):4.6):2.4,cewa:11.5,(wbnu:10.0,(lbgw:8.2,((howr:0.2,shwr:0.2):5.0,(raww:3.2,(plwr:2.2,(buwr:1.1,bawr:1.1):1.1):1.0):2.0):3.0):1.8):1.5):0.1,(hosp:10.0,((tbeu:5.9,(amgo:2.6,hofi:2.6):3.3):1.0,(((btsa:2.4,stsa:2.4):2.4,((vase:1.6,ybse:1.6):1.6,lesf:3.2):1.6,(((ghta:1.3,wsta:1.3):1.3,(cbta:1.3,frta:1.3):1.3):1.3,(rlhc:3.0,(pata:1.0,bgta:1.0):2.0):0.9):0.9):1.2,rott:6.0,rtat:6.0,(noca:3.6,bbgb:3.6,rbgr:3.6,inbu:3.6):2.4,((((savs:1.8,sosp:1.8):1.7,eato:3.5,(chsp:1.8,fisp:1.8):1.7):2.3,bssp:5.8):0.1,((rwbl:1.3,bhco:1.3,(cogr:0.7,gtgr:0.7):0.6):0.6,ybca:1.9):4.0,(bwwa:2.2,(wiwa:2.0,((kewa:0.5,coye:0.5):1.3,(nowa:1.5,(nopa:1.2,(mawa:0.2,yewa:0.2):1.0):0.3):0.3):0.2):0.2):3.7):0.1):0.9):3.1):1.6):0.1):1.1):6.9):6.6

3) Including only individuals sampled in July
((rugd:8.2,(ruqd:3.4,(gcdo:2.3,wtdo:2.3):1.1):4.8):18.1,(bcmm:22.1,sttr:22.1):4.2,(nofl:5.8,dowo:5.8):20.5,lthe:26.3,((((((((((rmfc:1.4,sofc:1.4):2.6,stfc:4.0):0.1,pafc:4.1):0.5,(eaph:2.3,acfl:2.3):2.3):1.1,(ybel:3.7,leel:3.7):2.0):3.5,(yofc:4.5,brfc:4.5):4.7):0.1,nrfc:9.3):0.1,((((rcma:2.2,gcma:2.2):0.1,bcma:2.3):0.1,ltma:2.4):6.9,tlmo:9.3):0.1):4.4,(((bawc:3.3,btwc:3.3):0.5,pbwc:3.8):9.7,(slas:4.9,(ctaw:3.0,dwaw:3.0):1.9,(ocab:3.5,bcab:3.5):1.4,(spab:4.0,whab:4.0):0.9):8.6):0.3):5.9,(((flsj:3.3,blja:3.3):5.8,(gfgr:3.5,ygvi:3.5):5.6):3.7,((tres:11.6,(bcch:2.4,etti:2.4):9.2):0.1,(((grca:9.1,((woth:2.5,swth:2.5):2.0,(ccro:1.2,amro:1.2):3.3):4.6):2.4,cewa:11.5,(wbnu:10.0,(lbgw:8.2,((howr:0.2,shwr:0.2):5.0,(raww:3.2,(plwr:2.2,(buwr:1.1,bawr:1.1):1.1):1.0):2.0):3.0):1.8):1.5):0.1,(hosp:10.0,((tbeu:5.9,(amgo:2.6,hofi:2.6):3.3):1.0,(((btsa:2.4,stsa:2.4):2.4,((vase:1.6,ybse:1.6):1.6,lesf:3.2):1.6,(((ghta:1.3,wsta:1.3):1.3,(cbta:1.3,frta:1.3):1.3):1.3,(rlhc:3.0,(pata:1.0,bgta:1.0):2.0):0.9):0.9):1.2,rott:6.0,rtat:6.0,(noca:3.6,bbgb:3.6,rbgr:3.6,inbu:3.6):2.4,((((savs:1.8,sosp:1.8):1.7,eato:3.5,(chsp:1.8,fisp:1.8):1.7):2.3,bssp:5.8):0.1,((rwbl:1.3,bhco:1.3,(cogr:0.7,gtgr:0.7):0.6):0.6,ybca:1.9):4.0,(bwwa:2.2,(wiwa:2.0,((kewa:0.5,coye:0.5):1.3,(nowa:1.5,(nopa:1.2,(mawa:0.2,yewa:0.2):1.0):0.3):0.3):0.2):0.2):3.7):0.1):0.9):3.1):1.6):0.1):1.1):6.9):6.6)
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 Table S2: Timing of Breeding Season at Michigan Study Site, 2004-05
	Species
	 
	mean
	std
	min
	max
	n

	American Robin
	incubation
	5
	1.6
	1
	8
	41

	(Turdus migratorius)
	nestlings
	4.9
	2.6
	1
	8
	41

	Cedar Waxwing
	incubation
	5.1
	1.5
	3
	7
	8

	(Bombycilla cedrorum)
	nestlings
	7.3
	1.2
	6
	8
	3

	Chipping Sparrow
	incubation
	2.9
	1.7
	1
	6
	17

	(Spizella passerina)
	nestlings
	3.8
	1.8
	1
	7
	22

	Field Sparrow
	incubation
	2.9
	2
	1
	7
	9

	(Spizella pusilla)
	nestlings
	3
	1.8
	1
	6
	7

	Gray Catbird
	incubation
	3.4
	2.3
	1
	8
	38

	(Dumetella carolinensis)
	nestlings
	4.7
	2.1
	1
	8
	30

	House Finch
	incubation
	5.6
	1.7
	3
	7
	5

	(Carpodacus mexicanus)
	nestlings
	5.1
	2.8
	1
	8
	9

	Northern Cardinal
	incubation
	3.5
	2.3
	1
	8
	17

	(Cardinalis cardinalis)
	nestlings
	4.4
	2.6
	1
	8
	13

	Rose-breasted Grosbeak
	incubation
	2
	1.4
	1
	4
	4

	(Pheucticus ludovicianus)
	nestlings
	4
	2.2
	1
	6
	4

	Song Sparrow
	incubation
	4.1
	2.2
	1
	7
	16

	(Meolspiza melodius)
	nestlings
	5.3
	2
	2
	8
	6

	Yellow Warbler
	incubation
	1.7
	0.8
	1
	4
	17

	(Dendroica petechia)
	nestlings
	2.6
	1.4
	1
	5
	20

	Week 1 is the first week of June; a mean of 4.5 thus approximately corresponds to the last week of a breeding stage occurring at the end of June.

	


Table S3: Literature-derived diet breakdown and mean antioxidant levels by month for species in the season-diet analysis
	Species
	Month
	n
	Insects
	Fruits
	Grains
	TEAC
	UA
	Res
	VitE
	Lut
	Zea
	Bcrypt
	Bcar
	CarotFac

	American Robin
	July
	26
	35%
	60%
	5%
	1.14
	15.9
	0.05
	1387
	1.14
	0.59
	0.01
	0.02
	-0.31

	(Turdus migratorius)
	June
	5
	53%
	45%
	2%
	2.06
	38.2
	-0.04
	2161
	3.25
	0.12
	0.01
	0.01
	-0.63

	Cedar Waxwing
	July
	14
	10%
	90%
	0%
	0.71
	7.5
	0.11
	1716
	6.69
	5.74
	0.13
	0.04
	1.13

	(Bombycilla cedrorum)
	June
	1
	25%
	75%
	0%
	1.15
	4.3
	0.59
	1439
	7.29
	0.87
	0.01
	0.01
	-0.24

	Chipping Sparrow
	July
	4
	50%
	0%
	50%
	2.02
	42.5
	0.04
	1833
	9.80
	1.08
	0.28
	0.97
	1.45

	(Spizella passerina)
	June
	9
	88%
	0%
	12%
	2.54
	45.5
	0.11
	1741
	8.36
	1.27
	0.19
	0.01
	0.45

	Common Yellowthroat
	July
	11
	100%
	0%
	0%
	2.47
	41.6
	0.10
	2490
	50.17
	2.14
	0.01
	0.10
	0.68

	(Geothlypis trichas)
	June
	3
	100%
	0%
	0%
	4.97
	72.3
	0.58
	.
	.
	.
	.
	.
	.

	Eastern Towhee
	July
	2
	30%
	15%
	55%
	2.22
	38.9
	0.09
	2494
	25.37
	1.43
	0.01
	0.03
	0.38

	(Pipilo erythrophthalmus)
	June
	4
	50%
	12%
	38%
	2.96
	41.1
	0.34
	.
	.
	.
	.
	.
	.

	Field Sparrow
	July
	7
	50%
	0%
	50%
	1.53
	33.2
	-0.14
	1510
	24.88
	1.75
	0.01
	0.25
	0.66

	(Spizella pusilla)
	June
	2
	60%
	0%
	40%
	3.30
	46.3
	0.83
	.
	.
	.
	.
	.
	.

	Grey Catbird
	July
	35
	20%
	80%
	0%
	1.13
	12.1
	0.22
	1669
	1.75
	0.97
	0.01
	0.01
	-0.21

	(Dumetella carolinensis)
	June
	9
	67%
	33%
	0%
	3.07
	57.7
	0.40
	1785
	1.96
	0.02
	0.01
	0.01
	-1.04

	House Finch
	July
	3
	2%
	10%
	88%
	1.31
	24.7
	-0.18
	1451
	13.36
	7.30
	1.52
	0.61
	1.82

	(Carpodacus mexicanus)
	June
	3
	2%
	10%
	88%
	0.88
	10.3
	0.05
	.
	.
	.
	.
	.
	.

	Northern Cardinal
	July
	14
	35%
	10%
	55%
	1.98
	34.2
	0.09
	1561
	35.11
	4.58
	0.14
	1.44
	1.74

	(Cardinalis cardinalis)
	June
	4
	49%
	10%
	41%
	2.16
	33.2
	0.18
	1773
	76.41
	7.40
	0.51
	2.74
	2.09

	Rose-breasted Grosbeak
	July
	1
	65%
	18%
	17%
	1.40
	22.3
	0.02
	.
	.
	.
	.
	.
	.

	(Pheucticus ludovicianus)
	June
	1
	74%
	13%
	13%
	3.01
	48.6
	0.44
	5287
	9.89
	0.83
	0.01
	0.01
	-0.21

	Red-winged Blackbird
	July
	1
	50%
	0%
	50%
	1.43
	32.3
	-0.40
	.
	.
	.
	.
	.
	.

	(Agelaius phoeniceus)
	June
	2
	88%
	0%
	12%
	3.54
	55.7
	0.65
	1439
	40.56
	1.82
	0.01
	0.37
	1.11

	Song Sparrow
	July
	28
	55%
	8%
	37%
	1.99
	33.7
	-0.01
	1749
	17.73
	2.25
	0.13
	0.22
	1.10

	(Meolspiza melodius)
	June
	5
	65%
	3%
	32%
	3.26
	44.2
	0.68
	.
	.
	.
	.
	.
	.

	Yellow Warbler
	July
	9
	100%
	0%
	0%
	3.01
	51.2
	0.18
	2418
	52.79
	10.52
	2.71
	1.41
	2.19

	(Dendroica petechia)
	June
	2
	100%
	0%
	0%
	4.07
	69.5
	-0.39
	3812
	61.11
	11.62
	1.32
	0.16
	1.82

	Diet and mean antioxidant level by species and month for 13 species included in the analysis of season and diet. TEAC=Trolox-equivalent antioxidant capacity; UA=uric acid (mg/dl); Res=TEAC-UA residual; VitE=vitamin E (absorbance units); Lut=lutein (mg/l); Zea=zeaxanthin (mg/l); Bcrypt=-cryptoxanthin (mg/l); Bcar=-carotene (mg/l); CarotFac=carotenoid factor.  
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Figure S1: Relationships between antioxidant levels and diet, when controlling for individual life-history variables. Ellipses represent the square-root of variance explained in different models: correlation coefficients (first column) or sqrt (r2 for diet after controlling for life histories) from linear regression models (other columns). Narrower and darker ellipses represent higher values (closer to 1). Thus, for each antioxidant, the shared variance between diet and each life history variable is represented by how much lighter/rounder the ellipse becomes in the life history column relative to the first column.  Rows with no difference across columns indicate that diet-antioxidant relationships are not mediated much by the individual life history variables. a) invertebrate diet axis; b) seed:fruit diet axis.  TEAC=Trolox-equivalent antioxidant capacity; UA=uric acid (mg/dl); Res=TEAC-UA residual; VitE=vitamin E (absorbance units); Lut=lutein (mg/l); Zea=zeaxanthin (mg/l); Bcrypt=(-cryptoxanthin (mg/l); Bcar=(-carotene (mg/l); CarotFac=carotenoid factor; Zone= temperate versus tropical climate zone; Clutch=clutch size; Incubation=incubation period (days); Nestling=Nestling period (days); Mass=Body mass (g); Survival=annual survival rate; BMR=basal metabolic rate. See Cohen et al. (2008) for additional description of life history variables and methods.
