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Appendix S1:  Age calibration under laboratory versus field conditions 

Performing age calibration curves under laboratory conditions is preferable to performing 

them under field conditions because of the ability to control conditions and (often) obtain 

flies with a broader range of ages.  However, some studies have shown that pteridines can 

accumulate at different rates under field vs. laboratory conditions, because of variation in 

ambient temperature and ability of flies to thermoregulate through choice of perching sites1.  

Thus, it is important to determine whether age calibration curves differ under these 

conditions so that correction factors can be developed, or methods modified if needed.  In 

order to test for an effect of rearing conditions on pterin accumulation we reared flies from 

puparia collected from wild bird nests as described in the main text and assigned them 

randomly to a laboratory or a field group.  Within 1 h of emergence, flies were placed in 

groups into one of two 1 x 1 x 1 m wood/plexiglass/mesh cages that were held either inside 

the laboratory at the Charles Darwin Research Station (CDRS) on Santa Cruz Island, 

Galapagos, Ecuador (see main text) or outside protected from the direct sun.  Both groups 

were supplied with a papaya diet (see main text) and water ad libitum.  A total of 20 flies 

were laboratory reared (n = 14 females; n = 6 males) and a total of 18 flies were field reared 

(n = 13 females; n = 5 males).  Flies were maintained in each group for a total of 42 days.  

Flies from each group, chosen at random, were removed for pterin measurement at 3, 7, 14, 

21, 28, 35, and 42 days.  Heads were removed and stored until shipment to the University of 

Minnesota. Head width measurements, sex determination (Fig. S1) and the quantification of 

pterin were done as described in the main text. 
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Figure S1.  Photographs of P. downsi heads showing size measurement of (A) a female and 

(B) a male fly.  Male eyes meet in the middle, while female eyes are farther apart.  Photo 

credits: M. Bulgarella. 

 

Males and females did not differ significantly with respect to relative fluorescence (t = 1.92; 

p = 0.07) and so were pooled for these analyses.  Also – there was no significant effect of P. 

downsi head width on relative fluorescence (F1, 36 = 1.98, p = 0.168) so relative fluorescence 

values uncorrected for head size were used.  We used an analysis of covariance to compare 

the slopes of relative fluorescence (estimated as in the main text) on age of male and female 

P. downsi pooled in the two treatments (laboratory vs. field conditions).  This showed a 

strong effect of P. downsi age but no significant effect of either treatment or the interaction 

between age and treatment (Table S1, Fig. S2).  This analysis shows that our laboratory 

conditions provide a statistically indistinguishable age calibration as do field-cage conditions, 

justifying the use of a laboratory-based age calibration curve for the main study.       
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Table S1.  Analysis of covariance for effects of rearing environment (laboratory or field 

cages), age of P. downsi in days, and the interaction of these two variables on pterin relative 

fluorescence.   

Source df F value p 

Environment 1 0.18 0.671 

Age 1 62.44 <0.001 

Environment*Age 1 0.16 0.694 

  

 

 

 

 

 

 

 

 

 

 

Figure S2.  Pterin relative fluorescence (in thousands) from P. downsi adults (females and m

ales pooled) of known ages reared under laboratory and field-cage conditions with 95% confi

dence interval bands on the regression models as calculated using the function geom_smooth 

within the R package ggplot22.
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Appendix S2: Patterns of precipitation at field site 

To characterize recent precipitation patterns at our field site, we calculated weekly 

precipitation totals as recorded at the CDRS at Academy Bay, Puerto Ayora, Santa Cruz 

Island (0o 44’37.06”S, 90o 18’7.94”W, elevation: 2 m asl) from 1 Jan, 2012 through 31 Dec, 

2016.  The weather station is approximately 1 km from the El Barranco site and the data 

spanned three years before and one year after our field study began and included the study 

interval reported by Causton et al.3. 

Precipitation rates were higher than usual at our site in April, May, November and 

December of 2015 (Fig. S3; see also4), indicating that the time of year traditionally 

considered to be the dry season was shorter by approximately two months and lasted from 

June through October in 2015.  The 2015/2016 season was considered an El Niño year, which 

is typically characterized by increased precipitation4,5. 

 

 

Figure S3.  Weekly precipitation recorded at the Charles Darwin Research Station in the 

lowland region of Santa Cruz Island, Galapagos, 2012–2016, inclusive. 
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Appendix S3:  Incorporation of head width and non-linear fitting into the calibration 

process 

The GLM including sex, age, head width as well as the interaction between sex and age 

indicated that all of these variables had a significant effect on pterin relative fluorescence 

(Table S2). 

 

Table S2.  Regression coefficients estimated with a Generalized Linear model with gamma 

error distribution testing for the effects of age, sex, and head width, and the interaction 

between age and sex on pterin relative fluorescence levels (RF, in thousands).  Null deviance 

was 18.2 with 67 degrees of freedom. 

Parameter Coefficient Standard Error t p 

Intercept - 17.260 6.872 -2.52 0.015 

Age, in days 0.310 0.028 11.1 < 0.001 

Sex (M vs. F) 6.706 2.412 2.78 0.008 

Head width 10.477 2.357 4.45 <0.001 

Age*Sex -0.198 0.040 -4.89 <0.001 

 

Since relative fluorescence (RF) increased significantly with the head width (H) of P. downsi 

adults in the complete generalized linear model (Table S2), we reasoned that composite 

variables in which relative fluorescence is corrected for head width may provide a better fit to 

age and thus a more accurate calibration.  We tested for the effect of three such composite 

variables on the age of female and male P. downsi: RF/H, RF/H2 and RF/H3 using linear 

regression.  Resulting r2 values were compared to the linear regression using only relative 

fluorescence (see Fig. 1 in main text).  While regressions of the composite variables on age 

produced slightly higher r2 values than only relative fluorescence for females, the fit for all 



 7 

composite variables was worse for males than only relative fluorescence (Table S3).  We 

therefore decided that adjustment for head width was unwarranted.   

 

Table S3.  Coefficient of determination (r2) for linear regressions between four dependent 

variables and the known age of laboratory-held P. downsi female or male adults.  The first 

model (RF ~ Age) is shown in Fig. 1 of the main text and the other three models involve 

composite dependent variables.   

Model r2 for Females r2 for Males 

RF ~ Age 0.741 0.671 

RF/H ~ Age 0.776 0.624 

RF/H2 ~ Age 0.784 0.503 

RF/H3 ~ Age 0.763 0.313 

   

 

Visual inspection of the calibration curve of pterin fluorescence on known age suggest a 

possible non-linear relationship (see Fig. 1 of the main text).  We therefore investigated three 

non-linear functions linking fluorescence to age for females and males separately.  Some 

other pterin age-grading studies have used non-linear relationships to estimate age from 

relative fluorescence6.  We tested a second-order polynomial (quadratic) and two asymptotic 

relationships.  The potential usefulness of these relationships is discussed below. 

 

Quadratic Fit.  While the quadratic fit produced a fit of relative fluorescence to age with an 

coefficient of determination (adjusted r2; 0.825) that is higher than that of the linear fit 

(0.746) with significant effects of both the Age and the Age2 terms for female P. downsi, the 

same cannot be said for males, for which neither term was significant and the adjusted r2 

value (0.662) was slightly lower than that produced by the linear fit of 0.674 (Fig. S4, Table 

S4).  
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Figure S4.  Pterin relative fluorescence for P. downsi females (open circles) and males 

(closed circles) of known ages along with the fits of these data to second-order polynomial 

(quadratic) models separately for females and males. 

 

 

Table S4.  Results of linear model analysis for quadratic fits of the form relative fluorescence 

= a*Age + b*Age2 + c for female and male P. downsi in the calibration study. 

Parameter Coefficient St. Error t p 

Females 

Intercept (c) 14.0193102 1.6503525 8.495 9.55e-11 

b 0.4148401 0.0461059 8.998 1.93e-11 

a -0.0008658   0.0001834 -4.721 2.51e-05 

Males 

Intercept (c) 2.343e+01 3.259e+00    7.189 7.89e-07 

b 5.635e-02 6.857e-02    0.822     0.421     

a 2.910e-04   2.588e-04    1.125     0.275     

 

In addition, the maximum level of fluorescence recorded from field-caught P. downsi 

exceeds the maximum level recorded in the calibration study, making the age estimates for 

these female individuals uninterpretable using the quadratic calibration equation.  Given 
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these considerations, a quadratic fit was rejected for predicting age from relative fluorescence 

data of field-caught P. downsi. 

 

Asymptotic Fit 1: Michaelis-Menten form.   The first of the asymptotic fits was of the 

general Michaelis-Menten form, RF = a*Age/(b + Age), where RF is pterin relative 

fluorescence, a is an estimate of maximum (asymptotic) relative fluorescence and b is an 

estimate of the age corresponding to half of the saturation level of relative fluorescence.  An 

estimate of the proportion of variance explained by the model was made by calculating the 

sum square total (sst) and sum of squares error (sse) directly from the data to produce an 

estimate of r2 ([sst – sse]/sst)7.  This estimate of r2 was slightly higher for the Michaelis-

Menten model (0.755) than for the linear model (0.746) for female P. downsi but much lower 

for males (0.340 vs. 0.674) (see Fig. S5).  Estimates for a were significant for both female 

and male flies, but b was only significant for females (Table S5).  For these reasons we did 

not consider this model to provide a superior fit to the data than the linear model. 
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Figure S5.  Pterin relative fluorescence for P. downsi females (open circles) and males 

(closed circles) of known ages along with the fits of these data to Michaelis-Menten models 

separately for females and males. 

 

Table S5.  Results of non-linear fitting analysis for Michaelis-Menten models of the form 

Relative fluorescence = a*Age/(b + Age) for female and male P. downsi in the calibration 

study.  

Parameter Coefficient St. Error t p 

Females 

a 64.505 4.928 13.088 < 2e-16 

b 33.559   7.322 4.583 3.773e-05 

Males 

a 45.564 5.915    7.703     2.08e-07     

b 23.419   11.596    2.020     0.057     

          

Asymptotic Fit 2: Power Function.  The second asymptotic fit was a power function of the 

form RF = a*Agek of which a and k are fitted parameters.  This model was used in age 

calibration of the tephritid fruit fly Anastrepha ludens by Tomic-Carruthers et al.6.  For our 

data set, these fits produced high estimated r2 levels (0.844 and 0.566 for females and males, 

respectively) using the same method for estimating r2 as for the Michaelis-Menten form, and 

both parameters were significant for males and females (Fig. S6, Table S6).  However, the 

age estimates from field-caught flies using this model included values that we deemed to be 

unrealistically high, exceeding 550 days for females and 650 days for males, respectively, 

and we rejected this model for that reason.  Any model with a horizontal asymptote, 

including both the power and Michaelis-Menton models, will have limited utility in 

predicting x-values (age) for high values of y (relative fluorescence). This is because 

variation in relative fluorescence among older-aged flies of unknown age will be 

disproportionately displaced along the saturating curve of mean estimated values (model fit) 

when making inverse predictions. 
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Figure S6.  Pterin relative fluorescence for P. downsi females (open circles) and males 

(closed circles) of known ages along with the fits of these data to the monomial power 

models separately for females and males. 

 

Table S6.  Results of non-linear fitting analysis for the monomial power models of the form 

Relative fluorescence = a*Agek for female and male P. downsi in the calibration study.  

Parameter Coefficient St. Error t p 

Females 

a 8.46473 1.08058 7.834 7e-10 

k 0.36377   0.02811 12.939 <2e-16 

Males 

a 8.81399 2.50432    3.520     0.00216     

k 0.30539   0.06181    4.941     7.88e-05     
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Appendix S4:  Estimated month of eclosion for field-captured P. downsi adults 

We estimated the month of eclosion for field-captured P. downsi adults based upon the 

estimated ages shown in Figure 1 of the main text and the date of capture (Fig. S7). 

 

Figure S7.  Estimated month of eclosion for field-captured P. downsi adults.  Estimated ages 

below zero days are standardized to zero for the calculations. The grey box indicates months 

that are typically dry in the lowlands of Galapagos and do not support nesting of most P. 

downsi hosts.  *Values are likely substantially underestimated during these months because 

sampling ended on 17 March, 2016. 
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Appendix S5:  Effect of head width on the sum of mature and immature egg loads for 

field-collected P. downsi 

Head width had a significant but weak effect on both mature and immature egg loads 

(Generalized Linear model with Negative Binomial error distribution and log link: z = 3.064, 

p = 0.002; residual deviance was 175.4 on 147 d.f.).  See Fig. S8. 

 

 

 

 

 

 

 

 

 

Figure S8.  The effect of P. downsi head width (in mm) on the sum of mature and immature 

eggs in field-captured P. downsi females.  The line is from a simple linear regression: Eggs = 

Head*25.099 – 60.276; r2 = 0.098. 
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Appendix S6:  Probability of being mated as a function of age for field-caught female P. 

downsi 

 

 

Figure S9.  The probability of being mated as a function of age for field-caught female flies.  

The points indicate individual females for which all three spermathecae were empty (0) or for 

which at least one spermatheca contained sperm (1).  Logistic regression: Z1,47 = 4.755; p < 

0.0001.  The line is a logistic regression fit for probability of being mated = 1/(1 + exp(-

(0.0552 *Age - 0.8418))).  See main text for statistical analysis.
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Appendix S7:  Breeding characteristics of eight non-finch bird species resident in Santa 

Cruz Island that are known hosts of P. downsi 

Table S7. Breeding characteristics of eight non-finch bird species resident in Santa Cruz 

Island that are known hosts of P. downsi. Noted is whether bird species are mainly found in 

lowland or highland habitats, and whether there is evidence of breeding during the host 

interbreeding season, typically considered not to support bird reproduction. 

Species Mainly found 

in lowlands 

or highlands 

Evidence of 

breeding in 

cool season   

References 

Galapagos Dove  

(Zenaida galapagoensis) 

 

Lowlands 

 

Yes 

 

8 

Dark-billed Cuckoo 

(Coccyzus melacoryphus) 

 

Lowlands 

 

No 

 

9,10 

Smooth-billed Ani 

(Crotophaga ani) 

 

Both 

 

No 

 

10,11 

Galapagos Martin  

(Progne modesta) 

 

Both 

 

No 

 

12 

Galapagos Mockingbird 

(Mimus parvulus) 

 

Lowlands 

 

No 

 

10,13 

Yellow Warbler  

(Setophaga petechia) 

 

Both 

 

No 

 

10,14 

Galapagos Flycatcher 

(Myiarchus magnirostrus) 

 

Lowlands 

 

Yes 

 

15,16 

Little Vermillion Flycatcher 

(Pyrocephalus nanus) 

 

Both 

 

No 

 

10,17 
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