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Appendix 1 1	  

Modeling spring tree canopy phenology 2	  

Each spring (1989-2010) three co-dominant sugar maples at each of nine sites within the 3	  

Hubbard Brook Experimental Forest were observed approximately weekly (Bailey 2010) and the 4	  

extent of leaf expansion in each tree crown was assigned a phenology index score (P) of 0-4 (P = 5	  

0 - buds dormant, P = 1 - buds swelling, P = 2 - budburst, P = 3 - 50% expanded, and P = 4 -6	  

100% expanded). We interpolated daily maximum and minimum temperatures for the elevation 7	  

of each of the nine leaf phenology sites using a linear regression between the two closest weather 8	  

stations (Campbell and Bailey 2010). Hourly temperatures were reconstructed from the daily 9	  

maximum/minimum temperatures for each site using two sine waves and a square root function 10	  

(Cesaraccio et al. 2001) and thermal sums (Tsum) were calculated in hourly increments above 11	  

the base temperature of 4º C after winter solstice.  Following Richardson et al. (2006), we 12	  

modeled leafout using the logistic function: 13	  

P =
4

1 + e
(b−c*Tsum)  14	  

(b =  4.08±0.01, c = 0.02±0.0006, r2=0.90, Fig. A2).  The thermal sum of each score P was then 15	  

calculated from model parameters as: 16	  

Tsum =
1

c
b − ln

4 − P

P
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We validated the leaf phenology model with independent temperature and leaf phenology 18	  

data gathered on the bird study plot.  We made biweekly length measurements of 20 individually 19	  

marked leaves on sugar maple saplings in the understory in 2005-2007 and 2010 during the 20	  

period of leaf expansion.  We recorded hourly air temperatures directly at each observation site 21	  



	   2	  

with HOBO U12-008 dataloggers (Onset Computer Corporation) and calculated the thermal 22	  

sums above a 4°C base at one-hour intervals. Percent leaf expansion was described with a 23	  

piecewise linear regression with one unknown breakpoint (Muggeo 2012).  24	  
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 43	  

Figure A1. Observed vs. predicted values for sugar maple budburst (1989-2010, n = 20 years) at 44	  

the Hubbard Brook Experimental Forest. The dashed line is the 1:1 line. Predicted values explain 45	  

93% of the variance in observed values. The average prediction error is 1.03 days and root mean 46	  

square error is 2.18 days. No direct observations of spring leaf-out were made in 2001 and 2003. 47	  

  48	  
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 49	  

Figure A2. Two models predicting expansion of sugar maple leaves at the Hubbard Brook 50	  

Experimental Forest, based on thermal sums. At the top, leaf-out was predicted using the leaf 51	  

development score of canopy leaves and the spring warming model developed by Richardson et 52	  

al. (2006).  Thermal sum accounted for 90% of the variation in sugar maple spring phenology. 53	  

Below, a linear threshold model was derived from repeated measurements of individual 54	  

understory leaves on the bird study plot (2005-2007, 2010). After budburst, leaf expansion was a 55	  

linear function of growing-degree days (thermal sum). The two methods arrived at similar 56	  

thresholds, but only the linear model could estimate the thermal threshold of full canopy 57	  

expansion.  58	  

  59	  
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 60	  

 61	  

Figure A3. Seasonal patterns of the length of individual caterpillars (mm) at the Hubbard Brook 62	  

Experimental Forest (1986-2010). 8000 leaves were inspected four times each season at 63	  

approximately two-week intervals, beginning at about the time canopy leaves reached full 64	  

expansion.  Depending on the year, the size of individual caterpillars increased, decreased, or 65	  

remained constant.66	  
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Table A1. Comparison of candidate models predicting inter-annual variation in median clutch 67	  

initiation dates for black-throated blue warblers at the Hubbard Brook Experimental Forest (n = 68	  

25 years). K is the number of model parameters. 69	  

  70	  

Model terms K R2 AICc ΔAICc

AICc 
weight

Tree phenology, early 
season caterpillar 
biomass, age structure

5 0.81 114.58 0 0.45

Tree phenology, early 
season caterpillar biomass 4 0.76 116.75 2.17 0.15

Tree phenology, early 
season caterpillar biomass 
age structure, nest 
survival

6 0.81 117.53 2.95 0.10

Tree phenology, early 
season caterpillar 
biomass, age structure, 
density

6 0.81 117.85 3.27 0.09

Tree phenology, day of 
maximum caterpillar 
biomass

4 0.75 118.05 3.47 0.08

Tree phenology, early 
season caterpillar 
biomass, age structure, 
day of maximum 
caterpillar biomass

6 0.81 118.08 3.50 0.08

Tree phenology, age 
structure, day of peak 
caterpillar biomass

5 0.76 119.89 5.32 0.03

Tree phenology, age 
structure

4 0.70 122.13 7.55 0.01

Tree phenology 3 0.66 122.81 8.23 0.01
Tree phenology, early 
season caterpillar 
biomass, age structure, 
nest survival, density, day 
of maximum caterpillar 
biomass

8 0.81 125.76 11.18 0
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Table A2. Comparison of candidate models predicting inter-annual variation in mean annual 71	  

reproductive success (fledglings per pair per year) for black-throated blue warblers at the 72	  

Hubbard Brook Experimental Forest (n = 25 years). K is the number of model parameters. 73	  

 74	  

Model terms K R2 AICc ΔAICc

AICc 
weight

Nest survival, density, 
caterpillars, survival x 
caterpillars, phenology2

7 0.67 60.64 0 0.38

Nest survival, density, 
caterpillars

5 0.53 62.22 1.58 0.17

Nest survival, density, 
caterpillars, phenology2 6 0.59 62.51 1.87 0.15

Nest survival, density, 
caterpillars, survival x 
caterpillars

6 0.57 63.35 2.71 0.10

Nest survival, density, 
caterpillars, survival x 
caterpillars, phenology, 
phenology2

8 0.68 64.58 3.94 0.05

Nest survival, density, 
caterpillars, survival x 
density, phenology2

7 0.60 65.43 4.79 0.03

Nest survival, density, 
caterpillars, survival x 
density

6 0.53 65.60 4.96 0.03

Nest survival, density, 
caterpillars, caterpillars x 
density

6 0.53 65.67 5.03 0.03

Nest survival, density, 
caterpillars, caterpillars x 
density, phenology2

7 0.59 66.38 5.74 0.02

Nest survival, density, 
caterpillars, phenology, 
phenology2

7 0.59 66.43 5.79 0.02




