




(a) Ranch: r2 = 0.99 (b) Vienna: r2 = 0.98

Figure 7: Plots of the linear relationship between maximum daily phloem temperatures collected from each
observed tree on the northern bole aspect and maximum daily ambient temperatures at the Ranch and Vienna
sites in the SNRA respectively. As with the minima previously discussed, on the northern bole aspect the
data is tightly distributed about the regression lines as is evident by the high r2 values (r2 = 0.99 and 0.98
resp.). Again, the regression lines provide the means to predict daily maximum phloem temperatures on
the northern bole aspect from daily maximum air temperatures. In the case of the Ranch parameterization,
the regression line has a slope of 0.98 and a y-intersept of -0.21. Under the Vienna parameterization the
regression line has a slope of 0.86 and a y-intersept of -0.49. This model provides the daily upper-bound for
the following hourly phloem temperature models. Many of the hourly phloem temperature models connect
predicted daily phloem minima to predicted daily phloem maxima and vice versa, thus emphasizing the
importance of this daily phloem maximum temperature model.
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(a) Ranch: r2 = 0.82 (b) Vienna: r2 = 0.41

Figure 8: Plots describing the much weaker linear relationship between maximum daily phloem temper-
atures collected from each observed tree on the southern aspect of the bole and maximum daily ambient
temperatures at the Ranch and Vienna sites in the SNRA respectively. In each of the previous cases the
distributions about the regression line were very tight with r2 values between 0.98 and 0.99. Here we see
that the distributions are much looser with r2 values of 0.82 and 0.41 respectively, relatively poor results.
In this case, the regression line alone is not sufficient to predict daily phloem maximum temperatures on
the southern bole aspect, but it does still form the base of a more successful model that follows. Under
the Ranch parameterization the regression line is similar to those previously discussed with a slope of 1.02
and a y-intercept of 3.56. However, under the Vienna parameterization, the line is drastically different with
a slope of 0.62 and a y-intercept of 11.92. The difference in the regression line equations underscores the
greater variability seen in the data on the southern bole aspect. This increased variability, in turn, increases
the difficulty of producing a suitable model for daily maximum phloem temperatures on the southern bole
aspect.
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Figure 9: To account for the error in predicted maximum daily phloem temperatures on the southern
bole aspect seen in figure 8, the difference between observed maximum daily phloem temperatures and
predicted daily phloem temperatures was calculated (i.e., ε = Pmax,obs−Pmax,S) resulting in this histogram
where predictions were generated from regression line found in figure 8(b) and the observed daily maximum
southern bole aspect phloem temperatures of each tree observed at the Vienna site. When normalized to
display relative frequencies, so the sum of all the boxes is 1, the histogram forms a probability density
function (PDF) that describes the relative likelihood for the error, e to be a given amount. By calculating
the cumulative sum of the normalized relative frequencies the corresponding cumulative distribution function
(CDF) my be calculated (see figure 10) from which an hourly error adjustment can be calculated to better
account for the observed variability seen in figure 8.
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Figure 10: Scaled cumulative distribution function (CDF) used to estimate the error, attributed to solar
insolation, between the predicted daily southern aspect phloem maximums (predictions are generated from
regression line found in figure 8) and the observed daily maximum phloem temperatures at the Vienna site.
Plot is the cumulative sum of the relative frequencies calculated from the probability density function (PDF)
in figure 9. Now, let u ∈ [0, 1] and draw 365 random u values, one for each day of the year, from the
Uniform(0,1) distribution. Call the CDF F (e) and set F (e) = u and compute F−1(u) to get e values, which
are draws from f(e), the PDF described in figure 9, to estimate the observed error. Through this method of
inverse-sampling the observed variability seen in figure 8 can be modeled from F (e).
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Figure 11: Plot of hourly northern bole aspect phloem temperature predictions generated by the Sawtooth
model using the Ranch parameterization along with observed phloem and air temperatures from the Willy
site in the SNRA. The Sawtooth model utilizes the daily phloem temperature maxima and minima models
described in figures 5, 6, 7 and 8 to generate daily minimum and daily maximum phloem temperatures and,
in sequence, linearly connects these daily extrema. The Sawtooth model is an attractive option since it is
both elementary to understand and implement.
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Figure 12: Plot of hourly northern bole aspect phloem temperature predictions generated by the Cosine
model using the Ranch parameterization along with observed phloem and air temperatures from the Willy
site in the SNRA. Like the Sawtooth model, the Cosine model utilizes the daily phloem temperature maxima
and minima models described in figures 5, 6, 7 and 8 to generate daily minimum and daily maximum phloem
temperatures and, in sequence, connects these daily extrema using a cosine wave. Similar to the Sawtooth
model, the Cosine model is easy to implement and appears to exhibit curvature more similar to that seen in
phloem temperature data.
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Figure 13: Plot of hourly northern bole aspect phloem temperature predictions generated by the Newton
model using the Ranch parameterization along with observed phloem and air temperatures from the Willy
site in the SNRA. The Newton model utilizes Newton’s Law of Cooling, which states that the rate of change
in phloem temperature is proportional to the difference between the current phloem temperature and the
ambient temperature. We then have dP

dt = k(P − A) where A is the ambient temperature, P is the phloem
temperature and k, the constant of proportionality, is the rate of temperature transfer. Upon discretizing,
the Newton model takes the form P (t + ∆t) = P (t) + k[P (t) − A(t)]∆t. The parameter k was estimated
using linear regression and was found to be 0.5258 and 1.3357 under the Vienna and Ranch parameterizations
respectively. As is seen in the figure, the Newton model closely predicts phloem temperatures on the northern
bole aspect. However, whereas the previous models only required daily ambient maxima and minima, the
Newton model requires hourly air temperatures.
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Figure 14: Plot of hourly southern bole aspect phloem temperature predictions produced bu the Cosine-
Exponential model using the Vienna parameterization. Also plotted are the observed southern bole aspect
phloem temperatures as well as the corresponding ambient observations from the Willy site in the SNRA.
As seen in figure 1, southern aspect phloem temperatures can differ greatly from both ambient and northern
aspect phloem temperatures. The Cosine-Exponential model is designed to better match the shape of the
southern aspect phloem temperatures. Similar to the Cosine and Sawtooth models, the Cosine-Exponential
model sequentially connects the predicted daily phloem extrema produced from the phloem maxima and
minima models described in figures 5, 6, 7 and 8. The Cosine-Exponential model uses a cosine wave to
connect daily phloem minima predictions to daily phloem maxima predictions and an exponential curve to
connect predicted phloem maxima to minima. Like the Sawtooth and Cosine model, the Cosine-Exponential
model is an attractive option since it is both elementary in concept and implementation and only requires
daily ambient extremes to function.
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Figure 15: Plot of hourly southern bole aspect phloem temperature predictions produced bu the Newton
South model using the Ranch parameterization. Also plotted are the observed southern bole aspect phloem
temperatures as well as the corresponding ambient observations from the Willy site in the SNRA. The
Newton South model is an altered version of the Newton model used to produce southern bole aspect
phloem temperatures since the original Newton model described in figure 13 does not perform well on the
southern bole aspect. The Newton South model has the form dP

dt = k(P −A)+I, which, upon discretization,
appears like this: P (t+1) = P (t)+k[P (t)−A(t)]∆t+It∆t. In the model, P represents phloem temperatures,
A is ambient temperatures, k is the rate of temperature transfer (which was estimated in the Newton model)
and the additional parameter, I, was added to the Newton model to account for the increased error outside
Newton’s Law of Cooling. To estimate the parameter I, residuals were used to generate a cumulative
distribution function from which the hourly error parameter, I, was inverse-sampled. This is the same
approach that was taken to adjust daily maximum phloem predictions on the southern aspect (figure 8).
While the Newton South does not appear to match phloem temperatures, it does perform well. However,
like the Newton model, the Newton South model requires hourly air temperatures in order to function.
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Figure 16: Plot of hourly southern bole aspect phloem temperature predictions generated by the Matching
model using the Ranch parameterization along with observed phloem and air temperatures from the Willy
site in the SNRA. To generate a prediction of hourly phloem temperatures for Julian day d that occurred
under air temperature conditions where the minimum air temperature for day d, Ad

min, the maximum air
temperature for day d, Ad

max, and the the minimum air temperature for day d + 1, Ad+1
min, are all known,

the Matching model simply searches the archived set of daily ambient sequences of “minimum, maximum,
minimum” for the closest match (based on sum of squares). It then returns the archive’s corresponding
phloem temperatures as predicted phloem temperatures for Julian day d. In this case, the Ranch data is
the archived data set discussed. The Matching model is a pragmatic approach to a complex question that
utilizes existing knowledge to induce favorable results. Furthermore, the Matching model only requires daily
ambient extrema in order to function.
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Figure 17: Flow-chart indicating how model performance is determined. On the left hand side, observed
phloem temperatures are used as the argument in existing phenology models to generate a prediction regard-
ing MPB phenology. On the right hand side, only air temperatures are known. Using the phloem temperature
models discussed above, phloem temperatures are generated. The model-produced phloem temperatures are
then inserted into the same phenology models as the observed temperatures were to yield another MPB
phenology prediction. Note that phloem temperatures are not compared, rather, the results of the MPB
phenology predictions are compared. By analyzing phenology results to determine model performance we
emphasize the intent to generate phloem temperatures that maintain MPB phenology.
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SNRA Results: Vienna Parameterization

Northern Aspect Models —Observed— —Predicted—
Cosine Newton Sawtooth

G-function: Cumulative |Error| 290626 93560 232453
Relative Error(Gfunct) 0.82 0.26 0.65
R-function: r2 0.03 0.44 0.50

R-function: Average 1.29 1.51 1.08 1.76
EvF: r2 0.34 0.81 0.51

Average 10% 193.36 178.00 195.00 185.10
50% 198.25 182.60 200.30 189.00
90% 203.73 186.50 205.70 192.80

Volt: Percent Correct 36.36% 54.55% 36.36%

Southern Aspect Models
Cosine Cosine Exp. Matching Newton South Sawtooth

G-function: Cumulative |Error| 340183 188952 55639 42889 299728
Relative Error(Gfunct) 1.00 0.56 0.16 0.13 0.88
R-function: r2 0.10 0.26 0.70 0.63 0.15

R-function: Average 1.92 0.04 0.84 1.65 1.96 0.23
EvF: r2 0.04 0.05 0.59 0.91 0.07

Average 10% 185.36 140.10 157.20 182.30 184.50 157.10
50% 189.65 147.10 165.00 187.70 188.50 164.50
90% 193.75 153.90 173.00 192.90 193.10 171.60

Volt: Percent Correct 0.00% 9.09% 72.73% 72.73% 0.00%

Table 1: Results from the phenology models (G-function, R-function, Extended von Foerster, MPB Voltin-
ism) driven by observed phloem temperatures compared to the results when driven by predicted phloem
temperatures. Phloem temperature models were parameterized using data collected in 2001-2002 from
the Vienna research site in the SNRA and observed phloem temperatures were collect in the SNRA from
lodgepole pine. The G-function metric is simply the cumulative error between the curve(s) generated from
observed phloem temperatures and the curve produced from predicted phloem temperatures over the sea-
sonal oviposition window, JD 152 - JD 245. The relative G-function error is calculated to more easily assess
model performance. With the R-function and the EvF metrics r2 values are calculated using Matlab (Math
Works 2010) as the primary metric while comparisons of the averaged growth rate, from the R-function, and
the Julian date of the averaged emergence percentiles (from the EvF metric) indicate whether a poor per-
forming model is over- or under-predicting developmental energy (i.e., if the predicted growth rate is less
than the observed growth rate and the predicted emergence dates are later than observed emergence dates
then the model likely under-predicts developmental energy). The MPB Voltinism metric calculates how
often the predicted and observed voltinism results match. Observe that the Newton model performs best on
the northern bole aspect while the Newton South and Matching models perform best on the southern bole
aspect.
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SNRA Results: Ranch Parameterization

Northern Aspect Models —Observed— —Predicted—
Cosine Newton Sawtooth

G-function: Cumulative |Error| 355215 75041 319540
Relative Error(Gfunct) 1.00 0.21 0.90
R-function: r2 0.01 0.53 0.27

R-function: Average 1.29 1.48 1.23 2.09
EvF: r2 0.21 0.81 0.44

Average 10% 193.36 176.90 192.20 182.20
50% 198.25 181.40 197.10 186.60
90% 203.73 185.40 202.30 190.20

Volt: Percent Correct 27.27% 63.64% 27.27%

Southern Aspect Models
Cosine Cosine Exp. Matching Newton South Sawtooth

G-function: Cumulative |Error| 198490 289562 62885 46140 160504
Relative Error(Gfunct) 0.58 0.58 0.18 0.14 0.47
R-function: r2 0.01 0.05 0.72 0.67 0.02

R-function: Average 1.92 1.20 0.24 1.80 1.85 1.17
EvF: r2 0.48 0.20 0.80 0.84 0.35

Average 10% 185.36 195.20 196.00 189.20 185.50 200.50
50% 189.65 200.90 204.00 194.30 189.60 206.80
90% 193.75 206.70 212.90 199.20 193.70 212.80

Volt: Percent Correct 9.09% 9.09% 81.82% 81.82% 9.09%

Table 2: Results from the phenology models (G-function, R-function, Extended von Foerster, MPB Voltin-
ism) driven by observed phloem temperatures compared to the results when driven by predicted phloem
temperatures. Phloem temperature models were parameterized using data collected in 1996-1997 from the
Ranch research site in the SNRA and observed phloem temperatures were collect in the SNRA from lodgepole
pine. The G-function metric is simply the cumulative error between the curve(s) generated from observed
phloem temperatures and the curve produced from predicted phloem temperatures over the seasonal ovipo-
sition window, JD 152 - JD 245. The relative G-function error is calculated to more easily assess model
performance. With the R-function and the EvF metrics r2 values are calculated using Matlab (Math Works
2010) as the primary metric while comparisons of the averaged growth rate, from the R-function, and the
Julian date of the averaged emergence percentiles (from the EvF metric) indicate whether a poor performing
model is over- or under-predicting developmental energy (i.e., if the predicted growth rate is less than the
observed growth rate and the predicted emergence dates are later than observed emergence dates then the
model likely under-predicts developmental energy). The MPB Voltinism metric calculates how often the pre-
dicted and observed voltinism results match. Observe that the Newton model performs best on the northern
bole aspect while the Newton South and Matching models perform best on the southern bole aspect.
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Northern Aspect SNRA MPB Voltinism: Vienna Parameterization

Data Set Observation(s) Cosine Newton Sawtooth
Gold95 1 1/1 5/6 1/1
Gold96 4/5, 3/4, 2/3 1/1 10/13 1/1
Moose 2/3, 5/7 3/2 1/1 4/3
Ranch95 1 1/1 1/1 1/1
Ranch96 4/5, 12/17, 8/11 19/17 2/3 1/1
Smiley 1, 4/5 1/1 4/5 1/1
Vienna01 11/10, 1 5/4 1/1 15/13
Vienna03 1 4/3 1/1 11/9
Willy97 5/6, 9/11 1/1 3/4 1/1
Willy98 1 1/1 1/1 1/1
Willy99 1 11/9 1/1 10/9

Table 3: MPB Voltinism predictions generated in the SNRA from northern bole aspect observed and pre-
dicted phloem temperatures using the Vienna parameterization. Clearly, univoltine predictions from observed
phloem temperatures are easier to match than the asynchronous fractional voltinism predictions. While the
Newton model was closest, no model matched every univoltine prediction produced from observed phloem
temperatures.
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Northern Aspect SNRA MPB Voltinism: Ranch Parameterization

Data Set Observation(s) Cosine Newton Sawtooth
Gold95 1 1/1 1/1 1/1
Gold96 4/5, 3/4, 2/3 8/7 1/1 1/1
Moose 2/3, 5/7 14/9 1/1 10/7
Ranch95 1 6/5 1/1 9/8
Ranch96 8/11, 12/17, 4/5 17/14 3/4 13/12
Smiley 1, 4/5 1/1 1/1 1/1
Vienna01 11/10, 1 4/3 1/1 5/4
Vienna03 1 11/8 1/1 4/3
Willy97 5/6, 9/11 1/1 11/14 1/1
Willy98 1 1/1 1/1 1/1
Willy99 1 6/5 1/1 10/9

Table 4: MPB Voltinism predictions generated in the SNRA from northern bole aspect observed and pre-
dicted phloem temperatures using the Ranch parameterization. While the univoltine predictions produced
from observed phloem temperatures are easier to match than the asynchronous fractional voltinism predic-
tions, only the Newton model matched each univoltine prediction produced from observed phloem temper-
atures.

Southern Aspect SNRA MPB Voltinism: Vienna Parameterization

Data Set Observation(s) Cosine Cosine Exp Matching Newton South Sawtooth
Gold95 1 5/3 19/16 1/1 1/1 3/2
Gold96 1 8/5 1/1 1/1 1/1 10/7
Moose 1, 4/5 16/7 9/5 7/6 6/5 11/5
Ranch95 1 12/7 13/9 1/1 1/1 5/3
Ranch96 1 5/3 4/3 1/1 1/1 11/7
Smiley 1 13/9 12/11 1/1 1/1 7/6
Vienna01 11/10, 5/4, 11/9 12/7 4/3 11/10 14/13 7/4
Vienna03 10/9, 7/6 17/9 3/2 5/4 16/13 5/3
Willy97 1 7/4 4/3 1/1 1/1 20/13
Willy98 1 8/5 19/14 1/1 1/1 3/2
Willy99 1 15/8 13/10 19/16 1/1 7/4

Table 5: MPB Voltinism predictions generated in the SNRA southern bole aspect observed and predicted
phloem temperatures using the Vienna parameterization. While the univoltine predictions produced from
observed phloem temperatures are easier to match than the asynchronous fractional voltinism predictions,
only the Newton South model, under the Vienna parameterization, matched every clearly univoltine pre-
diction produced from observed phloem temperatures on the southern aspect. Now, the Matching model
failed to produce a univoltine solution in only the Willy 99 case but was successful in matching the fractional
voltinism produced from one of the Vienna 01 observed trees; the Newton South model prediction did not
match in this case.
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Southern Aspect SNRA MPB Voltinism: Ranch Parameterization

Data Set Observation(s) Cosine Cosine Exp Matching Newton South Sawtooth
Gold95 1 5/7 2/3 1/1 1/1 2/3
Gold96 1 3/4 15/23 1/1 1/1 4/5
Moose 1, 4/5 10/11 1/1 1/1 8/7 1/1
Ranch95 1 5/6 10/13 1/1 1/1 5/6
Ranch96 1 5/7 3/4 1/1 1/1 3/4
Smiley 1 3/5 13/17 1/1 1/1 3/4
Vienna01 11/10, 5/4, 11/9 11/12 6/7 1/1 1/1 1/1
Vienna03 10/9, 7/6 1/1 1/1 12/11 7/6 1/1
Willy97 1 4/5 8/11 1/1 1/1 4/5
Willy98 1 3/4 13/20 1/1 1/1 3/4
Willy99 1 1/1 8/9 1/1 1/1 11/16

Table 6: MPB Voltinism predictions generated in the SNRA southern bole aspect observed and predicted
phloem temperatures using the Ranch parameterization. While the univoltine predictions produced from
observed phloem temperatures are easier to match than the asynchronous fractional voltinism predictions,
both the Newton South and Matching model, under the Ranch parameterization, matched every clearly
univoltine prediction produced from observed phloem temperatures on the southern aspect. Furthermore,
the Newton South model was able to match the voltinism prediction generated from an observed tree in the
Vienna 03 while the Matching model matched one in the Moose case.

49



RRR Results: Vienna Parameterization

Northern Aspect Models —Observed— —Predicted—
Cosine Newton Sawtooth

G-function: Cumulative Error 295543.00 82028.00 257352.00
Relative Error(Gfunct) 0.91 0.25 0.79
R-function: r2 0.54 NC 0.64
R-function: Average 0.13 0.89 0.00 0.72
EvF: r2 0.52 0.97 0.45
Average 10% 288.13 226.88 303.25 210.75
50% 368.25 263.25 396.50 227.50
90% 501.38 372.50 517.88 251.63
Volt: Percent Correct 0.00% 50.00% 0.00%

Southern Aspect Models
Cosine Cosine Exp. Matching Newton South Sawtooth

G-function: Cumulative Error 444998.00 415194.00 208945.00 226087.00 433626.00
Relative Error(Gfunct) 1.00 0.93 0.47 0.51 0.97
R-function: r2 0.04 0.18 0.91 0.87 0.10
R-function: Average 0.09 0.09 1.56 0.58 0.52 0.98
EvF: r2 0.38 0.65 0.65 0.52 0.09
Average 10% 298.88 220.13 175.38 224.13 214.38 167.00
50% 390.63 234.63 182.88 249.25 229.38 174.63
90% 514.50 252.13 189.00 294.38 261.75 181.75
Volt: Percent Correct 0.00% 0.00% 0.00% 0.00% 0.00%

Table 7: Results from the phenology models (G-function, R-function, Extended von Foerster, MPB Voltin-
ism) driven by observed phloem temperatures compared to the results when driven by predicted phloem
temperatures. Phloem temperature models were parameterized using data collected in 2001-2002 from the
Vienna research site in the SNRA and observed phloem temperatures were collect at the Railroad Ridge
site from high-elevation whitebark pine. The G-function metric is simply the cumulative error between
the curve(s) generated from observed phloem temperatures and the curve produced from predicted phloem
temperatures over the seasonal oviposition window, JD 152 - JD 245. The relative G-function error is
calculated to more easily assess model performance. With the R-function and the EvF metrics r2 values
are calculated using Matlab (Math Works 2010) as the primary metric while comparisons of the averaged
growth rate, from the R-function, and the Julian date of the averaged emergence percentiles (from the EvF
metric) indicate whether a poor performing model is over- or under-predicting developmental energy (i.e.,
if the predicted growth rate is less than the observed growth rate and the predicted emergence dates are
later than observed emergence dates then the model likely under-predicts developmental energy). The MPB
Voltinism metric calculates how often the predicted and observed voltinism results match. At the RRR site,
each voltinism prediction generated from observed temperatures was fractional and thus, difficult to match
(see figure 4). Hence, it is remarkable that the Newton model matched voltinism predictions 50% of the
time on the northern bole aspect. NC stands for not computable since the Newton model always induced a
zero growth rate. This result exactly matches the growth rate produced by observed phloem temperatures
in all but one year and is thus the best result under the R-function metric. Observe that the Newton model
performs best on the northern bole aspect while the Matching model perform best on the southern bole
aspect.
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RRR Results: Ranch Parameterization

Northern Aspect Models —Observed— —Predicted—
Cosine Newton Sawtooth

G-function: Cumulative Error 324438.00 48669.00 304443.00
Relative Error(Gfunct) 1.00 0.15 0.94
R-function: r2 0.48 NC 0.50
R-function: Average 0.13 1.50 0.00 1.38
EvF: r2 0.72 0.98 0.35
Average 10% 288.13 199.38 292.00 204.00
50% 368.25 204.38 378.75 209.88
90% 501.38 209.50 503.25 243.13
Volt: Percent Correct 0.00% 62.50% 0.00%

Southern Aspect Models
Cosine Cosine Exp. Matching Newton South Sawtooth

G-function: Cumulative Error 161727.00 216965.00 93522.00 183600.00 148218.00
Relative Error(Gfunct) 0.36 0.49 0.21 0.41 0.33
R-function: r2 NC 1.00 NC 1.00 0.06
R-function: Average 0.09 0.00 0.17 0.00 0.29 0.11
EvF: r2 0.31 0.50 0.80 0.62 0.66
Average 10% 298.88 221.25 211.13 252.13 222.13 230.25
50% 390.63 240.13 222.13 338.50 248.88 263.50
90% 514.50 305.13 246.25 475.88 296.50 373.63
Volt: Percent Correct 0.00% 0.00% 25.00% 0.00% 12.50%

Table 8: Results from the phenology models (G-function, R-function, Extended von Foerster, MPB Voltin-
ism) driven by observed phloem temperatures compared to the results when driven by predicted phloem
temperatures. Phloem temperature models were parameterized using data collected in 1996-1997 from the
Ranch research site in the SNRA and observed phloem temperatures were collect at the Railroad Ridge
site from high-elevation whitebark pine. The G-function metric is simply the cumulative error between
the curve(s) generated from observed phloem temperatures and the curve produced from predicted phloem
temperatures over the seasonal oviposition window, JD 152 - JD 245. The relative G-function error is
calculated to more easily assess model performance. With the R-function and the EvF metrics r2 values
are calculated using Matlab (Math Works 2010) as the primary metric while comparisons of the averaged
growth rate, from the R-function, and the Julian date of the averaged emergence percentiles (from the EvF
metric) indicate whether a poor performing model is over- or under-predicting developmental energy (i.e.,
if the predicted growth rate is less than the observed growth rate and the predicted emergence dates are
later than observed emergence dates then the model likely under-predicts developmental energy). The MPB
Voltinism metric calculates how often the predicted and observed voltinism results match. At the RRR site,
each voltinism prediction generated from observed temperatures was fractional and thus, difficult to match
(see figure 4). Hence, it is remarkable that the Newton model matched voltinism predictions 62.5% of the
time on the northern bole aspect and the Matching model matched voltinism predictions 25% of the time
on the southern bole aspect. NC stands for not computable since the Newton model always induced a zero
growth rate. This result exactly matches the growth rate produced by observed phloem temperatures in
all but one year. The r2 values of 1.00 under the Cosine-Exponential and Newton South models are due to
rounding error. The actual values are less than one and thus, the growth rate produced using these models
did not match the rate produced from observed phloem temperatures at least twice. Hence, NC is again the
best result under the R-function metric as 0.00 is the exact growth rate produced by the observed phloem
temperatures in all but one instance. Again, note that the Newton model performs best on the northern
bole aspect while the Matching model perform best on the southern bole aspect.
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Dixie Results: Vienna Parameterization

Northern Aspect Models —Observed— —Predicted—
Cosine Newton Sawtooth

G-function: Cumulative Error 22573.00 29143.00 22331.00
Relative Error(Gfunct) 0.64 0.83 0.63
R-function: r2 N/A N/A N/A
R-function: Average 3.66 3.13 2.13 3.33
EvF: r2 0.98 1.00 0.98
Average 10% 197.50 186.00 201.00 190.00
50% 200.75 189.00 204.00 193.00
90% 203.5 193.00 207.00 197.00
Volt: Percent Correct 0.00% 100.00% 0.00%

Southern Aspect Models
Cosine Cosine Exp. Matching Newton South Sawtooth

G-function: Cumulative Error 46790.00 44526.00 9102.00 7754.00 44586.00
Relative Error(Gfunct) 1.00 0.95 0.19 0.17 0.95
R-function: r2 N/A N/A N/A N/A N/A
R-function: Average 3.65 0.00 0.00 3.32 3.13 0.00
EvF: r2 0.99 0.99 0.99 0.96 1.00
Average 10% 195.00 138.00 152.00 190.00 190.00 140.00
50% 198.75 147.00 159.00 194.00 193.00 153.00
90% 201.25 155.00 166.00 198.00 197.00 161.00
Volt: Percent Correct 0.00% 0.00% 100.00% 100.00% 0.00%

Table 9: Results from the phenology models (G-function, R-function, Extended von Foerster, MPB Voltin-
ism) driven by observed phloem temperatures compared to the results when driven by predicted phloem
temperatures. Phloem temperature models were parameterized using data collected in 2001-2002 from the
Vienna research site in the SNRA and observed phloem temperatures were collect in the DNF from ponderosa
pine. The G-function metric is simply the cumulative error between the curve(s) generated from observed
phloem temperatures and the curve produced from predicted phloem temperatures over the seasonal ovipo-
sition window, JD 152 - JD 245. The relative G-function error is calculated to more easily assess model
performance. In this case, there is only one observation year for this site so r2 values are not applicable in
the R-function metric. Instead, simple comparison of growth rates indicate model performance under the
R-function metric. For the EvF metric r2 values are calculated using Matlab (Math Works 2010) as the
primary metric while comparisons of the averaged growth rate, from the R-function, and the Julian date
of the averaged emergence percentiles (from the EvF metric) indicate whether a poor performing model is
over- or under-predicting developmental energy (i.e., if the predicted growth rate is less than the observed
growth rate and the predicted emergence dates are later than observed emergence dates then the model
likely under-predicts developmental energy). The MPB Voltinism metric calculates how often the predicted
and observed voltinism results match. In this case, each tree observed generated a univoltine prediction.
This was matched on the northern bole aspect by the Newton model and on southern bole aspect by the
Newton South and Matching models. Observe that the Newton model performs best on the northern bole
aspect while the Matching model perform best on the southern bole aspect.
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Dixie Results: Ranch Parameterization

Northern Aspect Models —Observed— —Predicted—
Cosine Newton Sawtooth

G-function: Cumulative Error 35187.00 27243.00 34805.00
Relative Error(Gfunct) 1.00 0.77 0.99
R-function: r2 N\A N\A N\A
R-function: Average 3.66 3.18 2.17 3.53
EvF: r2 1.00 1.00 1.00
Average 10% 197.50 183.00 199.00 187.00
50% 200.75 187.00 203.00 190.00
90% 203.50 190.00 206.00 193.00
Volt: Percent Correct 0.00% 100.00% 0.00%

Southern Aspect Models
Cosine Cosine Exp. Matching Newton Sawtooth

G-function: Cumulative Error 22260.00 37342.00 24726.00 6308.00 22378.00
Relative Error(Gfunct) 0.48 0.80 0.53 0.13 0.48
R-function: r2 N/A N/A N/A N/A N/A
R-function: Average 3.65 2.32 2.24 2.78 3.14 2.19
EvF: r2 1.00 0.97 1.00 1.00 0.96
Average 10% 195.00 190.00 190.00 196.00 192.00 202.00
50% 198.75 198.00 195.00 201.00 196.00 205.00
90% 201.25 203.00 201.00 204.00 199.00 209.00
Volt: Percent Correct 100.00% 100.00% 100.00% 100.00% 100.00%

Table 10: Results from the phenology models (G-function, R-function, Extended von Foerster, MPB Vol-
tinism) driven by observed phloem temperatures compared to the results when driven by predicted phloem
temperatures. Phloem temperature models were parameterized using data collected in 1996-1997 from the
Ranch research site in the SNRA and observed phloem temperatures were collect in the DNF from ponderosa
pine. The G-function metric is simply the cumulative error between the curve(s) generated from observed
phloem temperatures and the curve produced from predicted phloem temperatures over the seasonal ovipo-
sition window, JD 152 - JD 245. The relative G-function error is calculated to more easily assess model
performance. In this case, there is only one observation year for this site so r2 values are not applicable in
the R-function metric. Instead, simple comparison of growth rates indicate model performance under the
R-function metric. For the EvF metric r2 values are calculated using Matlab (Math Works 2010) as the
primary metric while comparisons of the averaged growth rate, from the R-function, and the Julian date
of the averaged emergence percentiles (from the EvF metric) indicate whether a poor performing model is
over- or under-predicting developmental energy (i.e., if the predicted growth rate is less than the observed
growth rate and the predicted emergence dates are later than observed emergence dates then the model
likely under-predicts developmental energy). The MPB Voltinism metric calculates how often the predicted
and observed voltinism results match. In this case, each tree observed generated a univoltine prediction.
This was matched on the northern bole aspect by the Newton model and on southern bole aspect by every
model. Observe that the Newton model performs best on the northern bole aspect while the Matching model
perform best on the southern bole aspect.
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