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FIG. 3-7. Bivariate point pattern analysis for post-outbreak seedlings to Engelmann
spruce snags (a-c) and post-outbreak to pre-outbreak seedlings (d-f). Spatial patterns are
divided by categorical CMD values: Low: (179-205 mm; a & d), Moderate (243-275 mm;
b & e), and High (304-418 mm; ¢ & ). Black solid line is the bivariate (seedling, tree and
pre, post-outbreak seedlings) pooled isotropic-corrected estimate of g(r). Red dashed line
represents the bivariate (seedling, tree and pre, post-outbreak seedlings) pooled
theoretical Poisson g(r). Gray bands indicate the bivariate (seedling, tree and pre, post-
outbreak seedlings) upper and lower limits of two-sigma CI based on isotropic-corrected
estimate of g(r). Note the difference in y-axis scale from top row to bottom.



FIG. 3-8. Spatial histogram of pre-outbreak (a) versus post-outbreak (b) seedlings from
closest piece of coarse woody debris (CWD) on slopes >10%.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

When disturbances interact with climate change, it can lead to new disturbance
regimes outside the range of historical variability. These climate-mediated disturbances
can result in new ecosystems and not return to the original steady-state system. The
Markagunt Plateau experienced an epidemic spruce beetle outbreak in the 1990s during a
prolonged drought. Our research dealt with two aspects of this climate-mediated
disturbance: the mortality during the outbreak and the subsequent regeneration.

Warmer temperatures have been well-documented in amplifying beetle outbreaks
through their direct effects on the beetle lifecycle. However, we were also interested in
the effect that warmer temperatures, leading to droughts, has on host susceptibility.
Specifically, we were interested in whether tree drought stress contributes to the shift
from an endemic to epidemic level beetle outbreak. From our carbon isotope analysis, we
found that large trees that died during endemic beetle populations were significantly more
sensitive to drought than large trees that succumbed to death during epidemic population
levels. The difference in drought sensitivity of these large trees helped transition an
endemic level outbreak into an epidemic one, in addition to the direct effects on beetles.
Smaller trees did not show as distinct of a difference in drought sensitivity. Small trees
that died during endemic population levels were most likely growing in the shade,
compared to small sun-grown trees that died during epidemic population levels. This
difference in drought sensitivity mediated by tree size reflects the difference in stand

structure during the landscape level progression of a beetle outbreak. Stands with an



MID L LW 0.024 | 0.090 -0.096
MID L EW -0.14 | -0.056 |0.14
NLS E ABC -0.35 | -0.25 0.23
NLS E RW 0.096 | 0.051 -0.035
NLS E LW -0.058 | 0.11 -0.14
NLS E EW 0.20 0.082 -0.098
NLS L ABC -0.50 |-0.43 0.59
NLS L RW 0.087 | 0.026 0.0075
NLS L LW 0.019 |-0.11 0.18
NLS L EW 0.062 | 0.026 0.013
SNO E ABC -0.47 | -0.55 0.29
SNO E RW 0.038 | 0.022 -0.16
SNO E LW 0.060 |0.12 -0.15
SNO E EW -0.033 | -0.017 |-0.15
SNO L ABC - -0.12 0.058
0.0068

SNO L RW 0.023 | 0.066 0.091
SNO L LW 0.22 -0.0096 | -0.020
SNO L EW -0.012 | 0.036 0.10
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Fig. A-1. Histogram of death dates per site used in the isotope analysis. Cores before and
after the peak of death dates per site were isolated for further analyses. Note: x-axis tick
marks denote bar to the left.
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Fig. A-2. Diameter distributions of all Engelmann spruce trees (DBH > 5 c¢cm) in the stand
at each site. Blue line denotes the average DBH of early-dying trees per site, and the red
line denotes the average DBH of late-dying trees per site. From the t-test results,

significant differences in DBH (P < 0.05) occurred at ASH, HCK, NLS with a marginally
significant difference (P < 0.1) at MID.
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Fig. A-3. Species composition of all trees (DBH > 5 cm) in the stand at each site color

coded by species. Aspen (AS; yellow), Douglas-fir (DF; brown), Engelmann spruce (ES;
green), and subalpine fir (SF; blue).



APPENDIX B: CHAPTER 3 SUPPLEMENTARY TABLES AND FIGURES

Table B-1. Site summary information calculated as averages from all subplots at each
site. Including elevation, slope, aspect, climatic moisture deficit (CMD), basal area of
dead Engelmann spruce (BA D ES), and tree species richness (Spp richness).

Site Elevation | Slope | Aspect | CMD | BADES | Spp
(m) (%) (°) (mm) | (m2/ha) | Richness
ASH 3182 6.5 8 188 0.34 2
BHF 3301 7.5 126 179 1.00 2
BPT 3005 41 299 243 0.26 3
CEB 3190 9 114 205 0.67 2
DCK 2763 12 237 355 0.58 3
DCS 2841 4.5 24 336 0.13 4
HCK 3090 17 320 261 0.32 2
HPT 3053 0 NA 248 0.53 3
LC 2985 9 176 275 0.83 3
MTH 2719 24 105 416 0.03 3
NLS 2821 27 360 304 0.63 3
RBW | 3211 8 178 187 0.25 3
SNO 3188 39 342 204 0.6 2
SPC 2800 28 89 321 0.2 3
TCC 3238 7 240 186 1.4 2
TIP 2790 29 264 369 0.13 3
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Fig. B-1. Monthly precipitation (Pcp) and precipitation as snow (PAS) from 30yr normals
averaged for all sites (Wang et al. 2016).
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Fig. B-2. Monthly July, August, and September climatic moisture deficit (CMD) for the
macroclimate (blue) compared to the microclimate (red) averaged for all sites.
Macroclimate CMD from 30yr normals (Wang et al. 2016). Microclimate CMD
calculated from iButton temperature data.
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Fig. B-3. Eaple of clutr of sualpin fir eedlings aroud an Egelmann spruce
snag at one of our high elevation sites (BHF).
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APPENDIX C: CHAPTER 3 MODEL SELECTION PROCESS FOR ALL
SEEDLINGS, PRE-OUTBREAK SEEDLINGS, AND POST-
OUTBREAK SEEDLINGS

Table C-1. Full model selection process from model using all seedlings and saplings as
response variable. Selected models from each step are highlighted in bold text.

Level Step | Variables AIC K
1 Intercept 562
la. Abiotic 201 | SwWC.187 397
2.02 | SWC.265 393
2.03 | CMD.calc 405
2.04 | SWC.187, SWC.265 392
2.05 | SWC.187, CMD.calc 399
2.06 | SWC.265, CMD.calc 394
2.07 | SWC.187, SWC.265,CMD.calc 394

2.08 | SWC.187,SWC.265,CMD, SWC.187*CMD | 396
2.09 | SWC.187,SWC.265,CMD, SWC.265*CMD | 396

1b. Biotic 3.01 | SWC.265, sf seedling 342
3.02 | SWC.265, %EW 341
3.03 | SWC.265, %LW 342
3.04 | SWC.265, %under 337
3.05 | SWC.265, sfseedling, %EW 343
3.06 | SWC.265, sfseedling, %LW 344
3.07 | SWC.265, sfseedling, %under 339
3.08 | SWC.265, %EW, %LW 343
3.09 | SWC.265, %EW, %under 337
3.10 | SWC.265, %LW, %under 338
3.11 | SWC.265, sfseedling, %EW, %LW 345
3.12 | SWC.265, sfseedling, %EW, %under 338
3.13 | SWC.265, sfseedling, %L W, %under 340
3.14 | SWC.265, %EW, %LW, %under 339

3.15 | SWC.265,sfseedling,%EW,%LW,%under 340
3.16 | SWC.265, %under, SWC.265*%under 333

QWO AR PRPRWWW W WWINININDNPAEPRPOWODNDNDNRFRPRFRREFRO

3.17 SWC.265, %under, %LW, 335
SWC.265*%under, %LW*%under
3.18 SWC.265, %under, %LW, 334 5

SWC.265*%under, %LW*SWC.265
3.19 | SWC.265, %under, %LW, SWC.265*%LW | 338 4




3.20 | SWC.265, %under, %LW, sfseedling, 338
SWC.265*%under, %LW*SWC.265,
S*SWC.265

3.21 | SWC.265, %under, sfseedling, 337
SWC.265*%under, Sf*SWC.265

3.22 | SWC.265, %under, %LW, sfseedling, 341
%LW*SWC.265, SF*SWC.265

3.23 | SWC.265, %under, %LW, 336
SWC.265*%under, %LW*SWC.265,
%under*%LW

3.24 | SWC.265, %under, %LW, 336
SWC.265*%under, %LW*SWC.265, %EW

2a.Understory | 4.01 | SWC.265,%under, SWC.265*%under, 335
sfsapling

4.02 | SWC.265,%under, SWC.265*%under, 336
sfsapling, sfsapling*SWC.265

2b. Overstory | 5.01 | SWC.265,%under, SWC.265*%under, 335
%cover

5.02 | SWC.265,%under, SWC.265*%under, 330
QMD

5.03 | SWC.265,%under, SWC.265*%under, Ht 334

5.04 | SWC.265,%under, SWC.265*%under, 335
BA.SF

5.05 | SWC.265,%under, SWC.265*%under, 335
BA.ES.L

5.06 | SWC.265,%under, SWC.265*%under, 324
BA.D

5.07 | SWC.265,%under, SWC.265*%under, 332
%cover, QMD

5.08 | SWC.265,%under, SWC.265*%under, 336
%cover, Ht

5.09 | SWC.265,%under, SWC.265*%under, 336
%cover,BA.SF

5.10 | SWC.265,%under, SWC.265*%under, 337
%cover, BA.ES.L

511 | SWC.265,%under, SWC.265*%under, 325
%cover, BA.D

5.12 | SWC.265,%under, SWC.265*%under, 330
QMD, Ht

5.13 | SWC.265,%under, SWC.265*%under, 331
QMD, BA.SF

5.14 | SWC.265,%under, SWC.265*%under, 332

QMD, BA.ES.L

102



5.15 SWC.265,%under, SWC.265*%under, 325
QMD, BA.D

5.16 SWC.265,%under, SWC.265*%under, Ht, 336
BA.SF

5.17 SWC.265,%under, SWC.265*%under, Ht, 336
BA.ES.L

5.18 SWC.265,%under, SWC.265*%under, Ht, 325
BA.D

5.19 SWC.265,%under, SWC.265*%under, 337
BA.SF, BA.ES.L

5.20 SWC.265,%under, SWC.265*%under, 324
BA.SF, BA.D

5.21 SWC.265,%under, SWC.265*%under, 325
BA.ES.L, BA.D

5.22 SWC.265,%under, SWC.265*%under, 331
%cover, QMD, Ht

5.23 SWC.265,%under, SWC.265*%under, 332
%cover, QMD, BA.SF

5.24 SWC.265,%under, SWC.265*%under, 334
%cover, QMD, BA.ES.L

5.25 SWC.265,%under, SWC.265*%under, 327
%cover, QMD, BA.D

5.26 SWC.265,%under, SWC.265*%under, 337
%cover, Ht, BA.SF

5.27 SWC.265,%under, SWC.265*%under, 338
%cover, Ht, BA.ES.L

5.28 SWC.265,%under, SWC.265*%under, 327
%cover, Ht, BA.D

5.29 SWC.265,%under, SWC.265*%under, 338
%cover, BA.SF, BA.ES.L

5.30 SWC.265,%under, SWC.265*%under, 325
%cover, BA.SF, BA.D

5.31 SWC.265,%under, SWC.265*%under, 327
%cover, BA.ES.L, BA.D

5.32 SWC.265,%under, SWC.265*%under, 331
QMD, Ht, BA.SF

5.33 SWC.265,%under, SWC.265*%under, 332
QMD, Ht, BA.ES.L

5.34 SWC.265,%under, SWC.265*%under, 327
QMD, Ht, BA.D

5.35 SWC.265,%under, SWC.265*%under, 333
QMD, BA.SF, BA.ES.L

5.36 SWC.265,%under, SWC.265*%under, 325

QMD, BA.SF, BA.D
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5.37 SWC.265,%under, SWC.265*%under, 327
QMD, BA.ES.L, BA.D

5.38 SWC.265,%under, SWC.265*%under, Ht, | 338
BA.SF, BA.ES.L

5.39 SWC.265,%under, SWC.265*%under, Ht, | 326
BA.SF, BA.D

5.40 SWC.265,%under, SWC.265*%under, 326
BA.SF, BA.ES.L, BA.D

5.41 SWC.265,%under, SWC.265*%under, 332
%cover, QMD, Ht, BA.SF

5.42 SWC.265,%under, SWC.265*%under, 333
%cover, QMD, Ht, BA.ES.L

5.43 SWC.265,%under, SWC.265*%under, 328
%cover, QMD, Ht, BA.D

5.44 SWC.265,%under, SWC.265*%under, 334
%cover, QMD, BA.SF, BA.ES.L

5.45 SWC.265,%under, SWC.265*%under, 327
%cover, QMD, BA.SF, BA.D

5.46 SWC.265,%under, SWC.265*%under, 329
%cover, QMD, BA.ES.L, BA.D

5.47 SWC.265,%under, SWC.265*%under, 332
QMD, Ht, BA.SF, BA.ES.L

5.48 SWC.265,%under, SWC.265*%under, 327
QMD, Ht, BA.SF, BA.D

5.49 SWC.265,%under, SWC.265*%under, 329
QMD, Ht, BA.ES.L,BA.D

5.50 SWC.265,%under, SWC.265*%under, 327
QMD, BA.SF, BA.ES.L, BA.D

5.51 SWC.265,%under, SWC.265*%under, Ht, 328
BA.SF, BA.ES.L, BA.D

5.52 SWC.265,%under, SWC.265*%under, 334
%cover, QMD, Ht, BA.SF, BA.ES.L

5.53 SWC.265,%under, SWC.265*%under, 328
%cover, QMD, Ht, BA.SF, BA.D

5.54 SWC.265,%under, SWC.265*%under, 330
%cover, QMD, Ht, BA.ES.L, BA.D

5.55 SWC.265,%under, SWC.265*%under, 329
QMD, Ht, BA.SF, BA.ES.L, BA.D

5.56 SWC.265,%under, SWC.265*%under, 330
%cover, QMD, Ht, BA.SF, BA.ES.L, BA.D

5.57 SWC.265,%under, SWC.265*%under, 337
%cover, %cover*SWC.265

5.58 SWC.265,%under, SWC.265*%under, 332

QMD, QMD*SWC.265
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559 | SWC.265,%under, SWC.265*%under, 332
QMD, LW, QMD*LW

560 | SWC.265,%under, SWC.265*%under, 325
BA.D, BA.D*SWC.265

561 | SWC.265,%under, SWC.265*%under, 324
BA.D, Per.Under.ave, BA.D*Per.Under.ave

3. Landscape | 6.01 | SWC.265,%under, SWC.265*%under, 322

BA.D, CMD

6.02 | SWC.265,%under, SWC.265*%under, 326
BA.D, slope

6.03 | SWC.265,%under, SWC.265*%under, 325
BA.D, aspect

6.04 | SWC.265,%under, SWC.265*%under, 324
BA.D, elevation

6.05 | SWC.265,%under, SWC.265*%under, 324
BA.D, CMD, slope

6.06 | SWC.265,%under, SWC.265*%under, 324
BA.D, CMD, aspect

6.07 | SWC.265,%under, SWC.265*%under, 327
BA.D, slope, aspect

6.08 | SWC.265,%under, SWC.265*%under, 326
BA.D, slope, elevation

6.09 | SWC.265,%under, SWC.265*%under, 326
BA.D, aspect, elevation

6.10 | SWC.265,%under, SWC.265*%under, 326
BA.D, CMD, slope, aspect

6.11 | SWC.265,%under, SWC.265*%under, 328
BA.D, slope, aspect, elevation

6.12 | SWC.265,%under, SWC.265*%under, 324
BA.D, CMD, CMD*SWC.265

6.13 | SWC.265,%under, SWC.265*%under, 325
BA.D, aspect, aspect*%under

6.14 | SWC.265,%under, SWC.265*%under, 326
BA.D, aspect, per.under.ave,
aspect*%under.ave

6.15 | SWC.265,%under, SWC.265*%under, 326

BA.D, aspect, aspect*SWC.265
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Table C-2. Full model selection process from model using pre-outbreak seedlings and
saplings as response variable. Selected models from each step are highlighted in bold
text.

Step | Variables AIC | K
1 Intercept 468 0
la. Abiotic 2.01 | SWC.187 330 1
2.02 | SWC.265 322 1
2.03 | CMD.calc 337 1
2.04 | SWC.187, SWC.265 322 2
2.05 | SWC.187, CMD.calc 329 2
2.06 | SWC.265, CMD.calc 324 2
2.07 | SWC.187, SWC.265,CMD.calc 323 3
2.08 | SWC.187,SWC.265,CMD, SWC.187*CMD | 324 4
2.09 | SWC.187,SWC.265,CMD, SWC.265*CMD | 325 4
2.10 | SWC.265, CMD, SWC.265*CMD 326 3
1b. Biotic 3.01 | SWC.265, sf seedling 287 2
3.02 | SWC.265, %EW 285 2
3.03 | SWC.265, %LW 287 2
3.04 | SWC.265, %under 284 2
3.05 | SWC.265, sfseedling, %EW 287 3
3.06 | SWC.265, sfseedling, %LW 289 3
3.07 | SWC.265, sfseedling, %under 286 3
3.08 | SWC.265, %EW, %LW 286 3
3.09 | SWC.265, %EW, %under 282 3
3.1 SWC.265, %L W, %under 286 3
3.11 | SWC.265, sfseedling, %EW, %LW 288 4
3.12 | SWC.265, sfseedling, %EW, %under 284 4
3.13 | SWC.265, sfseedling, %LW, %under 288 4
3.14 | SWC.265, %EW, %LW, %under 284 4
3.15 | SWC.265,sfseedling,%EW,%LW,%under 286 5
3.16 | SWC.265, %under, SWC.265*%under 283 3
3.17 | SWC.265, %under, %LW, 287 5
SWC.265*%under, %LW*%under
3.18 | SWC.265, %under, %LW, 286 5

SWC.265*%under, %L W*SWC.265
3.19 | SWC.265, %under, %LW, SWC.265*%LW | 287 4

3.2 SWC.265, %under, %LW, sfseedling, 290 7
SWC.265*%under, %LW*SWC.265,
Sf*SWC.265

3.21 | SWC.265, %under, sfseedling, 287 5

SWC.265*%under, SF*SWC.265




3.22 | SWC.265, %under, %L W, sfseedling, 291 6
%LW*SWC.265, SF*SWC.265
3.23 | SWC.265, %under, %LW, 288 6
SWC.265*%under, %LW*SWC.265,
%under*%LW
3.24 | SWC.265, %under, %EW, %under*SWC.265 | 282 4
2a.Understory | 4.01 | SWC.265, %under, %EW, sfsapling 284 4
4.02 | SWC.265, %under, %EW, sfsapling, 284 5
sfsapling*SWC.265
2b. Overstory | 5.01 | SWC.265, %under, %EW, %cover 282 4
5.02 | SWC.265, %under, %EW, QMD 280 4
5.03 | SWC.265, %under, %EW, ht.min 281 4
5.04 | SWC.265, %under, %EW, BA.SF 281 4
5.05 | SWC.265, %under, %EW, BA.ES.L 282 4
5.06 | SWC.265, %under, %EW, BA.D 266 4
5.07 | SWC.265, %under, %EW, %cover, QMD 282 5
5.08 | SWC.265, %under, %EW, %cover, Ht 283 5
5.09 | SWC.265, %under, %EW, %cover,BA.SF 283 5
5.1 SWC.265, %under, %EW, %cover, BA.ES.L | 284 5
5.11 | SWC.265, %under, %EW, %cover, BA.D 270 5
5.12 | SWC.265, %under, %EW, QMD, Ht 279 5
5.13 | SWC.265, %under, %EW, QMD, BA.SF 278 5
5.14 | SWC.265, %under, %EW, QMD, BA.ES.L 282 5
5.15 | SWC.265, %under, %EW, QMD, BA.D 270 5
5.16 | SWC.265, %under, %EW, Ht, BA.SF 283 5
5.17 | SWC.265, %under, %EW, Ht, BA.ES.L 283 5
5.18 | SWC.265, %under, %EW, Ht, BA.D 270 5
5.19 | SWC.265, %under, %EW, BA.SF, BA.ES.L | 283 5
5.20 | SWC.265, %under, %EW, BA.SF, BA.D 267 5
5.21 | SWC.265, %under, %EW, BA.ES.L, BA.D 270 5
5.22 | SWC.265, %under, %EW, %cover, QMD, Ht | 281 6
5.23 | SWC.265, %under, %EW, %cover, QMD, 280 6
BA.SF
5.24 | SWC.265, %under, %EW, %cover, QMD, 284 6
BA.ES.L
5.25 | SWC.265, %under, %EW, %cover, QMD, 272 6
BA.D
5.26 | SWC.265, %under, %EW, %cover, Ht, 284 6
BA.SF
5.27 | SWC.265, %under, %EW, %cover, Ht, 285 6
BA.ES.L
5.28 | SWC.265, %under, %EW, %cover, Ht, BA.D | 272 6
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5.29 | SWC.265, %under, %EW, %cover, BA.SF, 285
BA.ES.L

5.30 | SWC.265, %under, %EW, %cover, BA.SF, 268
BA.D

5.31 | SWC.265, %under, %EW, %cover, BA.ES.L, | 272
BA.D

5.32 | SWC.265, %under, %EW, QMD, Ht, BA.SF | 279

5.33 | SWC.265, %under, %EW, QMD, Ht, 281
BA.ES.L

5.34 | SWC.265, %under, %EW, QMD, Ht, BA.D 272

5.35 | SWC.265, %under, %EW, QMD, BA.SF, 280
BA.ES.L

5.36 | SWC.265, %under, %EW, QMD, BA.SF, 268
BA.D

5.37 | SWC.265, %under, %EW, QMD, BA.ES.L, 272
BA.D

5.38 | SWC.265, %under, %EW, Ht.min, BA.SF, 285
BA.ES.L

5.39 | SWC.265, %under, %EW, Ht.min, BA.SF, 269
BA.D

5.40 | SWC.265, %under, %EW, BA.SF, BA.ES.L, | 268
BA.D

5.41 | SWC.265, %under, %EW, %cover, QMD, Ht, | 281
BA.SF

5.42 | SWC.265, %under, %EW, %cover, QMD, Ht, | 283
BA.ES.L

5.43 | SWC.265, %under, %EW, %cover, QMD, Ht, | 274
BA.D

5.44 | SWC.265, %under, %EW, %cover, QMD, 282
BA.SF, BAES.L

5.45 | SWC.265, %under, %EW, %cover, QMD, 270
BA.SF, BA.D

5.46 | SWC.265, %under, %EW, %cover, QMD, 274
BA.ES.L, BA.D

5.47 | SWC.265, %under, %EW, QMD, Ht, BA.SF, | 280
BA.ES.L

5.48 | SWC.265, %under, %EW, QMD, Ht, BA.SF, | 270
BA.D

5.49 | SWC.265, %under, %EW, QMD, Ht, 274
BA.ES.L,BA.D

5.50 | SWC.265, %under, %EW, QMD, BA.SF, 270
BA.ES.L, BA.D

5,51 | SWC.265, %under, %EW, Ht, BA.SF, 270

BA.ES.L, BAD
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5.52 | SWC.265, %under, %EW, %cover, QMD, Ht, | 282 8
BA.SF, BAES.L

5.53 | SWC.265, %under, %EW, %cover, QMD, Ht, | 272 8
BA.SF, BA.D

5.54 | SWC.265, %under, %EW, %cover, QMD, Ht, | 276 8
BA.ES.L, BA.D

5.55 | SWC.265, %under, %EW, QMD, Ht, BA.SF, | 272 8
BA.ES.L, BA.D

5.56 | SWC.265, %under, %EW, %cover, QMD, Ht, | 274 9
BA.SF, BA.ES.L, BA.D

5.57 | SWC.265, %under, %EW, %cover, 283 5
%cover*SWC.265

5.58 | SWC.265, %under, %EW, QMD, 281 5
QMD*SWC.265

5.59 | SWC.265, %under, %EW, BA.D, 268 5
BA.D*SWC.265

3. Landscape | 6.01 | SWC.265, %under, %EW, BA.D, CMD 269 5

6.02 | SWC.265, %under, %EW, BA.D, slope 270 5

6.03 | SWC.265, %under, %EW, BA.D, aspect 270 5

6.04 | SWC.265, %under, %EW, BA.D, elevation 269 5

6.05 | SWC.265, %under, %EW, BA.D, CMD, 271 6
slope

6.06 | SWC.265, %under, %EW, BA.D, CMD, 271 6
aspect

6.07 | SWC.265, %under, %EW, BA.D, slope, 272 6
aspect

6.08 | SWC.265, %under, %EW, BA.D, slope, 271 6
elevation

6.09 | SWC.265, %under, %EW, BA.D, aspect, 271 6
elevation

6.10 | SWC.265, %under, %EW, BA.D, CMD, 273 7
slope, aspect

6.11 | SWC.265, %under, %EW, BA.D, slope, 273 7
aspect, elevation

6.12 | SWC.265, %under, %EW, BA.D, 270 6
CMD,CMD*SWC.265

6.13 | SWC.265, %under, %EW, BA.D, aspect, 272 6

aspect*SWC.265
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Table C-3. Full model selection process from model using post/during-outbreak seedlings
and saplings as response variable. Selected models from each step are highlighted in bold
text.

Step | Variables AIC | K
1 Intercept 421 |0
la. Abiotic 2.01 | SwWC.187 292 |1
2.02 | SWC.265 293 |1
2.03 | CMD.calc 292 |1
2.04 | SWC.187, SWC.265 292 |2
2.05 | SWC.187, CMD.calc 291 |2
2.06 | SWC.265, CMD.calc 292 |2
2.07 | SWC.187, SWC.265,CMD.calc 294 |3
2.08 | SWC.187,SWC.265,CMD, SWC.187*CMD | 294 |4
2.09 | SWC.187,SWC.265,CMD, SWC.265*CMD | 292 |4
2.10 | SWC.187,CMD_calc, SWC.187*CMD _calc | 293 |3
1b. Biotic 3.01 | SWC.187,CMD_calc, sf seedling 262 |3
3.02 | SWC.187,CMD_calc, %EW 262 |3
3.03 | SWC.187,CMD_calc, %LW 254 |3
3.04 | SWC.187,CMD_calc, %under 260 |3
3.05 | SWC.187,CMD_calc, sfseedling, %EW 264 | 4
3.06 | SWC.187,CMD_calc, sfseedling, %LW 256 | 4
3.07 | SWC.187,CMD_calc, sfseedling, %under 261 |4
3.08 SWC.187,CMD_calc, %EW, %LW 256 |4
3.09 | SWC.187,CMD_calc, %EW, %under 261 |4
3.10 | SWC.187,CMD_calc, %L W, %under 253 |4
3.11 | SWC.187,CMD_calc, sfseedling, %EW, 258 |5
%LW
3.12 | SWC.187,CMD_calc, sfseedling, %EW, 261 |5
%under
3.13 | SWC.187,CMD_calc, sfseedling, %L W, 254 |5
%under
3.14 | SWC.187,CMD_calc, %EW, %LW, %under | 255 |5
3.15 | SWC.187,CMD_calc,sfseedling,%EW, 256 |6
%L W, %under
3.16 | SWC.187,CMD_calc, %under, 258 |4
SWC.187*%under
3.17 | SWC.187,CMD_calc, %under, %LW, 251 |5
%LW*%under
3.18 | SWC.187,CMD_calc, %under, %LW, 255 |5
SWC.187*%LW




3.19 | SWC.187,CMD_calc, %under, %LW, 257 |8
sfseedling, SWC.187*%under,
%LW*SWC.187, SF*SWC.187

3.20 | SWC.187,CMD_calc, %under, sfseedling, 260 |6
SWC.187*%under, SF*SWC.187

3.21 | SWC.187,CMD_calc, %under, %LW, 258 |7
sfseedling, %LW*SWC.187, SF**SWC.187

3.22 | SWC.187,CMD_calc, %under, %LW, 250 |7
SWC.187*%under, %LW*SWC.187,
%under*%LW

3.23 | SWC.187,CMD_calc,%LW, %LW 256 |4
*SWC.187

3.24 | SWC.187,CMD_calc, %L W, %under, 252 |5
%under *SWC.187

2a.Understory | 4.01 | SWC.187,CMD_calc, %L W, %undercov 256 |4

4.02 | SWC.187,CMD_calc, %L W, sfsapling 256 |4

4.03 | SWC.187,CMD_calc, %LW, 258 |5
%undercov,sfsapling

4.04 | SWC.187,CMD_calc, %L W, %undercov, 250 |5
%undercov*SWC.187

4.05 | SWC.187,CMD_calc, %L W, sfsapling, 258 |5
sfsapling*SWC.187

4.06 | SWC.187,CMD_calc, %L W, sfsapling, 260 |6
%undercov, sfsapling*%undercov

2b. Overstory | 5.01 | SWC.187,CMD_calc, %L W, %cover 256 |4

502 | SWC.187,CMD_calc, %LW, QMD 256 |4

5.03 | SWC.187,CMD_calc, %LW, ht.min 253 |4

5.04 | SWC.187,CMD_calc, %LW, BA.SF 255 |4

505 | SWC.187,CMD_calc, %LW, BA.ES.L 254 |4

506 | SWC.187,CMD_calc, %LW, BA.D 256 |4

5.07 | SWC.187,CMD_calc, %LW, %cover, QMD | 257 |5

5.08 | SWC.187,CMD_calc, %L W, %cover, Ht 254 |5

5.09 | SWC.187,CMD_calc, %L W, %cover,BA.SF | 257 |5

5.10 SWC.187,CMD_calc, %LW, %cover, 256 |5
BA.ES.L

511 | SWC.187,CMD_calc, %LW, %cover, BA.D |258 |5

512 | SWC.187,CMD_calc, %LW, QMD, Ht 254 |5

513 | SWC.187,CMD_calc, %LW, QMD, BA.SF | 257 |5

514 | SWC.187,CMD_calc, %LW, QMD, 256 |5
BA.ES.L

515 | SWC.187,CMD_calc, %LW, QMD, BA.D 258 |5

516 | SWC.187,CMD_calc, %L W, Ht, BA.SF 255 |5
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5.17 | SWC.187,CMD_calc, %L W, Ht, BA.ES.L 254

5.18 | SWC.187,CMD_calc, %L W, Ht, BA.D 255

519 | SWC.187,CMD_calc, %LW, BA.SF, 256
BA.ES.L

520 | SWC.187,CMD_calc, %LW, BA.SF, BA.D | 257

521 | SWC.187,CMD_calc, %LW, BA.ES.L, 256
BA.D

5.22 | SWC.187,CMD_calc, %L W, %cover, QMD, | 255
Ht

5.23 | SWC.187,CMD_calc, %L W, %cover, QMD, | 258
BA.SF

5.24 SWC.187,CMD_calc, %LW, %cover, QMD, | 257
BA.ES.L

525 | SWC.187,CMD_calc, %LW, %cover, QMD, | 259
BA.D

5.26 SWC.187,CMD _calc, %LW, %cover, Ht, 256
BA.SF

5.27 SWC.187,CMD _calc, %LW, %cover, Ht, 255
BA.ES.L

5.28 SWC.187,CMD_calc, %LW, %cover, Ht, 256
BA.D

5.29 SWC.187,CMD _calc, %LW, %cover, 257
BA.SF, BA.ES.L

5.30 SWC.187,CMD _calc, %LW, %cover, 259
BA.SF, BA.D

531 | SWC.187,CMD_calc, %L W, %cover, 258
BA.ES.L, BA.D

532 | SWC.187,CMD_calc, %LW, QMD, Ht, 255
BA.SF

5.33 | SWC.187,CMD_calc, %LW, QMD, Ht, 255
BA.ES.L

5.34 | SWC.187,CMD_calc, %LW, QMD, Ht, 256
BA.D

535 | SWC.187,CMD_calc, %LW, QMD, BA.SF, | 257
BA.ES.L

536 | SWC.187,CMD_calc, %LW, QMD, BA.SF, | 259
BA.D

5.37 | SWC.187,CMD_calc, %LW, QMD, 258
BA.ES.L, BA.D

5.38 | SWC.187,CMD_calc, %LW, Ht.min, 256
BA.SF, BA.ES.L

539 | SWC.187,CMD_calc, %LW, Ht.min, 256

BA.SF, BA.D
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5.40 SWC.187,CMD_calc, %LW, BA.SF, 258
BA.ES.L, BA.D

5.41 SWC.187,CMD _calc, %LW, %cover, QMD, | 256
Ht, BA.SF

5.42 SWC.187,CMD _calc, %LW, %cover, QMD, | 256
Ht, BA.ES.L

5.43 SWC.187,CMD_calc, %LW, %cover, QMD, | 257
Ht, BA.D

5.44 SWC.187,CMD _calc, %LW, %cover, QMD, | 258
BA.SF, BA.ES.L

5.45 SWC.187,CMD_calc, %LW, %cover, QMD, | 260
BA.SF, BA.D

5.46 SWC.187,CMD_calc, %LW, %cover, QMD, | 259
BA.ES.L, BA.D

5.47 SWC.187,CMD_calc, %LW, QMD, Ht, 257
BA.SF, BA.ES.L

5.48 SWC.187,CMD_calc, %LW, QMD, Ht, 257
BA.SF, BA.D

5.49 SWC.187,CMD_calc, %LW, QMD, Ht, 257
BA.ES.L.BA.D

5.50 SWC.187,CMD_calc, %LW, QMD, BA.SF, | 259
BA.ES.L, BA.D

5.51 SWC.187,CMD_calc, %LW, Ht, BA.SF, 258
BA.ES.L, BA.D

5.52 SWC.187,CMD_calc, %LW, %cover, QMD, | 257
Ht, BA.SF, BA.ES.L

5.53 SWC.187,CMD_calc, %LW, %cover, QMD, | 258
Ht, BA.SF, BA.D

5.54 SWC.187,CMD _calc, %LW, %cover, QMD, | 258
Ht, BA.ES.L, BA.D

5.55 SWC.187,CMD _calc, %LW, QMD, Ht, 259
BA.SF, BA.ES.L, BA.D

5.56 SWC.187,CMD _calc, %LW, %cover, QMD, | 259
Ht, BA.SF, BA.ES.L, BA.D

5.57 SWC.187,CMD_calc, %LW, %cover, 258
%cover*SWC.187

5.58 SWC.187,CMD_calc, %LW, QMD, 255
QMD*SWC.187

5.59 SWC.187,CMD_calc, %LW, QMD, 257
QMD*LW

5.60 SWC.187,CMD_calc, %L W, BA.D, 254
BA.D*SWC.187

5.61 SWC.187,CMD_calc, %L W, BA.D, 257

Per.under.ave, BA.D*Per.under.ave
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3. Landscape |6.01 | SWC.187,CMD_calc, %LW, CMD 255 |4
6.02 | SWC.187,CMD_calc, %L W, slope 256 |4
6.03 SWC.187,CMD_calc, %L W, aspect 256 |4
6.04 | SWC.187,CMD_calc, %L W, elevation 256 |4
6.05 | SWC.187,CMD_calc, %LW, CMD, slope 257 |5
6.06 | SWC.187,CMD_calc, %LW, CMD, aspect 257 |5
6.07 | SWC.187,CMD_calc, %L W, slope, aspect 257 |5
6.08 | SWC.187,CMD_calc, %L W, slope, elevation | 258 | 5
6.09 | SWC.187,CMD_calc, %L W, aspect, 257 |5
elevation

6.10 | SWC.187,CMD_calc, %LW, CMD, slope, 259 |6
aspect

6.11 | SWC.187,CMD_calc, %L W, slope, aspect, 259 |6
elevation

6.12 | SWC.187,CMD_calc, %LW, CMD, 253 |5
CMD*SWC.187

6.13 | SWC.187,CMD_calc, %L W, aspect, 256 |4

aspect*SWC.187
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APPENDIX D: CHAPTER 3 EXAMPLES OF CODE IN R WRITTEN

FOR ANALYSES

Seedling Density Models

Example: final model for pre-outbreak seedlings and saplings

library (MASS)

m.pre.glm.final<-glm.nb (Seed.Sap.pre_100m2 ~ SWC.265 + Per.Under.ave + EW.ave +
BA.D_ha, data=flat, link=log)

Spatial Analysis

Example: Univariate Analysis for all seedlings

library (spatstat)

Kest <- lapply(seed.map$V1, pcf, ratio=TRUE)

Ke<- do.call(pool, Kest)

plot(Ke, cbind(pooliso, pooltheo, loiso, hiiso) ~ r, shade=c("loiso", "hiiso™),
main="Univariate analysis: All Seedlings", ylim=c(0,10))

Rose Diagram
Example: diagram for post-outbreak seedlings in relation to closest down log on slope
>10%
library(circular)
x.circL.ste.post <- circular(log.close.1.post$Az2, type="directions", units="degrees",
template="geographics", rotation="clock")

rose.diag(x.circL.ste.post, bins=18, col="gray", border="dark gray",

main="Direction of Post-Seedling from closest Log on slopes >9")
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APPENDIX E: CHAPTER 3 COMPLETE FIELD SAMPLING PROTOCOL

Forest Inventory and Analysis (FIA) Plot Dimensions:

- ~. Annular ring
\ (shaded)
Subplot:
24 .0 ft radius _‘__" Macroplot:
O “— 58.9 ft radius
\\ 1;
Azimuth 1-2 = 360° - r
Azimuth 1-3 =120° \“":.‘::‘,
Azimuth 1-4 = 240° -~ .
f’ \\ Distance between
’ subplot centers is
"' 120.0 ft horizontal
! ——
1

Microplot:

6.8 ft radius center is
12.0 ft horizontal @
90° azimuth from the
subplot center

Dead (D): no living parts

~ -

Size Classes:

-Seedling: less than 1 in (2.54
cm) DBH

e Engelmann Spruce (ES)
seedlings sampled at subplot
level

e Subalpine Fir (SF) and other
seedlings sampled at microplot
level

-Sapling: diameter between 1 in
(2.54 cm) and 5 in (12.7 cm)

e Sampled at microplot level
-Tree: at least 5 in (12.7 cm)
diameter

e Sampled at subplot level

Tree Status:
Live (L): contains any living
parts

Dead and Down (DD): dead trees that have fallen from below DBH

Percent Cover Categories: (less than)
0, 1,5, 15, 25, 50, 75, 85, 95, 99, 100

1. PLOT LEVEL DATA: One plot at each site will be set-up following the above
diagram (Macroplots not used). GPS coordinates will be taken at the center of
subplot #1 and elevation, slope, and aspect will be measured.

2. SUBPLOT LEVEL DATA:
a. Canopy Trees: all standing canopy trees will be counted and their
species, DBH, height, and status (L/D) will be recorded. Additionally,
their distance and azimuth (using 360 for north) to subplot center will be

recorded.

b. Saplings: the number of saplings per species will be counted across the

subplot

c. ES Seedlings*: subplots will be systematically surveyed for any
Engelmann spruce seedlings. All seedlings will be counted and their basal
diameter, height, and substrate type found on will be recorded. Age will
also be estimated to decade classes by counting the number of bud scars.
Additionally, the distance and azimuth to the surrounding vertical
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structures (stump, log, large boulder, and trees outside of subplot) within a
6.8 ft radius (2.07 m) plot will be recorded. The vertical height, species,
and decay class (where applicable) will also be recorded (if a tree doesn’t
fall within the subplot then DBH, and height will also be recorded).
Additionally, in the same 6.8 ft (2.07 m) radius plot around each seedling
the number of subalpine fir seedlings and percent understory cover will be
recorded, as well as the percent cover by vegetation, and late and early
stage decay wood.

d. Soil Moisture*: soil moisture readings will be taken in 9 places at each
subplot. In the cardinal and intercardinal directions 12 ft (about 4 m) from
the center of the subplot, as well as in the center of the subplot. Readings
will be taken three times during the summer (July, August, September).
Additional data will be recorded during each soil moisture reading: time of
day and hours since rain.

e. iButtons*: 1 iButton will be deployed at each subplot (4 per plot). They
will be placed in small baggies, folded inside reflective insulation, and
taped to a PVC pipe with the top of the envelope 50 cm from the substrate.
If a PVC pipe cannot be placed in the soil, then the reflective envelope
will be nailed to a tree following the same protocol. They will be deployed
at the first visit to each site and left on location until the end of September.

f. Hemispherical photos*: Hemispherical photos will be taken above each
subplot center. The date and picture number will be recorded. Pictures will
be taken from 1m above the soil surface on a leveled tripod, and the top of
the photo will face north. Pictures must be taken during uniformly
overcast conditions.

g. Vegetation*: Percent understory cover (non-tree species) across each
subplot estimated (0, 1, 5, 15, 25, 50, 75, 85, 95, 99, 100%). Percent
canopy cover above subplot center estimated (same categories as
understory cover).

3. MICROPLOT LEVEL DATA:

a. Sapling Trees: All sapling trees will be counted and their species, DBH,
height, and status (L/D) will be measured. Additionally, their distance and
azimuth to microplot center will be recorded.

b. Seedlings: number of seedlings per species in the microplot will be
counted.
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APPENDIX F: CHAPTER 3 SOIL MOISTURE MODEL

SWC ~ Site + Julian Day + Time Since Rain + Time of Day
(R2=0.48, P = 2.2x 10°%9)

Site

—— ASHE
~— BHF
— BPT3

40-

30- ~— CEB
— DCK
— DCs
= — HCK3
Q2 — HPT7
% — LCs
— MTH5
— NLST
10 — RBW2
~— sNO9
— sPC

B ToC
L

200 220 240 260
Julian Day

Fig. F-1. Predicted soil water content (%) for the range of Julian days where soil moisture
data was measured across all sites. Line color denotes each site, lighter shading
represents confidence intervals.



