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Individual/clumped/open (ICO),  ‘clumpy/gappy,’ or variable density thinning
Churchill et al. 2013

TREE SELECTION IS BASED ON ABOVE-GROUND PATTERN
…BUT HOW DO YOU KNOW WHICH TREES HAVE ACCESS TO WATER?



grulke et al. 2009



sequoia nat’l park: grulke et al., 2003a; 2003b;

 Shallow upper soil horizons : trees may or may not have access to springs which increases 
within-stand differences in tree susceptibility to drought stress

 Action : reduce stand density: may be more water availability for some, but not most 
trees; increase water output in watershed

 Susceptibility : in a severe drought, not all trees will be susceptible : in an outbreak, most 
trees will still be attacked, with differing capacity to resist attack

 Differing capacities include ability to find soil moisture, capacity to control plant water loss 
and upregulate defenses







Variable density treatments were designed 
to replicate historic, reconstructed patterns 
of dry pine forest stand structure. 

Does it still work? Will it work for the future?

Is the ICO treatment effective in:  

Improving tree health? 

Reducing severe fire risk? 

And if its not effective, how can it be modified to have 
better outcomes?



TREE WATER 
BALANCE

TREE CARBON 
BALANCE

INSECT AND 
DISEASE 



• Bottom up drying
• Bottom up excision 

of primary branches
• Needle desiccation: 

color change
• Needle loss and early 

senescence
• Growing point 

abscission
• Dispersed 

distribution of 
stressed trees in the 
landscape 



FUELS TREATMENTS IMPOSED
IN THE UPPER SYCAN RIVER WATERSHED:

SYCAN MARSH

‘NAÏVE’ POPULATION OF WESTERN 
YELLOW PINE IN SOUTHERN OR : 
<60% OF AVE PPT OCCURRED ONCE IN 
LAST 40 YRS. 
2014 AND 2015 WERE SEVERE 
DROUGHT YRS





BR DIAM 2 % FOL LN 1 CHL 1 CHL 2 CHL 4 CHL 6

BR DIAM 2 1

% FOL LN 1 1

CHL 1 1

CHL 2 0.57* (<0.00) 1

CHL 4 0.53 (<0.00) 1

CHL 6 0.38 (<0.00) 0.77 (0.01) 1

WHRL -0.31 (<0.00) 0.47(<0.00) -0.32 (<0.00)

BR LN 1 0.52 (<0.00) 0.36 <(0.00) 0.26 (0.02) 0.27 (0.01) 0.22 (0.031)

% MAX NL 1 0.32 (<0.00) 0.22 (0.031)

ES 0.23 (0.02) 0.24 (0.02)

I&D 0.25 (0.02) 0.29 (<0.00)

*Adj. r2 and its significance
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USED A HIERARCHICAL 
CLUSTER ANALYSIS OF THE 
SUBSET OF ATTRIBUTES TO 
GROUP TREES WITH LIKE 
EXPRESSION OF 
ATTRIBUTES (6 GROUPS)

SINCE THESE ATTRIBUTES 
ARE STRONGLY LINKED TO 
WATER STATUS, CARBON 
STORAGE, AND PEST 
INCIDENCE, THEY ARE 
LIKELY TO BE GOOD 
INDICATOR OF MEDIUM TO 
LONG TERM TREATMENT 
OUTCOME
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NNE
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GROUPS BR DIAM2 % FOL LN1 CHL2 CHL4 WHRL BR LN1 % MAX NL1 ES I&D

NNW 5.2 (0.3) 72 (2) 5 (1) 36 (6) 5.3 (0.2) 16 (1) 86 (2) 0.1 (0.0) 0.42 (0.01)

NE 6.0 (0.2) 72 (3) 4 (1) 18 (3) 6.6 (0.2) 15 (1) 86 (1) 1.0 (0.0) 0.41 (0.01)

NNE 6.4 (0.2) 71 (1) 3 (0) 21 (3) 6.6 (0.2) 16 (1) 75 (1) 0.0 (0.0) 0.47 (0.01)

W 4.9 (0.2) 68 (3) 1 (0) 8 (1) 6.7 (0.2) 12 (1) 92 (1) 0.0 (0.0) 0.41 (0.01)

SW 6.5 (0.2) 74 (2) 2 (0) 11 (2) 6.0 (0.1) 23 (1) 88 (1) 0.0 (0.0) 0.41 (0.01)

SE 6.5 (0.2) 59 (2) 3 (0) 11 (1) 6.7 (0.2) 17 (1) 77 (1) 0.0 (0.0) 0.35 (0.01)

INTERIOR PONDEROSA PINE IS PHENOTYPICALLY 
AND GENOTYPICALLY PLASTIC: IT HAS SEVERAL 
STRATEGIES IN COPING WITH [DROUGHT] STRESS 

THIS STATISTICAL APPROACH IDENTIFIES THE 
RESPONSE STRATEGY AND THE MECHANISM OF 
RESPONSE TO THE TREATMENT

RED VALUES DECREASE VIGOR; GREEN VALUES CONTRIBUTE TO INCREASE VIGOR





TRANSLATION: 

FADED NEEDLE COLOR, 
FEWER NEEDLES/ 
THINNER CANOPY, AND 
HIGH FREQUENCY OF 
NEEDLE AND BRANCH 
INSECTS & PATHS

TRANSLATION: 

OK HEALTH, BUT NOT 
ROBUST

TRANSLATION: 

BRIGHT GREEN 
NEEDLES, HIGH NEEDLE 
MASS, THICKER 
BRANCHES



GROUPS BR DIAM 2 % FOL LN 1 CHL 2 CHL 4 WHRL BR LN 1 % MAX NL 1 ES I&D RANK POOR AVE AA

NNW 5.2 (0.3) 72 (2) 5 (1) 36 (6) 5.3 (0.2) 16 (1) 86 (2) 0.1 (0.0) 0.42 (0.01) 2.3 (0.2) 0.38 0.38 0.13

NE 6.0 (0.2) 72 (3) 4 (1) 18 (3) 6.6 (0.2) 15 (1) 86 (1) 1.0 (0.0) 0.41 (0.01) 2.3 (0.2) 0.40 0.47 0.13

NNE 6.4 (0.2) 71 (1) 3 (0) 21 (3) 6.6 (0.2) 16 (1) 75 (1) 0.0 (0.0) 0.47 (0.01) 1.8 (0.2) 0.23 0.45 0.32

W 4.9 (0.2) 68 (3) 1 (0) 8 (1) 6.7 (0.2) 12 (1) 92 (1) 0.0 (0.0) 0.41 (0.01) 1.7 (0.1) 0.09 0.50 0.41

SW 6.5 (0.2) 74 (2) 2 (0) 11 (2) 6.0 (0.1) 23 (1) 88 (1) 0.0 (0.0) 0.41 (0.01) 1.6 (0.1) 0.09 0.45 0.45

SE 6.5 (0.2) 59 (2) 3 (0) 11 (1) 6.7 (0.2) 17 (1) 77 (1) 0.0 (0.0) 0.35 (0.01) 1.7 (0.1) 0.00 0.45 0.38

NNW

POOR AVE AA

NE

POOR AVE AA

NNE

POOR AVE AA

W

POOR AVE AA

SW

POOR AVE AA

SE

POOR AVE AA

PROPORTION OF TREES IN EACH GROUP IN POOR, AVERAGE, AND 
ABOVE-AVERAGE HEALTH



NNW

POOR AVE AA

NE

POOR AVE AA

NNE

POOR AVE AA

W

POOR AVE AA

SW

POOR AVE AA

SE

POOR AVE AA

LO/NO FIRE H2xRx H ICO & Rx ONLY Rx ONLY H1xRx

HIGH CHL HIGH ES, MOD CHL MOD CHL, HI I&D LOW CHL LOW CHL LOW CHL, I&D

LOW DIAM, LOW FOL
MOD BRANCH, HI 

ELONG HI DIAM LOW DIAM, ELONG
HI DIAM, ELONG 

GROWTH
LESS FOL, HI 

GROWTH

EQUIVALENT (POORER) OUTCOME EQUIVALENT (GOOD) OUTCOME BEST

THIS STATISTICAL APPROACH IDENTIFIES THE RESPONSE STRATEGY, THE 
TREATMENT EFFECT, AND ALSO PERMITS COMPARISON AMONG TREATMENTS: 

<IDENTIFIES TREATMENTS WITH EQUIVALENT OUTCOMES IN STAND HEALTH>

OK





3 yrs chronic drought                + 1 yr acute drought                  1 yr long summer
multiple BB generations
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GREEN IS TRANSPIRING, COOLER; 
YELLOW: STOMATA SHUT, NEEDLES WARM

CHANGE IN CANOPY TEMPERATURE FROM 10 am to 1 pm
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Physiology of trees in mesic and xeric microsites: Grulke et al., 2002a; 2002b)
Grulke, et al. Remote detection and attribution of Jeffrey pine canopy health and drought stress in the south central Sierra Nevada. (in prep)

Initial classification tree model:                                                       2nd site for partial validation:

• THE DIFFERENCE IN TEMPERATURE BETWEEN UPPER AND  MID CANOPY 
ALONE CAN IDENTIFY DROUGHT STRESSED TREES

• ADDING THE DIFFERENCE IN NDVI IMPROVED PREDICTIVE CAPACITY

27
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X

X
X

X

X

TREES REMOVED BEFORE
MORTALITY



ngrulke@fs.fed.us
cbienz@tnc.org

hrinky@gmail.com
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