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Abstract: Crown length is a fundamental tree dimension for characterizing growth potential, wildlife habitat, 
and wood quality. The relative rates of height growth and crown recession detennine the progression of crown 
length over time. We investigated patterns in crown recession of three co-occurring species in the northern 
Rocky Mountains: western white pine (Pinus monticola Dougl. ex D. Don), ponderosa pine (Pinus ponderosa 
Dougl. ex P. & c. Laws.), and interior Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco var. gLauca). Past 
height, diameter, and crown base on 169 forest-grown trees were reconstructed by detailed stem analysis. Crown 
base was estimated for each year of the tree's life by dating the mortality of al1 whorl branches. Five-year crown 
recession was modeled in two parts, the first predicting the probability that a crown recedes and the second 
estimating recession conditional on its occurrence. The probability of crown recession increased and then 
decreased with an increasing crown ratio for all three species and similarly peaked over initial tree size. 
Conditional crown recession increased monotonically with crown ratio for ponderosa pine but peaked at crown 
ratios between 0.7 and 0.9 in western white pine and Douglas-fir. The resulting models lend insight into factors 
controlling rates of crown recession and their variation among species and differing initial conditions. FOR. SCI. 
54( 6 ):633-646. 
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L lVE CROWN MEASURES photosynthetic capacity and 
. potential growth and vigor of an individual tree 

(Ass mann 1970, Spurr and Barnes 1980, Valentine 
et al. 1994). Combined size, structure, geometry, and height 
of individual crowns also constitute a major feature of 
wildlife habitat by defining stand canopy structure (Dubra­
sich et a1. 1997, Brokaw and Lent 1999), and these same 
features control the presence and frequency of fuel ladders 
and probable fire behavior (Agee 1993, Scott and Reinhardt 
2001, Keyes and O'Hara 2002). 

From a forest products perspective, crown size and im­
plied branch dynamics also have important implications for 
wood quality through effects on ring width, length of 
branch-free bole, maximum branch diameter, stem taper, 
heartwood/sapwood proportion, and juvenile/mature wood 
transition (di Lucca 1989, Jozsa and Middleton 1994). 
These features directly or indirectly influence the commer­
cial value of a tree (Kleine 1986) and have a direct effect on 
grade distribution of lumber or veneer recovered from trees 
and logs (Fahey et a1. 1991, Western Wood Products Asso­
ciation (WWPA) 1998). 

Crown length and width, however, are very dynamic 
dimensions because of the response of terminal leader 
growth, branch leader growth, and branch mortality to en­
vironmental conditions. Stand structure, site quality, and 
silvicultural treatments such as stand density manipulation 
profoundly impact crown development, primarily through 
influence on height growth and branch longevity (Curtis and 

Reukema 1970, Cochran and Dahms 2000, Marshall and 
Curtis 2002). Cumulative effects of past and present inter­
tree competition are particularly well represented by current 
crown size relative to tree diameter and height (Mitchell 
1975, Hasenauer and Monserud 1996). Increasing stand 
density reduces crown length by hastening crown recession 
(i.e., suppression mortality of branches); conversely, reduc­
ing stand density through thinning increases crown length 
by delaying or slowing crown recession (Assmann 1970, 
Short and Burkhart 1992). 

In short, crown dimensions are an essential feature of any 
growth model that aspires to predict future growth, assess 
wood quality, describe habitat structure, estimate fire haz­
ard, and realistically simulate stand dynamics. Thus, growth 
models must have the capacity to simulate change in crown 
dimensions as they respond to growing conditions. Change 
in crown length is a direct consequence of height growth 
and crown recession, and because height growth has long 
been a key component of individual-tree growth models, 
complementary work is needed to reliably predict crown 
recession or change in crown ratio (Le., the ratio of live 
crown length to tree height) (e.g., Wykoff et a1. 1982, 
Maguire and Hann 1990, Hasenauer and Monserud 1996). 
Despite limited availability of crown size data, crown re­
cession submodels have now become an integral component 
of many individual-tree forest growth models (Wykoff et al. 
1982, Wensel and Daugherty 1985, Hynynen 1995a, 
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Hasenauer and Monserud 1996, Dubrasich et al. 1997, Mon­
serud et al. 1997, Hann 2006). Predicted crown length or 
crown ratio at the end of each growth period in these models 
becomes a key initial condition for predicting diameter 
growth (Wykoff 1990), height growth (Ritchie and Hann 
1986), and probability of mortality (Monserud and Sterba 
1999) over subsequent growth periods. 

Mechanics of simulating crown dynamics have differed 
tremendously, largely due to a variety of objectives moti­
vating a plethora of models. Structural models explore 
crown growth rules that generate differences in branching 
architecture (Gavrikov and Sekretenko 1996, Perttunen et 
aL 1996, Godin 2000, Kurth 2000), and ecophysiological 
models incorporate aspects of crown structure that have 
direct bearing on light interception, gas exchange, respira­
tion, and/or overall carbon balance (Oker-Blom and Kello­
maki 1983, Ford et al. 1990, Sorrensen-Cothern et aI. 1993, 
Sievanen 1993, Robinson and Ek 2003, Eschenbach 2005). 
Apart from three-dimensional modeling of crown develop­
ment (Mitchell 1975), empirical models of individual-tree 
growth have adopted two general approaches to simulating 
crown recession: a static approach and a dynamic approach 
(Maguire and Hann 1990, Liu et al. 1995, Hann and Hanus 
2004). The static approach relies on allometric relationships 
between crown size, stem diameter, and tree height, as well 
as competitive effects of surrounding trees. In this approach, 
height to crown base (HCB) or crown ratio (CR) for an 
individual tree is estimated from stand density, relative 
position of a tree in a stand, site quality, and bole dimen­
sions (Ek 1974, Daniels et al. 1979, Wykoff et al. 1982, 
Ritchie and Hann 1986, Hann et al. 2003). During simula­
tion, crown recession is inferred by estimating HCB from 
both initial and ending stand conditions and tree size (Hann 
and Hanus 2004). 

In the dynamic or incremental approach, crown recession 
(6.H CB) is predicted directly as a function of only initial 
conditions, including stand density, tree size, and relative 
position in the stand (Krumland and Wensel 1981. Maguire 
and Hann 1990, Short and Burkhart 1992, Valentine et al. 
1994, Hynynen 1995b, Hann and Hanus 2004). This ap­
proach is analogous to diameter and height increment mod­
els. The advantage of the dynamic approach (~HCB) is that 
the degree of density reduction in managed stands influ­
ences projected recession · directly (Hasenauer and Mon­
serud 1996). The dynamic approach therefore avoids the 
need to embed a rule in the growth model to prevent the 
decline in HCB that would otherwise be predicted after 
thinning to a lower stand density (e.g., Short and Burkhart 
1992). Dynamic models of crown recession have also been 
shown to explain a higher portion of variability in crown 
recession than static models of HCB (Hann and Hanus 
2004). 

Part of the reason that static HeB models are more 
common than dynamic 6.HCB is the paucity of long-term 
data with repeated HCB measures. One alternative is to take 
a retrospective look at crown recession by dating individual 
branch mortality (Maguire and Hann 1987, Fujimori 1993, 
Spathelf 2003). The disadvantage of this approach is that 
essential aspects of past stand structure, particularly stand 
density, are not known. However, crown ratio can be a 
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powerful surrogate for local stand density and can be re­
constructed through the branch mortality dating technique 
described by Maguire and Hann (1987). 

The first objective of this research was to reconstruct 
patterns in past crown recession for three major conifer 
species in the Rocky Mountains of northern Idaho: western 
white pine (Pinus monticola Dougl. ex D. Don), ponderosa 
pine (Pinus ponderosa Doug!. ex P .. & c. Laws.), and 
interior Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco 
var. glauca). The second objective was to test the effect of 
initial tree diameter, height, and crown ratio on probability 
of crown recession and amount of crown recession condi­
tional on its occurrence. These three co-occurring species 
were chosen because they are the most ecologically domi­
nant and economically important species in the region and 
because of their diverse genetic strategies. Douglas-fir is a 
genetic specialist, western white pine is a generalist, and 
ponderosa pine is intermediate (Rehfeldt 1978, 1993, Reh­
feldt et al. 1984). Despite the importance of these three 
species, little attention has ·been paid to qualitative and 
quantitative description of their crown dynamics. 

Methods 
Study Area 

The study area is located on the Priest River Experimen­
tal Forest in the Panhandle of northern Idaho, USA 
(48°21'N, 116°50'W). The climate is relatively mild com­
pared with the continental East side of the Rocky Mountain 
crest and is transitional between a northern Pacific coastal 
and continental type (Finklin 1983). Species composition in 
northern Idaho is intermediate between the maritime forests 
west of the Cascades and the continental forests of the 
central and eastern Rocky Mountains~ stands are most com­
monly multispecies combinations of conifers, with at least 
11 species of conifers occurring naturally on the experimen­
tal forest. Sampled stands were found at some of the lowest 
elevations in the forest, ranging from 800 to 950 m. 

Ten stands averaging approximately 80 years in total age 
were selected to cover a range in growing conditions im­
plied by differences in slope, aspect, and elevation. All 
sampled stands were naturally regenerated and were classi­
fied according to the habitat type system of Daubenmire and 
Daubenmire (1968) and Pfister et al. (1977). Stands were 
sampled from the following types, listed in order of increas­
ing moisture availability and shade tolerance of dominant 
species: (1) Pseudotsuga menziesiil Physocarpus malva­
ceous (Douglas-fir/ninebark), (2) Abies grandis/Clintonia 
unijlora (Grand fir/queencup beadlily), (3) Thuja plicatal 
Clintonia unijlora (western redcedar/queencup beadlily), 
(4) Tsuga heterophyLLalClintonia unijlora (western hem­
lock/queencup beadlily), and (5) Tsuga heterophyllal 
Asarum caudatum (western hemlock/wild ginger). Gener­
ally, the dry Douglas-fir/ninebark habitat types were located 
on ridges, whereas the moister sites were located midslope. 
The moistest sites (western hemlock/wild ginger) were lo­
cated on bottomlands. All stands were a mix of species with 
basal area ranging from 9.5 to 43.5 m2 ha -[ and tree density 
ranging from 328 to 1,876 trees ha - I . 



Field Measurements 

In July of 1988 and J989, 169 mature dominants and 
codominants with a normal, healthy crown were felled in 
the 10 selected stands. Trees selected for destructive sam­
pling had no apparent damage (no obvious disease or pest 
attack or visibly forked top), a cone crop indicating ade­
quate vigor, and a radial growth pattern that gave no indi­
cation of past damage. The 169 sample trees were selected 
across species and size class in each stand, and trees of a 
given species were separated by a distance of at least three 
crown widths. Of the 169 sample trees, 56 were western 
white pine, 55 were ponderosa pine, and 58 were Douglas-frr. 

Sample trees were felJed as carefully as possible to avoid 
breaking branches on felled and adjacent trees. After felling, 
crown length was measured from tree tip to base of the live 
crown, defined as the lowest contiguous live whorl, i.e., the 
lowest live whorl above which all whorls had at least one 
live branch (Maguire and Hann 1987). Total tree length, 
stump height, and dbh were then measured, and annual rings 
were counted on the stump. Annual height increments were 
measured by whorl locations from tree tip to stump, and the 
number of live branches was recorded for each whorl. A 
stem disk was removed just below every tenth whorl, and 
any discrepancies between ring count and whorl count were 
reconciled. At the whorl defined as crown base and at every 
whorl below, a 20-25 cm thick cross-sectional disk con­
taining all whorl branches was cut from the stem, and rings 
were counted to verify whorl number. Any discrepancy 
between ring counts and whorl counts was resolved by 
splitting the stem section down the pith and identifying 
tenninal bud scars. All cross-sectional disks were labeled, 
air-dried, and removed to the laboratory for further process­
ing. Although branch stubs indicating whorl locations were 
usually visible even near the base of large trees, ring counts 
were made to verify whorl count. 

Laboratory Measurements 

Wedges containing individual branches were sawn out of 
the cross-sectional disks with a band saw. Extraction of 
branch wedges exposed the few occluded branches with no 
external indicators on the surface of the bole. These oc­
cluded branches were treated the same as the visible 
branches. A horizontal cut perpendicular to the axis of the 
bole was sawn through each branch, endi~g at bole pith. 
This horizontal cut avoided the tension and compression 
wood in rings at the top and bottom of a branch. Each 
branch section was labeled by whorl and tree number. 

In the laboratory, branch diameter inside bark was mea­
sured at the point of insertion into the bole, and the number 
of rings between the outer surface (cambium) of the bole to 
the ring corresponding to year of branch death was recorded 
(Maguire and Hann 1987). A ring with dark coloration 
indicated year of death, as did a change from a concave ring 
shape at the junction of the bole and a Jiving branch to a 
convex shape signaling growth of cambium around a dead 
branch. Year of death was estimated independently on both 
the right and left side of the branch longitudinal section and 
on both top and bottom halves of each wedge. Each estimate 

was rated high or low for the level of confidence in dating 
branch mortality. The longest and shortest radii from pith to 
cambium were measured on the breast height cross-sec­
tions. Quadratic mean radius was then calculated, and a 
radius of that length with no growth ring distortions attrib­
utable to nearby branches was found on the section and 
measured for annual increment. 

Analysis 

Year of branch mortality was estimated as the earliest 
year in which branch cambium had died back to the bole 
cambium (maximum estimated time since death for each 
branch). This approach best accommodated observable dif­
ferences in the time it takes for branch cambium to die back 
to the bole around different sides of the branch (Maguire 
and Hann 1987). After year of mortality for every branch 
below current crown base was estimated, height to crown 
base for each year was identified by applying two objective 
definitions of crown base (see Table 1 for variable defini­
tions): height to first live whorl above the highest dead 
whorl (HCB I; same as the lowest contiguous live whorl 
from Maguire and Hann 1987), and height to first live whorl 
above the highest two contiguous dead whorls (HCB2). The 
first definition maintained consistency with past modeling 
efforts (Maguire and Hann 1990). The second definition 
was motivated by dead whorls occasionally observed within 
the main portion of several western white pine and pon­
derosa pine crowns, creating artificially short crowns under 
HCB l' Because definition of crown base has varied widely 
in forestry (Monleon et al. 2004), including two alternatives 
allowed us to assess the sensitivity of recession patterns to 
selected definition of crown base. Felled sample trees 
ranged from 17 to 41 m in total height, with crown ratio 
based on HCB 1 ranging from 0.24 to 0.94 and from 0.34 to 
0.95 based on HCB2 (Table 2). 

Table 1. Response and explanatory variables tested during 
examination of crown recession patterns for Pinus monticola, 
P. ponderosa, and P. menziesii in northern Idaho 

Variable 

AGE 
dbh 
HT 
HCB] 

CR. 
CR2 

Adbh 
AHT 
AHCB. 
AHCB2 

MOIST 

MESIC 

HTMAX 

HTREL 

Definition 

Initial age at stump height 
Initial diameter at breast height (em) 
Initial total tree height (m) 
Initial height to the first live whorl above the 

highest dead whorl (m) 
Initial height to the first live whorl above the 

highest two consecutive dead whorls (m) 
Initial crown ratio based on HCB] (l - HCB l/HT) 
Initial crown ratio based on HCBz (I - HCBiHT) 
Periodic annul diameter dbh growth (cm) 
Periodic annual height growth (m) 
Periodic annuaJ change in HCB] (m) 
Periodic annual change in HCB2 (m) 
Indicator variable for moist habitat types 

(I if Tsuga heterophyllalAsarwn caudarum; 
o otherwise) 

Indicator variable for mesic habitat types 
(I if Thuja piicaraiClintonia uniflora or 
T. heterophyliaiC. uniflora; 0 otherwise) 

Initial height of tallest tree in the stand (m) 
Initial relative tree height (HT/HT MAX) 
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Table 2. Attributes of Pinus monticoia, P. ponderosa, and Pseudotsuga menziesii sample trees from northern Idaho 

P. monticola 

Variable Mean Range 

n 56 
Age (years) 57.5 28-85 
dbh (em) 31.1 21.3-53.1 
HT (rn) 27.9 17.0-41.3 
CR 1 0.71 0.32-0.92 
CR2 0.75 0.38-0.95 

The lifespan of each sample tree was divided into 5-year 
growth periods counting back from the year sample trees 
were felled (l988 or 1989). Initial HCB 1 for these 5-year 
periods ranged from 0 to 17.0,0 to 20.9, and 0 to 16.6 m for 
western white pine, ponderosa pine, and Douglas-fir, re­
spectively, with corresponding crown ratios (CR1) of 0.28 
to 1,0.18 to 1, and 0.31 to 1 (Table 3). Initial HCB2 for the 
same 5-year periods ranged from 0 to 17.0,0 to 17.0, and 0 
to 15.7 m for western white pine, ponderosa pine, and 
Douglas-fir. respectively, with corresponding crown ratios 
(CR2) of 0.53 to 1,0.41 to 1, and 0.41 to I (Table 4). Initial 
tree diameter, height, HCB 1, and HCB2 were determined for 
each 5-year growth period, allowing computation of 5-year 
diameter growth (.6.dbh), height growth (.~HT), and crown 
recession (~HCB I or .6.HCB2) (Tables 3 and 4). Crown 
recession (.6.HCB2) averaged 1.46, 1.48, and 1.46 m for 
western white pine, ponderosa pine, and Douglas-fir, re­
spectively. Crown ratio of the subject tree was assumed to 
represent local stand density, and the relative height 
(HT REL) of each tree was computed as the initial height of 
the sample tree in a given 5-year period (RT) relative to the 
initial height of the tallest sample tree in that stand for the 
same growth period (HT MAX)' Habitat type indicators were 
also included as potential covariates (see Table 1). 

Observed 5-year crown recession was frequently zero for 
many trees during many growth periods, but a second mode 
>0 was also apparent in the distribution of both recession 
and conditional recession (right panel and vertical slices 
through left panel, respectively, in Figure 1). This pattern 
suggested that the distributional assumptions of a least­
squares regression model would not easily be met, but more 
importandy, that crown recession should be modeled as two 
processes or components: probability of 5-year crown re­
cession, P(.6.HCB 1 > 0) or P(.6.HCB2 > 0) and 5-year 

P. ponderosa P. menziesii 

Mean Range Mean Range 

55 58 
82.1 44-106 79.1 49-122 
43.2 26.1-61.8 42.5 26.3-62.4 
30.6 20.2-39.1 28.1 20.4-36.7 
0.51 0.24-0.76 0.58 0.32-0.84 
0.56 0.34-0.78 0.63 0.40--0.88 

change in height-to-crown-base conditional on occurrence 
of crown recession (.6.HCB I > 0 or .6.HCB2 > 0). 

Occurrence of crown recession was a binomial response 
and, hence, was described with a generalized linear model 
assuming a binomial distribution and logit link function 
(McCullagh and Neider 1989): 

11 = In[pJ(1 - p,)] 

where 11 is the linear predictor, In is the natural logarithm, I.t 
is the mean of the conditional binomial distribution, and f3i 
are parameters to be estimated from the data. 

Potential predictor variables induded tree descriptors 
such as total age (AGE), dbh, total height (HT), crown ratio 
(CR 1 or CR2 computed from HCB 1 or HCB2, respectively), 
diameter and height increment (~dbh and .6.HT), relative 
height (HTIHT max)' and habitat type indicators (Table 1). 
Preliminary data exploration indicated that the probability 
of crown recession peaked over crown ratio, so In(CRk) and 
In(1.01 - CRk) were included as potential predictors to 
provide flexibility. Models were fitted using the GENMOD 
procedure in SAS version 9.1 (SAS Institute, Cary, NC). 
Nested models were compared by change in deviance tests 
(McCullagh and NeIder 1989). 

Several models forms were tested for describing condi­
tional crown recession. The first was similar to one pro­
posed by Short and Burkhart (1992): 

~HCBk = exp[-)'20 + 1'21 In(CRk) + 'Y22CRk + 'Y23 In(HT) 

+ 'Y24(1.01 - CRk) + 1'25 In(1.01 - CRk )] + e2 (2) 

where .6.HCBk is either .6.HCB 1 or .6.HCB2• CRk is CR 1 or 
CR2• 'Yij are parameters to be estimated from the data, 82 is 

Table 3. Characteristics of Pinus monticola, P. ponderosa, and Pseudotsuga menziesii sample trees at the beginning of each 5-year 
period for which crown recession (.:1HCB1) could be reconstructed 

P. monticola P. ponderosa P. menziesii 

Variable Mean Range Mean Range Mean Range 

n 227 499 404 
Age (years) 45 15-78 51 6-101 52 15-112 
dbh (em) 22.7 2.6-48.3 28.3 0.2-59.8 29.1 4.4-60.0 
HT(m) 20.7 2.5-37.3 18.7 1.6-36.4 19.7 2.7-33.8 
HCB I (m) 5.3 0.0-17.0 7.4 0.0-20.9 6.4 0.0-16.6 
CR. 0.76 0.28-1.00 0.64 0.18-1.00 0.70 0.31-1.00 
~dbh (emlyr) 0.6 0.2-1.4 0.5 0.2-1.4 0.6 0.1-1.6 
~HT (m/yr) 0.5 0.1-1.0 0.4 0.0-1.8 0.4 0.0-0.9 
~HCBl (m) 1.61 0.06-7.31 1.72 0.03-9.91 1.70 0.15-10.39 
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Table 4. Characteristics of Pinus monticoia, P. ponderosa, and Pseudotsuga menziesii sample trees at the beginning of each 5-year 
period for which crown recession (~HCB2) could be reconstructed 

Variable 

n 
Age (years) 
dbh (em) 
HT (m) 
HCB2 (m) 
CR2 
~dbh (emJyr) 
~HT (mJyr) 
.£lHCB2 (m) 

6 

5 

4 

3 

2 

0 

6 ..-
E -- 5 
c: 
0 

'Ci) 4 
en 
Q) 
0 3 
~ 
c: 2 3: 
0 
'-
0 
'-
~ 

I 0 1.0 

6 

5 

4 

3 

2 

o 

P. monricola P. ponderosa 

Mean Range Mean 

227 
45 15-78 51 
22.9 2.6--48.3 28.3 
20.9 2.5-37.3 18.7 

4.5 0.0-17.0 6.1 
0.81 0.53-1.00 0.71 
0.6 0.2-1.4 0.5 
0.5 0.1-l.0 0.4 
1.46 0.09-4.91 1.48 

Pihus montico/a 

• •• • , ... 
• • • . ..... ~ . .... , .. 

• ' • lit d""~ .. ,. ~.-r. •••• •••. • ,. •• til.' .-..... ~.:i, 
__ • _I 

Pinus ponderosa 

•• ., . -- .-. --.... . ..... ~ ... ~ . . ..... ~" .. · ._,., .. ~!·c:r .. .: 
.~ .. . 
• • • .. -

Pseudotsuga menziesii 

• e • • 

• 

• • 
• 

e '. _ --_ ..... _ ... iiiIi .. liIlIIM ... 

0 .3 0.4 0.5 ' 0 .6 0.7 0.8 0.9 

Initial crown ratio 

499 

• 

• 
• 

• 
• • 
• 
• 
I 
• 

• 
I 

• 

Range Mean 

6-101 52 
0.2-59.8 29.1 
1.6-36.4 19.3 
0.0-17.0 5.2 

0.41-l.00 0.76 
0.2-1.4 0.6 
0.0-1.8 0.4 

0.03-4.99 1.46 

1.0 050 100 150 200 250 

Observations 

P. menziesii 

404 

6 

5 

4 

3 

2 

o 

-6 ~ 
~ 

5 l() 
C 

4 

3 

2 

o 

6 

5 

4 

3 

2 

o 

Range 

15-112 
4.4-60.0 
2.7-33.8 
0.D-15.7 

0.41-1.00 
0.1-1.6 
0.0--0.9 

0.15-4.85 

Figure 1. Five-year crown recession for three species in the northern Rocky Mountains as a function of 
initial crown ratio (left panel) and by frequency across O.S-m classes (right panel). 
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a random error with 82 - N(O, U2
2

), and all other variables 
are defined above (see also Table I). 

The two other general model forms tested for conditional 
crown recession were 

and 

~HCBk = CRrdHT
/[ 1'42 + (1'43 + 1'44HT)CRk 

+ 1'4sCRl46] + 84, (4) 

where "Yu are parameters to be estimated from the data. 
83 and 8 4 are random errors with 63 -N(O, HT2a3) and 
e4 -N(O, HT2~), and all other variables are defined above 
(see also Table 1). Models were fitted by weighted nonlin­
ear least squares in SAS version 9.1. Significance departure 
of each parameter estimate from 0 or 1 was tested with extra 
sums of squares F tests. Where parameter estimates were 

Pinus monticola 
- HT 

HCB I 
HCB2 

o ..... 
.,..-.,,.... .. 
~ .. 

o 

~J. 
__ ...r.. ";P'-J. 

Pinus ponderosa 

J..' 
r.' _ .J..' 

-' ... 
__ -:-: :-:-:-: :-::-~ J a • : 

Pseudotsuga menziesi; 

o 20 40 60 

.,..1. 

80 

not significant at ex = 0.05, the reduced model was pre­
ferred. Within-tree temporal autocorrelation was tested by 
partial autocorrelation functions. Models were evaluated on 
the basis of residual plots, bias, and mean square error. 
Parameter estimates were also evaluated with respect to 
consistency between implied recession patterns and known 
biological constraints. 

Implied 5-year crown recession was computed as the 
product of recession probability and conditional recession. 
This average recession rate was evaluated by plotting its 
behavior over initial crown ratio for trees of varying size. 

Results 
Reconstructed Crown Recession 

The technique for dating branch mortality produced 
crown recession patterns consistent with established trends 
in tree and stand development (Figure 2). Change in height 

o 20 40 60 80 

Tree age 
Figure 2. Reconstructed progression of total height (HT; solid line) and HCB. (dashed line), and HCB2 

(dotted line) for two P. monticola, P. ponderosa, and P. menziesii sample trees in northern Idaho. 
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to crown base over time paralleled cumulative height 
growth of each tree, with crowns lengthening over time as 
more growing space was made available ' by self-thinning. 
One striking feature of the reconstructed crown recession 
patterns was an occasional surge in branch mortality and a 
corresponding jump in crown recession. Also, many trees 
exhibited delays of more than 10 years before onset of 
branch mortality, but then crown recession was rapid for 1 
or 2 years once it started. 

Because the data set was constructed by dating branch 
mortality on only those trees that had survived in the un­
managed sample stands to 1988, a relatively narrow range 
of initial conditions was covered by the pooled 5-year 

. growth periods (Tables 3 and 4). Lack of any stand density 
manipulation ensured a strong correlation between crown 
ratio and age. Very few old or large trees had full crowns, 
and few young trees with small crowns survived to be 
sampled in 1988. The crown ratio-age correlation was stron­
gest for ponderosa pine (-0.65) and weakest for Douglas-
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fir (-0.56), with white pine in between (-0.61). Likewise, 
age-height correlation was strongest for ponderosa pine 
(0.89) and somewhat weaker for Douglas-fir (0.84); the 
correlation for white pine was similar to that for Douglas-fir 
(0.86). 

Probability of Crown Recession 

The probability that trees experienced at least some 
crown recession during a 5-year growth period was con­
trolled primarily by initial crown ratio and initial stem size 
(diameter and height). Regardless of species or definition of 
crown base, the probability of crown recession was greatest 
for trees with initial crown ratios between 70 and 90% 
(Figure 3). Probability increased as tree diameter increased 
to approximately 30 cm and then declined again for larger 
trees (Figure 3; Table 5). The one exception to this general 
pattern involved the trend in HCB2 for ponderosa pine; in 
this case, recession rate was not influenced by initial tree 
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Figure 3. Trends in 5-year probability of crown recession (~HCBk > 0) for a given initial crown ratio and 
tree diameter. Initial height was assigned from the height-diameter relationship for each species (7.2, 27.0, 
and 35.7 m for western white pine; 4.1,20.9, and 30.2 m for ponderosa pine; and 5.8, 21.1, and 28.0 m for 
Douglas-fir trees with dbh of 10, 30, and 50 em, respectively). 
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Table 5. Parameter estimates, asymptotic standards errors, and fit statistics for models describing the probability of crown 
recession in Pinus monticoia, P. ponderosa, and Pseudotsuga menziesii from northern Idaho (binomial modell) 

Predictor 
variable, Xi 

P. montkola 

AHCB 1 AHCB2 

Response 

P. ponderosa P. menziesii 

AHCB 1 AHCB2 AHCB 1 AHCB2 

Intercept 
in(CRk) 

3.12140.0155) 5.8279 (1.0836) 4.7754 (0.5282) 4.1924 (0.5198) 3.3733 (0.6125) 5.5832 (0.7248) 
8.4030 (1.5524) 12.7119 (1.9876) 6.9908 (0.7594) 4.1645 (0.7937) 6.1988 (0.7775) 6.2390 (1.0124) 

In(1.01 - CRk ) 

In(dbh) 
0.84030 (0.3417) 2.3239 (0.3458) 1.3254 (0.1544) 1.4291 (0.1551) 1.0765 (0.1894) 1.7913 (0.2127) 

-0.1542 (0.0438) -0.2033 (0.0463) -0.1059 (0.0219) -0.1192 (0.0225) -0.0908 (0.0259) 
in(HT) 0.2412 (0.0539) 0.2743 (0.0585) 0.1991 (0.0369) 0.2217 (0.0432) 0.1862 (0.0502) 
AGE -0.0270 (0.0104) 
MOIST 1.0704 (0.2955) 
Residual deviancel 

null deviance 
Deviance ratio: 

residual/nun 

1.117/1.288 1.063/1.379 1.12211.324 1. 129/1.362 1.224/1.363 1.124/1.380 

0.87 0.77 

Standard errors are in parentheses. 

size. Parameter estimates indicated that at a fixed total 
height. trees with greater diameter had a lower probability 
of recession. However, because an increase in diameter was 
closely matched by an increase in total height in these fully 
sIOcked stands, the net result of the combined diameter and 
height effects was a peak in the probability of recession at 
median tree size (the average height-diameter relationship 
specific to each species was maintained when trends were 
plotted in Figure 3). The only other two variables that were 
strongly related to probability of crown recession included 
total age for HCB2 in Douglas-fir and an indicator for moist 
habitat types in western white pine (Table 5). Recession 
probability generally decreased with increasing 5-year di­
ameter growth and increased with increasing height growth. 
However, these growth variables were not included in the 
final models so that recession patterns could be described as 
a function of initial conditions. Relative tree height 
(HTIHT maJ ex.plained very little variability in probability 
of crown recession. 

Residual deviances were fairly high for all models, in­
dicating a large amount of variability around the final model 
(Table 5). However, there w'as no evidence of under- or 
overdispersion. For all three species, slightly better fits were 
attained with P(AHCB2 > 0) than with P(~HCB 1 > 0), 
although the difference between the two ponderosa pine 
models was negligible (see ratio of residual deviance to null 
deviance in Table 5). For a given species, P(~HCB 1 > 0) 
and P(~HCB2 > 0) were controlled by the same variables. 

ConditionalS-Year Crown Recession 

Five-year crown recession peaked at intermediate crown 
ratios for white pine and Douglas-fir trees, generally be­
tween 50 and 80% (Figure 4; Tables 6 and 7). In contrast, 
crown recession increased monotonically with crown ratio 
in ponderosa pine. There was some evidence of two peaks 
in the ponderosa pine recession rate over the range of initial 
crown ratio, one consistent with the peak in white pine and 
Douglas-fir at medium crown ratios and the other at crown 
ratios of 100%. However, none of the statistical models 
could substantiate the peak at medium crown ratios, regard­
less of model complexity. Large conditional recession rates 
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0.85 0.83 0.90 0.81 

on full-crowned ponderosa pine trees were consistent with 
reconstructed jumps in height to crown base after delays in 
start of crown recession (Figure 2). Initial tree height was 
the next strongest covariate influencing 5-year crown reces­
sion (Table 6). Regardless of species or definition of crown 
base, recession was faster on taller trees (Figure 4; Tables 6 
and 7). Average maximum recession based on HCB2 ranged 
from approximately 2.1 m in western white pine and Dou­
glas-fir to approximately 2.5 m in ponderosa pine. 

All recession models were weighted by the inverse of 
tree height to yield constant variance in residuals, except for 
~HCB 1 in Douglas-fir. In this latter case, the model was 
fitted after transfonnation by the natural logarithm (Table 
7), primarily because the residuals were more nonnally 
distributed on this scale. The highly variable nature of 
crown recession was evident from relatively high mean 
square errors and low R2 values, the latter implying that 
only 9-18% of variation in crown recession was accounted 
for by the final models (Table 7). Residual variation in­
creased with increasing tree height (or age), but no signif­
icant autocorrelation was detected for successive 5-year 
growth periods within a tree. Slightly better fits were 
achieved with the response variable ~HCB2 than with 
~HCB I in all three species. 

Average 5-Year Crown Recession 

Average 5-year crown recession implied by the product 
of recession probability and conditional recession peaked 
over the initial crown ratio, but the crown ratio correspond­
ing to maximum recession varied by species and by initial 
tree diameter and height (Figure 5). In western white pine 
and Douglas-fir, maxima occurred near crown ratios of 0.75 
and 0.65. respectively, on medium to large trees but at 0.90 
on smaller trees. In contrast, the peak for ponderosa pine 
ranged only from approximately 0.85 to 0.90. Average 
recession in both Douglas-fir and western white pine was 
greatest on medium-sized trees, but increased with increas­
ing initial tree size in ponderosa pine. The maximum aver­
age 5-year recession rate for all species was approximately 
1.5 m. 
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Table 6. Final models for describing conditional5-yr crown recession in Pinus monticoia, P. ponderosa, and Pseudotsuga menziesii 
in northern Idaho 

Species Models 

P. monticola CRT",/HT 
/lHCB, = 2 + e4 

1'42 + 'Y43CR, + 'Y44CR, 

CRr,1HT 

LlHCB2 = CRY44 + e4 
1'42 + 1'43 2 

P. ponderosa /lHCB, = ('Y3,HT)(l - exp[('Y3:!HT)CRt/HT]) + e3 

P. menziesii 

* Model fitted after transformation by natural logarithm, with €2 - In(O, a2). 
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Table 7. Parameters ' estimates, asymptotic standards errors, and fit statistics for conditionalS-year crown recession models for 
Pinus monticola, P. ponderosa, and Pseudotsuga menziesii in northern Idaho (models are specified in Table 6) 

Parameter! 
response 

P. monticola P. ponderosa P. m.enziesii 

'Y'I 27.9355 (8.9642) 33.9261 (l1.l499) 0.3370 (0.0607) 0.4648 (0.1289) -0.89293 (0.18805) 66.9051 (14.4278) 
"1-2 2.1472 (1.0826) 0.2465 (0.0928) -14.1134 (4.3658) - 6.5693 (2.4931) 0.05119 (0.00797) 1.6434 (0.3667) 
"1-3 -5.9470 (2.9748) 0.8676 (0.2197) 35.6483 (6.4314) 32.1521 (5.0820) 6.09712 (1.91947) -5.3877 (1.0174) 
"!-4 4.7837 (2.0343) 5.8850 (2.5915) 7.73549 (2.81153) 0.00739 (0.00237) 
"!-5 
Weight 
Mean square 

error* 
Root mean 

standard 
error* 

R2 t 

HT- 1 

1.328 

1.152 

0.13 

Standard errors are in parentheses. 

HT- 1 

0.886 

0.941 

0.13 

* From estimates on untransformed and unweighted scale. 

HT- 1 

2.054 

1.433 

0.10 

HT- J 

0.894 

0.945 

0.10 

1 
1.896 

1.377 

0.13 

4.4797 (0.7398) 
HT- J 

0.829 

0.911 

0.14 

t Generalized coefficient of determination, untransformed, and unweighted scale (Kvalseth 1985) 

Discussion 
Reconstructed Crown Recession 

The technique of dating branch mortality by stem dis­
section has been successfully applied in the past to meet a 
variety of research objectives (Andrews and Gill 1939, 
Rapraeger 1939, Reukema 1959, Fujimori and Kiyono 
1986, Osawa 1990, Fujimori 1993, Makinen 2002). This 
dating technique, combined with rules for defining crown 
base by the number and height of live branches, has been 
shown to accurately track repeated observations of crown 
base in coastal Douglas-fir (Maguire and Hann 1987). Sim­
ilar validation has not been done for Rocky Mountain Dou­
glas-fir, ponderosa pine, or western white pine, although 
the technique has been applied for studying knot formation 
in western white pine (Rapraeger 1939). Reconstructed 
crown lift on trees at Priest River tracked approximately 
proportional to cumulative height growth over time on the 
same tree and so was consistent with past observations that 
height growth controls the rate at which the entire canopy 
rises. As new foliage accumulates at the top of the canopy, 
branches at the crown base succumb to suppression mortal­
ity at a rate proportional to the addition of mass at the top of 
the crown. Crowns also lengthen over time in undisturbed 
stands because self-thinning creates more growing space for 
surviving trees. Crown recession patterns reconstructed at 
Priest River pertain primarily to the stand component that 
survived 80 years of stand development. Trees that were 
relegated to suppressed or intermediate crown classes early 
in stand development generally would have had a much 
lower probability of surviving until sampling in 1988; the 
probability of tree mortality increases with progressively 
smaller crown ratios characterizing trees in inferior social 
position (Monserud and Sterba 1999, Hann et al. 2003). The 
amount of foliage available for fixing carbon in these trees 
simply becomes inadequate to meet maintenance and con­
struction demands. Suppressed trees or those that eventually 
die from suppression mortality typically experience a de­
cline in crown ratio and an accompanying decline in avail­
able photosynthates per unit of live mass. 

Another consequence of sampling trees that survi ved to 
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1988 was the strong negative correlation between initial 
crown ratio and age for the reconstructed 5-year growth 
periods. Survivors generally would have had relatively large 
crowns early in stand development, so trees that had small 
crown ratios at young ages were almost certainly underrep­
resented among the live trees available for sampling in 
1988. This age/crown ratio correlation therefore limited our 
ability to describe crown recession on young trees of lower 
crown classes. 

Another limitation of studying crown dynamics by dat­
ing branch mortality was that stand density could not be 
accurately reconstructed for the temporary plots from which 
trees were sampled, primarily because mortality losses were 
unknown. Stand density and similar conditions representing 
the competitive effects of adjacent trees have been shown to 
influence rate of crown recession (Krumland and Wensel 
1981, Maguire and Hann 1990, Short and Burkhart 1992, 
Spathelf 2003, Hann and Hanus 2004). However, Short and 
Burkhart (] 992), found that stand density and competition 
measures did not account for much additional variation in 
crown recession of loblolly pine beyond that predictable 
from initial tree dbh, height, and crown length. Related 
aspects of crown dynamics have been found to be similarly 
insensitive to stand density because its cumulative effect is 
accounted for by each unique combination of tree diameter, 
height, and crown size. In Scots pine (Pinus sylvestris L.), 

Makinen and Colin (1998) found that stand density had a 
significant influence on branch angle and branch diameter 
but that it could be excluded without loss of accuracy when 
relati ve crown length and stem diameter were included as 
explanatory variables. Validation of models constructed 
without stand density as a predictor illustrated that branch 
characteristics can be accurately predicted from tree-level 
variables without detailed knowledge of stand history. Sim­
ilar results have been obtained for models describing branch 
size variation in Douglas-fir (Maguire et al. 1991, 1999). In 
many, if not most, species, the combination of initial crown 
ratio (or crown length), height, and diameter acts as an 
effective surrogate for local stand density. 
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Figure S. Trends in average S-year crown recession (.:1HCB2) 

for a given initial crown ratio and tree diameter in P. monti­
cola, P. ponderosa, and P. menziesii from northern Idaho. 
A verage recession is the product of recession probability (Fig­
ure 2) and conditional crown recession (Figure 3). See Figure 
2 legend for corresponding initiaJ heights. 

Probability of Crown Recession 

Comparison of results from Priest River with those from 
other crown recession models is difficult because, to our 
knowledge, no other studies have quantified the probability 
of crown recession separately from the crown recession rate. 
The probability of crown recession in all three species 
peaked at relatively large crown ratios (0.7-0.9). As might 
be anticipated from delayed crown recession observed on 
many trees with full crowns (Figure 2), the final descriptive 
models indicated a low probability of recession on trees 
with large initial crown ratios. These trees tended to be 
small , relatively open-grown, younger trees. However. if 
crown recession had already started on these trees. then it 
was highly probable that recession continued in subsequent 

growth periods (60-90% probable, depending on species 
and initial size). As crown ratios fell below 0.7, the proba­
bility of recession gradually declined again, perhaps reflect­
ing the onset of self-thinning and the more erratic nature of 
crown recession resulting from episodic tree mortality, ir­
regular availability of new growing space, and asymmetry 
in competition due to random distribution of natural regen­
eration during the stand establishment stage in this forest 
type (Moeur 1993). 

Crown ratios as low as 0.3-0.4 were generally restricted 
to larger, older trees, so the lower probability of recession 
associated with a small initial crown ratio was probably at 
least partly a consequence of decelerating height growth in 
older trees. Although height growth trajectories of sampled 
trees indicated no dramatic deceleration (Figure 2), reces­
sion probability did increase with increasing rate of height 
growth, particularly in ponderosa pine and Douglas-fir. 
Conversely, recession probability declined with increasing 
diameter growth rate, reflecting the superior competitive 
position of trees growing faster in diameter for a given 
height. Ahhough diameter and height growth were excluded 
as explanatory variables in the final models, their effects 
were implied by initial tree dimensions. The probability of 
crown recession remained highest on medium-size trees (by 
diameter and height), presumably because crown closure 
had occurred by the time they reached this size and age, but 
height growth was still rapid. All else being equal, trees 
growing faster in height accumulated new crown mass at a 
more rapid rate and hastened self-shading of lower 
branches. For trees of a given height and age, however! 
crowns were less likely to recede on trees of larger diameter 
because they typically have larger crowns and greater avail­
able growing space than thinner trees at the same height. 

The probability of recession (HCB2) declined with in­
creasing age for Douglas-fir trees because older trees of a 
given height had a slower past height growth rate and, 
hence, had a lower rate of subsequent crown rise. The 
greater shade tolerance of Douglas-fir relative to western 
white and ponderosa pine may have led to weaker correla­
tion between tree height and age and, therefore, greater 
marginal effect of age on probability of recession. 

The higher probability of crown recession in white pine 
on the moist Tsuga heterophyllalAsarum caudatum habitat 
type could have resulted from greater height growth poten­
tial often associated with moist sites in the northern Rocky 
Mountains. Moister sites may also be associated with a 
higher density and abundance of shade-tolerant species that 
are typical of these sites in the northern Rocky Mountains 
(Cooper et al. 1991). An understory layer of shade-tolerant 
species can accelerate recession by shading the lower crown 
of more shade-intolerant and dominant species (Wierman 
and Oliver 1979). 

Conditional 5-Year Crown Recession 

Differences in conditional crown recession among the 
three species were more striking than differences in the 
probability of recession. Crown recession in western white 
pine increased with increasing crown ratio up to approxi­
mately 0.7 and then gradually declined at higher crown 
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ratios. This general pattern has been observed previously in 
coastal Douglas-fir, including even-aged stands in western 
Oregon and Washington (Hann and Hanus 2004) and both 
even- and uneven-aged, mixed-species stands in southwest­
ern Oregon (Maguire and Hann 1987). In contrast, pon­
derosa pine crown recession increased gradually with in­
creasing crown ratio. The rapid recession on trees with large 
crown ratios probably coincided with crown closure during 
the period of rapid height growth. Trees with smaller initial 
crown ratios represented the same trees at later stages of 
development in the sampled stands, so at these older ages, 
height growth was slowly decelerating. As would be ex­
pected, 6.HCB 1 was more rapid than 6.HCB2 in Douglas-fir, 
but only for larger trees. As with the probability of crown 
recession, the 5-year recession rate increased with increas­
ing tree size. This increase was consistent with results 
obtained for loblolly pine (Pinus taeda L.) in the southeast­
ern United States (Short and Burkhart 1992) and coastal 
Douglas-fir in the Pacific Northwest (Maguire and Hann 
1990, Hann and Hanus 2004). However, lack of old trees 
with large crown ratios and young trees with small crown 
ratios cast uncertainty on behavior of crown recession under 
these conditions. The stands sampled by Short and Burkhart 
(1992) and Hann and Hanus (2004) were even-aged stands 
up to 50 years old and represented a wide range of density 
regimes that minimized correlation between age and crown 
ratio. The multiaged and mixed-species stands sampled by 
Maguire and Hann (1990) were generally denser but in­
cluded tree ages up to 150 years, so some older trees with 
larger crown ratios in more open stands were included. 

Maguire and Hann (1990) reported a peak in crown 
recession at an initial crown ratio of 0.38 in coastal Dou­
glas-fir, but Hann and Hanus (2004) reported a peak at 
0.62-0.64. Conditional crown recession in the Priest River 
Douglas-fir peaked at initial crown ratios of approximately 
0.80 for 6.HCB 1 and 0.65 for 6.HCB2 • As mentioned pre­
viously, however, patterns in conditional crown recession at 
Priest River are not directly comparable to patterns in un­
conditional recession reported by Maguire and Hann (1990) 
and Hann and Hanus (2004). Conditional crown recession 
in western white pine peaked at initial crown ratios between 
0.6 and 0.7 for 6.HCB 1 and between 0.6 and 0.8 for LlHCB2, 

depending on initial tree height. 

Average 5-Year Crown Recession 

Breaking crown recession into two components, reces­
sion probability and conditional recession, allowed greater 
flexibility for modeling reconstructed patterns and accom­
modating variability imposed by species and differing initial 
conditions. This approach also retained additional informa­
tion that would otherwise be lost by pooling zero and 
nonzero observations. For example, the general pattern in 
a verage recession peaked over crown ratio for all species, 
but conditional recession increased monotonically over 
crown ratio in ponderosa pine. This behavior may have 
resulted from ponderosa pine being the dominant species on 
relatively harsh microsites. In these areas, density of other 
species may have been low initially, owing to poor germi­
nant and seedling survival, but higher later in stand de vel-
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opment under the shelter of an established ponderosa pine 
overstory. Height growth would remain rapid for many 
species such as Douglas-fir and western white pine once 
they established under scattered overstory ponderosa pine. 
Combined with the shade intolerance of ponderosa pine, 
this rapid height growth of younger understory trees would 
have potential for inducing rapid suppression mortality of 
lower branches on overstory trees after a long period in a 
relatively open-grown condition. 

Natural regeneration is typically dense in the habitat 
types sampled for this study. The peak in average crown 
recession for all three species at relatively high crown ratios 
(0.65-0.90) and at moderate tree sizes would, therefore, 
correspond to the stage of stand development beyond crown 
closure (i.e., some recession had occurred) but near the start 
of intense intertree competition and suppression-induced 
mortality. Height growth would still be rapid when trees 
reach this stage in dense, unmanaged stands because they 
are still relatively young. The variation in crown recession 
patterns among the three species is probably related to 
differing morphological and silvical characteristics, includ­
ing shade tolerance, height growth pattern, crown shape, 
and crown density as well as to developmental patterns 
leading to stratification in these mixed-species forests 
(Cobb et al. 1993). 

Applications 

Management-oriented growth models are developed with 
the primary objective of exploring probable effects of alter­
native silvicultural regimes on growth, yield, stand dynam­
ics, and wood quality (e.g., Wykoff et al. 1982, Hynynen 
I 995b, Hann 2006). Crown size is a proven indicator of 
photosynthetic potential and tree vigor (Ass mann 1970, 
Spurr and Barnes 1980), so its efficacy in predicting growth 
and simulating stand dynamics is attributable to its func­
tional link to interception of solar radiation and its repre­
sentation of competition for growing space and site re­
sources. In addition to enhancing mechanisms of tree 
growth and stand dynamics, crown recession models and 
implied branch growth and longevity help link silvicultural 
treatment to two key determinants of wood quality, i.e., size 
of crown wood core (di Lucca 1989) and average or max­
imum branch diameter (e.g., Colin and Houllier 1991, 
Maguire et al. 1994, 1999). Quantification of these re­
sponses allows estimation of lumber and veneer grade re­
covery (WWP A 1998, Maguire et al. 1999, Fahey et aJ. 
1991, Todoroki et al. 2005) and facilitates design of optimal 
silvicultural regimes for desired end products. Better under­
standing of crown recession also lends insight into the 
dynamics of wildlife habitat (Dubrasich et al. 1997) and 
changes in fire hazard (Scott and Reinhardt 2001) through 
silviculturaI influences on horizontal and vertical arrange­
ment of tree crowns. 
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