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Abstract
Key message Models were developed to predict spatial distribution of specific leaf area (SLA) and horizontal dis-
tribution of leaf area for western larch. Cardinal branch direction significantly influenced both SLA and horizontal 
leaf area distributions.
Abstract Leaf area, specific leaf area (SLA), and their spatial distribution in the crown are important indicators of biological 
response to changes in growing conditions including light and water availability. Western larch (Larix occidentalis Nutt.) 
is a deciduous coniferous pioneer species in the U.S. Inland Northwest known for its rapid growth, high-quality wood, and 
ecological importance. Analysis with nonlinear models revealed that SLA and horizontal leaf area distributions differ between 
cardinal quadrants of juvenile western larch crowns. SLA was significantly higher in the more illuminated, southern side of 
the crown, and leaf area peaked closer to the stem in the southwest quadrant. Similar to other conifers, horizontal distribu-
tions of foliage in western larch also shifted further outward towards the branch tips with increasing depth in the crown. 
Models developed for horizontal distribution of leaf area and spatial distribution of specific leaf area for western larch may 
be extended by future researchers to predict its response to environmental variables or management practices.

Keywords Biomass · Shade intolerance · Probability density function · Nonlinear mixed-effects model · Inland Northwest · 
Leaf economics · Morphological plasticity

Introduction

Photosynthetic productivity of trees depends on water, 
light availability, and the distribution of leaf area within the 
canopy, including its horizontal distribution along branches 

(Horn 1971; Stenberg et al. 1993). Deeper within the crown 
from both vertical and horizontal directions, photosyntheti-
cally active radiation available to foliage diminishes (Sten-
berg et al. 1994). The size of gaps between trees in a stand 
and the amount of resulting side shade are major determi-
nants of light interception. In turn, horizontal distribution 
of foliage and lateral branch growth feedback on each other 
during canopy closure (Oliver and Larson 1990). Depend-
ing on the shade tolerance of a species, these processes can 
have lasting influences on stand dynamics and future stand 
structure.

Leaf area (LA) and foliar mass (FM) differ in their distri-
butions within the crown; their relative distributions can be 
related to one another through spatial variation in specific 
leaf area (SLA), the ratio of projected area to dry biomass. 
Sun-leaves tend to have higher FM, lower LA, and therefore, 
lower SLA than shade leaves. SLA is positively correlated 
with net photosynthesis on a leaf mass basis (Jurik 1986; 
Oren et al. 1986; Ellsworth and Reich 1993; Reich et al. 
1997). SLA is generally higher for shade-tolerant species 
than shade-intolerant species, and has been observed to 
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decrease with increasing light availability (Niinemets and 
Kull 1994, 1995; Niinemets 1996; Temesgen and Weiskittel 
2006; Perrin and Mitchell 2013). The amount and compo-
nents of SLA variance differ between species (Marshall and 
Monserud 2003; Goudie et al. 2016), with greater variance 
across light gradients reported for shade-tolerant relative to 
shade-intolerant species (Chen et al. 1996; Bond et al. 1999). 
SLA also decreases as leaves age and is negatively corre-
lated with leaf lifespan (Gulmon and Chu 1981; Chabot and 
Hicks 1982; Reich et al. 1997; Ishii et al. 2002; Temesgen 
and Weiskittel 2006; Weiskittel et al. 2008).

In addition to light availability, hydraulic factors are 
thought to underpin spatial variation in SLA. Functional 
limitation of SLA due to lower turgor pressure during initial 
leaf expansion is the basis for the hydraulic resistance and 
gravitational water potential hypotheses to explain observa-
tions of decreasing SLA with longer paths traveled by water 
to developing foliage (Tardieu et al. 1999; Phillips and Riha 
1993; Ibrahim et al. 1998; Myers et al. 1998; Marshall and 
Monserud 2003). Under this hypothetical framework, the 
degree of variation in SLA should also depend on stomatal 
conductance, which is more strongly linked to vapor deficit 
in some species, and stem water potential in others (Anfo-
dillo et al. 1998).

Western larch (Larix occidentalis Nutt.) is a shade-intol-
erant pioneer, and unique among mid-elevation conifers of 
the U.S. Inland Northwest (INW) for its deciduous habit. As 
an important provider of wildlife habitat (McClelland et al. 
1979) and the fastest growing and most fire-adapted species 
in the region (Schmidt and Shearer 1990), L. occidentalis is 
worthy of focus for research to improve management strate-
gies. Due to past and projected declines precipitated by fire 
suppression (Arno et al. 1997) and climate change (Rehfeldt 
and Jaquish 2010), L. occidentalis has also been targeted by 
public-sector restoration efforts (Scott et al. 2013). While L. 
occidentalis has an advantage on disturbed sites due to high 
photosynthetic rate per unit mass of high-SLA foliage and 
sustained stomatal conductance through the growing season 
(Higgins et al. 1987), it suffers during stand competition. 
Vertical distribution of foliar biomass was recently modeled 
across a large portion of the range of L. occidentalis (Wil-
liams et al. 2017). Side-shade is an important factor during 
stand competition (Oliver and Larson 1990). Thus, plasticity 
of horizontal distribution of leaf area is an important compo-
nent in the adaptive response to stand competition.

Studies of other species have used probability density 
functions (PDFs) to model horizontal foliage distributions 
(Wang et al. 1990; Stenberg et al. 1993; Kershaw and Magu-
ire 1996; Xu and Harrington 1998; Temesgen et al. 2003), 
and fixed and mixed effects models to describe spatial varia-
tion of SLA within the crown (Ishii et al. 2002; Marshall and 
Monserud 2003; Temesgen and Weiskittel 2006; Weiskittel 
et al. 2008; Fellner et al. 2016). In most species, horizontal 

distribution of foliage depends on vertical branch position in 
the crown and the total crown length (Stenberg et al. 1993; 
Kershaw and Maguire 1996; Xu and Harrington 1998; 
Temesgen et al. 2003). Development of baseline empirical 
leaf area and SLA distribution models can also provide a 
framework for future research investigating the response of 
L. occidentalis to extrinsic variables such as management, 
natural disturbance, and climate change (Buckley et  al. 
1997).

We employed a multilevel modeling approach to identify 
the major intrinsic components of variance of SLA and hori-
zontal leaf area distribution in crowns of juvenile L. occi-
dentalis. The specific objectives of the study were: (A) to 
develop spatial models of SLA as functions of intrinsic vari-
ables such as horizontal position along the branch, vertical 
position and dimensions of the branch, tree-level measure-
ments, and random effects to account for extrinsic factors; 
(B) to model the horizontal distribution of leaf area along 
individual branches; and (C) to model parameter estimates 
for PDFs fit to horizontal leaf area to identify which intrinsic 
variables significantly influence the horizontal distribution 
of leaf area along branches, and to model how the distribu-
tion responds to those variables.

Materials and methods

Study site and data collection

A total of 15 juvenile L. occidentalis trees were destructively 
sampled from 4 locations in Latah County of northern Idaho 
between June 29 and August 11 of 2016 during the peak of 
foliage development in summer. Mean annual temperature of 
the sites ranged from 7.7 to 8.8 °C and mean annual precipi-
tation ranged from 658 to 688 mm. Elevation ranged from 
957 to 1330 m a.s.l. Latitude ranged from 46˚49′48′’N to 
47˚6′36′’N. Age of the trees ranged from 10- to 14-years-old. 
All stands were naturally regenerated using seed-tree har-
vests with western larch as the preferred species left as the 
seed-trees. Once the stands were well-stocked with western 
larch seedlings [~ 1200 trees per hectare (1.8 × 1.8 m spac-
ing)], the residual seed-trees were removed. No further man-
agement occurred within the stands until they were thinned 
to 741 trees per hectare [3.6 × 3.6 m spacing] the year the 
trees were sampled for the study. Between 2 and 6 trees were 
sampled from each site.

For every tree at each location, diameter at breast height 
(DBH), diameter at the base of the live crown (DBLC), 
height (TH), and vertical distance along the stem from the 
base of the stem to the base of the live crown (HBLC) were 
recorded (Table 1). For every branch on every tree, length 
from tip to stem junction (TBL), vertical distance along the 
stem from the base of the crown to the center of the junction 
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(HIC), and diameter 5 cm from the junction (BD) were 
recorded (Table 2). The distance from the stem junction to 
the start of foliage (DTF) and the cardinal quadrant of the 
branch (NE, SE, SW, and NW) was also recorded. The main 
stem of each tree and all attached branches were divided into 
three equal vertical sections along the stem. Within each 
section of each tree, two random branches were selected for 
measurement of foliar biomass (FM), with the exception of 
a single tree in the data set for which only 4 branches were 
sampled in the crown for foliage (Carsc 6, see Table 2). Each 
selected branch was divided into 10-centimeter horizontal 
segments along its length, and FM was measured separately 
for each segment (Online Resource 1).

For leaf area analysis, initial measures of LA and SLA 
for each 10 cm segment revealed that SLA varied across 
the branch, but was consistently similar within 20–30 cm 
horizontal sections. Thus, to minimize processing time, 
3 or 4 horizontal segments were randomly selected from 
each of the six branches measured for FM per tree as sub-
samples for SLA analysis. A subsample of approximately 
50–100 needles were taken from each of the branch seg-
ments selected for LA analysis. Any remaining foliage from 

the branch segments selected for leaf area analysis were pro-
cessed along with the rest of the branch segments for foli-
age biomass. Each needle SLA subsample was scanned and 
analyzed for projected one-sided area with WinSEEDLE™ 
(Regent Instruments Inc., Quebec CA) at the 800 dpi setting. 
The dry biomass of each needle subsample was processed 
separately from any remaining foliage from its correspond-
ing branch segment to estimate SLA.

Foliage from the rest of the branch segments, from the 
needle LA subsamples and from the remainder of the seg-
ments from which the LA subsamples were taken were 
placed in an oven and allowed to dry for at least 72 h at 
65 °C. Foliage was then removed from each segment and 
weighed on a balance to the nearest 0.1 mg. LA from sub-
samples were divided by their FM to obtain SLA values for 
the subsampled branch segments.

Specific leaf area models

SLA values calculated for sampled segments (Online 
Resource 2) were used to fit linear and nonlinear models 
of a variety of forms to estimate SLA across the crown as a 

Table 1  Summary of trees 
destructively harvested for leaf 
area study

See Table 3 for definitions of variable abbreviations

Site n DBH (mm) DBLC (mm) TH (cm) HBLC (cm)

Min Mean Max Min Mean Max Min Mean Max Min Mean Max

Carsc 6 61.0 115.6 162.6 71.1 149.9 246.4 652.3 943.9 1137.0 18.3 64.5 100.6
TMU 3 76.2 125.3 188.0 76.2 125.3 188.0 810.8 1079.0 1277.0 137.2 149.4 161.5
UI217 4 96.5 137.2 177.8 99.1 141.0 167.6 816.9 1058.4 1295.0 57.9 150.1 240.8
UI486 2 73.7 101.6 129.5 71.1 100.3 129.5 762.0 1011.9 1262.0 128.0 169.2 210.3

Table 2  Summary of branches 
harvested for leaf area study

See Table 3 for definitions of variable abbreviations

Site Tree n BD (mm) HIC (cm) TBL (cm)

Min Mean Max Min Mean Max Min Mean Max

Carsc 1 6 5 8 11 134 402 647 71 125 161
Carsc 2 6 5 13 24 159 437 735 56 149 212
Carsc 3 6 8 11 15 143 493 762 88 146 172
Carsc 4 6 4 6 12 52 287 512 36 69 107
Carsc 5 6 7 15 24 128 502 872 67 142 237
Carsc 6 4 6 8 10 351 509 653 59 90 128
TMU 1 6 4 9 14 147 506 848 37 86 120
TMU 2 6 9 15 18 177 585 957 83 143 173
TMU 3 6 4 9 14 73 322 549 50 87 115
UI217 1 6 9 13 19 55 503 887 93 137 199
UI217 2 6 6 10 14 134 341 552 90 120 148
UI217 3 6 8 11 14 195 422 619 91 127 172
UI217 4 6 5 14 21 274 548 856 52 152 227
UI486 1 6 5 7 9 91 302 485 54 92 120
UI486 2 6 5 11 17 229 544 857 49 123 174
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function of an array of variables including vertical branch 
position (i.e., HIC, DIC, RHIC, or RDIC), horizontal posi-
tion of the foliage along the branch (i.e., DAB, PAB, RDAB, 
RPAB, DAF, RPAF, or RDAF), and other branch and tree-
level measurements (Table 3).

Variation due to unmeasured tree-level factors such as 
age and extrinsic variables such as social position were 
accounted for by including random effects for site and 
tree within site. Models were fit and parameter estimates 
obtained by maximum likelihood estimation with the 
“nlme” function in the “nlme” package of R (Core Team 
2017; Pinheiro et al. 2017), which allows the incorporation 
of hierarchical random effects and the ability to account for 
autocorrelation and unequal variance. Starting parameter 
values specified in the “nlme” function were obtained from 
the “proc model” function in SAS (SAS Institute Inc. 2016).

Parameter estimates were screened for significance 
using a threshold p value of 5%, and non-significant 

parameters were considered to be zero and excluded 
from the model. Once a set of models with all significant 
parameters was obtained, the relative explanatory power, 
or goodness of fit of the models was assessed using mul-
tiple selection criteria: likelihood ratio tests, adjusted and 
generalized R2, Akaike information criterion (AIC), and 
root mean squared error (RMSE). During model building, 
the simplest model that yielded a statistically significant 
improvement in a likelihood ratio test over a correspond-
ing base model with one less parameter was selected and 
retained. This process was repeated until no significant 
improvement in fit was obtained from the inclusion of 
additional variables. The final model retained was used 
to estimate leaf area of individual horizontal segments.

Table 3  Variables to be tested 
in model fitting

Variable Definition Formula

Segment
 DAB (cm) Distance along branch, distally from stem junction
 PAB (cm) Distance along branch, proximally from branch tip TBL − DAB
 RDAB Relative distal distance along branch from stem DAB/TBL
 RPAB Relative proximal distance along branch from tip PAB/TBL
 DAF (cm) Distal distance from start of foliage toward tip DAB − DTF
 RPAF Relative proximal distance along foliated portion PAB/FL
 RDAF Relative distal distance along foliated portion DAF/FL
 FM (g) Foliar biomass of branch segment
 LA  (cm2) Leaf area of branch segment
 SLA  (cm2  g− 1) Specific leaf area of branch segment LA/FM

Branch
 �ij (Tree) Random effect of tree (j) within site (i) on branch
 BD (mm) Branch diameter at stem junction
 DTF (cm) Distance from stem junction to start of foliage TBL − FL
 FL (cm) Length of foliated portion of branch
 TBL (cm) Branch length
 NW, NE, SW, and SE Cardinal quadrant of branch Dummy vari-

able (equal 1 
or 0)

 HIC (cm) Height into crown from crown base
 DIC (cm) Depth into crown from stem apex CL − HIC
 RHIC Relative height into crown from base HIC/CL
 RDIC Relative depth into crown from apex DIC/CL

Tree
 �i (Site) Random effect of site location (i) on tree
 TH (cm) Tree height
 HBLC (cm) Height to base of crown
 CL (cm) Length of the crown TH − HBLC
 DBLC (mm) Diameter of stem at base of crown
 DBH (mm) Diameter at breast height (@1.3 m)
 HMC (cm) Height to the midpoint of the crown HBLC + CL/2
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Horizontal distribution of leaf area along branches

Data representing the horizontal distribution of leaf area 
along branches was obtained by estimating SLA for each 
branch segment with the SLA model and multiplying by the 
foliar mass measured for each segment on 88 branches from 
15 trees (Online Resource 1). The left- and right-truncated 
Weibull (Eq. 1), β-distribution (Eq. 2), and Johnson’s SB 
(Eq. 3) functions were fit to the LA distribution along indi-
vidual branches and parameters recovered using maximum 
likelihood estimation (Weiskittel et al. 2009). The forms of 
the PDFs are expressed as

where X represents the horizontal position along the branch 
and p(X) is the relative leaf area density at that position, 
such that p(X)dX is the proportion of total branch leaf 
area over an interval dX . Relative proximal distance from 
branch tip to the stem (RPAB, Table 3) was used for X to 
facilitate comparison across branches and trees of different 
size, to permit comparison to past studies, and because it 
reflects light attenuation in the crown. In the Weibull func-
tion (Eq. 1), � is the skew (shape) parameter, � is the kur-
tosis (scale) parameter, and � is the truncation point. In the 
β-distribution (Eq. 2), c and dare shape parameters, and Γ(x) 
is the gamma function. In Johnson’s SB (Eq. 3), � and � are 
shape parameters.

To make the discrete data more amenable to fitting PDFs, 
LA estimates were divided into horizontal bins of equal 
length along the branch. The distribution of residuals and 
overall average root mean squared error (RMSE) and mean 
absolute bias (MAB) were compared among models and bin-
ning schemes to select the best model and number of bins. 
To assess model performance, the horizontal distribution of 
standard error and bias averaged for each bin across branch 
length was plotted to look for correlation. Once binning was 
optimized and the best-fitting PDF was selected, parameter 
estimates (i.e., Weibull � and� ) recovered for individual 
branches were modeled as linear and nonlinear functions 
of branch and tree variables to analyze how the horizontal 
foliage distribution changes with respect to intrinsic factors. 
Model fitting was performed with the “nlme” package of 

(1)p(X) =
�X�−1e−((X∕�)

�−(�∕�)�)

��
,

(2)p(X) =
Xc(1 − X)d−1

Γ(c)Γ(d)∕Γ(c + d)

,

(3)p(X) =
�e

−
1

2

�

� + � ln
X

1−X

�2

√

2�X(1 − X)
,

R (Core Team 2017; Pinheiro et al. 2017), using starting 
parameters obtained from “proc model” in SAS (SAS Insti-
tute Inc. 2016). Model building proceeded using the same 
bottom-up approach as in the specific leaf area models.

Results

Specific leaf area model

The young L. occidentalis trees in this study had an overall 
mean SLA of 64.22 ± 17.65 cm2 g− 1 and ranged from 15.62 
to 131.92 cm2 g− 1 across branches, trees, and sites (Online 
Resource 2).

A total of 65 model forms were tested and compared for 
SLA of the 10 cm branch segments, and 12 additional mod-
els obtained by substituting initial slope parameter estimates 
as constants were also tested to allow for non-significance of 
the initial slope parameter estimates in model comparisons 
(Online Resource 3). Of the total 77 models, a mixed power 
and exponential function of HIC, HMC, RDAF, with dummy 
variables for SE and SW ( Eq. 7 in Online Resource 3) had 
the highest likelihood, lowest AIC, and RMSE, and highest 
generalized and adjusted R2 for combined fixed and random 
effects, but had 0.025 lower  R2 for fixed effects than the 
model with the highest R2 for fixed effects (Eq. 9 in Online 
Resource 3).

However, a model substituting RPAB for RDAF (Eq. 8 
in Online Resource 3) had comparable scores for all good-
ness of fit criteria with Eq. (7). RPAB was used because 
distance along the entire branch from the tip is more bio-
logically informative in terms of light availability and the 
unfoliated portion of most branches was short. Use of 
RPAB also maintains consistency with the horizontal leaf 
area PDFs (Eqs. 1–3). Equation (4), which matched Eq. (8), 
but retained the non-significant initial slope parameter  (m0, 
Table 4), was selected and had the form. 

 where m0 , m1 , m2 , m3 , and q0 are parameters (Table 4), �i 
and �ij are random effects for site i and tree j within site i 
on HIC, and SE and SW are dummy variables (0 or 1) for 
branches in the southeast and southwest quadrants, respec-
tively. The inclusion of a factor for whether the branches 
were on the south side of the tree significantly improved the 
model fit over a base model that did not account for cardi-
nal branch direction (Eq. 22 vs. Eq. 30 in Online Resource 
3; χ2 = 5.61; df = 1; 0.01 < p < 0.025). Overall, SLA had an 
inverse relationship with HMC and HIC, and was positively 
correlated with RPAB. The southern quadrants (SW and SE) 
had higher SLA after accounting for other variables (Fig. 1; 
Table 4).

(4)
SLA = m0 HIC

m1 + �i + �ij HMC
m2 + m3RPAB + q0(SE + SW)
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Horizontal distribution of leaf area along branches

Across binning schemes and PDFs, RMSE and MAB 
reached local minimums with 13 bins. When fitting dis-
tribution models for aggregated estimates of LA along the 
branch lengths, the right-truncated two-parameter Weibull 
distribution had a marginally better RMSE, but higher MAB 
than the other PDFs (Table 5). Across all branches, maxi-
mum likelihood parameter estimates for Weibull kurtosis (η) 

had a mean of 0.672 ± 0.169 and range of 0.316–1.411 and 
Weibull skew (β) had a mean of 2.990 ± 0.700 and range of 
1.432–5.189.

Visual comparison of the fitted Weibull curve to the 
binned leaf area measurements revealed that Weibull curves 
fitted horizontal distribution of leaf area better on some 
branches than others (Fig. 2). Standard error of the Weibull 
model appeared to be normally distributed along the length 
of the branch and peaked in the eighth bin. There was no 

Table 4  Parameter estimates for 
spatial SLA model

a Standard error for fixed effects
b Standard deviation for random effects for site
c Standard deviation for random effects for tree within site
d Parameter did not include random effects

Model Parameter Estimate SE  fixeda SD random 
(site)b

SD random 
(tree)c

p

SLA (Eq. 4) m0 2634.115 2022.226 NAd NA 0.193
m1 − 0.237 0.013 0.144 0.020 0.000
m2 − 0.381 0.122 NA NA 0.002
m3 0.022 0.003 NA NA 0.000
q0 0.005 0.002 NA NA 0.019

Fig. 1  Specific leaf area pre-
dicted by Eq. 4 by quartile (25, 
50 and 75%) of relative distance 
from tip to bole (RPAB), height 
to the middle of the crown 
(HMC), height of the branch 
from crown base (HIC), and 
whether the branch is on the 
south or north side of the crown

 
−
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apparent directional bias along the length of the branch. By 
bin, absolute bias was strongly correlated with LA (p < 10− 6; 
F = 118.69; R2 = 0.908).

A total of 42 different models of a variety of forms were fit 
to the Weibull kurtosis (η) parameter estimates and compared 
(Online Resource 4). A mixed power and exponential func-
tion of HBLC, TBL, RDIC, and a dummy variable for the 
SW quadrant (Eq. 5) had the highest likelihood, lowest AIC 
and RMSE, and highest generalized and adjusted fixed and 

combined fixed and random  R2 among models tested. Equa-
tion (5) had the form

 where h0 , h1 , h2 , h3 , and q1 are parameters (Table 6), �j is the 
random effect of tree j on total branch length, and SW is a 
dummy variable for whether the branch was in the southwest 
quadrant. The inclusion of a factor for whether the branch 
was in the southwest quadrant significantly improved the 
model fit over a base model (Eq. 86 in Online Resource 4; 
χ2 = 6.15; df = 1; 0.01 < p < 0.025). Inclusion of the random 
effect �j did not improve the  R2 of the kurtosis model com-
pared to a model with only fixed effects (Table 7).

A total of 16 different models of a variety of forms were 
fit to the skew (β) parameter estimates and compared (Online 
Resource 5). A power series function of RDIC and BD (Eq. 6) 
had the highest likelihood, lowest AIC and RMSE, and highest 
generalized and adjusted fixed and combined fixed and random 
R2 among models tested. Equation (6) had form

(5)� = h0 HBLC
h1 + q1SW TBL

h2 + �j eh3RDIC

(6)� = (h4 + �j

�

)RDICh5 (BD∕10)h6

Table 5  Fit statistics for PDFs

a Root mean squared error
b Mean absolute bias

Model (13 bins) RMSEa  (mm2) MABb  (mm2)

Weibull (right-truncated) (Eq. 1) 92.34 62.79
Beta (Eq. 2) 92.52 62.38
Johnson’s SB (Eq. 3) 92.60 62.44
Weibull (no truncation) (Eq. 1) 94.10 63.74
Weibull (left-truncated) (Eq. 1) 118.43 81.41

Fig. 2  Fitted Weibull curve and 
actual binned foliage measure-
ments from four branches from 
the tallest tree in the  dataset† 
for NW branches in the lower 
(a) and upper (b) crown and 
SW branches in the lower (c) 
and upper crown (d)‡ †(UI 217 
Tree 4): DBH = 117.8 mm; 
TH = 1295.4 cm; 
HBLC = 240.8 cm. ‡a: 
RDIC = 0.74; TBL = 191 cm; 
BD = 10.6 mm. b RDIC = 0.19; 
TBL = 52 cm; BD = 5.1 mm. c 
RDIC = 0.73; TBL = 277 cm; 
BD = 20.6 mm. d RDIC = 0.26; 
TBL = 141 cm; BD = 10.3 mm

ba

dc



1628 Trees (2018) 32:1621–1631

1 3

 where h4 , h5 , and h6 are parameters (Table 6) and �j

′ is 
the random effect of tree j . Based on the maximum likeli-
hood estimates for the parameters of the selected models 
fit to Weibull parameter estimates, the kurtosis (η) param-
eter decreased with RDIC, HBLC, and TBL, and was 
higher on branches in the southwest (SW) quadrant. Skew 
(β) decreased with RDIC and increased with BD (Table 6; 
Fig. 3).

In simple linear models, TBL was positively corre-
lated with RDIC (F = 38.02; df1 = 1; df2 = 82; p = 2.51E-8; 
R2 = 0.3168), and so was BD (F = 20.98; df1 = 1; df2 = 82; 
p = 1.64E-5; R2 = 0.2037). When linear models are applied 
to predict TBL and BD from RDIC quantiles for estimation 
of horizontal leaf area distribution across absolute branch 
length with Eqs. (5) and (6), leaf area peaks at decreasing 
RPAB and increasing DAB with increasing RDIC (Fig. 3).

Discussion

Specific leaf area

The average SLA of 64 cm2 g− 1 reported here is consid-
erably lower than the range of 100–140 cm2 g− 1 reported 
previously for L. occidentalis and other Larix spp., (Higgins 
et al. 1987; Kloeppel et al. 1998; Clawges et al. 2007; Fellner 

Table 6  Parameter estimates 
for horizontal Weibull skew and 
kurtosis models

a Standard error for fixed effects
b Standard deviation for random effects for site
c Parameter did not include random effects

Model Parameter Estimate SE  fixeda SD  randomb p

Weibull kurtosis ( � ) (Eq. 5) h0 3.395 1.158 NAc 0.005
h1 − 0.069 0.030 NA 0.024
h2 − 0.254 0.074 0 0.001
h3 − 0.261 0.121 NA 0.035
q1 0.117 0.051 NA 0.026

Weibull skew ( � ) (Eq. 6) h4 2.513 0.139 0.221 0.000
h5 − 0.207 0.051 NA 0.000
h6 0.162 0.075 NA 0.034

Table 7  Fit statistics for SLA 
and horizontal LA distribution 
parameter models

a Log-likelihood
b Akaike’s information criterion
c Root mean squared error

Model Equation LLa AICb RMSEc Adjusted  R2 Generalized R2

Fixed Fixed + rand Fixed Fixed + rand

SLA (Eq. 4) − 715.53 3447.05 7.7200 0.569 0.803 0.573 0.805
Kurtosis ( � ) (Eq. 5) 50.56 − 87.13 0.1325 0.346 0.346 0.378 0.378
Skew ( � ) (Eq. 6) − 81.11 172.22 0.5952 0.105 0.319 0.127 0.335

Fig. 3  Predicted horizontal distribution of percent crown leaf area by 
quadrant (SW vs others) at median height to base of the live crown 
(HBLC), minimum, first, second, and third quartile, and maximum 
relative depth of branch in the crown (RDIC), and corresponding 
expected branch length (TBL) and diameter (BD) predicted from lin-
ear  models†. †TBL = 69.326 + 104.473RDIC BD = 6.689 + 8.615RDIC
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et al. 2016). Our values are within the range observed in 
4-year-old L. occidentalis seedlings across a light gradi-
ent reported previously (Chen and Klinka 1998). SLA may 
increase with age due to changing light conditions in the 
crown and canopy over the course of tree and stand devel-
opment, potentially explaining differences between our 
values and those reported from mature trees. Other stud-
ies have reported very high SLA of 100–200 cm2 g− 1 for 
Larix decidua Mill., and 200–275 cm2 g− 1 for other Larix 
spp. (Richards and Bliss 1986; Matyssek and Shulze 1987). 
Higher SLA in Larix spp. relative to evergreen conifers fits 
the trend of decreasing SLA with increased leaf lifespan 
(Reich et al. 1997).

The well-supported negative correlation between leaf 
lifespan and SLA has been demonstrated to underpin a 
number of other correlations between metabolism and N 
and P content observed across the leaf economics spectrum 
(Wright et al. 2004; Osnas et al. 2013). As foliage ages, SLA 
and rate of photosynthesis per unit mass investment decrease 
together (Gower et al. 1993). Thus, short-lived foliage yields 
a greater relative photosynthetic return on investment in lim-
iting organic and mineral resources (Ellsworth and Reich 
1993; Bond et al. 1999). Efficiency of resource use by the 
deciduous foliage of L. occidentalis may partly contribute 
to the high growth rates and growth efficiency of Larix spp., 
whose crowns accumulate foliage much more slowly with 
increasing stem diameter than other species (Forrester et al. 
2017; Williams et al. 2017).

The negative correlations of SLA with height to the mid-
dle of the crown, height of the branch in the crown, and 
distance along the branch from the stem observed for L. 
occidentalis in this study (Table 4; Fig. 1) are consistent 
with studies of many other species (Van Hees and Bartelink 
1993; Ishii et al. 2002; Sellin and Kupper 2006; Temesgen 
and Weiskittel 2006). In contrast to species where SLA is 
negatively correlated with light availability (Chen et al. 
1996), our observations of within-crown SLA variation are 
consistent with the hydraulic resistance and gravitational 
water potential hypothesis. Chen and Klinka (1998) did not 
find a significant relationship between SLA and light avail-
ability in L. occidentalis seedlings. Variation in SLA not 
accounted for by our model may be due to additional extrin-
sic and/or intrinsic factors.

To the best knowledge of the authors, only one other study 
has investigated the influence of cardinal branch direction on 
SLA, and did not report a significant effect for either Pseu-
dotsuga menziesii var. menziesii (Mirb.) Franco or hybrid 
Picea (Weiskittel et al. 2008). Here, we report significantly 
higher SLA on the south side of crowns of L. occidentalis 
after accounting for other variables (Table 4). The result of 
highest SLA on the best-lit portion of the crown was unex-
pected. In general, sun leaves have lower SLA than shade 
leaves. The south side is more illuminated, so our results 

indicate a lack of plasticity of SLA to light availability in L. 
occidentalis, as reported for other species (Niinemets and 
Kull 1994; Chen et al. 1996). The observed effect of branch 
quadrant on SLA, though statistically significant, was small 
(Table 4).

Capacitance and hydraulic conductance were not likely 
to be limiting factors during leaf expansion for the juvenile 
trees in our study, which grew on sites with significant ash 
deposition and high moisture holding capacity, and were 
sampled in a year with higher than average precipitation. 
Higher SLA observed on the south side of the trees relative 
to the less irradiated north side (Fig. 1) may have been a 
consequence of decreased transpiration due to higher vapor 
pressure deficit, and in turn, higher turgor pressure during 
leaf expansion (Tardieu et al. 1999). However, measure-
ments of stomatal closure, gas exchange, and water poten-
tial, as well as environmental parameters would have been 
required to support this physiological inference. Further-
more, there may be alternative explanations for our unex-
pected result due to factors we have failed to consider (i.e., 
other than light and hydraulic constraints).

Horizontal distribution of leaf area

The right-truncated Weibull function fit horizontal distribu-
tion of foliage along branches of L. occidentalis as well as 
or better than it has for other species (Table 5). The distri-
bution of leaf area along individual branches varied greatly 
within individual trees (Fig. 2). Consequently, the kurtosis 
and skew models had low  R2 values (Table 7). In addition 
to irregularly-distributed sunflecks in the crown from the 
clumped allocation of foliage on short shoots characteristic 
of Larix spp., extrinsic factors that were not measured or 
tested could have contributed to variation, such as defolia-
tion due larch needle blight (Hypodermella laricis Tub.), 
which was present in some of the foliage samples.

Here, we report a significant effect of cardinal branch 
position on horizontal leaf area distribution (Fig. 3). Zhao 
and Wang (2004) found a significant difference in branch 
length and bifurcation ratio between southern and northern 
sides of the crown in Larix chinensis Beissn., which taken 
together with our findings suggests crown morphology is 
plastic to level of light and/or solar heat radiation in the 
genus Larix. Given our site location in the northern hemi-
sphere and on the western slope of the Rocky Mountains, the 
southwest quadrant of the tree crown should receive more 
light and heat than the other quadrants.

In general, a proximally shifted distribution of leaf area 
may reduce water loss, or it may sustain transpiration and 
thus higher rates of photosynthesis late in the season under 
high irradiance by allowing the stomata to remain open. 
Under this hypothesis, lower rates of photosynthesis due to 
the closing of stomata would then prevent foliage retention 
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on the more distal portions of the branches, where vapor 
deficit is highest. Furthermore, water potential decreases 
with distance along the branch from the main stem, limit-
ing the amount of leaf expansion. The peak in leaf area 
near the middle of the branch—the “sweet spot”—in juve-
nile L. occidentalis may reflect a balancing act between 
hydraulic and light constraints. Foliage cannot fix enough 
carbon to support itself proximal to the branch midpoint, 
but also encounters hydraulic stress near the branch tips. 
The present study was limited to juvenile trees between 
10- and 14-years-old, and also did not capture variation in 
SLA and horizontal leaf area distribution across the full 
range of environmental conditions in which L. occidentalis 
grows.

Conclusions

We applied a non-linear mixed effect modelling approach 
to SLA and horizontal distribution of leaf area along 
branches of western larch. SLA decreased with increasing 
branch height and distance along branches away from the 
stem. Unlike other studies, the peak of SLA depended on 
cardinal branch position. Unexpectedly, SLA was higher 
in the more illuminated south side of the tree. Peak leaf 
area was shifted closer to the stem in the southwest quad-
rant. We have presented a physiological interpretation 
of the intrinsic variation observed from our models as a 
hypothesis to explain our results: namely, that hydraulic 
constraints drive the spatial variation of SLA and leaf area 
in western larch crowns. However, further research incor-
porating physiological measurements is needed to properly 
test this hypothesis, and other explanations are possible. In 
combination with models developed for vertical distribu-
tion of foliar biomass (Williams et al. 2017), the models 
developed here could be extended to include the effect of 
extrinsic factors such as site or climate on canopy develop-
ment in L. occidentalis.
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