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Abstract Leaf area index (LAI) affects forest-atmo-
sphere fluxes and light interception rates and thus influ-
ences forest productivity. Early silvicultural treatments
affect LAI partitioning among species of different shade
tolerance in natural stands due to changes in composition
and structure. We examined effects of species composi-
tional objectives (conifer, hardwood, and mixedwood) and
management intensity (low: thinning and/or release to
2,500 crop trees hafl, medium: thinning and/or release
plus planting to 2,500 crop trees ha™', and a second year of
vegetation control) on LAI and its vertical distribution in
different shade tolerance groups over a 7-year period.
Hardwood LAI increased by 242 and 318 % in the low and
medium hardwood treatments, respectively, compared to a
123 % increase in the untreated control. Thinning possibly
increased resource availability for upper stratum shade
intolerant hardwoods, while also increasing light penetra-
tion through the canopy for midstory shade tolerant hard-
woods.  Conifer treatments substantially  reduce
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overtopping hardwood LAI, facilitating an increase in
conifer LAI by 281 and 378 % in the low and medium
treatments, respectively. The height from the canopy base
where LAI peaked increased between 29 and 80 % in the
low mixedwood and medium hardwood treatments from
pre-treatment through 7 years post-treatment. Compara-
tively, LAI at the peak increased by 16 and 36 % in the low
and medium conifer treatments, respectively, with a min-
imal change in the height of the LAI peak. These con-
trasting responses were likely due to slower conifer
reaction following treatment than hardwoods and stacking
of conifer foliage within the middle portion of the canopy.

Keywords Hardwood - Conifer - Mixedwood - Weibull
distribution - Thinning - Release - Acadian forest

Introduction

Leaf area index (LAI; one-sided leaf area per unit of
ground area) represents the exchange surface between plant
canopies and the atmosphere (Jarvis and Leverenz 1983).
Rates of water and carbon fluxes and light interception
depend on the amount of LAI and affect net photosynthesis
and plant productivity (Waring 1983). The relationships
between LAI and productivity have been well studied
across many different forest types (Jarvis and Leverenz
1983; Leverenz and Hinckley 1990; Bolstad et al. 2001),
where LAI has been found to explain 80-90 % of the
variation in aboveground net primary productivity in the
USA (Gholz 1982; Fassnacht and Gower 1997). The strong
relationship between these two variables has been used to
estimate productivity at scales of individual trees (Seymour
and Kenefic 2002), stands (Vose and Allen 1988), and
entire landscapes (Ruimy et al. 1994). In addition, the
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relationship is a fundamental component of many process-
based growth and physiological models (Landsberg 2003;
Medlyn et al. 2003).

These models and many large-scale examinations of
LAI-productivity relationships make simplifying assump-
tions about canopy structure (Ruimy et al. 1994; Medlyn
et al. 2003). They are based on a generalized model of LAI
development, which suggests that LAI increases exponen-
tially after disturbances that remove a portion of the canopy
or in young stands from establishment until crown closure,
followed by a plateau or decline in LAI after crown closure
(Waring and Running 1998). These idealized patterns of
LAI development are common in single species or single
stratum stands, but cannot be applied to mixed stands or
multi-strata stands as variation in shade tolerance among
species affects the amount and distribution of LAI within
the different canopy layers (Oker-Blom et al. 1989).

Total LAI production and vertical LAI distribution often
vary among stands with different species composition,
horizontal structures, and ages (Brown and Parker 1994;
Vose et al. 1995). Shade intolerant species inherently
minimize self-shading by developing multi-layered crowns
with steep leaf angles (Horn 1971; Valladares and Niine-
mets 2007). Light not intercepted by a shade intolerant
upper stratum may be captured by lower strata shade tol-
erant species because of their ability to survive in low-light
conditions (Lieffers and Stadt 1994). In contrast, when
shade tolerant species dominate an upper stratum, the
development of lower strata may be limited because these
species capture most of the available light by developing
denser crowns (Canham et al. 1994). The result is often a
more equal distribution of LAI throughout the vertical
canopy length when shade intolerant species are in the
upper stratum, while the majority of LAI is allocated to the
upper canopy when the upper stratum is dominated by
shade tolerant species. These contrasting patterns have
implications for forest dynamics, succession, and overall
stand productivity.

Disturbances, such as early silvicultural treatments
applied to manipulate species composition and reallocate
resource availability, affect total LAI production and ver-
tical distribution due to changes in composition and stand
structure (Forrester et al. 2013). Species exhibit inherent
differences in leaf area responses to changing environ-
mental conditions. For example, shade tolerant species
often respond more slowly to increased light availability
than shade intolerant species (Wagner et al. 2011), possibly
because shade tolerant species heavily invest carbohydrates
in leaf area and partition less carbohydrates to woody tissue
(Valladares and Niinemets 2008). Shade intolerant species,
comparatively, partition a greater amount of carbohydrates
to woody tissue to quickly build branch structure, maintain
dominance, and avoid suppression (Niinemets 1998),
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which often results in a faster growth reaction of shade
intolerant species after a disturbance.

Across much of north-temperate and boreal North
America, stand replacing disturbances often result in for-
ests composed of rapidly growing shade intolerant species
in an upper canopy stratum, with intermediate shade tol-
erant and shade tolerant species growing in the lower strata
either as advance regeneration (e.g., following clear-cut-
ting, blowdown, or insect defoliation) or as newly estab-
lished individuals (e.g., following fire) (Seymour 1995;
Brassard and Chen 2006). Stands can be shifted in different
trajectories early in development to favor species of dif-
ferent shade tolerances while altering forest structure (Ol-
son et al. 2012).

The goal of this study was to investigate temporal
changes in canopy LAI of juvenile stands in response to a
range of early silvicultural interventions designed to shift
species composition to hardwood, conifer, or conifer—
hardwood mixedwood at two intensities of management
(low: release and/or thinning, and medium: release and/or
thinning plus enrichment planting of white spruce [Picea
glauca (Moench) Voss] and four hybrid poplar clones
(three Populus deltoides x Populus nigra clones and one
Populus nigra x Populus maximowiczii clone), and a
second year of vegetation control). Specific objectives
included quantifying treatment effects over a 7-year period
on: (1) total LAI production within the stands, (2) LAI
partitioning among species shade tolerance groups (shade
intolerant hardwood, shade tolerant hardwood, and inter-
mediate shade tolerant and shade tolerant conifers), (3)
vertical distribution of LAI through the canopy for the
entire stand, and (4) vertical distribution of LAI by shade
tolerance group.

We expected that: (1) when young stands start with
similar species composition and total LAI, hardwood
treatments that thinned upper stratum shade intolerant
hardwood species would exhibit the greatest expansion in
LAI due to the dominance of rapidly growing trees, fol-
lowed by mixedwood treatments that retained a smaller
proportion of shade intolerant hardwood species in the
upper stratum while releasing and thinning advance
regeneration conifers, and lastly, the conifer treatments
where most of the upper and middle strata hardwood trees
were removed, (2) greater management intensity, which
included additional vegetation control, would initially
reduce LAI more than treatments only applied once, but
would exhibit a more rapid expansion in LAI due to less
competition, (3) the vertical canopy length of shade intol-
erant species would increase the most in response to
treatment due to vigorous growth and partitioning of more
LAI to upper portions of the canopy to capture light, and
(4) the upward expansion of LAI in conifer species fol-
lowing release would be less than hardwood species due to
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greater shade tolerance and ability to vertically stack LAI
due to multiple foliage cohorts.

Methods
Study site

This study used data from the Silvicultural Intensity and
Composition (SIComp) experiment located on the Penob-
scot Experiment Forest (PEF) in eastern Maine, USA
(44°49'N, 68°38'W). Forests at the PEF are classified as the
Acadian forest type (Braun 1950), which is a transitional
forest type between the eastern hardwood forests to the
south and conifer-dominated boreal forests to the north. The
30-year (1951-1980) mean annual temperature at Bangor,
ME, USA (~16 km from the site) was 6.6 °C, with an
average low of —7.0 °C in February and average high of
20.0 °C in July. Precipitation averages 1,060 mm year ',
of which 48 % occurs between May and October. Annual
snowfall averages 2,390 mm, and the frost-free period in
the region is between 140 and 160 days year .

The SIComp experiment site was clear-cut harvested in
1995. The site regenerated naturally to a mix of hardwood
species, including trembling aspen (Populus tremuloides
Michx.), bigtooth aspen (Populus grandidentata Michx.),
red maple (Acer rubrum L.), paper birch (Betula papyrifera
Marsh.), gray birch (Betula populifolia Marsh.), and
advance regeneration conifer species, including balsam fir
[Abies balsamifera (L.) Mill.], red spruce (Picea rubens
Sarg.), white spruce, and eastern white pine (Pinus strobus
L.).

Experimental design and measurements

Factorial treatment combinations of two management
intensities (low and medium) and three species composi-
tional objectives (hardwood, conifer, and mixedwood)
were applied in 2004, 9 years after harvest, plus a hard-
wood-dominated untreated control (Nelson et al. 2013).
The experiment was a restricted-randomized design, where
conifer and mixedwood treatments were restricted to areas
with adequate conifer stocking. In the low hardwood
treatment, overstory hardwood trees were thinned to
2,500 crop trees ha™' (2 x 2 m spacing), while the low
conifer treatment released conifer advance regeneration by
cutting most of the hardwood overstory and thinning
conifer advance regeneration to 2,500 crop trees ha~'. The
low mixedwood treatment was a combination of overstory
hardwood thinning, conifer release, and conifer thinning to
2,500 crop trees ha~!, where 67 % of crop trees were
conifers, and 33 % were hardwood trees. The medium
intensity treatments had the same objectives of hardwood

thinning, conifer release, and conifer thinning to
2,500 crop trees ha™!, but 50 % of the crop trees were
planted, plus competing vegetation around crop trees was
controlled for 2 consecutive years. Enrichment planting
consisted of 100 % white spruce in the medium conifer
treatment, 67 % white spruce and 33 % hybrid poplar in
the medium mixedwood treatment, and 100 % hybrid
poplar in the medium hardwood treatment.

In each treatment, non-crop tree vegetation was con-
trolled within a 1-m radius around all crop trees using
manual and chemical control methods. Hardwood vegeta-
tion around conifer crop trees were treated with a basal
bark application of 20 % triclopyr ester mixed with bark
oil. Hardwood vegetation around hardwood crop trees were
controlled with motorized brushsaw to avoid herbicide
flashback. Conifer vegetation around conifer crop trees
were removed with motorized brushsaws. In the medium
intensity treatments, a second year of shrub and hardwood
control was applied with triclopyr and brushsaws, and a
3 % glyphosate foliar spot-treatment to control herbaceous
vegetation. White spruce 2-0 half-sib container seedlings
were planted within the center of a 2 x 2 m crop tree
growing space cell with a pottiputki. Hybrid poplar cuttings
were planted by hand within the center of a 2 x 2 m crop
tree growing space cell. All planted seedlings/cuttings were
planted to ensure that 50 % of the crop trees were planted.
Mean pre-treatment basal area ranged from 5.48 m* ha™'
(low conifer) to 8.26 m* ha~' (low hardwood) (Table 1).

The seven treatments (six treatments plus untreated
control) were replicated four times across the site as 0.09-
ha square treatment plots (30 x 30 m) with a 0.04-ha
square measurement plot nested in the center (20 x 20 m).
Five 16 m? (radius = 2.257 m) circular subplots (four
centered on the measurement plot corners and one at the
plot center) were established and measured prior to treat-
ment in 2004 (year 0), and 1, 2, 5, and 7 years after
treatment to track stand-level changes in structure and
composition. For each tree, DBH was measured and trees
were identified by species. In addition, DBH, total height
(HT), and crown length (CL; HT minus the height to the
base of the live crown, excluding epicormic branches) were
measured on all crop trees in the 0.04-ha measurement
plots in the same years. Crop tree data were not used to
examine stand-level LAI since trees that established fol-
lowing treatment and trees outside the 1-m treatment radius
around each crop tree were not removed. Crop tree mea-
surements were used only to develop HT and CL models to
predict these variables for all trees in the 16-m? subplots.

Analytical approach

To estimate stand LAI in each subplot, it was necessary to
first estimate individual tree leaf area. Tree leaf area of

@ Springer



284

Eur J Forest Res (2015) 134:281-291

Table 1 Summary stand-level statistics for each of the seven treatments in the study

Treatment Basal area (m” ha™") Hardwood stem density Conifer stem density Conifer stem density
>1.37 m tall >1.37 m tall <1.37 m tall
(1,000 stems ha™") (1,000 stems ha™") (1,000 stems ha™")
Pre- 2 years 7 years Pre- 2 years 7 years Pre- 2 years 7 years Pre- 2 years 7 years
trt  post-trt post-trt trt post-trt post-trt trt  post-trt post-trt trt  post-trt post-trt
Untreated 6.06 8.77 19.16 1525 1291 12.53 1.04 1.25 1.81 238 2.01 1.77
control
Low conifer 548 2.21 10.59 16.16  1.59 3.41 147 212 3.97 294 2.16 1.45
Low 5.68 3.14 11.75 14.06 1.22 3.00 1.28 2.12 4.47 453 3.14 3.58
mixedwood
Low 8.26 541 14.74 17.12 447 10.78 0.59 0.29 0.87 297 2.51 2.19
hardwood
Medium 5.64 0.82 7.00 15.19  0.72 3.47 097 1.72 5.28 391 3.75 1.85
conifer
Medium 6.26 2.35 9.57 14.03  1.19 3.69 0.87 1.44 3.22 297 2.53 1.31
mixedwood
Medium 6.38 2.95 12.80 13.69 3.82 7.44 0.19 0.00 0.37 1.61 1.34 1.30
hardwood

Total basal area (m2 hafl), hardwood stem density (1,000 stems hafl) of trees >1.37 m tall, conifer stem density (1,000 stems hafl) of trees
>1.37 m tall, and conifer stem density (1,000 stems ha™') of trees <1.37 m tall in three measurement periods are shown: prior to treatment (pre-

trt), 2, and 7 years post-treatment

hardwood species was estimated using models developed
from destructively sampled trees across all the treatments
at the study site (Nelson et al. 2014). Tree leaf area of
conifer species was estimated using models developed by
Weiskittel et al. (2009). Estimates of HT or CL in addition
to DBH were required to predict individual tree leaf area.
Therefore, HT and CL were estimated from models
developed from the crop tree measurements, with DBH as
the sole predictor in two-parameter power functions
(HT = B,DBH”'; CL = ,DBH"), where f8, and 8, were
parameters estimated for each species with maximum
likelihood.

Leaf area was summed for all trees in each subplot and
divided by the subplot area (16 mz) to estimate total stand
LAL The number of trees ha~' is presented in Table 1.
Species were then divided into three shade tolerance
groups based on their silvical characteristics (Burns and
Honkala 1990a, b). The groups included: shade intolerant
hardwood [aspen sp., birch sp., cherry sp. (Prunus)], shade
tolerant and intermediate tolerant hardwood species [maple
sp., ash sp. (Fraxinus), northern red oak (Quercus rubra
L.), American beech (Fagus grandifolia Ehrh.), American
basswood (Tilia Americana L.), and yellow birch (Betula
alleghaniensis Britton)], and shade tolerant and interme-
diate tolerant conifer species (balsam fir, spruce sp., eastern
hemlock, and eastern white pine). There were no shade
intolerant conifer species at the site. Individual tree leaf
area was estimated for each tree in the subplots by shade
tolerance group using the leaf area models, then summed
by group, and divided by the subplot area to estimate LAI.
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Leaf areas of uncommon hardwood species were estimated
with the hardwood models for the same genus or within the
same shade tolerance group. Analysis of variance
(ANOVA) was used to test for treatment, year, and treat-
ment x year differences in total LAI and LAI by shade
tolerance group, accounting for treatment plot and subplot
nested within treatment plot as random effects. Signifi-
cance was assessed at a = 0.05. Homogeneity of variance
was examined using graphs of residuals versus observed
data, and normality was examined with qg-plots. These
analyses found that data transformation was unnecessary.
Vertical distribution of canopy LAI was estimated by
first dividing each individual tree vertical crown into 20-cm
vertical segments from the base of the crown to the top of
the tree. The amount of leaf area in each segment was
estimated with species-specific, individual tree, right-trun-
cated Weibull distribution models (Weiskittel et al. 2009;
Nelson et al. 2014). These distribution models predict the
amount of leaf area at any height above the base of the live
crown. Next, the vertical length of each subplot’s canopy
was defined using the HT of the tallest tree (upper canopy
limit height) and the height to the base of the live crown of
the shortest tree (lower canopy limit height). The subplot
vertical canopy length was then divided into 20-cm sec-
tions. Numerous different canopy partitions were tested,
and 20-cm sections were optimal for obtaining model
convergence and realistic parameter estimates. The height
from the ground to the midpoint of each of the 20-cm
individual crown segment and the height from the ground
of each vertical total canopy section were used to assign the
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estimated leaf area in each tree crown segment to one of
the total canopy sections. Leaf area in each of the 20-cm
subplot canopy sections was then summed and divided by
the subplot area to estimate LAI for each vertical canopy
section.

Trees in each subplot were classified into one of the
three shade tolerance groups, and then, the right-truncated
Weibull distribution models were used to estimate leaf area
for 20 cm tall individual tree crown segments for trees
within each shade tolerance group. The vertical canopy
length (HT of the tallest tree and height to the base of the
live crown of the smallest tree) was defined for each shade
tolerance group and split into 20-cm sections. The height
from the ground to the midpoint of each of the 20-cm
individual crown segment and the height from the ground
of each vertical total canopy section were used to assign the
estimated leaf area in each tree crown section to one of the
20-cm total canopy sections by shade tolerance group. Leaf
area in each of the 20-cm subplot shade tolerance canopy
sections was summed and divided by the subplot area to
estimate LAI for each vertical canopy section.

For both the entire stand canopy and for each shade
tolerance group, LAI in each of the 20-cm vertical stand
canopy sections was used to fit vertical canopy LAI dis-
tributions for each subplot. Three distributions were com-
pared (right-truncated Weibull, Johnson’s Sb, and
4-parameter beta). These distributions were selected since
they had previously been used to model vertical leaf area
distribution (Maguire and Bennett 1996; Jerez et al. 2005;
Weiskittel et al. 2009; Nelson et al. 2014). Distribution
parameters were estimated using maximum likelihood and
an expectation/maximization algorithm modified from
Robinson (2004) to account for cross-correlation between
parameters that arises when multiple parameters are esti-
mated simultaneously. Goodness-of-fit among the three
distributions was compared by calculating the root mean
square error (RMSE) and mean absolute error (MAE) for
each treatment x year combination. Preliminary analysis
found that the Weibull distribution had the lowest RMSE
and MAE among treatment X year combinations and
therefore used for all further analyses. The right-truncated
Weibull distribution was defined as (Karian and Dudewicz
2011):

p(X) = (%) ﬁﬁxw—1>e—(<X/n>"—<~//n>“)
where p(X) is the probability density of LAI, X is the
absolute height from the canopy base (m) of LAI (where
the canopy base was defined as the height to the base of the
live crown of the shortest tree in each subplot), # is the
Weibull scale parameter, /5 is the Weibull shape parameter,
and y is the Weibull truncation point.

Table 2 Total stand leaf area index (LAI) prior to treatment, 1, 2, 5,
and 7 years after treatments were applied

Treatment Years since treatment

Pre- 1 2 5 7

trt
Untreated control 191a 330a 297a 575a 645a
Low conifer 204a 1.04bc 148b 3.32bc 4.62ab
Low mixedwood 203a 1.06bc 146b 4.01 bc 4.73 ab
Low hardwood 267a 134b 1.65b 4.82ab 5.55ab
Medium conifer 200a 043¢ 092b 2.69c 353b
Medium mixedwood 2.26a 0.71bc 1.08 b 343 bc 3.82b
Medium hardwood 192a 0.89bc 1.08b 3.61bc 4.12b

Standard error 0.50 0.26 0.30 0.59 0.72
between treatments

LAI is shown for all seven treatments, plus the between treatment
standard error within each measurement period. The same letters
within a column indicate values not significantly different at & = 0.05
level

To explore differences in vertical LAI distribution
among treatment X year combinations, ANOVA models
were fit for the Weibull shape and scale parameters with
treatment, year, and treatment x year as fixed effects, and
treatment plot and subplot within treatment plot as random
effects. ANOVA models were fit for the entire canopy and
for each shade tolerance group. Significance was assessed at
the « = 0.05 level. Homogeneity of variance was examined
using graphs of residuals versus observed data, and nor-
mality was examined with gq-plots. These analyses showed
that data transformation was unnecessary. All analyses were
performed in R version 3.0 (R Core Team 2013).

Results
Total LAI within the stands

Total LAI did not differ among plots prior to treatment
(p > 0.95), ranging from 1.91 £ 0.50 (mean & SE) in the
untreated control to 2.67 £ 0.50 in the low hardwood treat-
ment. LAI was reduced by all treatments in the second year
post-treatment, but LAI increased again and eventually sur-
passed pre-treatment values by the seventh year post-treatment.
By the seventh year after treatment, LAI was not significantly
different among the species compositional objectives
(p > 0.62) or between the management intensities (p > 0.94).
The only difference was that the medium intensity treatments
had a substantially lower LAI than the untreated control ranging
from 36 % less to 45 % less in the medium hardwood and
medium conifer treatments, respectively (Table 2). Overall,
total LAI ranked from highest to lowest 7 years after treatment
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Fig. 1 Change in leaf area index by shade tolerance species group
(shade intolerant hardwood, shade tolerant hardwood, and conifer)
from pre-treatment (year 0) through 7 years post-treatment in stands
shifted to different species compositional objectives (conifer,

in the following order: untreated control > low hard-
wood > low mixedwood > low conifer > medium hard-
wood > medium mixedwood > medium conifer.

Total LAI partitioning among shade tolerance groups

Shade intolerant hardwood species had the greatest pro-
portion of LAI in all treatments prior to manipulation,
ranging from 46 to 57 % of the total LAI in the medium
conifer and medium hardwood treatments, respectively
(Fig. 1). The conifer and mixedwood treatments that
focused on promoting conifer species resulted in sub-
stantial declines in shade intolerant hardwood LAI
(p <0.01), where in the second year post-treatment
inventory, shade intolerant LAI ranged from 6 to 23 % of
the total LAI in the medium conifer and low mixedwood
treatments, respectively. The combination of herbicide
application and cutting of shade intolerant hardwood spe-
cies in the conifer treatments maintained a low proportion
of shade intolerant hardwood LAI through the seventh
year, while promoting an increase in conifer LAI. For
instance, 62 % of the pre-treatment LAI was in shade
intolerant hardwood species in the low conifer treatment,
while after 7 years, 64 % of the LAI was conifer species.
The majority of LAI in the mixedwood treatments was also
shifted to conifer species 7 years after treatment where the
proportion of conifer LAI increased from 22 % prior to
treatment to 54 % 7 years after treatment in the low
mixedwood.
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mixedwood, and hardwood) with two management intensities (low:
release and/or thinning, and medium: release and/or thinning plus
enrichment planting of white spruce and hybrid poplar, and a second
year of vegetation control)

Vertical distribution of LAI

Weibull shape and scale parameters differed among treat-
ment X year combinations when all species were com-
bined (p < 0.01) (Table 3). In addition, the treatments
influenced both the amount of LAI that occurred at the
peak from the base of the canopy and the distance from the
canopy base where LAI peaked (Fig. 2). Prior to treatment,
the amount of LAI at the vertical peak ranged from 0.87 in
the untreated control to 1.14 in the low hardwood. All
treatments initially reduced the amount of LAI at the ver-
tical peak, and by 7 years after treatment, peak LAI ranged
from 0.87 in the medium mixedwood to 1.33 in the med-
ium conifer treatment. Bigger differences among treat-
ments were observed for the height from the canopy base
where LAI peaked. The change in the height where LAI
peak was most pronounced in the hardwood treatments
(low: 4+2.12 m, medium: +2.17 m) and the medium
conifer treatment (—1.15 m). A lower response was found
in the low conifer (+0.66 m), low mixedwood (+0.74 m),
and medium mixedwood treatments (4+0.87 m) between
pre-treatment and 7 years post-treatment.

Vertical LAI partitioning among shade tolerance groups
The vertical distribution of shade intolerant hardwood LAI

changed the most over the measurement period among
shade tolerance groups, with a substantial increase in the
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Table 3 ANOVA model p values and random effect standard deviations (SDs) testing for treatment, year, and treatment x year differences in

right-truncated Weibull distribution shape and scale parameters

Factor Weibull shape Weibull scale
All Shade intolerant Shade tolerant Conifer All Shade intolerant Shade tolerant Conifer
species hardwood hardwood species  hardwood hardwood
Treatment <0.01 <0.01 0.03 0.01 <0.01 <0.01 <0.01 0.45
Year <0.01 <0.01 0.11 <0.01 <0.01 <0.01 0.02 0.28
Treatment x year 0.04 0.09 0.33 0.57 0.01 <0.01 0.68 0.08
Plot random effect <0.01 0.14 0.16 <0.01 <0.01 <0.01 0.09 <0.01
SD
Subplot/plot random 0.08  <0.01 0.04 0.11 0.22 0.27 0.13 0.43
effect SD

Models were fit for all species combined and for each of the three shade tolerance groups (shade intolerant hardwood, shade tolerant hardwood,
and conifer species). The random effects were plot and subplot within plot (subplot/plot)

Leaf Area Index Leaf Area Index

Fig. 2 Vertical distribution of canopy leaf area index prior to
treatment (pre-trt), 2 and 7 years after treatment in stands shifted to
different species compositional objectives (conifer, mixedwood, and
hardwood) with two management intensities (low: release and/or
thinning, and medium: release and/or thinning plus enrichment

height above the canopy base where LAI peaked between
pre-treatment and 7 years post-treatment, except in the
medium conifer treatment. For instance, in the low hard-
wood and medium hardwood treatments, respectively, the
height of the LAI peak increased by 1.72 and 2.26 m
(Fig. 3), while the amount of LAI at the peak increased by
only 0.04 and 0.07 between pre-treatment and 7 years after
treatment (Fig. 4). The change in height where LAI peaked
above the canopy base was less pronounced for the shade
tolerant hardwood and conifer species groups. The major
change in conifer vertical LAI distribution was a
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planting of white spruce and hybrid poplar, and a second year of
vegetation control). Vertical leaf area index was fit with right-
truncated Weibull distributions. Curves represent Weibull distribu-
tions with mean parameters by treatment estimated with ANOVA

substantial increase in the amount of LAI at the peak,
ranging from 0.46 to 1.64 in the medium mixedwood and
medium conifer treatments, respectively, between pre-
treatment and 7 years after treatment (Fig. 4).

Discussion
All the plots in the study started with similar canopy

structures composed of shade intolerant hardwood species
vertically stratified over shade tolerant hardwood and
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Fig. 3 Height from the base of the canopy where leaf area index
peaked for shade intolerant hardwood, shade tolerant hardwood, and
conifer species prior to treatment, 2, and 7 years after treatment. The
treatments were a combination of species compositional objectives
(conifer, mixedwood, and hardwood) at two management intensities
(low: release and/or thinning, and medium: release and/or thinning
plus enrichment planting of white spruce and hybrid poplar, and
second year of vegetation control). Vertical distributions of leaf area
index were modeled with Weibull distributions, where parameters
were least-square mean estimates by treatment

conifer species. Shifting stands to conifer, mixedwood, or
hardwood composition strongly affected total LAI devel-
opment and vertical LAI distribution. The results suggest
that the treatment differences in LAI were due to the initial
treatment objectives and the different responses of species
shade tolerance groups to altered stand structure. Response
to management intensity, however, was less pronounced
across all three compositional objectives.

Total LAI response to treatment

LAI of young, single stratum stands often increases expo-
nentially before reaching a maximum following crown
closure (Waring and Running 1998). We hypothesized a
similar pattern would occur in the untreated control since
shade intolerant hardwood species dominated the upper
strata, which would rapidly approach crown closure.
Instead, total LAI was still increasing 14 years (stands
were 7 years old when treatments were applied) after stand
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Fig. 4 Leaf area index at the height from the base of the canopy
where leaf area index peaked for shade intolerant hardwood, shade
tolerant hardwood, and conifer species prior to treatment, 2, and
7 years after treatment. The treatments were a combination of species
compositional objectives (conifer, mixedwood, and hardwood) at two
management intensities (low: release and/or thinning, and medium:
release and/or thinning plus enrichment planting of white spruce and
hybrid poplar, and second year of vegetation control). Vertical
distributions of leaf area index were modeled with Weibull distribu-
tions, where parameters were least-square mean estimates by
treatment

initiation (Table 2), primarily from increases in shade
intolerant hardwood LAI. Even though shade tolerant
hardwood and conifer species can persist in low-light
conditions by capturing scattered sunflecks (Lieffers and
Stadt 1994), these species contributed little to changes in
LAI (Fig. 1). By age 14, the shade intolerant hardwood
stratum was differentiating and self-thinning (Nelson et al.
2013), yet the increases in LAI suggest dominant and
codominant trees’ LAI production far exceeded the LAI
losses from density-dependent mortality. This pattern may
have occurred because LAI of trees that died contributed
little to overall stand LAI since they were being shaded and
likely had small crowns, while LAI of dominant and
codominant trees was rapidly expanding because of greater
resource availability.

The dominance of shade intolerant hardwood LAI in
plots with hardwood compositional objectives 7 years after
treatment was expected, since the treatments removed the
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less vigorous trees, poorly formed trees, and trees infected
with hypoxylon canker [Hypoxylon mammatum (Wahl.)
Mill.]. This removal created additional growing space for
expansion of residual tree leaf area. Similar responses have
been found with other shade intolerant species, including
shining gum [Eucalyptus nitens (H. Deane & Maiden)
Maiden] (Medhurst and Beadle 2001) thinned to different
densities. Early in stand development is the optimal time to
thin shade intolerant stands to increase LAI, since as stands
mature, LAI tends to vary little with respect to stand
density (Jack and Long 1991), due to short life spans and
reduced vigor with age. Even though LAI in both the
hardwood treatments and untreated control were dominated
by shade intolerant species, thinning the upper stratum
stimulated an increase in shade tolerant hardwood LAI that
occupied the middle stratum. This increase was likely due
to increased light penetration through the upper stratum.
Similar patterns have been found in unmanaged northern
hardwood stands composed of shade tolerant species fol-
lowing overstory disturbance (Canham et al. 1990).

The rapid expansion in conifer LAI following release
from shade intolerant and shade tolerant hardwood LAI
was likely caused by increased light and other resource
availability to residual conifer trees. Similar patterns have
been found for aboveground biomass production of shade
tolerant conifers (Olson et al. 2012; Nelson et al. 2013) due
to morphological changes associated with greater resource
availability including increased terminal and lateral growth
(Messier et al. 1999). Hardwood LAI was not completely
removed in the conifer treatments and exhibited a gradual
increase over the 7-year observation period. This increase
was likely due to a combination of small hardwood trees
missed by the treatments, stems that sprouted from cut
stumps, and new individuals that established in gaps not
occupied by conifers (Nelson et al. 2013). Therefore,
hardwood species are likely to continue to contribute to
total LAI in the future, but at a much lower proportion than
in the hardwood treatments. Hardwood LAI was inten-
tionally retained in the mixedwood treatments primarily as
scattered shade intolerant trees in the upper stratum. LATI of
conifer and shade tolerant hardwood species in the
mixedwood treatments is likely to continue to increase and
may develop into the upper canopy.

More LAI was retained in the low than the medium
intensity treatments across all three compositional objec-
tives, resulting in greater overall LAI 7 years after treat-
ment. Similar results were found when monospecific
shining gum stands were thinned to different densities
(Medhurst and Beadle 2001). Comparatively, relative LAI
between the second and seventh years after treatment
increased more in the medium intensity treatments than the
low intensity treatments for all of the compositional
objectives. For instance, LAI increased by 488 % in the

medium conifer treatment and 247 % in the low conifer
treatment. These differences may be explained by greater
net photosynthesis and carbon allocation to crown devel-
opment (foliage + support structures) of residual trees in
the medium intensity treatments because of lower compe-
tition for light, water, and nutrients, which often allows for
greater resource capture (Pothier and Margolis 1991).

Vertical distribution of LAI response to treatment

Vertical canopy length differed more among the compo-
sitional objectives than management intensities. The shade
intolerant upper canopy stratum exhibited the greatest
increase in vertical canopy length among the species
groups, rapidly expanding upwards, while maintaining a
similar distribution of LAI within the canopy. This increase
in vertical canopy length was expected since upper canopy
layers experienced no overhead competition and could
continue to increase in height. Shade intolerant hardwood
species can also have foliage at lower portions of the crown
(Nelson et al. 2014), because of limited self-shading from
above associated with multi-layered crown structures
(Horn 1971). Therefore, hardwood treatments that inten-
tionally retained shade intolerant species had the greatest
increase in vertical canopy length. More shade intolerant
hardwood LAI was removed in the conifer and mixedwood
treatments, and hence, the vertical canopy length increased
to ~8 m compared to ~10 m in the hardwood and
untreated control treatments. Balsam fir was the dominant
shade tolerant conifer species across the site and the most
prevalent conifer species in the conifer and mixedwood
treatments following treatment. Balsam fir inherently
exhibits slower growth than shade intolerant hardwood
species even in open-growing conditions possibly because
of lower photosynthetic capacity (Pothier and Prévost
2002). The shift to slower growing conifer species and their
inherent slower growth rates are possible reason for the
slower expansion of the vertical canopy length in the
conifer and mixedwood treatments.

The height from the canopy base where LAI peaks is a
surrogate measure for the canopy region of maximum light
interception and is the most photosynthetically productive
portion of the canopy (Ellsworth and Reich 1993). The finding
that LAI peaked in the middle third of the canopy across all
treatment and age combinations correspond to similar patterns
found for individual tree crowns across a range of hardwood
and conifer species with different tolerances to shade (Wei-
skittel et al. 2009; Nelson et al. 2014). The peak of LAI in the
middle of the canopy has also been found in mature southern
Appalachian hardwood forests (Vose et al. 1995), suggesting
this is a pattern that continues through time following crown
closure. Most LAI is partitioned to the middle of the canopy
because the top of the canopy is usually composed of newly
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formed branches, which tend to have less leaf area per branch
than larger branches lower in the canopy (Nelson et al. 2014). In
addition, LAI tends to be less in lower portions of the canopy
because of shading from above and reduced light availability.

The species shade tolerance groups showed distinct
responses in vertical LAI distribution to the treatments. The
height above the canopy base where LAI peaked was greater
in the low mixedwood and medium hardwood treatments
compared to the low hardwood and untreated control likely
because of reduced competition in the upper canopy that
allowed for greater canopy expansion. The height from the
canopy base where LAI peaked was less consistent for shade
tolerant hardwood species across treatments, likely because
they were not typically species selected as crop trees and they
occupied untreated areas outside the 1-m radius treatment
zone around each crop tree. The lack of response for conifer
species in the height where LAI peaked, but the substantial
increase in LAI at the peak, shows a contrasting response to
density management than the hardwood species. Instead of
building a taller vertical canopy and moving the peak in LAI
upwards, conifer species partitioned more LAI horizontally
to fill in the available growing space. Similar patterns have
been found in other conifer species, where mature western
hemlock [Tsuga heterophylla (Raf.) Sarg.] trees partitioned
leaf area further from the stem at increasing distance from the
top of the tree to the base of the crown (Kershaw and Maguire
1996).
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