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A B S T R A C T

Differences in growth rates between Eucalyptus clones depend on differences in the acquisition of resources, and
the efficiency of using resources to produce carbohydrates and grow wood. We examined differences in canopy
structure, light interception, and light use efficiency for the 18 TECHS clones in a common garden experiment in
Brazil. The degree of clumping within canopies varied substantially among clones, leading to large differences in
both leaf area and light interception per unit of leaf area. Two methods of determining plot-level leaf area index
(LP-80 and LAI-2000) were moderately well correlated (R2 = 0.4), but both methods underestimated actual leaf
area index (determined by destructive sampling) by about one-third. Completely overcast sky conditions in-
creased accuracy of leaf area estimates, reducing variation among measurements within plots and lowering the
number of samples needed to obtain a given level of precision. Genotypes with high leaf area clumping also had
higher leaf angle inclinations than genotypes with lower clumping. The apparent light interception coefficient
(k) averaged 0.56 for the LP-80, and 0.47 for the LAI-2000. The range of k estimates differed by up to 2-fold
among clones, underscoring the limited generality of light extinction coefficients. Light interception ranged from
about 70 to 95% of incoming light, and leaf area index accounted for only 30% of the pattern in light inter-
ception among clones. Differences in stemwood production were influenced more strongly by clonal differences
in efficiency of light use (stemwood production per unit of light intercepted) than by differences in leaf area or
light interception. The efficiency of producing wood per unit of light intercepted spanned a two-fold range, with
higher efficiencies for more productive clones. We suggest that production ecology studies focus more on
measurements of light interception than on leaf area, avoiding issues about difficult-to-measure features of
crown and canopy structures. The additional step of characterizing light use efficiency would also be very
important.

1. Introduction

The production of forests depends on the interception of light for
photosynthesis, and light interception depends on the area of leaves and
how they are arranged within the crowns of individual trees, and within
the overall canopies of stands (Waring, 1983; Binkley et al., 2013a).
Light interception by forests may be estimated directly by measure-
ments of radiation above and below canopies or may also be modelled
based on the leaf area index (LAI , m2 of leaves per m2 of ground). Leaf
area index can be estimated from destructive sampling of individual
branches or whole trees, with extrapolation to whole stands with al-
lometric relationships (such as tree diameter, height or sapwood area).

In some cases, LAI may be estimated from instruments that measure
light transmission and interception (Hyer and Goetz, 2004) and by
analysis of litterfall and photographs.

Estimates of LAI derived from destructive sampling require in-
tensive work in the field for obtaining samples, and the laboratory for
processing. Canopy leaf area changes at timescales of weeks to seasons,
limiting the representativeness of destructive sampling results from any
single time.

Optical methods can be used for estimating LAI , offering an effi-
cient way to track changes in canopies over time (Jonckheere et al.,
2004). Assumptions are required for transforming light measurements
into LAI , and inappropriate assumptions can lead to large errors in LAI
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estimates. Commonly used approaches include hemispherical photo-
graphs and instruments that directly measure radiation and provide
indirect estimation of leaf area index from measurements of light
transmission through the canopy. Orbital, aerial, and terrestrial remote
sensing techniques also allow the estimation of LAI (Marsden et al.,
2010).

All the light-based methods of estimating LAI attempt to char-
acterize canopies by looking up or down and trying to explore the op-
tical properties of vegetation and its interaction with light. Tree crowns
and forest canopies always have some leaves that shade lower leaves,
which light measurements cannot assess. Estimating LAI from light
measurements requires some assumptions regarding this blind spot. If
leaves were randomly distributed within canopies, Beer’s law (Monsi
and Saeki, 2005) would suffice. However, leaves are never arranged
randomly within forest canopies and deviations from randomness
strongly affects LAI estimates. Nonetheless, Beer’s law has often been
used to estimate light interception in canopies, with the shape of the
relationship between LAI and light interception characterized with a
light extinction coefficient (k).

We used the 18 commercial Eucalyptus clones planted at one in-
stallation of the TECHS Project (Binkley et al., 2017) to explore:

1. The accuracy of two optical methods for determining LAI relative to
values from intensive destructive sampling;

2. The difference in light interception among the genotypes;
3. The contribution of differences in light use efficiency among geno-

types in determining in stem growth.

2. Site description and methods

2.1. Study site and stand descriptions

This research is part of a major cooperation initiative connecting 26
forest companies, 9 universities and research institutions from Brazil,
Uruguay and USA called the TECHS Project - Tolerance of Eucalyptus
Clones to Hydric, Thermal and Biotic Stresses (Binkley et al., 2017).
One of the TECHS sites was chosen to examine the importance of var-
iation in canopies on methods of estimating light interception and LAI .
The study site is located at 23° 51′ 11″ S, 48° 42′ 0.4″ W, 685 m above
sea level, in Buri-SP, southeast of Brazil, inside Duratex company forest
management areas. Climate Subtropical humid with hot summer (Cfa)
according to the Köppen classification (Alvares et al., 2013). This highly
productive site was chosen based on its environmental suitability for
clones that were used in both the tropical and subtropical portions of
the TECHS experiment.

During the study period (January 2012 to September 2014), rainfall
averaged 1250 mm year−1 and temperature averaged 19.5 °C (ranging
from 10.7 °C in July 2013 to 31 °C in February 2012). Soils are very
deep dystrophic red Oxisols, with 60% clay (0–40 cm). The area has
been cultivated with Eucalyptus for more than 25 years. The previous 7-
year rotation developed from coppice, with a mean annual increment of
42 m3 ha−1 year−1. The 18 Eucalyptus clones (Table 1) encompass 6
species and their hybrids among commercial clones in Brazil. One
30 × 30 m plot was planted with each clone in December 31st, 2011 at
3 m × 3 m spacing (1111 stems ha−1) following standard management
practices. Each measurement plot consisted of 80 trees (survival
rate ≥ 90%) and precision GPS (Trimble ProXT®) was used to accurate
estimate plot area.

The site was prepared for planting by subsoiling the rows between
the previous stumps to 45 cm depth. Herbicide and mechanical treat-
ments were applied to keep the area free of competing vegetation. Leaf-
cutting ants were monitored and controlled with sulfluramide baits
(0.3% active ingredient) whenever necessary. Prior to planting,
2.5 Mg ha−1 of limestone were distributed over the area, along with
fertilization at planting (24 kg N ha−1, 120 kg P ha−1, 24 kg K ha−1,
2 kg Cu ha−1, 2 kg Zn ha−1), at 3 months (26 kg N ha−1, 30 kg K ha−1,

28 kg S ha−1, 1 kg B ha−1, 1 kg Zn ha−1) and at 12 months
(29 kg N ha−1, 62 kg K ha−1, 16 kg S ha−1, 1 kg B ha−1).

Canopy structures differed strongly among genotypes (Fig. 1), in-
cluding difference in tree height, canopy depth, and clumping of foliage
within crowns and across the canopies.

2.2. Canopy structure and light transmission

The transmission (T) and interception (1-T) of light by tree crowns
and stand canopies can be characterized with some basic geometrical
relationships. We provide a short background summary here, as a basis
for interpreting our results later.

Assuming that the probability of beam penetration through the ca-
nopy follows a Poison distribution, Beer’s equation (Monsi and Saeki,
2005) defines:

= −T exp kLAI( ) (1)

where k is the light extinction coefficient and LAI is the leaf area index.
Despite its original conception, the term PAI , or plant area index, is also
seen in the literature due to the interception by stems and branches as
well. In this work, we carefully avoided stem shade influence in our
measurements.

The incident light in a forest changes angle during the day and
through seasons. The effect of the direction in which light reaches the
canopy influences k, and can be represented by Nilsońs algorithm
(Nilson, 1971),

=k θ G θ
cos θ

( ) ( )
( ) (2)

where k θ( ) is the directional light extinction coefficient and G θ( ) is the
fraction of foliage area projected in the direction θ. If leaves are azi-
muthally randomly distributed, the leaf projection function (G) is given
by (Wilson, 1960),
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where A θ θ( , )L is the projection of unit leaf area with an inclination θL
and g θ( )L is the leaf angle distribution (Campbell, 1986; Wang et al.,
2007).

Under overcast sky conditions, incoming radiation scatters in all
directions. In these situations, the extinction coefficient for diffuse light
(kdiff ) can be calculated using a representative zenith angle β.

=k
G β

cos β
( )
( )diff

(4)

This is a simple and effective way to compute transmission of diffuse
radiation because it avoids the integration over the whole hemisphere
(Chen et al., 1991). Under isotropic sky radiation distribution, β is close
to a constant of 57.5°, but it is also a function of LAI (Liu et al., 2003).

= +cos β LAI( ) 0.537 0.025 (5)

A clumping index (Ω) can be used to account for overlapping layers
of leaves. Random distribution of leaves through a canopy gives =Ω 1.
After Black et al. (1991) Eq. (6), the effective leaf area index (Le) ac-
counts for the degree of aggregation of the foliage.

=L LAIΩe (6)

The structure of forest canopies is typically not random and
clumping of leaves gives <Ω 1. A final model to account for these
factors is expressed in Eq. (7).
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2.3. Leaf area index

The LAI (one sided, or projected) of the 18 clones was assessed from
age 17 to 32 months using the LP-80 Ceptometer (Decagon devices
(now Meter Group), Inc., Pullman, WA USA) and the LAI-2000 Plant
Canopy Analyzer (Li-COR, Inc., Lincoln, NB USA). Both methods were
compared on 6 occasions, and destructive sampling of trees was carried
out once (at 28 months since planting). These instruments differ sub-
stantially in cost, and approach (described below), so the value for
operational use of either method would benefit from intensives as-
sessments and comparisons.

2.3.1. Destructive sampling
In 12 of the 18 clones, leaf biomass was determined for 6 trees per

clone (covering the range of DBH). All leaves from each third of the
crown were removed and weighed in the field and a representative
sample was taken from each third to determine leaf moisture and sur-
face area. All the samples were dried in a forced circulation oven at
65 °C to a constant mass. The total leaf area of each tree (LA, m2 tree−1)
was estimated based on the specific leaf area (m2 kg−1) of 20 fully
developed leaves from each third, following the procedures of
Nouvellon et al., 2010. Leaf area was scanned using the LI-3100C Area
Meter (Li-Cor, Inc., Lincoln, NB USA). Specific leaf area (SLA) was de-
termined for each third of the crown. Allometric equations adapted
from Gower et al. (1999) were used to relate tree size variables (DBH
and height) to tree leaf area (Table 2). Actual leaf area index (LAI ) was
obtained dividing the sum of the total leaf area of each tree by the
ground area of the plot.

The mass of harvested stems was determined by for 93 trees across
all clones by taking the green weight in the field and subsample disks
were removed from five positions between the base of the tree and the
point where stem diameter declined to 5 cm (0%, 25%, 50%, 75% and
100% of the commercial height of the stem). Stem disk samples were
weighed for fresh mass and dried at 65 °C to a constant mass. Dry
matter content was then calculated for each tree and related to field

weighs to estimate total dry matter for each stem. The traditional
equation of Schumacher and Hall (1933) was used to fit allometric
equations for each clone. Stemwood production was calculated for the
period between 19 and 31 months after planting based on the changes
in mass estimated from the changes in each tree’s diameter and height.

2.3.2. Crown architecture
Crown projection radius was measured in four perpendicular di-

rections before trees were cut. Total height and the height to the live
crown were recorded after cutting, and with crown depth defined as the
difference between the two. Crown volume and surface area were cal-
culated assuming a geometric shape equivalent to a half-ellipsoid, with
horizontal half-axes equal to the average crown projection radius and
vertical axis equals to crown depth.

Leaf inclination angle was measured with a digital protractor
holding the crown straight upwards (the closer to its original position),
with measurements of 30 fully developed leaves in each third of the
crown. For the six clones not selected for full biomass sampling, three
trees per clone were cut to collect leaf angle inclination measurements.
The mean inclination angle θ( ¯ )L was calculated by weighing the pro-
portion of leaf area in each third.

2.3.3. Leaf area estimation with the LP-80 AccuPAR Ceptometer
The AccuPAR LP-80 consists of a probe with 80 PAR radiation

quantum sensors (wavelength of 400–700 nm) spaced in one cm in-
tervals, coupled to a control box. Light interception was measured
about every two months with the LP-80, from age 18 to 32 months for a
total of 9 sampling times. Sampling days were chosen for homogeneous
sky conditions. Seven of the dates had clear skies dominated by direct-
beam radiation, and two of the dates were uniformly cloudy with only
diffuse-beam radiation. Radiation under the canopy was recorded at six
points, three between rows and three between the trees, forming a di-
agonal along each plot. At each point, four measurements at perpen-
dicular directions were taken, always leveling the apparatus to one
meter above the ground, in a total of 24 radiation observations per plot
that were averaged into a single plot-level value.

All readings were performed between 10:00 and 14:00 to avoid the
influence of neighbor plots and to minimize sun zenith angle variation
among plots. The above canopy measurements were carried at intervals

Table 1
Early performance of the clones (age 16 months). DBH is quadratic mean diameter at breast height (h = 1.3 m), Height is average total height and Hdom is the height
of the 100 tallest trees per hectare.

Species Clone DBH Height Hdom Stocking Basal area Stem biomass

cm m trees ha−1 m2 ha−1 Mg ha−1

E. urophylla × sp. A1 9.4 9.7 10.7 1044 7.3 12.3
E. urophylla × E. grandis B2 9.6 9.4 10.3 1037 7.6 11.9
E. grandis × E. camaldulensis C3 8.8 9.2 9.8 1071 6.6 10.0
E. grandis × E. urohylla D4 8.7 9.8 10.7 1115 6.7 11.6
E. urohylla E5 9.2 8.8 9.6 990 6.6 8.5
E. benthamii F6 7.4 8.6 9.6 1054 4.7 6.9
E. urohylla G7 7.1 6.9 7.8 968 4.0 5.1
E. grandis × E. urophylla H8 8.2 8.9 10.4 1069 5.8 10.0
E. dunnii I9 7.7 8.9 9.8 1051 5.0 9.6
E. saligna K2 8.4 9.2 10.1 1032 5.7 8.9
E. benthamii J1 7.1 9.1 10.3 1049 4.3 7.0
E. urophylla × E. globulus L3 7.6 7.9 9.0 932 4.3 6.1
E. dunnii M4 6.1 6.6 7.5 1008 3.1 4.1
E. dunnii N5 6.6 7.7 8.5 973 3.4 5.1
E. urophylla × E. tereticornis P7 6.8 6.8 7.5 1035 3.8 5.6
E. grandis O6 7.3 7.3 10.1 1044 4.6 6.2
E. urophylla Q8 7.6 8.4 9.4 1042 4.8 6.9
E. urophylla R9 7.6 8.0 9.2 920 4.3 5.6

Min. 6.1 6.6 7.5 920 3.1 4.1
Mean 7.8 8.4 9.5 1024 5.1 7.8
Max. 9.6 9.8 10.7 1115 7.6 12.3
CV (among clone means, %) 12.6 12.1 11.1 4.9 26.3 32.8
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of 15 min or less, on roads and clearings within 50–200 m of the plots.
In some occasions, it was possible to use two intercalibrated devices, in
which one was left in open area logging at one-minute intervals
(equipment lower limit), while the other was used to sample radiation
below the canopy across the experimental area.

The proportion of light intercepted by the canopy as measured by
the LP-80 was used to calculate leaf area index with a simplification of
the model proposed by Norman and Jarvis (1975). This approach ac-
counts for effects of sky conditions at the time of measurement, canopy
architecture, leaf optical properties and the effects of zenith angle (θ). It
also assumes that the foliage is randomly distributed in the canopy.

To overcome the assumption of random distribution, Lang and
Yuequin (1986) proposed averaging over the logarithm of the trans-
mission ( T θln ( )¯ ) rather than using the average of the transmission
(T θ( )¯ ). This procedure compensates for clumping effects, so the output
value was called LAI when log averaging was performed and Lewhen
not:

=
⎡
⎣

− − ⎤
⎦

−−
( )

LAI
f T θ

A f

1 1 ln ( )¯

(1 0, 47 )LP
k θ b

c b
( 80)

1
2 ( )

(8)

Fig. 1. The average heights of clones (rows, with height at 19 and 31 months) increased by about 8 m from age 19 months to 31 months (columns). Rising crowns
changed the images captured by the camera at eye level, but variations in canopy depth and leaf area were modest over time. For more description of the experiment,
see Mattos (2015).

Table 2
Coefficients for the regression equations for each clone (n = 6 trees sampled/
clone), in the form of: ln(LA) = β0 + β1 * ln(DBH) + β2 * ln(H), where LA is
total one-sided leaf area (m2 tree−1), DBH is the diameter (cm) at breast height
(1.3 m), H is the total tree height (m); and β0, β1 e β2 are regression coeffi-
cients. R2aj is the adjusted determination coefficient and MAE is the mean
absolute error.

Clone β0 β1 β2 R2aj p-value MAE

m2 tree−1

A1 −2.1107 2.2757 0.99 <0.001 0.93
B2 −0.6244 1.7341 0.95 <0.001 2.43
C3 0.1006 1.3472 0.96 <0.001 0.94
D4 −2.0804 2.3221 0.91 <0.01 4.01
E5 −1.6571 2.043 0.92 <0.01 2.14
K2 −2.3259 2.3911 0.97 <0.001 2.05
J1 −0.8459 1.6921 0.84 <0.01 3.17
L3 −1.994 2.247 0.85 <0.01 2.45
N5 1.7001 0.9766 0.81 <0.01 3.81
P7 −0.9739 2.149 0.84 <0.01 6.01
O6 −1.6882 2.1765 0.97 <0.001 4.1
Q8 −12.187 −0.7606 6.6181 0.87 <0.05 2.33
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where k θ( ) was computed according to Eq. (2), fb is the fraction of
direct radiation reaching the canopy (Luo et al., 2018), or beam frac-
tion, Ac is the canopy absorbance which was assumed 0.86 as according
the equipmentś manufacturer defaults.

2.3.4. Leaf area estimation with the LAI-2000 plant canopy analyzer
The LAI-2000 plant canopy analyzer is composed of a control unit,

responsible for the configurations, storage and pre-processing of the
information (LI-COR INC., 2003). A fish-eye optical sensor records in-
cident radiation (wavelength of 320–490 nm) using five concentric
rings recording measurements simultaneously in a range of zenith an-
gles, centered at 7°, 23°, 38°, 53° and 68°.

Sampling with the LAI-2000 occurred about every two weeks be-
tween ages 18 and 32 months, with a total of 19 measurement times.
The LAI-2000 is recommended for use under defuse light conditions (or
with corrections applied as in Kobayashi et al., 2013). We took mea-
surement with the LAI-2000 between sunrise and 8:00 or between
16:00 and sunset. Only diffuse light was present under the canopies
during these periods.

The two-sensor method was used with the LAI-2000, with the in-
strument calibrated with a sensor positioned in a clearing to capture the
incident radiation above the canopy at 15 s intervals. Readings were
taken under the canopies at 20 points per plot on a transect perpendi-
cular to the subsoiling direction, leveling the instrument 1 m above
ground and facing the wand parallel to the planting row (but never in
front of a stem). The 10° opening cap was used to obstruct the operator
from the field of view of the sensor and to avoid the influence of the
surroundings.

The calculation of LAI from the LAI-2000 is also based on the as-
sumption of random distribution of foliage. It assumes that the foliage is
completely black and the foliage elements are small compared to the
field of view of each ring. Inversion models are used to obtain in-
formation about canopy architecture from the LAI-2000. The FV2200
auxiliary software supplied by the equipment manufacturer was used to
process the information and to derive LAI and Le:

∫= −−LAI T θ cos θ sen θ dθ2 ln ( )¯ ( ) ( )LAI
π

( 2000) 0

/2

(10)

∫= −−L T θ cos θ sen θ dθ2 ln ( )¯ ( ) ( )e LAI
π

( 2000) 0

/2

(11)

In all the computations, the fifth ring was removed because of its
reading amplitude captured adjacent influences on the plot of interest.

2.4. Light interception

The accuracy of any method of estimating light interception and LAI
depends in part on how well the method assesses the patterns of both
direct-beam and diffuse radiation. In our study, direct-beam light in-
terception comprises about 66% of total light interception, with diffuse
radiation interception accounting for the rest. The fraction of inter-
cepted light, or fIPAR (regarding wavelengths within the PAR region)
represents the efficiency of incoming PAR interception for direct or
diffuse radiation:

= −f T θ1 ( )dir (12)

= −f T1diff diff (13)

For the LAI-2000, diffuse light not intercepted by the canopy (Tdiff )
was calculated following the procedures after (Norman and Welles,
1983). To test for generalizations over canopy attributes, direct and
diffuse interception were calculated using the LAI predictions from
both equipment assuming spherical leaf angle distribution ( =G 0.5)

and random distribution of the foliage ( =Ω 1).

2.5. Light use efficiency

The growth of wood per unit of light intercepted (light use effi-
ciency) was calculated based on the wood increment from 19 to
31 months after planting, and light interception based on direct mea-
surements with the LP-80.

2.6. Statistical analysis

The LAI estimates for each indirect method (LP-80 and LAI-2000)
were tested against each other, and with the true LAI derived from
destructive sampling. The same procedure was conducted to test the
reliability of general assumptions of canopy attributes on light inter-
ception estimates. Pearsońs correlation coefficient (r) was taken as a
measure of precision for both methods, and Willmott’s modified
agreement index (md) as a measure of accuracy (Willmott et al., 2012).
For both indexes, the closer to 1 the best is the modeĺs performance.
Mean absolute error (MAE) and biaswere also computed as a general
expression of the magnitude of the differences and tendency found
between observations and predictions. Absolute values were preferred
over squared errors following the recommendations of Willmott and
Matsuura (2005). All the variables used in leaf area equations were log
transformed and minimum least squares was used to fit regression
coefficients. Gauss-Newton algorithm was used to fit k values from the
nonlinear relationship between LAI and T . A threshold of 5% sig-
nificance was used for all tests and comparisons. Patterns of light in-
terception and light use efficiency across clones were examined using
best-fit curves.

3. Results and discussion

3.1. Leaf area and leaf area index

The destructive sampling showed that the leaf area per tree aver-
aged between about 30 and 50 m2 tree−1, with 14–26% of the total leaf
area in the upper third, 35–53% in the middle third, and 31–47% in the
lower third. Diameter at breast height alone captured more than 84% of
the variability in total leaf area across the sampled trees, which spanned
from 5.2 to 16.8 cm DBH. The inclusion of height along with DBH
improved the allometry only for clone Q8. The mean absolute error
across all the clones varied from 0.94 to 6.0 m2 tree−1.

Leaf area index averaged from 3 to 6 for the clones based on de-
structive sampling, and both the LP-80 and LAI-2000 methods con-
sistently underestimated LAI (Fig. 2, Table 3). The bias for the LP-80
was 1.65 and 1.58 for the LAI-2000. The non-random distribution of
leaves in the canopies of all clones limited the ability of both methods
to accurately estimate LAI. Adjustments for non-random structure
(based on the Lang & Xiang method, Eqs. (8) and (10)) reduced the bias
by 15% compared to Eqs. (9) and (10), but was not able to fully capture
clumping effects.

The magnitude of the differences between predictions and ob-
servations were higher for genotypes that supported higher LAI. The
mean absolute error for the LP-80 was 1.65 (33.8%), compared to 1.58
(32.2%) for the LAI-2000. Residuals were also more skewed with for the
LP-80, with 23% of observations with deviations smaller than unity,
against 31% for the LAI-2000. Despite very similar performance, the
LAI-2000 displayed slightly smaller mean absolute error and bias, with
higher correlation and agreement with the observed values. Overall, the
two methods provided similar estimates of LAI .

The LP-80 provides a direct measurement of transmitted light which
can be compared with the estimate of light transmittance from the LAI-
2000. The two methods agreed better for light interception (and
transmission), with the correlation accounting for 79% of the total
variation (Fig. 3, left panel). Although the LAI-2000 recorded slightly
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higher transmissions (around 3%), we found very high correlations
(r = 0.89) between methods.

Under direct light, the LP-80 returned systematically lower T
readings than the LAI-2000, consequently the LAI predictions were
substantially higher. The average differences were at 4% for Tdir read-
ings and 0.74 for LAI estimates. This difference in LAI would translate
to a 37% difference in estimated light interception between the two
methods, if a light extinction coefficient of 0.5 was assumed. Under
diffuse light the opposite occurred: the LAI-2000 returning higher LAI
values than the LP-80. Regarding Tdiff readings, the differences oscil-
lated between 1 and 5% between equipment.

3.2. Deviations in model assumptions and sources of error

The estimation of LAI was weak and biased for both light-based
methods because of inaccuracies of the assumptions required for com-
puting LAI from measurements of light. Below, we discuss the sources
of errors that might raise from deviations in model assumptions.

3.2.1. Scaling
We used the LAI values from destructive sampling as the “true” LAI

for each plot, but these estimates entail several sources of error. We
consider the destructive sampling as the most accurate estimate of LAI,

Fig. 2. Predicted LAI based on instruments (A for LP-80, B for LAI-2000) versus actual LAI determined by destructive sampling. Both methods underestimated the
true LAI. The dashed lines are the 1:1 proportion and the histograms show that both methods underestimated LAI by about 1–2 units.

E.M. de Mattos, et al. Forest Ecology and Management 463 (2020) 118038

6



but these estimates do include some sources of uncertainty. Whitford
et al. (1995) found that 26 to 40 trees would be needed to estimate leaf
area index within 10% accuracy on Eucalyptus forests, but their var-
iance for a sparse, seed-origin stand would likely be much greater than
in a fully stocked clonal stand. Other uncertainty, results from the
labor-intensive job that it required to determine tree leaf area and the
need to use allometric equations to extrapolate measurements to plot
level.

Jonckheere et al. (2004) suggested that only five individuals would
be needed to generate reasonable estimates of leaf area for plots. Our
results corroborate with this statement once with six trees per clone we
were able to obtain an average of 6.5% error, ranging from 2 to 13%,
for tree leaf area predictions on a per-tree basis.

3.2.2. Random distribution
Instrumentation estimates of LAI that record light flux density as-

sume a random distribution of foliage within canopies. As noted above,
the deviation from randomness can be represented by the “clumping
index” (Ω, Black et al., 1991). The reported range of Ω for non-clonal
forests spans from about 0.72 (somewhat random) to 0.98 (very
random, RYU et al., 2010). The arrangement of leaves in the canopies of
some of our clones was far from random, with a mean clumping index
(Ω) of 0.66 for the LP-80 and 0.64 for the LAI-2000 (range of 0.44–0.91;
table 3). Stands with low Ω (more clumped) would carry a much greater
leaf area for the same light interception than a stand with higher Ω
(more random). In general, crown size (diameter, height, volume and
surface area) related positively with the clumping index, leaf inclina-
tion angle related negatively, and leaf area index had no correlation
with clumping index. Crown surface area showed the best correlation
with clumping index (Fig. 4), with higher crown surface area leading to
a more random distribution of the foliage (higher Ω).

We assessed clumping based on our destructive sampling at a single
point in time, after canopy leaf area was fully developed. Clumping
would change as leaf area changes seasonally and through stand de-
velopment (Ryu et al., 2012), and would also vary across sites and in
response to silvicultural treatments (especially spacing and fertiliza-
tion). Light interception also responds to these factors, but direct
measurement of light interception is simpler than estimating both leaf
area and clumping index to provide an estimate of light interception.

According to Nilson (1999), light interception is related to the
crown projected area towards the direction of incident radiation.
Duursma and Mäkelä (2007) suggested that crown surface area would
be a good variable to complement light interception models, with larger
crowns displaying less self-shading, thus increasing light interception
by unit of foliage area. Duursma et al. (2012), studying a collection of
more than 1831 digitalized 3D plants, concluded that the clumping
effect and the ratio of leaf area per crown surface unity explained 85%
of the radiation absorption efficiency.

In all calculations we assumed a constant clumping effect regarding
zenith angle and seasons (BALDOCCHI et al., 2002). Some authors have
described the angular dependency of the clumping index ( θΩ( )). One of
the first attempts to model the behavior of Ω regarding zenith angle was

Table 3
Leaf area index (LAI) spanned a two-fold range among clones, and large dif-
ferences in mean inclination angle (θ̄L) and clumping indexes led to very large
differences in estimates of LAI by both the LP-80 and LAI-2000 methods,
whether based on direct light (kdir) or diffuse light (kdiff ).

Clone θ̄L LAI LP-80 LAI-2000

Le Ω kdir kdiff Le Ω kdir kdiff

A1 32 5.0 4.5 0.89 0.71 0.76 4.0 0.80 0.54 0.57
B2 37 5.9 3.3 0.60 0,0.45 0.52 3.4 0.59 0.40 0.44
C3 64 4.2 2.2 0.53 0.32 0.45 2.0 0.47 0.31 0.35
D4 33 6.0 4.1 0.69 0.53 0.59 3.9 0.65 0.44 0.46
E5 40 4.1 3.6 0.87 0.64 0.74 3.3 0.79 0.53 0.57
K2 54 5.0 3.1 0.62 0.40 0.53 3.1 0.62 0.41 0.46
J1 70 3.0 1.8 0.61 0.35 0.51 1.9 0.64 0.42 0.46
L3 45 4.0 2.0 0.49 0.35 0.42 2.5 0.61 0.39 0.42
N5 69 5.8 3.0 0.52 0.30 0.44 3.4 0.58 0.38 0.43
P7 46 5.9 2.8 0.47 0.32 0.40 2.6 0.44 0.29 0.36
O6 33 4.5 3.1 0.68 0.53 0.59 2.9 0.65 0.44 0.48
Q8 39 5.0 4.6 0.91 0.68 0.78 4.3 0.85 0.57 0.59

Minimum 32 2.9 1.8 0.47 0.30 0.40 1.9 0.44 0.29 0.35
Mean 70 4.8 3.2 0.66 0.46 0.56 3.1 0.64 0.43 0.47
Maximum 49 5.9 4.6 0.91 0.68 0.78 4.3 0.85 0.57 0.59
CV (among

clone
means, %)

28 19 29 24 31 23 25 19 19 16

Fig. 3. Light transmission (T, = 1 minus light interception) correlated more strongly between the two methods (left) than did the estimates of LAI (right). The dashed
line represents the 1:1 proportion.
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done by Kucharik et al. (1999), with a model that proposed foliage
elements approached a random distribution as the suńs zenith angle
increases. Comparing 15 different canopy radiation transfer models,
Govit et al. (2013) showed that using a constant Ω would overestimate
the amount of radiation that passes through the canopy. Ryu et al.
(2010) also demonstrated the effects of canopy cover, height and depth
over Ω.

3.2.3. Sky conditions
All radiation inversion models that represent leaf area index rely on

the probability of beam penetration through the canopy, and accurate
representations of the light environment below the canopy is funda-
mental. Under clear sky conditions, T readings have a heteroscedastic
pattern, while under completely overcast skies variance was constant
(Fig. 5). The number of measurements needed to estimateT within 10%
accuracy dropped more than 90% under diffuse light.

The shadows of tree crowns were very sharp under sunny conditions
in these plantations (Fig. 4), but crowns projected no defined shadows
under cloudy conditions (diffuse light). Among all the plots, the average
coefficient of variation for T readings were 15% under diffuse light
against 96% under direct light (Fig. 5). Despite the high variability
observed under clear sky conditions, with 24 readings per plot, the
mean standard errors remained below 7%.

With the LAI-2000, all the measurements were performed under
overcast conditions, so the average number of samples needed to ac-
curate represent T was smaller. This holds true for the LP-80 as well
when sampling under overcast conditions. After canopy closure (~at
2 years old), both instruments showed more stable measurements.

Fig. 4. Clumping of leaves increased with
increasing tree crown surface area (or crown
envelope, upper left), but showed no clear
trend with stand LAI (bottom left), and a
weak decline with increasing leaf angle
(bottom right). The clumping index is the
ratio between the Leaf area index obtained
from optical instruments (which assume
random distribution) and the true LAI (from
biomass sampling): Clumping = LAI(op-
tical)/LAI(biomass). A clumping index of 1
is a fully random distribution. The tree
shadow in the picture (upper right) for
Clone C3 illustrates a highly clumped
structure, with patches of shadow inter-
spersed with patches of fully illuminated
ground.

Fig. 5. The standard deviation of transmittance (T) measurements with the LP-
80 increased as average transmittance increased (=interception declined)
under sunny conditions, but was much lower and without trend under diffuse
light conditions. The shading of the dots for sunny conditions is lighter as the
sky increases in brightness (fb, beam fraction).
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3.2.4. Leaf angle distribution
Another major assumption in estimating LAI from light measure-

ments is that leaves follow a spherical leaf angle distribution. The
projection function G θ( ) assumes a value of 0.5 regardless of suńs ze-
nith angle. Originally, the LP-80 used the ellipsoidal distribution
(Campbell, 1986) to describe leaf angle, taking the mean leaf inclina-
tion angle θ( ¯ )L to represent the whole distribution. We tested different
distribution models following Wang et al. (2007) (data not shown) and
found that using Nilsońs or Campbell’s approach would return highly
correlated values of k θ( ), with a slope of 0.98 (r2 = 0.99) between
methods. Nilson’s algorithm was preferred once we had measurements
of the entire distribution of leaf angles. The LAI-2000 uses a polynomial
function (Lang and Yuequin, 1986) to derive θ̄L from transmission
measurements, recording values as mean tilt angle (MTA). Due to de-
viations from random foliage distribution, the recorded MTA values did
not correlate with leaf area (r = 0.02).

The Eucalyptus clones displayed a broad variety in crown archi-
tecture with θ̄L varying between 32° and 79°. For all the clones, leaf
angle increased consistently with position in the crown (p < 0.001).
The bottom leaves had lower inclination (were displayed closer to
horizontal) than upper leaves. The average leaf inclination angle among
all clones decreased from 64° at the upper third to 53°, at the medium
third, to 46° at the bottom third of the crown (Fig. 6).

3.2.5. Optical properties
Leaves are not completely opaque, so some assumptions are needed

in relation to optical properties. The opaque assumption is almost ful-
filled for the LAI-2000 because its optical sensor computes shortwave
radiation in the blue region, where absorbance is about 95% (Taiz and
Zeiger, 2010). For the LP-80, a polynomial function is used to derive the
total canopy absorbance from leaf optical properties (Decagon Devices,
2013). The default values suggested by manufacturer adopts an average
value of 90% for leaf absorbance which leads to a canopy absorbance of
86%.

We did not evaluate leaf or canopy optical properties, but the de-
fault values seem to be sufficiently good for Eucalyptus, with studies on
the same species showing leaf absorbances ranging from 88% (Marsden
et al., 2010) to 92% (le Maire et al., 2012), in the latter case, this
parameter was also consistent across trees and treatments. Overall,
these differences would cause minor impacts over LAI estimates.

3.2.6. Non-leaf elements
As mentioned above, sometimes plant area index (PAI) is considered

due to interception of non-leaf elements. Summarizing a series of stu-
dies about this issue, Gower et al. (1999) found contributions up to 34%
from the woody elements when computing PAI . However, when we
look to the younger sites in this study, the number dropped to 11%.

We know that woody elements influencedT readings in our plots, so
we carefully avoided the shade of stems and branches during the
sampling routines. We also note that our period of sampling was in the
vicinity of the time of peak LAI in the rotation. Kucharik et al. (1999)
also suggested that this effect could be neglected, especially for dense
crowns where branches are mostly covered by leaves.

3.3. Estimating the fraction of intercepted light

3.3.1. Light interception
Direct measurements of light transmission and interception with the

LP-80 allowed comparisons between directly measured light intercep-
tion with estimates derived from leaf area index values. We used the
most common generalizations of canopy structure (random leaf dis-
persion and spherical leaf angle distribution) to simulate the impact
over the estimated fraction of intercepted light (Fig. 7). Even with
consistent underestimation of LAI , fIPAR predictions were unbiased
(bias < 0.01), highly correlated (r > 0.90) and with strong agree-
ment (md > 0.82) with the observed values, yielding absolute mean
errors smaller than 3% for both methods.

3.3.2. Light extinction coefficients
Traditionally the array of factors that influence light interception

per unit of leaf area have been condensed into a single value, the light
extinction coefficient (k)in Beeŕs equation. For our clones, the LP-80
would give an average light extinction coefficient for direct light (kdir)
of 0.45, and 0.54 for diffuse light (kdiff ). The LAI-2000 yield values of
0.42 for direct and 0.46 for diffuse conditions (Fig. 8). The dispersion of
apparent k values (Table 3) clearly shows that some clonal canopy
structures are clumpy enough to confound the application of Beeŕs law.

3.4. Light use efficiency and production ecology

Current annual stem production for the 18 clones ranged from 2000
to 4500 g m−2 yr−1 (20–45 Mg ha−1 yr−1; Fig. 9). This 2.2-fold range
in production was matched with a 1.4-fold range in light interception,
revealing that differences among clones in light use efficiency (2.0-fold
range) had a larger effect on stem production than light interception.
The large range in light use efficiency among the clones is likely too

Fig. 6. Leaf angle distribution across crown
length (average across all clones). During
destructive sampling, the crown was sepa-
rated in three equal length units. Crown
length was measured by taking the differ-
ence between total tree height and height to
the live crown. The dashed lines represent
the average inclination angle for each third.
The leaves in the picture illustrate leaf an-
gles.
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large to result primarily from difference in photosynthetic efficiency (C
uptake per unit light intercepted), and probably relates to differences in
partitioning of carbohydrates. More efficient clones partitioning a
higher fraction of total carbohydrate to stems and less belowground
(see Campoe and Stape, in review).

In the late 20th century, explanations of patterns in tree growth
tended to focus on leaf area per tree and leaf area index for stands (see
Binkley et al., 2013b). Actual light interception typically does not relate
simply to leaf area index, and in the past two decades the direct mea-
surement of light interception has evolved with equipment and a

production ecology focus has emphasized the value of quantifying light
interception. Our experiment showed that a focus on light interception
did indeed account better for differences among clones in stem growth.
However, our key finding was that neither leaf area nor light inter-
ception influenced stem production as strongly as differences among
clones in light use efficiency. This conclusion was also reached by le
Maire et al. (2019) who found that light use efficiency accounted for
89% of the variation in final trunk biomass, while LAI only accounted
for 22%. Forest research in coming decades will need a production
ecology perspective that considers the influence of factors underlying

Fig. 7. Estimates of the proportion of incoming light intercepted by the canopies (fIPAR) based on LAI estimates form the LP-80 (A, upper) and LAI-2000 (B, lower)
correlated well with direct measurements with the LP-80. The dashed line represents the 1:1 proportion. The residuals centered on 0, with most falling within 0.1 of
the measured light interception.
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light use efficiency (including partitioning belowground) to advance
understanding of controls on forest production.
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