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Abstract
Key message Across sites in Brazil and Hawaii, LMA
and Nmass were strongly correlated with height and
shade index, respectively, which may help simplify
canopy function modeling of Eucalyptus plantations.
Abstract Within tree canopies, leaf mass per area (LMA)
and leaf nitrogen per unit area (Narea) commonly increase
with height. Previous research has suggested that these
patterns occur as a strategy to optimize carbon gain by
allocating available resources to upper canopy leaves that
are exposed to greater light availability. We tested three
hypotheses about the influences of height, shade index (a
proxy for light), and stand age on LMA and leaf nitrogen
for even-aged Eucalyptus saligna and Eucalyptus grandis 9 urophylla plantations in Brazil and Hawaii, USA,
spanning most of the environmental conditions found
across 19.6 million ha of Eucalyptus spp. plantations
around the world. Shade index was developed by
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incorporating canopy depth (inner-crown shading) and a
tree height ratio relative to neighbor trees (shading from
other trees). Across all sites and ages, leaf height accounted
for 45 % of the variation in LMA, whereas shade index
accounted for only 6 %. A combination of both factors was
slightly better in accounting for LMA variation than height
alone. LMA–height relationships among sites were strongest under greater light availability and in older stands.
Leaf nitrogen per unit mass (Nmass) consistently decreased
with shade index, whereas Narea showed no consistent
pattern with height or shade index. These relationships
indicate that Nmass is primarily driven by light, while height
is the primary driver for LMA. The general relationships
between LMA and leaf Nmass across all sites may simplify
canopy function modeling of E. saligna and E. grandis 9 urophylla plantations.
Keywords Canopy position  Eucalyptus  Foliar
morphology  Leaf mass per area  Leaf nitrogen 
Vertical gradients

Introduction
Two fundamental leaf traits, leaf mass per unit area (LMA,
g m-2) and leaf nitrogen per unit area (Narea, g m-2),
correlate strongly with photosynthetic capacity and dark
respiration rate and arguably represent the most useful
plant traits for predicting physiological function (Ellsworth
and Reich 1993; Cavaleri et al. 2008). Taken together, both
LMA and Narea may allow for simplification of modeling
used to scale processes such as canopy gas exchange and
vegetation productivity across large spatial extents (Ellsworth and Reich 1993; Reich et al. 1999; Hanson et al.
2004; Cavaleri et al. 2010). Tree species across a broad
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range of forest types display a consistent pattern of
increasing LMA from the bottom to the top of the canopy
(Hutchison et al. 1986; Marshall and Monserud 2003; Koch
et al. 2004; Woodruff et al. 2004; England and Attiwill
2006; Ishii et al. 2008; Mullin et al. 2009; Cavaleri et al.
2010), and Narea scales with LMA in relation to height
(Ellsworth and Reich 1993). Researchers have theorized
that foliar responses to light gradients involve allocation of
carbon and nitrogen toward the tops of canopies to optimize use of solar energy (Field 1983; Bond et al. 1999).
This theory is primarily based on structural and biochemical changes in leaf traits observed along a vertical canopy
gradient.
These patterns of LMA relate to gradients in light
through canopies (Ellsworth and Reich 1993; Kenzo et al.
2006), but other factors may actually drive the pattern, such
as the gravity potential gradient (Koch et al. 2004;
Woodruff et al. 2004; Cavaleri et al. 2010), exposure (Sack
et al. 2006), or a combination of these factors (Burgess and
Dawson 2007). The light hypothesis assumes that light
interception in the upper portions of the canopy is the
primary driver of leaf functional and morphological gradients (Ellsworth and Reich 1993). Support for this
hypothesis stems from early experiments showing leaves
that developed in high light availability in greenhouses and
growth chambers (‘sun leaves’) tended to have higher
LMA as a result of stacked and/or longer palisade cells
when compared with the LMA of leaves in lower light
(‘shade leaves’) (Nobel et al. 1975; Nobel 1977; Smith and
Nobel 1978).
In some experiments, LMA correlated more strongly
with leaf height than to light environment (Ishii et al.
2008; Cavaleri et al. 2010), perhaps as a direct result of
changes in water relations within the canopy (Koch et al.
2004; Woodruff et al. 2004; Cavaleri et al. 2010). Xylem
water potential decreases with height as a result of
increasing path length and the gradient of decreasing
water potential with height due to gravity (Scholander
et al. 1965; Hellkvist et al. 1974; Koch et al. 2004;
Woodruff et al. 2004; Ishii et al. 2008). Decreasing xylem
water potential lowers leaf turgor pressure high in the
canopy (unless countered by osmotic adjustment; Woodruff et al. 2004). Greater hydrostatic tension, or more
negative water potential, reduces turgor pressure, which in
turn limits cell expansion and growth during leaf development in upper canopies (Hsiao 1973; Woodruff et al.
2004; Meinzer et al. 2008). One consequence of limited
cell expansion could be more densely packed mesophyll
cells, causing greater leaf density and thus higher LMA.
This theory is generally supported among tall conifers
(Koch et al. 2004; Ishii et al. 2008; Mullin et al. 2009) and
within a tropical forest stand containing high biodiversity
(Cavaleri et al. 2010).
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Nitrogen per unit area (Narea) follows a similar trend to
LMA with canopy height, while nitrogen per unit mass
(Nmass) often remains constant with height and light gradients (Hollinger 1989; Ellsworth and Reich 1993; Anten
et al. 1998). This pattern may result from increasing LMA
with light (Ellsworth and Reich 1993; Anten et al. 1998).
Nitrogen is an essential component of many molecules
involved in photosynthesis, including protein–pigment
complexes in the thylakoid membrane, the product of the
electron transport chain (NADPH), and soluble proteins
involved in the Calvin–Benson cycle (esp. RUBISCO)
(Evans 1989). Leaves with higher LMA and greater photosynthetic capacity per unit leaf area may benefit from
higher nitrogen (Evans 1989). Vertical patterns in nitrogen
allocation are not constrained by water relations and should
respond to light availability gradient within canopies to
optimize carbon gain (Field 1983; Hirose and Werger
1987).
As trees grow taller and older, structure and function
change markedly, including increases in LMA (Yoder et al.
1994; Thomas and Winner 2002), decreases in height
growth (Ishii et al. 2000; Bond et al. 2007), hydraulic
conductance (McDowell et al. 2002b), total crown photosynthesis, midday leaf water potential (Barnard and Ryan
2003), transpiration (England and Attiwill 2007), and the
ratio of leaf area to sapwood (McDowell et al. 2002a). For
Eucalyptus regnans, older, taller trees had leaves that were
more xeromorphic (thicker leaves and cuticle, smaller leaf
area, and greater LMA) and may contribute to declining
transpiration with age (England and Attiwill 2006, 2007).
In extensive reviews, Thomas and Winner (2002) and Ryan
et al. (2006) concluded that an increase in LMA with tree
age was the most consistent change among species. The
mechanisms behind the increase in LMA with tree age may
include hydraulic limitations and subsequent reductions in
leaf expansion, and altered gene expression caused by
selection pressures such as exposure to greater irradiance,
wind, herbivores, and pathogens (Thomas and Winner
2002).
We combined data from many earlier analyses of
Eucalyptus saligna and Eucalyptus grandis 9 urophylla
plantations from study sites in Brazil and Hawaii to test for
within-crown patterns of LMA and Narea. By investigating
very uniform stands with little structural or genetic diversity (including single-age clonal plantations), we were able
to avoid many confounding factors. E. saligna is native to
Australia and has been found to attain heights of 42 m after
10 years and 82 m after 50 years at sites in Hawaii
(Walters 1973; Burns and Honkala 1990). Eucalyptus
grandis 9 urophylla was developed by the Aracruz pulp
company for the purposes of combining high wood quality
of Eucalyptus grandis and wood density and canker
resistance of Eucalyptus urophylla (Gominho et al. 2001).
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Due to its fast growth and yield of valuable forest product,
Eucalyptus spp. are one of the most widely planted hardwoods in the world (Turnbull 1999; Thomas et al. 2009).
Eucalyptus spp. plantations cover more than 19.6 million
hectares globally with about 20 % found in Brazil (Iglesias-Trabedo and Wilstermann 2008). The objectives of the
study were to investigate the influence of leaf height, shade
index (a proxy for light environment), and tree age on
LMA, Narea, and Nmass for young E. saligna and E. grandis 9 urophylla stands within and among six study sites in
Brazil and one in Hawaii, testing three hypotheses:
1.

2.

3.

LMA relates more strongly with height than with
shade index (a proxy for light environment) because of
the dominance of height relationships in other studies.
LMA increases with tree age (beyond the effect of
height alone) because stands experience dramatic
changes in structure and function as trees age.
Light is the primary driver of Narea as a result of greater
allocation of nitrogen under high light conditions to
optimize carbon gain.

3

19.4 °C and MAP was 1,108 mm year-1. Trees were
planted in April 2004 with 3 9 3 m spacing. The IP site
was located near Mogi Guacu in São Paulo, Brazil
(22°210 S, 46°580 W) on an Oxisol, where MAT was 21.6 °C
and MAP was 1,317 mm year-1. Trees were planted in
October 2000 with 3 9 2.8 m spacing. The SUZ site was
near Teixeiras de Freitas in Bahia (18o 200 S, 39 520 W) on
an Ultisol with about 25 % clay. MAT during the experiment averaged 25 °C, 1,350 mm year-1 precipitation.
Trees were planted in December 2001 with 3 9 3 m
spacing. The VCP site was located near Luis Antonia in
São Paulo, Brazil at 21°320 S, 48°220 W, where MAT was
22 °C and MAP was 1,307 mm year-1. Trees were planted
in March 2000 with 3 9 3 m spacing. The Veracel site
(VER) was located near Eunapolis in Bahia, Brazil at
16°210 S, 39°340 W, where MAT was 23.0 °C and MAP was
1,433 mm year-1. Trees were planted in March 2001 with
3 9 3 m spacing. For this study, trees were sampled during
one (ARA, IP, VCP, SUZ), two (VER and HAW), or three
(CEN) years at each site (Table 1) on different plots within
the overall experimental plantation.
Experimental design and measurements

Materials and methods
Study sites
A study from Hawaii (HAW) with Eucalyptus saligna Sm.
seed-origin trees was joined with six clonal-tree Eucalyptus
grandis (W. Hill ex Maid) 9 urophylla (S.T. Blake)
experiments in Brazil. Six of the study sites in Brazil
(ARA, CEN, IP, SUZ, VCP, VER) were part of the Brazil
Eucalyptus Potential Productivity (BEPP) Project (Stape
et al. 2010). Results are also given for site–year combinations; for example, VER-3 refers to site VER measured
in year 3.
The study site in Hawaii (HAW) was upslope from
Peepekeo (19o500 N, 155o70 W) at an elevation of 350 m on
a deep thixotropic, isothermic Typic Hydrudands in the
Kaiwiki series. The mean annual temperature during the
6-year rotation (1994–2000) was 21 °C, with
3,400 mm year-1 of precipitation ensuring no water limitation on tree growth. This site contained stands of two age
classes: 1.5 and 5.5 years. This first stand was planted in
1994 with 3 9 3 m spacing. An additional stand was
planted 4 years later with 3 9 3 m spacing.
The ARA site was located near Aracruz in Espirito
Santo, Brazil at 19°490 S, 40°050 W. Mean annual temperature (MAT) during the rotation at ARA was 24 °C and
mean annual precipitation (MAP) was 1,360 mm year-1.
Trees were planted in March 2001 with 3 9 3 m spacing.
The CEN site was located near Guanhaes in Minas Gerais,
Brazil (18°350 S, 42°590 W) on an Oxisol, where MAT was

Six plots each were studied at sites ARA, IP, VER, and
SUZ. At ARA and SUZ, three of the six plots were heavily
fertilized (three times annually), irrigated, and uniform with
all trees planted on the same day; and the other three plots
were heavily fertilized, irrigated, and heterogeneous in
structure with 1/3 of trees planted on day 0, 1/3 planted 40 days later, and the remaining 1/3 planted on day 80.
At IP, two plots were heavily fertilized, irrigated, and uniform; two plots were heavily fertilized, irrigated, and heterogeneously planted. The remaining two plots were
moderately fertilized, not irrigated, and uniformly or heterogeneously planted. At VER, three plots were moderately
fertilized (operational levels of fertilization, see Stape et al.
2010), not irrigated, and uniform, and the three other plots
were moderately fertilized, not irrigated, and heterogeneous. For sites listed above, each plot had 12 rows and 12
columns of trees, and every fourth tree of the central 36
trees in each plot was selected for destructive sampling (9
trees per plot 9 6 plots per site = 54 trees per site,
Table 1). At VCP, 24 trees from 11 plots were chosen for
sampling, spread across all treatments to provide a wide
variety of trees. Four plots were heavily fertilized, irrigated,
and uniformly planted. Four plots were moderately fertilized, not irrigated, and uniformly planted. The remaining
three plots were not fertilized, received no irrigation, and
uniformly planted. Stape et al. (2010) provide additional
information for BEPP sites including details about standard
company fertilization and quantities of supplemental irrigation. At site HAW, two plots (one 1.5-year-old, and one
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Table 1 Cohort age, number of
trees, mean dbh (diameter at
breast height, ±SE), and mean
tree height for Eucalyptus spp.
used in LMA analysis
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Location
Brazil

Site
name

Cohort
age (year)

Mean tree
height (m ± SE)

ARA

3

54

12.1 ± 0.5

16.6 ± 0.5

3

54

14.1 ± 0.5

18.8 ± 0.4

VCP

3

24

13.3 ± 0.3

20.1 ± 0.4

SUZ

6

54

18.4 ± 0.5

27.0 ± 0.3

VER

3

54

12.8 ± 0.3

18.1 ± 0.2

6

54

23.7 ± 0.3

34.8 ± 0.2

CEN

2

4

12.2 ± 0.1

15.5 ± 0.1

16

19.8 ± 0.2

30.8 ± 0.3

10.5

4

21.7 ± 0.2

34.3 ± 0.1

1.5

13

7.2 ± 0.3

6.9 ± 0.2

5.5

21

17.5 ± 1.3

21.6 ± 1.4

HAW

5.5-year-old) were sampled, with 13 destructively sampled
trees in the younger plot and 24 trees in the older plot. Both
plots were heavily fertilized (4 times annually).
Measurements for trees at all sites included total tree
height and height to the base of the live crown. Destructively sampled canopies were divided into thirds based on
crown length. Actual leaf height was estimated as the
center of each relative canopy position, calculated using
total tree height and height to base of live crown (height to
lowest live foliage). All leaves were stripped from each
tree and weighed in the field by canopy third. One bulked
sample (of more than 100 leaves) was taken from each
canopy position and returned to the laboratory for LMA
and leaf N analyses. LMA was measured in all sites, while
foliar N was only measured in IP-3, VCP-3, and VER-3.
Leaf area was measured using a bench-top optical area
meter (LI-3100, Licor, Inc. Lincoln, NE). Leaves were
dried at 70 °C for 24 h and weighed to determine dry
weight and subsequent estimates of LMA. Dried leaves
were ground and analyzed for nitrogen (N) concentration
by combustion furnace (NA1500 CHN Analyzer, Carlo
Erba Strumentazione, Milan, Italy). Leaf nitrogen was
either expressed as Nmass (g kg-1) or calculated as Narea
(g m-2) using LMA measurements. Hawaii plot procedures were handled similarly to those of the Brazil plots
(Barnard and Ryan 2003).
Statistical analysis and shade index
We developed a multiple regression model selection procedure for each site for predicting LMA, Nmass, and Narea
based on the lowest AIC (Akaike Information Criterion)
value (Anderson 2008). Independent variables included
leaf sample height, shade index, age, and interactions
among these variables. Analysis of variance (ANOVA) was
used to determine significant main and interaction effects,
with a = 0.05. Statistical analyses were conducted using R
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Mean dbh
(cm ± SE)

IP

6.4
Hawaii

Number
of trees

statistical software (R Core Team 2012). We also pooled
all data across age and site to discern any emergent relationships, and ANOVA was used to determine significant
main effects, with a = 0.05. For analysis where all data
were pooled together, the interaction term (height 9 shade
index) was ignored for the purposes of identifying the
relative contribution of shade index and height toward a
more parsimonious model of predicting LMA, Nmass, and
Narea across all sites.
The actual light environment of each leaf sample location was not measured directly, so we developed a shade
index (SI) that incorporates estimates of within-canopy
shading (canopy depth) and shading of neighboring trees
(weighting factor based on tree height relative to mean tree
height; Fig. 1). Canopy depth in deciduous and conifer
plantations has been found to be strongly and negatively
related to light availability (Leverenz et al. 1982; Gower
and Norman 1991; Rodrigo et al. 2001) and was used as an
indicator of light availability (Iversen and Norby 2008).
Shade index was calculated as:
HTmean
ð1Þ
HTtree
Where CD is canopy depth (m) and is calculated as [tree
height–leaf height]; HTmean (m) is mean tree height at each
site; and HTtree (m) is total tree height (Fig. 1). A higher
ratio of mean tree height to total tree height indicates that a
tree is shorter relative to mean tree height and would
experience lower light availability due to shading from
neighboring trees.
To identify any issues with collinearity, we plotted
shade index versus leaf sample height for all sites and
calculated variance inflation factor (VIF) for each relationship (Table 2). The VIF quantifies the influence of
multicollinearity among independent variables on the
standard errors. A VIF value [10 indicates serious collinearity, while values near one indicate no collinearity. Shade
index was negatively correlated with sample leaf height at
SI ¼ ðcanopy depthÞ 
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Fig. 1 For each tree, the
canopy was divided into thirds,
and both leaf height and canopy
depth were estimated using the
center of each third based on
tree height and base to live
crown measurements. Shade
index was developed by
calculating canopy depth (tree
height–leaf height), and
multiplying by a weighting
factor (ratio of mean tree
height:tree height) to account
for shading from neighbor trees.
In this example, leaf height was
at the lower canopy, but we
calculated leaf height for leaf
samples collected at three
canopy positions (upper,
middle, and lower) for each tree

all sites (Table 2). Most sites contained a low VIF, but four
sites (VER-3, CEN-2, CEN-10.5, HAW-1.5) had issues of
collinearity.
To further separate out the effects of height and shade
index, we grouped data into three bands of height (low, mid
and high) and plotted LMA versus shade index and vice
versa for three bands of shade index (low, mid, and high).
Group categories were selected by separating height and
shade index into three groups of equal size based on rank
(smallest to largest). For the pooled data (across sites and
ages), we compared the contribution of shade index and
height to the full model using partial r2 values. To further
tease apart the effects of height and shade index on Narea
for pooled data, we plotted the residuals of shade index vs.
Narea against height and the residuals of height vs. Narea
against shade index.

Table 2 Intercept, slope, coefficient of determination (R2), and variance inflation factor (VIF) of the relationship between height and
shade index for all sites (P value \0.0001 for all)
Site

b0

b1

R2

VIF

ARA

11.6

-0.57

0.62

2.63

IP

10.5

-0.44

0.35

1.54

VCP
SUZ

13.3
16.4

-0.59
-0.56

0.65
0.63

2.86
2.70

VER-3

16.6

-0.88

0.87

7.69

VER-6

29.1

-0.82

0.75

CEN-2

15.3

-1.01

0.98

CEN-6.4

15.0

-0.41

0.42

CEN-10.5

30.5

-0.88

0.93

14.3

HAW-1.5

6.7

-0.94

0.94

16.7

HAW-5.5

11.8

-0.39

0.44

4.00
50.0
1.72

1.79

Results
Leaf mass per area
Sample leaf height (hereafter referred to as height) was
highly significant in best-fit models for LMA at all sites
(Table 3). Shade index was included in best-fit models for
LMA at all sites and was significant at four of six sites
(Table 3). The shade index 9 height interaction was significant in one of the models (ARA) (Table 3). Age effects
were tested at three sites that contained two or three age
classes (VER, CEN, and HAW; Table 3). At VER, all
possible parameters and interactions were included in the
best-fit model. Main effects, shade index, height, and age,
and the interaction effects, height 9 age and shade
index 9 height 9 age, were significant (Table 3). At CEN
and HAW, height, age, and height 9 age interaction were
included in the model. Shade index was also included in
the HAW model. The height and height 9 age interaction
was significant at HAW (Table 3).
LMA increased linearly with height at all sites within
single-age classes (IP, VCP, SUZ, and ARA), whereas
LMA increased (IP), decreased (SUZ), or did not change
(VCP) with shade index (Fig. 2). At ARA, LMA consistently increased with height within all shade index classes
(Fig. 2g), and LMA increased with shade index at the mid
height class but did not change with shade index at the low
or high height class (Fig. 2h).
For sites that contained more than one age class of
stands (CEN, VER, and HAW), relationships between
LMA and height form non-overlapping point clouds for
each age (Fig. 3). LMA increased with height at the low
and mid shade index class at VER-3 and VER-6 (Figs. 3a,
4a). LMA did not increase with height at the younger HAW
(HAW-1.5) and CEN (CEN-2) sites, whereas LMA
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Table 3 Best-fit model for predicting LMA, Nmass, and Narea by site developed through multiple regression models based on lowest AIC value of
all possible models
Response
variable

Site

Age

n

Best-fit model

LMA (g m-2)

ARA

3

162

SI***

Ht***

IP

3

162

SI***

Ht***

0.69

VCP
SUZ

3
6

72
162

SI
SI***

Ht***
Ht***

0.32
0.41

SI***

VER

3,6

324

CEN

2, 6.4,
10.5

72

Model
R2
SI 9 Ht***

SI 9 Ht

0.55

Ht***

Age***

Ht**

Age***

Ht 9 Age

Ht 9 Age***

SI 9 Age

SI 9 Ht 9 Age***

0.37

0.56

Age

Ht 9 Age***

0.71

HAW

1.5, 5.5

102

SI

Ht***

Leaf Nmass
(mg g-1)

IP

3

162

SI***

Ht***

VCP

3

72

SI***

Ht***

VER

3

162

SI***

Leaf Narea
(g m-2)

IP

3

162

SI*

Ht***

VCP

3

72

SI***

Ht

SI 9 Ht**

0.30

VER

3

162

SI***

Ht***

SI 9 Ht*

0.50

0.38
SI 9 Ht**

0.63
0.61
0.29

LMA and leaf nitrogen analysis for sites included shade index (SI), leaf height (Ht), and age (Age) as independent variables. P value of main and
interaction effects were determined using ANOVA and are reported with asterisks next to parameter abbreviation
* p \ 0.05, ** p \ 0.01, *** p \ 0.001

increased with height for the older HAW (HAW-5.5) and
CEN (CEN-6.4, -10) sites (Fig. 3b, c).
Height explained more variation in LMA within classes
of shade index compared to shade index within classes of
height, as indicated by the consistently higher R2 values
(Fig. 4). With a few exceptions, relationships between
LMA and height were generally stronger at low and mid
shade index classes (greater light availability) compared to
the high shade index class (lower light availability;
Fig. 4a). Furthermore, relationships between LMA and
height were much stronger at older sites compared to
younger sites at VER and HAW (Fig. 4a). Relationships
between LMA and shade index tended be stronger at low to
mid height classes compared to the high height class
(Fig. 4b). We observed one significant relationship
between LMA and shade index at the high height class
(Fig. 4b).
Leaf nitrogen
Shade index was selected for leaf Nmass best-fit models for
all sites (Table 3). Height was selected in models at IP and
VCP (Table 3). A significant interaction between shade
index and height was also included in the model at VCP
(Table 3). At VER, shade index was the only variable
selected in the model (Table 3). Nmass and height were
positively correlated at IP and VER-3 (Fig. 5a, c), but
negatively correlated within low and mid shade index
classes at VCP (Figs. 4c, 5e). Nmass and shade index were
negatively correlated at IP and VER-3 (Fig. 5b, d) and
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negatively correlated within low and mid height classes at
VCP (Figs. 4d, 5f).
Nmass was more strongly correlated with shade index
within height classes compared to height within classes of
shade index (Fig. 4c,d). This was most apparent in the low
to mid height classes, where relationships between Nmass
and shade index were stronger compared to high height
classes (Fig. 4d). Relationships between Nmass and height
were generally stronger within low and mid shade index
classes compared to the high shade index class (Fig. 4c).
For leaf Narea, shade index was selected and significant
in models at all sites (Table 3). Height was included in all
models and significant in the models for IP and VER
(Table 3). Narea increased with height at IP (Fig. 6a), but
decreased with shade index (Fig. 6b). At VER-3, Narea
decreased with height within the high shade index level
(Figs. 6c, 4e), and no changes with shade index within
height classes were observed (Figs. 6d, 4f). At VCP, Narea
decreased with height within the low shade index class
(Figs. 6e, 4e), and Narea decreased with shade index within
the low and mid height class (Figs. 6f, 4f). We did not
observe any general trends between Narea and height within
shade index classes and between Narea and shade index
within height classes.
Overall patterns across sites
Despite differences of LMA–height profiles among sites,
we observed a significant relationship between LMA and
height when data from all sites were pooled (Fig. 7a).
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Fig. 2 Relationship between
LMA (g m-2) and height (m) (a,
c, e) and shade index (b, d,
f) for sites with non-significant
height 9 shade index
interaction. Relationship
between LMA (g m-2) and
height by levels of shade index
(g) and shade index by levels of
height (h) for the ARA site that
had a significant height 9 shade
index interaction. See Table 3
for significance of main effects
and interactions. See Fig. 4 for
R2 values at ARA

Further analysis revealed that the partial r2 for height was
much greater compared to the partial r2 for shade index
(Table 4). Once height was taken into account, adding light
to the model only explained 0.01 % additional variability
in LMA. We observed a strong and negative relationship

between Nmass and shade index (Fig. 7b). Also, the partial
r2 for adding shade index into the full model was much
greater compared to the addition of height (Table 4). The
partial r2 value for adding height into the full model for
predicting Narea was slightly greater compared to partial r2
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Fig. 3 Relationship between LMA (g m-2) and height (m) by levels
of shade index and age at the VER site (a). See Fig. 4 for R2 values at
VER. Relationship between LMA (g m-2) and height by age at the
CEN (b) and HAW (c) sites. See Table 3 for significance of main
effects and interactions

for shade index (Table 4). The relationship between height
and residuals (shade index vs. Narea) was positively significant, whereas the relationship between shade index and
residuals (Height vs. Narea) was not significant (Fig. 7c, d).

Discussion
Leaf mass per area
These experiments supported our first hypothesis that leaf
morphology of E. saligna and E. grandis 9 urophylla
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clonal plantations responds more strongly to leaf height
than shade index (light environment) within and across all
sites, consistent with previous findings in temperate conifers and tropical trees (Koch et al. 2004; Ishii et al. 2008;
Mullin et al. 2009; Cavaleri et al. 2010). LMA showed a
positive linear relationship with height within and across
all sites. Xylem water potential routinely decreases linearly
with height due to gravity (-0.01 MPa m-1) and path
length (Scholander et al. 1965; Koch et al. 2004).
Increasing tension with height due to gravity and path
length has been linked to reduced leaf turgor pressure
(Woodruff et al. 2004; Meinzer et al. 2008), and reduced
cell expansion limits leaf development and may produce
leaves with greater LMA. For E. saligna and E. grandis 9 urophylla, these mechanisms likely explain the linear increase in LMA with height.
While shade index was less influential than height, it did
improve the fit of models within each site. We provide
evidence that variation in LMA is primarily accounted for
by height within broadly defined light conditions. Recent
investigations of the effects of light and height on leaf
morphology have concluded that leaf morphology tends to
be more responsive to light availability below a threshold
in the lower portions of forest canopies where light is
limited, while hydraulic limitations are most important in
the upper canopy of trees (Ishii et al. 2008; Mullin et al.
2009; Cavaleri et al. 2010). Light appeared to have slight,
but statistically significant effects on the relationship
between LMA and height for E. saligna and E. grandis 9 urophylla. Relationships between LMA and shade
index did not reveal a threshold, but further analysis of
LMA–height relationships within shade index classes show
that these relationships tend to be stronger at higher light
availability. Mullin et al. (2009) reached a similar conclusion where shoot mass per area of Sequoia sempervirens
correlated strongly with height for foliage near the tops of
trees, but not at mid-crown and base-of-crown canopy
positions. The effects of hydraulic limitations may only be
discernible under fully saturated light availability where
leaves may be predisposed to additional factors such as
lower turgor pressure.
Surprisingly, we found that LMA frequently decreased
with increasing light availability in low to mid height
classes. Consistent with our results, Anten et al. (1998)
found that LMA of plants decreased with increasing light
availability for low to mid height classes. Anten et al.
(1998) attributed the decrease in LMA with increasing light
availability to changing light availability during the course
of the growing season. Leaves that developed later in the
growing season under lower light availability had a lower
LMA than leaves growing below them that developed early
in the growing season under high light availability. For
fast-growing evergreen, E. grandis, the mean leaf life span
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Fig. 4 R2 values for
relationships between LMA,
Nmass, and Narea and height
within classes of low, mid, and
high shade index classes (a, c,
e) and for relationships between
LMA, Nmass, and Narea and
shade index within classes of
low, mid, and high height
classes (b, d, f). R2 values for
non-significant relationships
were not included in the figure.
Negative signs above each bar
indicate negative linear
relationships between LMA,
Nmass, or Narea and height or
shade index. Bars without a
negative sign indicate positive
relationships

is 140–150 days, and tree height growth is
5.8–6.2 m year-1 (Laclau et al. 2009). Thus, it is plausible
that the observed decrease of LMA with increasing light
availability in low to mid height classes may be attributed
to increasing light attenuation by dominant trees and subsequent declines in light availability for subordinate trees
during the course of the study period. In other words, E.
saligna and E. grandis 9 urophylla grow so fast that
leaves lower in the canopy may experienced very different
growth conditions during development months prior to
current growing conditions. This also may contribute to
inconsistent relationships observed for LMA and shade
index. Nouvellon et al. (2010) reached a similar conclusion
for 2- to 4-year-old E. grandis 9 urophylla that displayed
little variation in LMA among three crown sections (upper,
middle, and lower), and suggested that leaf acclimation of
lower canopy leaves to increasingly shadier conditions
following leaf development cannot occur.

These experiments provide partial support for our second hypothesis: increasing tree age leads to greater LMA.
At VER, LMA at the younger site rarely exceeded
120 g m-2, whereas LMA at the older site displayed many
values above 120 g m-2. A similar theme was observed at
CEN and HAW. Our results support previous findings of
increasing LMA with tree age, including E. regnans and E.
grandis (Yoder et al. 1994; King 1999; Thomas and
Winner 2002; England and Attiwill 2006). However, we
also observed many LMA values at the older sites within or
below the range of values at the younger sites. An important finding from this study is that the height–LMA relationships were much stronger at older sites compared to the
younger sites where tree crowns rapidly increase in height.
At the VER site, this observation was apparent for LMA–
height relationships within greater light conditions (low to
mid shade index), which provides further support of our
conclusion that hydraulic limitations on leaf development
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Fig. 5 Relationship between
Nmass (mg g-1) and height
(m) (a, c) and shade index (b,
d) for sites with non-significant
height 9 shade index
interaction. Relationship
between Nmass (mg g-1) and
height by levels of shade index
(e) and shade index by levels of
height (f) for the VCP site that
had a significant height 9 shade
index interaction. See Fig. 4 for
R2 values at VCP

are more important when leaves are light saturated. More
importantly, our results provide evidence that as trees grow
taller, hydraulic limitations within high light conditions
may be accentuated, which is likely attributed to greater
hydrostatic tensions at greater heights and longer path
length from roots to leaves. England and Attiwill (2006)
reached a similar conclusion for E. regnans, which displayed decreases in leaf area and increases in LMA and
thickness with tree age and total tree height.
As E. saligna and E. grandis 9 urophylla stands age
and develop, stronger height–LMA relationships for the
older stands may also emerge as a result of positive feedback of whole-tree light absorption of dominant versus
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suppressed trees on leaf development. At the HAW site,
Ryan et al. (2004) found that canopies progress from a
homogenous canopy stratum (1.5 year) to a more complex
vertical arrangement (5.5 year) in combination with leaf
area distribution skewed toward the top canopy position for
older stands. The progression from a homogeneous stratum
toward a more complex vertical arrangement at the HAW
site may contribute toward stronger height–LMA relationships observed at the older site (HAW-5.5). Dominant
and taller Eucalyptus trees that outcompete neighbor trees
within plantations are able to absorb more light and use
light more efficiently (Binkley et al. 2010), which may be a
consequence of and also facilitate the production and
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Fig. 6 Relationship between
height and leaf Narea (mg m-2)
and height (m) (a) and shade
index (b) for the IP site with
non-significant height 9 shade
index interaction. Relationship
between Narea (mg m-2) and
height by levels of shade index
(c, e) and shade index by levels
of height (d, f) for the VER-3
and VCP sites that had a
significant height 9 shade
index interaction. See Fig. 4 for
R2 values at VER-3 and VCP

maintenance of costly tissues such as leaves with a greater
LMA. This alternative conclusion is further supported by
King (1999) who found that Eucalyptus grandis leaves
with greater LMA maximize biomass production in larger
trees but not for smaller trees, which tend to maximize
biomass production through leaves with lower LMA.
Whole-tree light absorption rather than light availability at
the leaf level may also contribute to variation in LMA
within a stand. We do not dispute the evidence of hydraulic
limitations on leaf development, but concede to the possibility that multiple mechanisms may be working simultaneously during leaf development.
Across all sites and age classes, LMA and height maintained a strong positive correlation, whereas shade index
appeared to contribute little to variation in LMA. The height–
LMA relationship observed in tree canopies may simplify

scaling of leaf-level photosynthesis and respiration to wholecanopy photosynthesis and respiration (Ellsworth and Reich
1993; Cavaleri et al. 2010). Despite the broad range of environmental conditions (irrigated and not irrigated, heavy to
moderate fertilization) spanning the study sites, we provide
evidence of a general pattern of increasing LMA with height
for E. saligna and E. grandis 9 urophylla plantations. The
strong relationship between LMA and height across the Brazil
and Hawaii sites could greatly improve modeling efforts of
canopy function over larger spatial scales, perhaps with the
help of remote sensing (i.e., LiDAR, MODIS land information). This may be particularly important for Eucalyptus spp.
because these plantations cover approximately 20 million ha
of land globally. The global height–LMA relationship that we
provide may simplify future research that aims to estimate
carbon cycling in these plantations.
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Fig. 7 Relationship between
LMA and height (a), leaf Nmass
and shade index (b), residuals of
Narea vs. shade index and height
(c), and residuals of Narea vs.
height and shade index (d) for
all sites pooled. Height and
shade index were strongly
correlated with LMA and Nmass,
respectively, across all sites and
age classes in Brazil and Hawaii

Table 4 For all sites and ages pooled together, R2 values and Akaike
Information Criterion (AIC, lower value indicates better goodness of
fit) are displayed for linear regressions between response variables
Response variable

Shade index only

Height only

R2

R2

AIC

(LMA, Nmass, and Narea) and shade index and height and the multiple
regressions between response variables and both terms (shade index
and height)

AIC

Shade index and height

Partial r2 for adding

R2

AIC

Shade index

Height

LMA (g m-2)

0.06***

9,306

0.45***

8,751

0.45***

8,744

\0.01

0.39

Nmass (mg g-1)

0.37***

1,918

0.14***

2,041

0.40***

1,900

0.26

0.03

0.17***

205

0.24***

169

0.24***

\0.01

0.07

-2

Narea (mg m )
2

171
2

Partial r analysis shows that height and shade index strongly contribute to the full model R for predicting LMA and Nmass, respectively
Partial R2 values are the differences in R2 between the full model and single-parameter models
* p \ 0.05, ** p \ 0.01, *** p \ 0.001

Leaf nitrogen
Previous research has suggested that nitrogen is allocated
within light gradients as a strategy to maximize carbon gain
(Field 1983; Hirose and Werger 1987). In support of our
third hypothesis, we observed a general pattern where leaf
nitrogen on a mass basis (Nmass) consistently decreased
with shade index, whereas leaf nitrogen on an area basis
(Narea) decreased, increased, or did not change with shade
index. Barnard and Ryan (2003) also observed greater
nitrogen concentration in leaves at the top canopy position

123

of Eucalyptus saligna trees in Hawaii. While the current
study did not directly measure light conditions, shade index
can be considered a proxy for light conditions in the
plantations as it incorporates both within-crown and intercrown shading.
Canopy light gradients have been implicated as a strong
driving force for Narea in tree and plant canopies, likely due
to the strong influence of light on LMA (used to convert
Nmass to Narea, Nmass * LMA = Narea) (Ellsworth and Reich
1993; Bond et al. 1999). Previously reported strong relationships between area-based leaf nitrogen, photosynthesis,
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RUBISCO nitrogen, chlorophyll content, and electron
transport capacity within species suggests that leaf nitrogen
plays a critical role in the capacity of a leaf to assimilate
carbon (Evans 1983; 1986; 1989). Consistent with other
studies, we found that Narea generally increased with height
or decreased with shade index (Ellsworth and Reich 1993;
Bond et al. 1999), but our results do not show that Narea
always increased with height within levels of shade index.
In another study that compared leaf Narea and Nmass distribution within plant canopies, Narea was primarily determined by light availability, while Nmass appeared to be
determined by leaf age (Anten et al. 1998).
Across all sites (pooled data), height appeared to be
slightly more important than shade index as indicated by
the greater partial r2 of Narea vs. height. This conclusion
was further supported by relationships (or lack of) between
residuals (Narea vs. shade index) and height and residuals
(Narea vs. height) against shade index. Height was a better
predictor of the departure from the trend of Narea vs. shade
index compared to shade index of the departure from the
trend of Narea vs. height. Thus, the increasing trend of LMA
with height across all sites likely explains the positive
relationship between Narea and height.
In contrast, Nmass consistently decreased with shade
index (increased with light) which contrasts many studies
that have found no changes in Nmass along a light gradient.
Our study provides strong evidence that leaf Nmass is primarily driven by light. An important finding for this study
was that Nmass was more strongly correlated with shade
index compared to Narea and that shade index was more
important than height when data were pooled across all
sites. Each site also had different levels of fertilization
treatment (zero, moderate, or heavy fertilization), yet there
was an apparent general trend of Nmass with shade index.
Most sites either received heavy fertilization or standard
operational fertilization, and previous work at these sites
showed that tree growth did not respond to more intense
fertilization (Stape et al. 2010). Our research suggests that
scaling canopy processes from stand level to a larger spatial scale for Eucalyptus spp. may benefit from the use of
mass-based measures of photosynthesis and nitrogen.

Conclusions and implications
Leaf height strongly affected LMA in E. saligna and E.
grandis 9 urophylla plantations located in Brazil and
Hawaii, consistently increasing with height across and
within levels of shade index. Increasing hydrostatic tension
with height due to gravity and path length is a likely
mechanism that restricts leaf development and subsequent
increases in LMA with height. In contrast, Nmass was primarily affected by shade index (a proxy for light
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availability). Narea did not consistently increase with height,
but was consistently greater when shade index was lowest
(i.e., exposure to light was highest). We conclude that the
primary driver for LMA is height, while the primary driver
for leaf nitrogen is light. Our results provide evidence that
LMA and Narea are not distributed optimally with respect to
light and carbon gain, but the distribution of Nmass appears
to be distributed based on light availability. LMA and Narea
appear to be distributed with respect to height and subsequent water potential gradients, and our conclusion supports recent findings in temperate conifers and tropical trees
where restrictions on water transport dictates leaf morphology. As a result of these restrictions, leaf morphological characteristics that determine LMA (thicker cuticle and
leaves, smaller leaf area) appear to be distributed to reduce
water loss rather than to optimize carbon gain.
These results also show that accounting for broadly defined
light conditions and age can further improve predictions of
LMA gradients in even-aged E. saligna and E. grandis 9 urophylla plantations at a regional scale. Furthermore,
we provide evidence of a general relationship between LMA
and height for E. saligna and E. grandis 9 urophylla. This
relationship could simplify modeling of forest productivity of
Eucalyptus spp. plantations which currently provide an
increasing, worldwide supply of wood products.
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