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

The relationships of foliage assimilation capacity per unit area (PP

max
) with leaf dry mass per unit area (LMA) and

nitrogen content per unit area (N
P
) differ between species and within species grown in different habitats. To gain

a more mechanistic insight into the dependencies of PP

max
on LMA and N

P
, this literature study based on 597

species from a wide range of earth biomes with woody vegetation examines the relations between leaf

photosynthetic capacity and the components of LMA (leaf density (D, dry mass per volume) and thickness (T )),

and also the correlations of D and T with leaf nitrogen content and fractional leaf volumes in different tissues.

Across all species, PP

max
varied 12-fold and photosynthetic capacity per unit dry mass (Pm

max
) 16-fold, N

P
12-fold,

and nitrogen per unit dry mass (N
m
) 13-fold, LMA 46-fold, D 13-fold, and T 35-fold, indicating that foliar

morphology was more plastic than foliar chemistry and assimilation rates. Although there were strong positive

correlations between PP

max
and N

P
, and between Pm

max
and N

m
, leaf structure was a more important determinant of

leaf assimilation capacities. PP

max
increased with increasing LMA and T, but was independent of D. By contrast,

Pm

max
scaled negatively with LMA because of a negative correlation between Pm

max
and D, and was poorly related

to T. Analysis of leaf nitrogen and tissue composition data indicated that the negative relationship between D and

Pm

max
resulted from negative correlations between D and N

m
, D and volumetric fraction of leaf internal air space,

and D and symplasmic leaf fraction. Thus, increases in leaf density bring about (1) decreases in assimilative leaf

compounds, and (2) extensive modifications in leaf anatomy that may result in increases in intercellular transfer

resistance to CO
#
. Collectively, (1) and (2) lead to decreased Pm

max
, and also modify PP

max
versus LMA relationships.

Key words: interspecific comparisons, leaf mass per area, leaf density, leaf nitrogen, leaf thickness, photosynthesis,

leaf anatomy, woody species.



The relationships between foliage structural and

functional variables reported are contradictory and

not universal. Within single species, leaf dry mass

per unit area (LMA) is generally positively related to

leaf photosynthetic capacity per unit leaf area (PP

max

see Table 1 for abbreviations and units ; Sims &

Pearcy, 1989; Ellsworth & Reich, 1993; Pearcy &

Sims, 1994; Niinemets & Tenhunen, 1997;

Niinemets et al., 1998a,b), and this positive as-

Supplementary material : Appendices 1 and 2 can be found in the

online version of this article (www.journals.cup.org).

sociation may also hold for interspecific correlations

(Reich & Walters, 1994). Yet, LMA and PP

max
often

correlate poorly in other multispecies data sets

(Reich et al., 1991, 1995, 1997; Reich & Walters,

1994). Variability of leaf nitrogen (N) content per

unit leaf dry mass (N
m
) with LMA has been

highlighted as a potential source of these contrasting

patterns (Reich & Walters, 1994; Reich et al., 1995,

1997). However, the mechanisms underlying the

scaling of N
m

with LMA have not yet been

characterized in detail. Commonly, there are nega-

tive relationships between LMA and leaf N content

per unit leaf dry mass (Sobrado & Medina, 1980;

Reich et al., 1991, 1992, 1995; Cornelissen et al.,
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1997), but again, these dependencies are species- and

site-specific (Reich & Walters, 1994; Garnier et al.,

1997; Niinemets, 1997b).

Although researchers tend to attribute the varia-

bility in leaf dry mass per unit area only to changes

in leaf thickness (Chabot et al., 1979; Sims & Pearcy,

1992; Chazdon & Kaufmann, 1993; Enrı!quez et al.,

1996), LMA is a product of leaf density (D, dry mass

per unit volume) and thickness (T ) in flat broad-

leaved species, and D and volume to surface area

ratio (V}A) in needle-leaved species. Both D and T

(or V}A) may vary many-fold, they are not necess-

arily interdependent, and they may be controlled by

different environmental variables (Witkowski &

Lamont, 1991). Garnier et al. (1997) hypothesized

that the contrasting patterns in LMA vs N relations

are the outcome of the variation of D and T in

opposite directions. Given that there is a trade-off

between the investments in structural and assimi-

lative leaf compounds (Niinemets & Kull, 1998), and

that the increases in density are compatible with

greater apoplastic leaf fraction and greater fraction of

support tissues in the leaves (Niklas, 1989; Garnier

& Laurent, 1994), increases in D may lead to

decreases in N
m
, but T and N

m
should not necessarily

be correlated. However, the dependencies of N
m

on

T and D have not been examined before.

An extensive set of data including shrubs and trees

from all major earth biomes with woody vegetation

was compiled to analyse the following. What is the

nature of changes in LMA; do the variations in both

thickness and density play an equal role? How does

the foliage partitioning between assimilative and

support tissues scale with D and T, and how are D

and T related to internal leaf architecture? How do

the variation patterns in D and T alter LMA vs leaf

N and photosynthesis relationships?

  

Database compilation

A thorough literature survey was conducted to find

studies where leaf thickness (T, dorsiventral leaf

dimension) and leaf dry mass per unit projected area

(LMA
P
) or leaf density (D) had been measured

simultaneously. Studies providing sufficient infor-

mation to calculate T or LMA
P

from graphs or

tabulated data were also considered. When not

directly reported in the original publication, D was

computed from leaf thickness (or from volume to

projected leaf area ratio, V}A
P
, in needle-leaved

species) and LMA
P
, or LMA

P
was calculated from T

and D. For needle-leaved species, leaf dry mass per

unit total surface area (LMA
T
¯DV}A

T
, where A

T

is needle total surface area) and V}A
T

were also

included in the database. Contrary to broad-leaved

species, where the absorption of direct light scales

with projected leaf area, the light interception

capacity of individual needles is a complex function

of their cross-sectional geometry, and the light inter-

cepting surface may be larger at a common projected

area (A
P
) in needles than in broad leaves (Jordan &

Smith, 1993). Moreover, at a common A
P
, the

surface area for gaseous and heat exchange with the

atmosphere is also generally greater in individual

needles. Given the higher functional surface area in

needle-leaved species, functional equivalent of

LMA
P

of broad-leaved species falls between the

values of LMA
P

and LMA
T

of needle-leaved taxa.

Since plant age may crucially alter the relation-

ships between foliage anatomy, morphology and

environment (Steele et al., 1989; Lee & Richards,

1991; Groom et al., 1997; Niinemets, 1997a),

preference was given to field investigations in which

mature plants had been used. However, several

important foliar anatomical characteristics, for ex-

ample, the fraction of intercellular air spaces in the

leaves, have rarely been measured for the leaves in

the field. Therefore, a few glasshouse and growth

chamber studies reporting estimates of such foliar

variables were also included. Only species with C
$

and C
%
metabolism were considered. Although foliar

morphology and anatomy of some Crassulacean acid

metabolism (CAM) shrubs have been studied in

detail, CAM species with succulent leaves were not

included in the analysis. Overall, 690 paired values

of T and D were found for 16 needle- and 290 broad-

leaved shrubs and trees distributed over a wide

geographical range covering all major earth com-

munities with woody vegetation (Appendices 1, 2;

www.journals.cup.org). In a search for a functional

explanation of the observed variability in leaf

morphological variables, information was also ex-

tracted for foliage chemical (N and P) contents,

anatomical (leaf volumetric composition of different

tissues, mesophyll and epidermis cell size, cell wall

thickness, fractions of intercellular air spaces) and

physiological (photosynthesis, stomatal conduc-

tance) response variables. Apart from the investi-

gations reporting values for T and D, several

additional studies providing data for foliar thickness

and other foliar anatomical variables (Appendix 2B)

were chosen to obtain a broader range of data for the

analysis of anatomical relationships (Fig. 2e–h).

Including the species from these other studies, the

final data set consisted of 39 needle-leaved and 558

broad-leaved species.

Analysis of foliar anatomical variables

In all species, leaf fractions were separated into:

cuticle, epidermis, palisade and spongy parenchyma.

In addition, resin ducts and vasculature were

important leaf tissues in conifers, and the hypo-

dermis formed a large leaf proportion in three broad-

leaved species. To characterize the relative contri-

bution of various tissues, the ratios of all tissue
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Table 1. Definition, minimum (Min), maximum (Max) and mean³SD values of foliage morphological,

anatomical and physiological variables for the compiled literature data (cf. Appendices 1, 2, (www.journals.

cup.org) and the Materials and Methods section)

Definition Min Max Mean³SD

Leaf dry mass per unit projected area (LMA
P
, g m−#) 11.8 560 115³90

Leaf thickness (T, µm) 55 1960 293³234

Leaf density (D, g cm−$) 0.092 1.33 0.41³0.15

Dry to fresh mass ratio (D
W
, g g−") 0.098 0.572 0.34³0.10

Mesophyll to projected leaf surface area ratio (A
mes

}A
P
, mm# mm−#) 6.0 39 17.0³9.1

Fraction of leaf mesophyll as intercellular air spaces (mm$ mm−$) 0.10 0.36 0.24³0.07

Fraction of leaf tissue (F ) in palisade parenchyma (mm$ mm−$) 0 0.94 0.37³0.11

F in spongy parenchyma (mm$ mm−$) 0 0.91 0.42³0.13

F in cuticle (mm$ mm−$) 0.002 0.307 0.033³0.031

F in epidermis (mm$ mm−$) 0.021 0.527 0.182³0.094

F in hypodermis (mm$ mm−$) 0.079 0.275 0.19³0.10

Nitrogen content per unit dry mass (N
m
, %) 0.445 6.18 1.73³0.92

Nitrogen content per unit projected area (N
P
, g m−#) 0.462 6.23 1.79³0.98

Light-saturated net photosynthesis rate (P
max

) per unit dry mass 17.0 296 119³55

(Pm

max
, nmol g−" s−")

P
max

per unit projected area (PP

max
, µmol m−# s−") 1.41 18.1 6.7³3.0

Maximum Rubisco* carboxylase activity (V
cmax

) per unit dry mass 58.5 779 381³178

(Vm

cmax
, nmol g−" s−")

V
cmax

per unit projected area (VP

cmax
, µmol m−# s−") 4.2 56.8 19.2³9.9

Fraction of leaf N in Rubisco (g g−") 0.043 0.173 0.121³0.033

*Ribulose-1,5-bisphosphate carboxylase}oxygenase.

volumes to total leaf volume (volumetric fractions)

were calculated. Upper and lower cuticle thicknesses

were summed to calculate the fractions of leaf tissue

present in cuticle and epidermis. Since only one

third of the studies distinguished between cuticle

and epidermis, the sum of epidermis and cuticle was

also used as the response variable in the correlation

analysis. Cases where the sum of all tissue fractions

was "1.05 or !0.95 were considered ‘bad’ data and

excluded from the database.

Analysis of leaf photosynthesis data

Foliar photosynthesis data were only analysed for C
$

species. The leaf net assimilation capacity (P
max

) was

defined as the net assimilation rate measured at

saturating irradiance, at ambient CO
#
concentrations

of 310–380 µmol mol−" (mean³SD¯350³12 µmol

mol−"), and at leaf temperatures around the tem-

perature optimum of C
$
photosynthesis (mean³SD

across all photosynthesis values was 26.6³2.7°C
with a range of 18–33°C). Whenever intercellular

CO
#

concentration (C
i
) was provided, or it was

possible to calculate C
i
from leaf photosynthesis and

paired stomatal conductance data, the values of P
max

were further used to calculate the maximum

ribulose-1,5-bisphosphate carboxylase}oxygenase

(Rubisco) carboxylase activity (V
cmax

) as described in

Niinemets et al. (1999b) and briefly outlined here.

First, gross leaf assimilation rate was estimated as

P
max

­0.5R
d
(see Niinemets & Tenhunen, 1997 for a

discussion), where R
d

is the respiration rate mea-

sured in darkened leaves at the same temperature.

Assuming that the light-saturated value of assimi-

lation rate is constrained by Rubisco activity at

current ambient CO
#

concentrations (von Caem-

merer & Farquhar, 1981), V
cmax

was further cal-

culated as:

V
cmax

¯
(P

max
­0.5R

d
) [C

i
­K

c
(1­O}K

o
)]

C
i
®Γ*

Eqn 1

(where K
c

and K
o

are Michaelis–Menten constants

for Rubisco carboxylase and oxygenase activities,

respectively, O is intercellular oxygen concentration,

Γ* is the CO
#

compensation point in the absence

of mitochondrial respiration (von Caemmerer &

Farquhar, 1981)). Michaelis–Menten constants and

Γ* were calculated for each leaf temperature, and

finally V
cmax

was standardized to 25°C employing

the temperature parameters of Rubisco given in

Niinemets & Tenhunen (1997). Although V
cmax

esti-

mations by this procedure do not take into account

the liquid and gaseous phase resistances to CO
#

transfer from intercellular air spaces to carboxylation

sites in the chloroplasts, and the true values of V
cmax

are therefore somewhat underestimated (see e.g.

Epron et al., 1995; Syvertsen et al., 1995), the

obtained values are insensitive to stomatal limitations

of photosynthesis, and give a more effective assess-

ment of leaf photosynthetic potentials than P
max

.

The fractional investment of leaf N in Rubisco

was calculated from the estimates of V
cmax

and leaf N

content according to Niinemets & Tenhunen (1997)

and using the specific activity of Rubisco of 20.5

µmol CO
#
g−" Rubisco s−" at 25°C measured for the

enzyme purified from Spinacia oleracea (Jordan &

Ogren, 1984).
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Fig. 1. Leaf dry mass per unit projected area (LMA
P
) in relation to (a) leaf thickness (T ) and (b) density (D),

and (c) the correlation between foliar thickness and density for the analysed broad-leaved (open triangles),

terete-leaved (filled squares) and conifer (filled circles) species (Appendices 1 and 2, see www.journals.cup.org.).

For conifers, the relationships of leaf dry mass per unit total surface area (LMA
T
) with (a) volume to total

surface area ratio (V}A
T
) and (b) D, and (c) the correlation between V}A

T
and D (open circles) are also depicted.

In broad-leaved species, LMA
P
¯DT, but in needle-leaved species, LMA

P
¯DV}A

P
, where V}A

P
is needle

volume to projected area ratio. In a similar manner, LMA
T
¯2DT in broad-leaved, and LMA

T
¯DV}A

T
in

needle-leaved species. The lines are fitted to the data by linear regression (see Table 2 for regression equations).

The symbols within circles are not data points, but define the regression lines.

Statistical treatment of the data

Simple and multiple linear regressions were cal-

culated where appropriate. Occasionally, Log
"!

transformation was applied to the data to normalize

the distributions of the values and}or regression

residuals. One-way covariation analyses (species

group as main effect) followed by Bonferroni test

were used to separate the differences in morpho-

logical relationships between conifers, terete-leaved

and broad-leaved species. All relationships were

considered significant at P !0.01 (Wilkinson, 1990).



Dependence of leaf dry mass per area on leaf

thickness and density

Given that leaf dry mass per unit projected area

(LMA
P
) varied 46-fold, but leaf thickness 35-, and

leaf density 13-fold across all analysed species (Table

1), both T (Fig. 1a, Table 2) and D (Fig. 1b, Table

2) were important determinants of LMA
P
. However,

because T showed greater variability, the relation-

ships of LMA
P
were stronger with T than with D (cf.

Fig. 1a,b, Table 2). The statistical dependencies

between D and T (Fig. 1c) were significant in several

cases, but the explained variance was always very low

(Table 2).

At a common leaf thickness (T), LMA
P

tended to

be greater in broad-leaved species than in conifers

(Fig. 1a). Given that LMA
P

is the product of leaf

density and leaf volume (V) to projected surface area

ratio (A
P
), differences in V}A

P
provide one ex-

planation for this difference. V}A
P

is equal to T in

broad-leaved taxa, to πT}4 in terete-leaved species

with a circular cross section, and to T}2 in conifers

with needles of triangular or rhomboidal cross
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Table 2. Statistical dependencies betweeen leaf dry mass per projected (LMA
P

g m−#) and total (LMA
T

g m−#)

area, leaf thickness (µm), density (g cm−$) and volume to total area ratio (V}A
T
): results of linear regressions

analyses

Species Dependent Independent

group* variable variable Intercept P Slope P r# n

T LMA
P

T 171 0.05 0.195 0.01 0.43 15

C LMA
P

T 15.34 0.2 0.219 0.001 0.68 82

C LMA
T

V}A
T

27.7 0.001 0.262 0.001 0.36 122

B LMA
P

T ®17.7 0.001 0.492 0.001 0.68 593

T LMA
P

D 91.0 0.3 548 0.01 0.42 15

C LMA
P

D 83.5 0.001 223 0.001 0.16 122

C LMA
T

D 24.9 0.001 110 0.001 0.32 122

B LMA
P

D ®36.7 0.001 329 0.001 0.43 593

T T D 1034 0.05 ®24.0 0.9 0.00 15

C T D 766 0.001 ®235 0.3 0.01 82

C V}A
T

D 204 0.001 ®86.2 0.05 0.04 122

B T D 164 0.001 159 0.001 0.04 593

All LMA
P

T 20.1 0.001 0.297 0.001 0.61 690

All LMA
P

D ®29.5 0.001 356 0.001 0.35 736

All T D 194 0.001 252 0.001 0.03 690

*T, terete-leaved species; C, conifers; B, broad-leaved species.

The data are plotted in Fig. 1. Terete-leaved species have circular, and conifers rhomboidal or triangular cross sections.

section. When the data for V to total leaf area ratio

(V}A
T
) were plotted against leaf dry mass to A

T
ratio

(LMA
T
) in conifers (open circles in Fig 1a), this

relationship was close to LMA
P

vs T dependence in

broad-leaved species (triangles in Fig. 1a). However,

LMA
T

is equal to 2LMA
P

in broad-leaved species,

implying that the slope of LMA
T
vs T is less steep in

broad-leaved than in coniferous species.

At a common leaf density, conifers and terete-

leaved species possessed a greater LMA
P
than broad-

leaved taxa (P !0.001, Fig. 1b). This was related to

a tendency for a greater leaf thickness at a common D

in these species than in broad-leaved taxa (Fig. 1c).

Correlations of foliar anatomical variables with leaf

density and thickness

Across all data, there was a negative correlation

between the volumetric leaf fractions in epidermal

(sum of epidermis and cuticle) and parenchymal

(sum of palisade and spongy parenchyma) tissues

(r# ¯0.89, P !0.001), implying a trade-off between

leaf tissue partitioning between covering and as-

similative structures. Leaf cuticle and epidermis may

constitute a large proportion of the leaf (Table 1),

and in a few species the hypodermis also significantly

contributed to leaf covering tissues.

On average (³ SD) cuticle comprised 15³13% of

the sum of epidermis and cuticle ; there was a

positive correlation between the volumetric fraction

of leaf in cuticle and leaf density (Fig. 2a), but none

with the leaf fraction in epidermis (Fig. 2b). Leaf

density was positively correlated with the fraction of

leaf in palisade parenchyma (Fig. 2c) and with

palisade to spongy tissue ratio (r# ¯0.08, P !0.001),

and negatively with the fraction of mesophyll as

intercellular air spaces (Fig. 2d). Given that palisade

parenchyma consists of tightly packed cells with a

low fraction of intercellular air spaces, both the

correlations depicted in Fig. 2c and d indicate that

leaf density scales positively with the compactness of

leaf mesophyll.

Despite a slight positive correlation between mean

cell heights of epidermis (dorsiventral dimension

of epidermal cells) and leaf thickness (r#¯0.08,

P !0.01), both the fraction of leaf in cuticle and

epidermis decreased with increasing leaf thickness

(Fig. 2e,f). Thus, thicker leaves are less expensive in

terms of biomass investment in epidermal structures

than thinner leaves. Although leaf thickness was

weakly related to both the leaf fractions in palisade

(Fig. 2g) and spongy parenchyma (r¯0.23, P

!0.001), the explained variance was very low for

both relationships, indicating that the internal struc-

ture of leaves may be extremely variable at a common

leaf thickness, and is not directly linked to overall

leaf thickness. Despite this, the volume fraction of

mesophyll as intercellular air spaces increased with

increasing T (Fig. 2h).

Leaf dry to fresh (turgid) mass ratio, which is

compatible with the fraction of leaf tissue in apoplast,

was closely related to leaf density (Fig. 3) and was

independent of leaf thickness (r#¯0.00, P "0.9).

Foliar nitrogen and photosynthetic capacity in

relation to leaf density and thickness

The N content per unit projected leaf area (N
P
)

varied 12-fold, and per unit leaf dry mass (N
m
) 13-

fold. N
m

decreased both with increasing leaf density

(Fig. 4a) and thickness (Fig. 4c). By contrast, N
P
was

positively related to both leaf density (Fig. 4b) and
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Fig. 3. Interspecific correlation (Appendices 1, 2) between

leaf dry to fresh mass ratio and leaf density. All species

included in Appendix 1 (www.journals.cup.org) were

pooled.

thickness (Fig. 4d), whereas N
P

was more strongly

correlated with leaf thickness than with density (cf.

Fig. 4b,d).

Foliar light-saturated net photosynthesis per unit

dry mass (Pm

max
) varied 16-fold across all data, and

was positively related to N
m

(r# ¯0.62, P !0.001).

The photosynthetic capacity per unit projected leaf

area (PP

max
) varied 12-fold, and scaled positively with

N
P

(r#¯0.45, P !0.001). There was a strong

negative relationship between Pm

max
and leaf density

(Fig. 5a) and a poor correlation between Pm

max
and

thickness (Fig. 5d). The latter relationship was

dependent of photosynthesis values in two Hakea

species of great thickness, but with very low leaf N

contents (filled symbols, Fig. 5d–f). In contrast to

the relationships with Pm

max
, PP

max
was independent

of leaf density (Fig. 5b), but increased with in-

creasing leaf thickness (Fig. 5e).

The relationships of foliage structural character-

istics with the maximum carboxylase activity of

Rubisco (V
cmax

), which was calculated assuming that

the transfer resistance from intercellular air spaces to

carboxylation site is zero, were similar to the

relationships with net assimilation rates (Fig. 5c,f),

indicating that systematic differences in stomatal

conductances to CO
#
did not drive the relationships

in Fig. 5. Although N
m

and leaf density were

correlated (Fig. 4a), multiple linear regression analy-

sis of V
cmax

per unit dry mass (Vm

cmax
) vs N

m
and D

Fig. 2. Volumetric fractions of leaf tissue in cuticle (a,e), epidermis with cuticle (b,f), and in palisade

parenchyma (c,g), and the fraction of mesophyll tissue in intercellular air spaces (d,h) in relation to leaf density

(a–d) and thickness (e–h). All analysed species pooled (Appendix 1 (www.journals.cup.org) ; as explained in the

Material and Methods section, additional species from studies listed in Appendix 2 (www.journals.cup.org) are

included in the correlations with leaf thickness). The data for the sum of epidermis and cuticle are presented

because; only a few studies provided separate values for the volumes of both epidermis and cuticle. Where it

was possible to calculate the volume fraction of leaf epidermis alone, it was similarly correlated with D and T
as the pooled variable (b,f). Data are fitted by linear regressions, whereas both axes were logarithmal (log

"!
) to

normalize the distributions of the data and regression residuals in the insets of panels e and f.

suggested that Vm

cmax
was lower at a common N

m
in

leaves with higher density (Fig. 6a). This was further

supported by the finding that the fractional in-

vestment of leaf N in Rubisco, again calculated on

the assumption that intraleaf transfer conductance to

CO
#

is infinite and also that the specific activity of

Rubisco does not vary across C
$

species, increases

with decreasing D (Fig. 6b).



Relationships between leaf dry mass per area, leaf

thickness and density

High variability in foliage morphological, anatom-

ical, chemical and physiological variables was de-

tected in the compiled set of data (Appendices 1, 2).

Across all species, LMA scaled with both density

and thickness, but the correlations between D and T

were very weak (Fig. 1, Table 2) indicating that the

control over D and T is exerted by different

mechanisms.

Between broad-leaved and needle-leaved species,

LMA vs T and D relationships differed quan-

titatively. Given that the volume to surface area ratio

at a common leaf thickness is greater in broad-leaved

(V}A
P
¯T and V}A

T
¯T}2) than in needle-leaved

species (e.g. V}A
P
¯ πT}4 and V}A

T
¯T}4 for

terete-leaved species with needles of circular cross

section), differences in the geometry of leaf cross

section between needle- and broad-leaved species

provided one explanation for this divergence in

relationships. However, T was much higher in

needle- than in broad-leaved species (Fig. 1c), and

therefore, LMA was also larger at common D in

needle-leaved taxa (Fig. 1b). In a similar manner, D

was greater in broad-leaved than in terete-leaved

Hakea species, but LMA was greater in terete-

leaved species because of the greater thickness

(Groom et al., 1997).

Although the current study is based on woody

species, the results of the analysis should also be

applicable to other plant life-forms. Wilson et al.

(1999) analysed LMA, T and D relationships for

"700 herbaceous species, and found that both T and

D play a role in determining LMA, and also that T

and D vary independently. However, the ranges of T

and D may differ between plant life forms. In the

current analysis, T showed greater variability and
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Fig. 4. Interspecific relationships (Appendices 1, 2 (www.journals.cup.org)) between leaf nitrogen content per

unit leaf dry mass (N
m
; a,c) and per unit projected leaf area (N

P
; b,d) with leaf density (a,b) and thickness (c,d).

Triangles, broad-leaved species; squares, terete-leaved species; circles, conifers. In conifers, N has been

expressed both per unit total (open circles) and projected areas (filled circles). In (c) open circles represent

relationships between N
m

and volume to total surface are ratio (V}A
T
) and in (d) the correlation between

nitrogen content per unit total leaf area and V}A
T
. Data were fitted by linear regressions (open circles

excluded). Insets (a,c) demonstrate log
"!

-transformed data.

was more strongly correlated with LMA than with D

(cf. Fig. 1a,b). By contrast, a literature analysis

across herb species indicated that leaf thickness is

generally weakly correlated with specific leaf area

(SLA¯1}LMA) with r#®s between 0.04–0.50 for

four comparative studies (Garnier & Freijsen, 1994),

and it appears that leaf density is a better determinant

of LMA than thickness in herbs (Garnier & Laurent,

1994; Van Arendonk & Poorter, 1994). This dis-

crepancy may relate to lower LMA and thickness in

herbs than in trees and shrubs (see e.g. Elia! s) , 1979).

Determinants of leaf density and thickness

The current study indicated that leaf density was

greater in leaves with more densely packed meso-

phyll cells (Fig. 2c,d; see also Niinemets et al.,

1999a), and also in leaves possessing greater fractions

of apoplastic tissue in the leaves (Fig. 3). The latter

result is compatible with the observations of Garnier

& Laurent (1994), where D scaled with the volume of

apoplastic tissue per unit leaf area, and with van

Arendonk & Poorter (1994), where D increased with

increasing fraction of sclerenchyma and veins in the

leaves.

One explanation for the positive relationship

between the thickness of leaf cuticle and D (Fig. 2a)

may lie in the positive scaling of the apoplastic leaf

fraction with the fraction of leaf tissue in the cuticle.

Yet, leaf cuticle rarely comprised a large fraction of

the leaf (Fig. 2a), and an alternative explanation may

be the correlated increases in both leaf cuticle

thickness (Cooper, 1922) and D, for example, with

increasing site aridity. Although leaf epidermis also

consists of tightly packed leaf cells, no relationship

between the fraction of leaf in epidermis and D was
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Fig. 5. Foliage light-saturated net assimilation rate at ambient CO
#
concentrations of 310–350 µmol mol−" (P

max
)

per unit leaf dry mass (Pm

max
; a,d) and per unit projected leaf area (PP

max
; b,e), and maximum carboxylase activity

of ribulose-1,5-bisphosphate carboxylase}oxygenase (Rubisco) per unit leaf dry mass (Vm

cmax
; c,f) in relation to

leaf density (a–c) and thickness (d–f). Data were fitted by linear regressions, whereas the y-axes were log
"!

-

transformed to linearize the relationships in the insets (a,c,d,f). In statistical dependencies with leaf thickness

(d–f), two Hakea species (filled symbols in panels d–f) fell outside the main group of the data. These points were

characterized by extremely low values of leaf N and photosynthesis, and linear regressions were calculated with

(dashed lines) and without (continuous lines) these data. Species and data sources are given in Appendices 1,

2 (www.journals.cup.org).
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Fig. 6. Dependence of Vm

cmax
on (a) leaf nitrogen content per unit leaf dry mass (N

m
) and leaf density, and (b)

the correlation between the fractional leaf nitrogen investment in Rubisco (F
R
) and leaf density. Regression

surface for panel (a) is : Vm

cmax
¯253­83.4N

m
®257D. F

R
was calculated from Vm

cmax
(Fig. 5c) and N

m
as

described in Niinemets & Tenhunen (1997). Data sources are given in Appendices 1, 2 (www.journals.cup.org).

observed in the current set of data (Fig. 2b). It is

possible that traits such as epidermal cell wall

thickness, which may vary greatly in different

environments (Pyykko$ , 1966; Schulz, 1984), are

more strongly related to D than to total fractional

amount of epidermis in the leaf. Epidermis is

considered to play an important role in stiffening the

leaves (Niklas & Paolillo, 1997), but leaf stiffness is

also likely to increase with increasing density (Niklas,

1991). The fraction of mechanical tissues in leaves,

such as collenhyma and sclerenchyma, increases in

many species with increasing tissue density (van

Arendonk & Poorter, 1994; Garnier et al., 1997), but

it may decrease with increasing leaf thickness

(Garnier et al., 1999). The lack of correlation

between leaf density and thickness suggests that

various mechanisms controlling leaf stiffness should

not necessarily vary in a co-ordinated manner.

Both the leaf fractions in cuticle and epidermis

decreased with increasing leaf thickness (Fig. 2e,f)

indicating that thin leaves are expensive in terms of

covering tissues, and also that thick mesophyll may

fulfil an analogous function to epidermis in providing

leaves with mechanical stiffness. Thus, the increase

in leaf thickness enables greater fractions of leaf

tissues in mesophyll at the expense of epidermis and

mechanical tissues (Garnier et al., 1999), thereby

possibly increasing foliage photosynthetic potentials.

Foliar nitrogen content in relation to leaf thickness

and density: implications for foliage photosynthetic

capacity

In an earlier literature study, a negative correlation

between the thickness of photosynthetic organs and

tissue N and P concentrations (r#¯0.39 and r#¯
0.31 for log–linear relationships with N and P,

respectively; Nielsen et al., 1996), and photo-

synthetic capacity per unit dry mass (r#¯0.39,

Enrı!quez et al., 1996) was demonstrated. Yet, in

these studies foliar thickness, if not reported in the

source data, was calculated from specific leaf area

(SLA¯1}LMA) using an empirical relationship.

Since SLA also depends on leaf density (Table 2), its

use as a surrogate of leaf thickness may not

necessarily be correct (see also Fig. 1). Nevertheless,

in the current data compilation, there were negative

relationships of N
m

with both leaf density and

thickness (Fig. 4a,c), suggesting that the fraction of

support tissues in leaves may scale with both

components of LMA. However, leaf photosynthetic

capacity as well as the maximum Rubisco car-

boxylase activity per unit dry mass scaled negatively

with D (Fig. 5a,c), but they were poorly related to T

(Fig. 5d,f), indicating that the variability in D is

primarily responsible for the negative relationship

between LMA and leaf photosynthetic capacity per

unit dry mass (cf. the Introduction section).

The strong positive correlation between leaf N

content and photosynthetic capacity (Field &

Mooney, 1986; Evans, 1989) in combination with

declining N concentrations with increasing D (Fig.

4a) and LMA (Reich et al., 1995, 1997) may provide

one explanation for the decreasing leaf photo-

synthetic capacity per unit dry mass with increasing

D and LMA. However, the study of Reich et al.

(1997) demonstrated that the leaves with greater

LMA possess a lower photosynthetic capacity per

unit dry mass at a common N concentration. Apart

from leaf biomass distribution between assimilative

and support tissues, changes in leaf structure also

play an important role in gas diffusion within the

leaves (Evans et al., 1994; Parkhurst, 1994). The

diffusive resistance between the leaf intercellular air

spaces and carboxylation sites tends to increase with

increasing tissue density and leaf thickness and to
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decrease with increasing fraction of intercellular air

spaces in the mesophyll (Syvertsen et al., 1995). In

particular, differences in leaf thickness are likely to

alter diffusive resistance in the gaseous phase, and

changes in leaf density and A
mes

}A
P

ratio the

diffusive resistance in the liquid phase, because the

latter variables alter chloroplast surface area exposed

to intercellular air spaces (Parkhurst, 1994; Syvert-

sen et al., 1995; Evans & von Caemmerer, 1996).

Given that the molecular diffusion coefficient for CO
#

is about three orders of magnitude smaller in the

liquid than in the gaseous phase, changes in density

and A
mes

}A
P
ratio may play a more important role in

constraining intraleaf CO
#
diffusion to the carboxyl-

ation sites than alterations in leaf thickness. In-

creasing diffusive resistances with D may be one

reason for the decrease of the fraction of leaf N in

Rubisco, calculated from leaf gas-exchange measure-

ments, with increasing D (Fig. 6). Thus, leaves with

greater D may need higher N concentrations and

greater fractions of N in Rubisco for the same rate of

photosynthesis as leaves with lower D. The diffusive

resistances should not necessarily increase consider-

ably with increasing leaf thickness, because of the

strong positive relationships of leaf thickness with

mesophyll to total leaf surface area ratio (Nobel,

1977; O$ quist et al., 1982), and with the fraction of

intercellular air space in the leaves (Fig. 2h). The

poor correlation of photosynthetic capacity per unit

dry mass with thickness (Fig. 5d) also indirectly

supports the idea that the diffusive resistances must

not scale with T. Nevertheless, studies with CAM

plants with extremely thick succulent leaves (up to

1.5[10% µm), indicate that increases in leaf thickness

may bring about lowered intercellular transfer

resistances to CO
#
(Maxwell et al., 1997). Moreover,

in CAM plants, there is a negative relationship

between leaf thickness and discrimination of stable

carbon isotopes, further indicating that CO
#
transfer

resistance may increase with increasing thickness

(Teeri et al., 1981). Yet, the intraleaf pathway of CO
#

to the carboxylation sites is mainly through the

liquid phase in the succulent leaves of CAM plants.

Leaf N content per unit area (N
P
) scaled positively

with both D and T (Fig. 4b,d), but photosynthesis

per unit area was positively related only to T (Fig.

5b,e), and photosynthesis per dry mass was nega-

tively related to D (Fig. 5a). Thus, the positive

relationships between foliar photosynthetic capacity

per unit area and LMA often observed within and

across the wide range of species (cf. the Introduction

section) are primarily attributable to the positive

scaling of photosynthetic capacity per unit area with

leaf thickness (Fig. 5b,e; see also Starzecki, 1975;

Garnier et al., 1999; Niinemets et al., 1999a). Since

the fraction of leaf epidermis (Fig. 2e) and the

fraction of mechanical tissues, such as sclerenchyma

(Garnier et al., 1999), decreases with increasing leaf

thickness, the thickness of leaf mesophyll tissues

increases more than proportionately with increasing

T. Consequently, the accumulation of photo-

synthetically competent tissues per unit area is likely

to provide the explanation for the increases in leaf

photosynthetic capacity with increasing T. The

content of photosynthetic tissues may also slightly

increase with D, since there is evidence of greater

packing of leaf mesophyll (Fig. 2c,d), and this may

be the reason for the positive scaling of N
P

with D

(Fig. 4b; see also Niinemets et al., 1999a). However,

the constancy of leaf photosynthetic rates per unit

area with varying D suggests that negative effects of

the increases in intercellular transfer resistance with

increasing D are likely to more than offset the

positive effects of increasing N.



A broad range of variation in foliage structural and

functional parameters was observed in the shrubs

and trees sampled across all major earth biomes with

woody vegetation. The current analysis corroborates

the already-known findings that foliage photosyn-

thesis rates and N contents per unit area scale

positively with foliage thickness and leaf dry mass

per unit area (LMA), but it also indicates that these

relationships may be critically altered by the varia-

bility in leaf density, since leaf density and thickness

are not interdependent, and both play an important

role in determining LMA in woody species. In-

creases in both T and D resulted in greater LMA and

an accumulation of photosynthetic compounds per

unit leaf area, but photosynthetic compounds were

less effectively used in leaves with higher D, possibly

because of higher diffusive resistances in these leaves.

Although leaf dry mass per area itself may be the

target of selection in many cases, for example, leaves

generally acclimate to environments with low ir-

radiance by increasing leaf area per unit biomass

investment in leaves (Givnish, 1988), the results

demonstrated here also suggest that the components

of LMA – density and thickness – may adjust in-

dependently to environmental and evolutionary

constraints. Thus, more work along environmental

gradients is necessary to gain conclusive insight

into the variation patterns of leaf thickness and

density.
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Appendix 1. Species studied with appropriate literature citations, species sampling locations, foliar

variables included in the analysis, and number of cases averaged for the analysis (n)

1A. Needle-leaved species

Citation

(Appendix

2A) Species

Life

form

Shape of

leaf cross-

section" Sample location Variables analysed# n

14 Abies fraseri (Pursh) Poir. Tree R 35°37«N, 79°4«W T, V}A
T
, D 18

66, 71 Allocasuarina pusilla (Macklin)

L. Johnson

Shrub C 36°06«S, 140°31«E T, V}A
T
, D, N 1

66 Hakea gibbosa (Smith) Cav. Shrub C 26°21«S, 153°00«E T, V}A
T
, D, N, A, P 1

66, 71 Hakea muelleriana J. Black Shrub C 36°06«S, 140°31«E T, V}A
T
, D, N, A, P 1

27 Hakea psilorrhyncha
R. M. Barker$,&,'

Shrub C 37°27«N, 122°16«W T, V}A
T
, D, A, P 4

28 Hakea trifurcata (Smith) R. Br. Shrub C 31°59«S, 116°04«E T, V}A
T
, D, A, P 1

29 32 terete-leaved Hakea species% Shrub C 31°59«S, 115°53«E T, V}A
T
, D, A, P 4

54 Juniperus communis L. Shrub T 58°31«N, 25°38«E T, V}A
T
, D 3

66, 71 Melaleuca uncinata F. v. Muell. Shrub C 36°06«S, 140°31«E T, V}A
T
, D, N 1

57 Picea abies (L.) Karst. Tree R 58°44«N, 26°45«E T, V}A
T
, D 17

55, 56 Picea abies (L.) Karst. Tree R 49°59«N, 11°47«E T, V}A
T
, D, N 24

72 Picea sitchensis (Bong.) Carr.% Tree R 55°46«N, 2°42«W T, V}A
T
, D 6

85 Pinus sylvestris L.$ Tree S 52°13«N, 20°59«E T, V}A
T
, D 3

64 Pinus sylvestris L. Tree S 47°17«N, 11°27«E T, V}A
T
, D 1

32 Pinus taeda L.% Tree K 37°10«N, 80°29«W V}A
T
, D 8

69 Pinus taeda L. Tree K 32°35«N, 88°48«W V}A
T
, D 28

78 Tsuga heterophylla (Raf.) Sarg. Tree R 44°6«N, 121°51«W T, V}A
T
, D 8

66, 71 Xanthorrhoea australis R. Br. Tree T 36°06«S, 140°31«E T, D, N 1

66 Xanthorrhoea resinosa Person Shrub T 26°21«S, 153°00«E T, D, N 1

1B. Broad-leaved species

Citation Species

Life

form Sample location

Variables

analysed n

42, 44 Abrus precatorius L.$ Woody vine 10°28«N, 84°02«W T, D, A 3

12 Acalypha skutchii I. M. Johnst. Tree 18°35«N, 95°07«W T, D, N, A 1

40 Acer mono Maxim. Tree 42°58«N, 141°23«E T, D, A, P 1

4 Acer negundo L. Tree 43°33«N, 89°27«W T, D 1

6 Acer negundo L. Tree 40°48«N, 77°51«W T, D 1

40 Acer palmatum Thunb. Tree 42°58«N, 141°23«E T, D, A, P 1

45 Acer pennsylvanicum L.$ Tree 45°33«N, 73°09«W T, D 1

25 Acer platanoides L. Tree 50°30«N, 37°56«E T, D, A 3

36 Acer platanoides L.$,& Tree 40°48«N, 77°50«W T, D, N, P 1

5 Acer rubrum L. Tree 40°48«N, 77°52«W T, D, P 4

4 Acer rubrum L. Tree 43°33«N, 89°27«W T, D 2

8 Acer rubrum L. Tree 40°49«N, 77°56«W T, D, N, P 2

37, 38 Acer rubrum L. Tree 40°49«N, 77°56«W T, D, P 2

4 Acer saccharinum L. Tree 43°33«N, 89°27«W T, D 2

6 Acer saccharinum L. Tree 40°48«N, 77°51«W T, D 1

45 Acer saccharum Marsh.$ Tree 45°33«N, 73°09«W T, D 1

4 Acer saccharum Marsh. Tree 43°33«N, 89°27«W T, D 2

36 Acer saccharum Marsh. Tree 40°47«N, 77°53«W T, D, N, P 2

45 Acer spicatum Lam.$ Tree 45°33«N, 73°09«W T, D 1

12 Aegiphila costaricensis Mold. Tree 18°35«N, 95°07«W T, D, N, A 1

80 Agonis flexuosa (Willd.) Lindl. Shrub 33°57«S, 120°07«E T, D 1

24 Alchornea triplinervia (Spren.) M. Arg $ Tree 8°39«N, 71°24«W T, D, N, P 2

65 Aldina heterophylla Spr. ex Benth. Tree 2°43«S, 60°0«W T, D 6

12 Allophylus compostachis Radlk. Tree 18°35«N, 95°07«W T, D, N, A 1

40 Alnus hirsuta Turcz. Tree 42°58«N, 141°23«E T, D, A, P 1

40 Alnus japonica Steud. Tree 42°58«N, 141°23«E T, D, A, P 1

68 Andromeda catesbaei Walt. Shrub 39°18«N, 76°38«W T, D 1

68 Andromeda floribunda Pursh. Shrub 39°18«N, 76°38«W T, D 1

68 Andromeda japonica Thunb. Shrub 39°18«N, 76°38«W T, D 1

68 Andromeda racemosa L. Shrub 39°18«N, 76°38«W T, D 1

87 Annona glabra L. Tree 9°10«N, 79°51«W T, D 1

20 Arbutus andrachne L. Shrub 38°14«N, 23°48«E T, D, A 1
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1B. Broad-leaved species (cont.)

Citation Species

Life

form Sample location

Variables

analysed n

80 Arbutus menziesii Pursh. Tree 37°24«N, 122°13«W T, D 6

20 Arbutus unedo L. Tree 38°14«N, 23°48«E T, D, A 1

84 Asimina triloba (L.) Dunal Tree 37°22«N, 77°32«W T, D, N 2

70 Aspidosperma album (Vahl) Pichon Tree 1°54«N, 67°03«W T, D, N, A 1

88 Baccharis pedunculata (Mill.) Cabr. Shrub 8°43«N, 82°14«W T, D 1

66 Banksia aemula R. Br. Tree 26°21«S, 153°00«E T, D, N 2

81 Banksia baueri R. Br. Shrub 33°40«S, 120°40«E T, D, N, P 1

80 Banksia lemanniana Meissner Shrub 33°57«S, 120°07«E T, D 1

66, 71 Banksia marginata Cav. Shrub 34°59«S, 138°40«E T, D, N 2

66, 71 Banksia marginata Cav. Shrub 36°06«S, 140°31«E T, D, N 2

66 Banksia oblongifolia Cav. Shrub 26°21«S, 153°00«E T, D, N 3

66, 71 Banksia ornata F. v. Muell Shrub 36°06«S, 140°31«E T, D, N 2

66 Banksia robur Cav. Shrub 26°21«S, 153°00«E T, D, N 1

50 Banksia serratifolia Salisb. Shrub 33°57«S, 120°07«E T, D, N, A 1

80 Banksia speciosa R. Br. Shrub 33°57«S, 120°07«E T, D 1

4 Betula alleghaniensis Britton Tree 43°33«N, 89°27«W T, D 2

40 Betula davurica Pall. Tree 42°58«N, 141°23«E T, D, A, P 1

40 Betula ermanii Cham. Tree 42°58«N, 141°23«E T, D, A, P 1

6 Betula lenta L. Tree 40°48«N, 77°51«W T, D 1

40 Betula maximowicziana Regel Tree 42°58«N, 141°23«E T, D, A, P 1

4 Betula papyrifera Marsh. Tree 43°33«N, 89°27«W T, D 2

58 Betula pendula Roth.$ Tree 61°55«N, 24°34«E T, D, P 6

62 Betula pendula Roth.$ Tree 62°13«N, 27°13«E T, D, N, A 5

40 Betula platyphylla Sukatch. Tree 42°58«N, 141°23«E T, D, A, P 1

34 Bischofia javanica Blume$,(,) Tree 24°12«N, 90°9«E T, D, A, P 3

88 Blakea foliacea Gleason Hemiepiphyte 8°43«N, 82°14«W T, D 1

12 Brosimum alicastrum Sw. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Bursera simaruba (L.) Sarg. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Capparis baduca L. Tree 18°35«N, 95°07«W T, D, N, A 1

4 Carpinus caroliniana Walder Tree 43°33«N, 89°27«W T, D 2

40 Carpinus cordata Blume Tree 42°58«N, 141°23«E T, D, A, P 1

4 Carya cordiformis (Wangenh.) K. Koch Tree 43°33«N, 89°27«W T, D 2

6 Carya cordiformis (Wangenh.) K. Koch Tree 40°48«N, 77°51«W T, D 1

8 Carya tomentosa Nutt. Tree 40°49«N, 77°56«W T, D, N, P 2

12 Casearea nitida Jacq. Tree 18°35«N, 95°07«W T, D, N, A 1

66 Cassinia laevis R. Br. Shrub 33°55«S, 147°12«E T, D, N 1

6 Castanea dentata (Marsh.) Borkh. Tree 40°48«N, 77°51«W T, D 1

50 Ceanothus cuneatus (Hook.) Nutt. Shrub 37°27«N, 122°16«W T, D, N, A 1

12 Cecropia obtusifolia Bertol. Tree 18°35«N, 95°07«W T, D, N, A 1

6 Celtis tenuifolia Nutt. Shrub 40°48«N, 77°51«W T, D 1

20 Ceratonia siliqua L. Shrub 37°58«N, 23°45«E T, D, A 1

40 Cercidiphyllum japonicum Sieb. et Zucc. Tree 42°58«N, 141°23«E T, D, A, P 1

1, 2 Cercis canadensis L.$,& Tree 38°57«N, 95°24«W T, D 3

1, 2 Cercis canadensis L.$,& Tree 40°22«N, 85°58«W T, D 1

9 Cissus rhombifolia Planch$,&,"' Shrub 41°30«N, 2°6«E T, D, A, P 1

88 Citharexylum macradenium Greenm. Tree 8°43«N, 82°14«W T, D 1

20 Citrus limon (L.) Burm. f. Tree 38°14«N, 23°48«E T, D 1

73, 74 Citrus paradisi Macf.$ Tree 28°6«N, 81°43«W T, D, N, A, P 6

73, 74 Citrus sinensis (L.) Osb.$ Tree 28°6«N, 81°43«W T, D, N, A, P 6

12 Clarisa bifolia R. & P. Tree 18°35«N, 95°07«W T, D, N, A 1

68 Clethra alnifolia L. Shrub 39°18«N, 76°38«W T, D 1

12 Coccoloba barbadensis Jacq. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Cordia megalantha Blake Tree 18°35«N, 95°07«W T, D, N, A 1

13 Cordia megalantha Blake$,& Tree 18°35«N, 95°07«W T, D 3

6 Cornus alternifolia L. f. Shrub 40°48«N, 77°51«W T, D 1

40 Cornus contraversa Hemsl. Tree 42°58«N, 141°23«E T, D, A, P 1

8 Cornus florida L. Tree 40°49«N, 77°56«W T, D, N 2

26 Corylus avellana L. Shrub 54°19«N, 9°59«E T, D 4

86 Cosmibuena macrocarpa (Benth.) Walp. Hemiepiphyte 9°10«N, 79°51«W T, D, N 1

86 Coussapoa magnifolia Trec. Hemiepiphyte 9°10«N, 79°51«W T, D, N 1

86 Coussapoa panamensis Pitt. Hemiepiphyte 9°10«N, 79°51«W T, D, N 1

31 Coussapoa villosa P. & E. Hemiepiphyte 8°37«N, 70°12«W T, D, A 2

4 Crataegus pedicellata Sarg. Tree 43°33«N, 89°27«W T, D 2

88 Croton draco Schlecht. Tree 8°43«N, 82°14«W T, D 1

12 Croton schiedeanus Schlecht. Tree 18°35«N, 95°07«W T, D, N, A 1
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1B. Broad-leaved species (cont.)

Citation Species

Life

form Sample location

Variables

analysed n

12 Cupania dentata DC. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Cymbopetalum baillonii R. E. Fr. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Cynometra retusa B. & R. Tree 18°35«N, 95°07«W T, D, N, A 1

88 Dendropanax arboreus (L.) Dec. & Planch. Hemiepiphyte 8°43«N, 82°14«W T, D 1

12 Dendropanax arboreus (L.) Decne. & Planch. Hemiepiphyte 18°35«N, 95°07«W T, D, N, A 1

12 Dialium guianense (Aubl.) Sandw. Tree 18°35«N, 95°07«W T, D, N, A 1

22 Dipteryx panamensis (Pitt.) Record & Mell. $ Tree 10°46«N, 84°02«W T, D 3

17 Drimys winteri L. Tree 9°34«N 83°41«W T, D 2

80 Dryandra sessilis (Knight) Domin Shrub 33°57«S, 120°07«E T, D 1

43 Dryobalanops aromatica Gaertn. f.$ Tree 3°9«N, 101°43«E T, D 5

12 Dussia mexicana (Standl.) Harms. Tree 18°35«N, 95°07«W T, D, N, A 1

43 Endospermum malaccense M.A.$ Tree 3°9«N, 101°43«E T, D 5

66, 71 Eucalyptus baxteri (Benth.) J. Black Tree 34°59«S, 138°40«E T, D, N 1

66, 71 Eucalyptus behriana F. v. Muell Tree 33°55«S, 147°12« E T, D, N 1

66, 71 Eucalyptus diversifolia Bonpl. Tree 35°35«S, 139°46«E T, D, N 1

66, 71 Eucalyptus foecunda Schauer Tree 36°06«S, 140°31«E T, D, N 1

71 Eucalyptus incrassata Labill. Tree 33°59«S, 145°43«E T, D, N 1

66, 71 Eucalyptus incrassata Labill. Tree 34°11«S, 139°59«E T, D, N 1

66, 71 Eucalyptus incrassata Labill. Tree 36°06«S, 140°31«E T, D, N 1

66, 71 Eucalyptus leucoxylon F. v. Muell Tree 34°57«S, 138°38«E T, D, N 1

66, 71 Eucalyptus microcarpa Maiden Tree 34°57«S, 138°38«E T, D, N 2

66, 71 Eucalyptus obliqua L’He! rit Tree 34°59«S, 138°40«E T, D, N 1

66, 71 Eucalyptus socialis Miq. Tree 34°11«S, 139°59«E T, D, N 1

66, 71 Eucalyptus socialis Miq. Tree 34°17«S, 141°10«E T, D, N 1

66, 71 Eucalyptus socialis Miq. Tree 34°23«S, 139°20«E T, D, N 1

80 Eucalyptus tetragona (R. Br.) F. v. Muell Tree 33°57«S, 120°07«E T, D 2

66, 71 Eucalyptus viminalis Labill. Tree 34°57«S, 138°38«E T, D, N 1

63 Euphorbia arnottiana Endl.$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N 1

63 Euphorbia celastroides Boiss.$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N, A 1

63 Euphorbia clusiaeifolia Hook & Arn.$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N 1

63 Euphorbia degeneri Sherff$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N, A 1

63 Euphorbia forbesii Sherff$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N, A 1

63 Euphorbia halemanui Sherff$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N 1

63 Euphorbia hillebrandii Levl.$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N 1

63 Euphorbia multiformis Hook & Arn.$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N, A 1

63 Euphorbia olowaluana Sherff$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N 1

63 Euphorbia remyi Gray ex Boiss.$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N, A 1

63 Euphorbia skottsbergii Sherff$,&,*,"& Shrub 38°34«N, 121°44«W T, D, N, A 1

40 Fagus crenata Blume$,& Tree 42°58«N, 141°23«E T, D, A, P 1

35 Fagus japonica Maxim.$,& Tree 36°58«N, 140°36«E T, D, A 1

47, 48 Fagus sylvatica L. Tree 49°00«N, 8°23«E T, D, A 4

11 Fagus sylvatica L. Tree 48°46«N, 6°17«E T, D, A 8

15 Fagus sylvatica L. Tree 43°44«N, 11°32«E T, D, A 3

77 Fagus sylvatica L.$,& Tree 44°30«N, 11°20«E T, D, A, P 8

16 Fagus sylvatica L. Tree 43°44«N, 11°32«E T, D, N 10

12 Faramea occidentalis (L.) A. Rich. Tree 18°35«N, 95°07«W T, D, N, A 1

9, 79 Fatsia japonica Decne & Planck$,&,"! Shrub 41°30«N, 2°6«E T, D, N, A, P 3

67 Ficus benjamina L.$,&,"" Shrub 40°30«N, 74°27«W T, D 4

86 Ficus citrifolia P. Mill. Hemiepiphyte 9°10«N, 79°51«W T, D, N 1

12 Ficus colubrinae Standl. Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Ficus insipida Willd. Shrub 18°35«N, 95°07«W T, D, N, A 1

88 Ficus macbridei Standl. Hemiepiphyte 8°43«N, 82°14«W T, D 1

31 Ficus nymphaeifolia P. Mill. Hemiepiphyte 8°37«N, 70°12«W T, D, A 1

31 Ficus obtusifolia H. B. K. Hemiepiphyte 8°37«N, 70°12«W T, D, A 2

31 Ficus pertusa L. f. Hemiepiphyte 10°12«N, 84°42«W T, D, A 4

31 Ficus trigonata L. Hemiepiphyte 8°34«N, 67°35«W T, D, A 2

52 Flourensia thurifera (Mol.) DC. Shrub 33°30«S, 70°45«W T, D 1

4 Fraxinus americana L. Tree 43°33«N, 89°27«W T, D 2

6 Fraxinus americana L. Tree 40°48«N, 77°51«W T, D 1

8 Fraxinus americana L. Tree 40°49«N, 77°56«W T, D, N, P 2

40 Fraxinus mandschurica Rupr. Tree 42°58«N, 141°23«E T, D, A, P 1

4 Fraxinus nigra Marsh. Tree 43°33«N, 89°27«W T, D 2

6 Fraxinus nigra Marsh. Tree 40°48«N, 77°51«W T, D 1

7 Fraxinus pennsylvanica Marsh.$,& Tree 40°48«N, 77°52«W T, D, P 5

51 Gautheria shallon Pursh Shrub 48°40«N, 123°37«W T, D 2
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1B. Broad-leaved species (cont.)

Citation Species

Life

form Sample location

Variables

analysed n

12 Guarea glabra Vahl. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Guarea grandifolia A. DC. Tree 18°35«N, 95°07«W T, D, N, A 1

23 Guarea guidonia (L.) Sleumer$,"# Tree 25°45«N, 80°12«W T, D 6

80 Hakea lasianthoides B. L. Rye$,&,"$ Shrub 37°25«N, 122°09«W T, D 7

28 Hakea trifurcata (Smith) R. Br. Shrub 31°59«S, 116°04«E T, D, A, P 1

80 Hakea victoriae J. L. Drumm Shrub 33°57«S, 120°07«E T, D 1

29 63 broad-leaved Hakea species "% Shrub 31°59«S, 115°53«E T, D 6

4 Hamamelis virginiana L. Tree 43°33«N, 89°27«W T, D 2

12 Hampea nutricia Fryxell Tree 18°35«N, 95°07«W T, D, N, A 1

86 Havetiopsis flexilis Spruce ex Planch. & Tr. Hemiepiphyte 9°10«N, 79°51«W T, D, N 1

12 Heliocarpus appendiculatus Turcz. Tree 18°35«N, 95°07«W T, D, N, A 1

22 Heliocarpus appendiculatus Turcz. $ Tree 10°46«N, 84°02«W T, D 3

70 Heteropteris sp. Tree 1°54«N, 67°03«W T, D, N, A 1

43 Hopea wrightiana Wall.$ Tree 3°9«N, 101°43«E T, D 5

88 Inga punctata Willd. Tree 8°43«N, 82°14«W T, D 1

12 Inga sp. Tree 18°35«N, 95°07«W T, D, N, A 1

80 Isopogon attenuatus R. Br. Shrub 33°57«S, 120°07«E T, D 1

40 Juglans ailanthifolia Carr. Tree 42°58«N, 141°23«E T, D, A, P 1

6 Juglans nigra L. Tree 40°48«N, 77°51«W T, D 1

52 Kagneckia oblonga R. & Pav. Shrub 33°30«S, 70°45«W T, D 1

68 Kalmia latifolia L. Shrub 39°18«N, 76°38«W T, D 1

40 Kalopanax pictus Nakai Tree 42°58«N, 141°23«E T, D, A, P 1

53 Laurus azorica (Seub.) Franco Tree 28°27«N, 16°24«W T, D 9

20 Laurus nobilis L. Shrub 37°58«N, 23°45«E T, D, A 1

67 Leea coccinia L.$,&,"& Shrub 40°30«N, 74°27«W T, D 4

67 Leea rubra L.$,&,"& Shrub 40°30«N, 74°27«W T, D 4

66, 71 Leptospermum myrsinoides Schldl. Shrub 34°59«S, 138°40«E T, D, N 1

66 Leptospermum myrsinoides Schldl. Shrub 36°06«S, 140°31«E T, D, N 1

52 Lithraea caustica (Mol.) Hook and Arn. Shrub 33°30«S, 70°45«W T, D 1

12 Lonchocarpus guatemalensis Benth. Tree 18°35«N, 95°07«W T, D, N, A 1

49 Lonicera maackii (Rupr.) Herder $ Shrub 39°02«N, 84°28«W T, D, A, P 3

12 Lunania mexicana Brandegee Tree 18°35«N, 95°07«W T, D, N, A 1

70 Macairea rufescens DC. Tree 1°54«N, 67°03«W T, D, N, A 1

40 Macckia amurensis Rupr. et Maxim. Tree 42°58«N, 141°23«E T, D, A, P 1

40 Magnolia obovata Thunb. Tree 42°58«N, 141°23«E T, D, A, P 1

66, 71 Melaleuca lanceolata R. Baker Shrub 33°55«S, 147°12«E T, D, N 2

66 Melaleuca sieberi Schauer Shrub 26°21«S, 153°00«E T, D, N 1

44 Monstera adansonii Schott."% Woody vine 10°28«N, 84°02«W T, D, A 2

76 Mora excelsa Bentham$ Tree 5°13«N, 58°48«W T, D, A 1

76 Mora gonggrijpii (Kleinhoonte) Sandwith $ Tree 5°13«N, 58°48«W T, D, A 1

12 Mortoniodendron guatemalense Standl. & Steyerm. Tree 18°35«N, 95°07«W T, D, N, A 1

20 Morus alba L. Tree 38°14«N, 23°48«E T, D 1

53 Myrica faya Ait. Tree 28°27«N, 16°24«W T, D 11

12 Myriocarpa longipes Liebm. Tree 18°35«N, 95°07«W T, D, N, A 1

20 Myrtus communis L. Shrub 38°14«N, 23°48«E T, D, A 1

20 Nerium oleander L. Shrub 37°58«N, 23°45«E T, D, A 1

39 Nothofagus menziesii (Hook f.) Oerst. Tree 44°38«S, 169°01«E T, D, N, A 4

70 Ocotea esmeraldana Moldenke Tree 1°54«N, 67°03«W T, D, N, A 1

20 Olea europea L. Tree 38°14«N, 23°48«E T, D, A 1

12 Omphalea oleifera Hemsl. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Orthion oblanceolatum Lundell Tree 18°35«N, 95°07«W T, D, N, A 1

40 Ostrya japonica Sarg. Tree 42°58«N, 141°23«E T, D, A, P 1

4 Ostrya virginiana (Mill.) K. Koch Tree 43°33«N, 89°27«W T, D 1

43 Parkia javanica (Lamk.) Merr. $ Tree 3°9«N, 101°43«E T, D 5

60 Pentaclethra macroloba (Willd.) Kuntze$,( Tree 10°28«N, 84°02«W T, D 4

59, 61 Pentaclethra macroloba (Willd.) Kuntze Tree 10°28«N, 84°02«W T, D, P 6

53 Persea indica (L.) Spreng. Tree 28°27«N, 16°24«W T, D 10

20 Phillyrea media L. Shrub 38°14«N, 23°48«E T, D, A 1

9 Philodendron scandens Koch & Sell$,&,"( Shrub 41°30«N, 2°6«E T, D, N, A 1

66, 71 Phyllota remota J. H. Willis Shrub 36°06«S, 140°31«E T, D, N 1

12 Piper amalugo L. Shrub 18°35«N, 95°07«W T, D, N, A 1

19 Piper arieianum C. DC.$ Shrub 10°26«N, 83°59«W T, D, N, A, P 1

12 Piper auritum H. B. K. Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Piper hispidum Sw. Shrub 18°35«N, 95°07«W T, D, N, A 1

19 Piper sancti-felicis Trel. $ Shrub 10°26«N, 83°59«W T, D, N, A, P 1
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1B. Broad-leaved species (cont.)

Citation Species

Life

form Sample location

Variables

analysed n

20 Pistacia lentiscus L. Shrub 38°14«N, 23°48«E T, D, A 1

20 Pistacia terebinthus L. Shrub 38°14«N, 23°48«E T, D 1

20 Platanus orientalis L. Tree 38°14«N, 23°48«E T, D 1

12 Pleuranthodendron lindenii (Turcz.) Sleumer Tree 18°35«N, 95°07«W T, D, N, A 1

4 Populus deltoides Marsh. Tree 43°33«N, 89°27«W T, D 2

20 Populus deltoides Marsh. Tree 38°14«N, 23°48«E T, D 1

4 Populus grandidentata Michx. Tree 43°33«N, 89°27«W T, D 2

8 Populus grandidentata Michx. Tree 40°49«N, 77°56«W T, D, N, P 2

40 Populus maximowiczii A. Henry Tree 42°58«N, 141°23«E T, D, A, P 1

40 Populus sieboldii Miq. Tree 42°58«N, 141°23«E T, D, A, P 1

4 Populus tremuloides Michx. Tree 43°33«N, 89°27«W T, D 2

12 Poulsenia armata (Mig.) Standl. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Pouteria durlandii (Standl.) Baehni Tree 18°35«N, 95°07«W T, D, N, A 1

12 Pouteria sp. Shrub 18°35«N, 95°07«W T, D, N, A 1

50 Protea arborea Houttuyn. Shrub 33°59«S, 19°44«E T, D, N, A 1

52 Proustia cinerea Phil. Shrub 33°30«S, 70°45«W T, D 1

6 Prunus pensylvanica L. f. Tree 40°48«N, 77°51«W T, D 1

40 Prunus sargentii Rehd. Tree 42°58«N, 141°23«E T, D, A, P 1

3 Prunus serotina Ehrh.$,& Tree 40°48«N, 77°52«W T, D, P 4

4 Prunus serotina Ehrh. Tree 43°33«N, 89°27«W T, D 2

6 Prunus serotina Ehrh. Tree 40°48«N, 77°51«W T, D 1

8 Prunus serotina Ehrh. Tree 40°49«N, 77°56«W T, D, N, P 2

40 Prunus ssiori Fr. Schn. Tree 42°58«N, 141°23«E T, D, A, P 1

4 Prunus virginiana L. Tree 43°33«N, 89°27«W T, D 2

12 Pseudolmedia oxyphyllaria Donn. Sm. Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Psychotria faxlucens Lorence & Dwyer Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Psychotria flava Oerst. & Standl. Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Psychotria simiarum Standl. Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Pterocarpus rohrii Vahl. Shrub 18°35«N, 95°07«W T, D, N, A 1

66 Pultenaea myrtoides Benth. Shrub 26°21«S, 153°00«E T, D, N 1

20 Pyrus communis L. Tree 38°14«N, 23°48«E T, D 1

83 94 Pyrus cultivars Tree 38°14«N, 139°50«E T, D 1

12 Quararibea guatemalteca (Donn. Sm.) Standl. Tree 18°35«N, 95°07«W T, D, N, A 1

4 Quercus alba L. Tree 43°33«N, 89°27«W T, D 2

18 Quercus coccifera L. Shrub 42°18«N, 1°27«W T, D, N 1

20 Quercus coccifera L. Shrub 38°14«N, 23°48«E T, D, A 1

17 Quercus copeyensis C. H. Muller Tree 9°34«N, 83°41«W T, D 2

17 Quercus costaricensis Liebm. Tree 9°34«N, 83°41«W T, D 2

4 Quercus ellipsoidalis E. J. Hill Tree 43°33«N, 89°27«W T, D 2

18 Quercus faginea Lam. Tree 42°18«N, 1°27«W T, D, N 1

75 Quercus ilex L. Tree 41°46«N, 2°24«E T, D 2

18 Quercus ilex L. Tree 42°18«N, 1°27«W T, D, N 1

20 Quercus ilex L. Shrub 38°14«N, 23°48«E T, D, A 1

30 Quercus ilex L. Tree 42°46«N, 11°6«E T, D 4

4 Quercus macrocarpa Michx. Tree 43°33«N, 89°27«W T, D 2

6 Quercus macrocarpa Michx. Tree 40°48«N, 77°51«W T, D 1

40 Quercus mongolica Fisch. Tree 42°58«N, 141°23«E T, D, A, P 1

37, 38 Quercus prinus L. Tree 40°49«N, 77°56«W T, D, P 2

46 Quercus pyrenaica Willd. Tree 41°7«N, 5°48«W T, D, N, A, P 1

25 Quercus robur L. Tree 50°30«N, 37°56«E T, D, A 2

46 Quercus rotundifolia Lam. Tree 41°7«N, 5°48«W T, D, N, P 3

41 Quercus rubra L.$,& Tree 40°48«N, 77°52«W T, D, P 2

4 Quercus rubra L. Tree 43°33«N, 89°27«W T, D 2

11 Quercus sessiliflora Salisb. Tree 48°46«N, 6°17«E T, D, A 4

21 Quercus suber L.$,& Tree 38°48«N, 9°16«W T, D 2

4 Quercus velutina Lam. Tree 43°33«N, 89°27«W T, D 2

6 Quercus velutina Lam. Tree 40°48«N, 77°51«W T, D 1

37, 38 Quercus velutina Lam. Tree 40°49«N, 77°56«W T, D, P 2

70 Remijia morilloi Steyerm. Tree 1°54«N, 67°03«W T, D, N 1

70 Retiniphyllum concolor (Spruce ex Benth.) Muell.

Arg.

Tree 1°54«N, 67°03«W T, D, N, A 1

68 Rhododendron catawbiense Michx. Shrub 39°18«N, 76°38«W T, D 1

68 Rhododendron indicum Sweet Shrub 39°18«N, 76°38«W T, D 1

68 Rhododendron myrtifolium Lodd. Shrub 39°18«N, 76°38«W T, D 1

68 Rhododendron nudiflorum Torr. Shrub 39°18«N, 76°38«W T, D 1
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1B. Broad-leaved species (cont.)

Citation Species

Life

form Sample location

Variables

analysed n

68 Rhododendron viscosum Torr. Shrub 39°18«N, 76°38«W T, D 1

50, 70 Rhodognaphalopsis discolor A. Robyns Tree 1°54«N, 67°03«W T, D, N 2

4 Robinia pseudacacia L. Tree 43°33«N, 89°27«W T, D 2

12 Robinsonella mirandae Gomez-Pompa Tree 18°35«N, 95°07«W T, D, N, A 1

40 Salix hultenii Floderus Tree 42°58«N, 141°23«E T, D, A, P 1

12 Sapranthus microcarpus (Donn. Sm.) R. E. Fr. Tree 18°35«N, 95°07«W T, D, N, A 1

6 Sassafras albidum (Nutt.) Nees Tree 40°48«N, 77°51«W T, D 1

37, 38 Sassafras albidum (Nutt.) Nees Tree 40°49«N, 77°56«W T, D, P 2

10 Scheelea zonensis Bailey Palm 9°10«N, 79°51«W T, D, A 2

17 Schefflera rodriguesiana Frodin Tree 9°34«N, 83°41«W T, D 2

43 Shorea singkawang (Miq.) Burch $ Tree 3°9«N, 101°43«E T, D 5

43 Sindora echinocalyx (Benth.) Prain $ Tree 3°9«N, 101°43«E T, D 5

10 Socratea exorrhiza (Martinus) H. A. Wendland Palm 9°10«N, 79°51«W T, D, A 2

40 Sorbus alnifolia C. Koch Tree 42°58«N, 141°23«E T, D, A, P 1

40 Sorbus commixta Hedl. Tree 42°58«N, 141°23«E T, D, A, P 1

86 Souroubea sympetala Gilg. Hemiepiphyte 9°10«N, 79°51«W T, D, N 1

12 Spondias radlkoferi Donn. Sm. Tree 18°35«N, 95°07«W T, D, N, A 1

80 Spyridium globulosum (Labill.) Benth. Shrub 33°57«S, 120°07«E T, D 1

66 Spyridium subochreatum Reisseck Shrub 36°06«S, 140°31«E T, D, N 1

12 Stemmadenia donnell-smithii (Rose) Woodson Tree 18°35«N, 95°07«W T, D, N, A 1

44 Syngonium rayii Croat & Grayum Woody vine 10°28«N, 84°02«W T, D, A 2

4 Tilia americana L. Tree 43°33«N, 89°27«W T, D 2

6 Tilia americana L. Tree 40°48«N, 77°51«W T, D 1

25 Tilia cordata Mill. Tree 50°30«N, 37°56«E T, D, A 2

40 Tilia japonica Simonkai Tree 42°58«N, 141°23«E T, D, A, P 1

40 Tilia maximowicziana Shrisawa Tree 42°58«N, 141°23«E T, D, A, P 1

12 Trema micrantha L. Blume Tree 18°35«N, 95°07«W T, D, N, A 1

12 Trichilia martiana C. DC. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Trichospermum mexicanum (DC.) Baill. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Trophis mexicana (Liebm.) Bur. Tree 18°35«N, 95°07«W T, D, N, A 1

12 Turpinia occidentalis (Swartz) G. Don Tree 18°35«N, 95°07«W T, D, N, A 1

40 Ulmus davidiana Planch var. japonica Nakai Tree 42°58«N, 141°23«E T, D, A, P 1

40 Ulmus laciniata Mayy. Tree 42°58«N, 141°23«E T, D, A, P 1

4 Ulmus rubra Muhl. Tree 43°33«N, 89°27«W T, D 2

6 Ulmus rubra Muhl. Tree 40°48«N, 77°51«W T, D 1

25 Ulmus scabra Mill. Tree 50°30«N, 37°56«E T, D, A 3

89 Uncaria tomentosa (Willd.) DC Woody vine 9°10«N, 79°51«W T, D, N, P 1

12 Urera elata (Sw.) Griseb. Tree 18°35«N, 95°07«W T, D, N, A 1

17 Vaccinium consanguineum Klotzch Tree 9°34«N, 83°41«W T, D 2

82 Vaccinium myrtillus L. Shrub 56°25«N, 6°1«W T, D, N, P 3

12 Vatairea lundellii (Standl.) Killip Shrub 18°35«N, 95°07«W T, D, N, A 1

12 Vochysia guatemalensis (Donn.) Smith Shrub 18°35«N, 95°07«W T, D, N, A 1

17 Weinmannia pinnata L. Tree 9°34«N, 83°41«W T, D 1

12 Zanthoxylum kellermanii P. Wilson Tree 18°35«N, 95°07«W T, D, N, A 1

6 6 mesic species Tree 40°48«N, 77°51«W T, D, P 1

6 6 wet-mesic species Tree 40°48«N, 77°51«W T, D, P 1

6 5 xerix species Tree 40°48«N, 77°51«W T, D, P 1

"Cross-section geometry (cf. 33) was approximated by circle or ellipsoid (C, terete-leaved species), rhomb (R), sector

(K), segment (S) or triangle (T); #Data available for leaf thickness (T), density (D), volume to total leaf area ratio (V}A
T
),

nitrogen content (N), photosynthesis (P) or for several other leaf anatomical variables (A, e.g., the fractional investments

of leaf in various tissues). Data for leaf dry mass per area were available in all studies, and whenever not directly reported

in the original study, D was calculated from leaf dry mass per area and T ; $Seedlings; %Seedlings and adult plants; &Plants

grown in a naturally lit greenhouse; 'seeds obtained from a native stand at Eneabba, Western Australia, 29°53«S,

115°17«E); (Plants grown in a growth chamber at constant environmental conditions; )seeds from Bangladesh;
*C

%
species; "!native to Japan; ""native to Burma and India; "#seeds from 18°22«N, 66°37«W; "$seeds from 33°57«S

120°07«E; "%seedlings and adult plants; "&seeds from Hawaii (20–22°N, 157–159°W); "'native to Caribbean Islands;
"(native to E-Mexico.
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