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The relationships between leaf structure, nitrogen concentration and CO
#
assimilation rate (A) were studied for

14 grass species grown in the laboratory under non-limiting nutrient conditions. Structural features included leaf

thickness and density, and the proportion of leaf volume occupied by different types of tissue (mesophyll,

epidermis, vessels and sclerenchyma). Relationships were assessed for data expressed per unit leaf area and fresh

mass. The latter was found to be closely related to leaf volume, which allowed us to use A per unit leaf fresh mass

(A
fm

) as a surrogate of A per unit leaf volume. Assimilation rate per unit leaf area (A
a
) was positively correlated

with leaf thickness and with the amount of mesophyll per unit leaf area; the relationship with leaf nitrogen content

per unit area was only marginally significant. A
fm

was negatively correlated with leaf thickness and positively with

fresh mass-based leaf organic nitrogen concentration. A multiple regression involving these two variables

explained 81% of the variance in A
fm

. The value of A
fm

was also significantly related to the proportion of mesophyll

in the leaf volume, but surprisingly the correlation was negative. This was because thin leaves with high A
fm

and

nitrogen concentration had proportionally more mechanically supportive tissues than thick ones; as a consequence,

they also had a lower proportion of mesophyll. These data suggest that, in addition to leaf nitrogen, leaf thickness

has a strong impact on CO
#

assimilation rate for the grass species studied.

Key words: leaf anatomy, leaf nitrogen, leaf thickness, grasses, light penetration, mesophyll, assimilation rate,

mechanical support.



Differences in photosynthetic rate among species

may be attributed to differences in biochemical,

morphological and}or anatomical features of their

leaves (e.g. Nobel, 1983; Sharkey, 1985). In par-

ticular, a positive correlation is usually observed

between the net assimilation rate of CO
#

and the

nitrogen (N) content of the leaf (Field & Mooney,

1986; Evans, 1989), which may be explained by the

fact that up to 75% of leaf organic N is in the

chloroplasts, most of it in the photosynthetic ma-

chinery (Evans & Seemann, 1989). The influence of

leaf structure on photosynthesis has also been the

focus of much research, but only a few generalities

have emerged. This may be the consequence of the

*Author for correspondence (fax 33 4 67 41 21 38; e-mail

garnier!pop.cefe.cnrs-mop.fr).

number of, and interactions between, the parameters

involved (e.g. Austin et al., 1982).

To our knowledge, few studies have tried to relate

the overall structure of a leaf, its N content and its

assimilation rate for a relatively large number of

species (but see Niinemets, 1999). The aim of the

present study is to do so for 14 grass species which

have been shown to differ substantially in their leaf

N concentration (Garnier & Vancaeyzeele, 1994) and

structure (Garnier & Laurent, 1994). Differences in

leaf structure include thickness, density, and the

proportion of the leaf volume occupied by various

types of tissue (mesophyll, epidermis, sclerenchyma

and vascular bundles). The present analysis con-

siders the interplay between these structural and

biochemical features, and how these affect CO
#

assimilation rate.

A first step was to choose a basis of expression for

the rate of CO
#

assimilation (A). In physiological
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research, A is traditionally expressed per unit leaf

area (A
a
), which allows the flux of carbon to be related

to that of incoming photons. However, the size of the

assimilatory apparatus of the leaf depends not only

on its area, but also on other structural features such

as its thickness and}or the proportion of its volume

occupied by the different tissues (particularly meso-

phyll). Differences in A
a

may thus be simply due to

differences in the amount of photosynthetic tissue

per unit area. For example, A
a
is generally found to

be higher in sun than in shade leaves, but this is

associated with thicker leaves in the former (Charles-

Edwards & Ludwig, 1975; Nobel, 1977; McMillen

& McClendon, 1983; Sims & Pearcy, 1992), and

thus with more assimilatory tissue per unit leaf area.

To separate this structural effect from, say, bio-

chemical effects, Charles-Edwards & Ludwig (1975)

proposed that A be expressed on a leaf volume basis.

When this is done, differences in A between sun and

shade leaves can disappear (Charles-Edwards &

Ludwig, 1975; Sims & Pearcy, 1992) or be reversed

(McMillen & McClendon, 1983). Other bases of

expression may be chosen to account for this size

effect (leaf dry mass, e.g. Enrı!quez et al., 1996; Reich

et al., 1997; N content, e.g. Field & Mooney, 1986;

Poorter & Evans, 1998), but considering that ‘the

rate at which living systems operate is a function of

substrate and}or product concentration’ (i.e. amount

of components per unit volume), Charles-Edwards

et al. (1972) argued that plant processing rates in

general should be expressed as volume. Taking an

engineering perspective on leaf form and function,

Roderick et al. (1999) arrived at a similar conclusion.

Leaf area (usual in plant physiology) and leaf volume

thus appear to be relevant for expression of as-

similation rate.

However, leaf volume is not easy to measure. It is

usually calculated from other dimensions of the leaf,

as the product of leaf surface area¬leaf thickness

(often measured at one single location along the leaf

blade). Leaf saturated fresh mass (‘ fresh mass’

hereafter) is thus sometimes used as an estimate of

leaf volume. This is done, for example, when leaf

thickness is calculated as the ratio between fresh

mass (Cvolume) and surface area (McMillen &

McClendon, 1983; Atkin et al., 1996; see Sims et al.,

1998 for a validation for soybean). Using fresh mass

rather than volume has at least two advantages: it is

much easier to measure, so easy that it can be

routinely incorporated as a standard measure in

large-scale comparative experiments (Wilson et al.,

1999); and it does not imply any hypothesis on the

homogeneity of leaf thickness over the whole blade.

Whether using one instead of the other is a valid

approximation will be examined for the 14 grass

species studied here.

Having chosen the basis of expression, the specific

questions addressed in this study were: which leaf

structural parameters (thickness, density, proportion

of tissues, etc) affect net CO
#

assimilation rate?; is

leaf N related to leaf structure, and how does it affect

A?; and how are the relationships between leaf

structure, leaf N and A modified when different

bases of expression are used (leaf area vs leaf fresh

mass basis)? These questions were examined for 14

grass species grown in the laboratory under standar-

dized conditions.

  

Species, germination and growth conditions

This study was conducted on 14 C
$

grass species

(Poaceae) belonging to the same subfamily, the

Pooideae (Watson & Dallwitz, 1992). Seven species

were annuals : Brachypodium distachyon L., Bromus

hordeaceus L., Bromus madritensis L., Hordeum

murinum L., Lolium rigidum Gaud., Poa annua L.

and Avena barbata Pott. Seven species were peren-

nials : Brachypodium phoenicoides L., Bromus erectus

Huds., Bromus ramosus Huds., Hordeum secalinum

Schreb., Lolium perenne L., Poa pratensis L. and

Dactylis glomerata L. (subsp. hispanica Roth.).

Differences between life forms have been discussed

elsewhere (Garnier, 1992; Garnier & Laurent, 1994;

Garnier & Vancaeyzeele, 1994), and will not be dealt

with in this paper.

Plants were grown from seeds in a water-culture

system in a growth room at ambient atmospheric

CO
#

concentration (not controlled). Light was

provided by four metal halide lamps (Osram HQI-T

400 W), and the mean (³SE) photon flux of

photosynthetically active radiation (PAR) at seedling

height was 545³15 µmol m−# s−" (n¯108). The

plants received a photoperiod of 16: 8 h (light:dark)

at an air temperature of 22: 16°C (light :dark), and

rh "55% (i.e. a vapour pressure deficit (VPD) !1.2

kPa during the day).

The water-culture system consisted of a 100 dm$

tank filled with the complete nutrient solution

described by Koch et al. (1987), where nitrate

concentration was set at 500 mmol m−$ ; to avoid any

substantial drop in the concentration of ions during

the experiments this solution was completely re-

newed every week. Germination, transplantation

and growing procedures were similar to those

described by Garnier (1992). Due to limited space,

the plants were cultivated in four successive batches.

To check for the repeatability of the growing

conditions, six individuals of Bromus hordeaceus

were grown in each batch at a fixed place in the

culture system. Their mean relative growth rate was

calculated from periodic measurements of total fresh

mass. The four values obtained ranged from 0.247 to

0.289 g g−" d−", and were not significantly different

from one another (P "0.05 from an analysis of

covariance). These values did not differ significantly

from those obtained previously in a leaf anatomy
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Table 1. Leaf CO
#
assimilation rate expressed per unit leaf area (A

a
), leaf fresh mass (A

fm
, leaf volume (A

vol
),

leaf dry mass (A
dm

) and leaf nitrogen (A}[N]
lf
), for 14 grass species grown under standard conditions in the

laboratory

Species ID

A
a

(µmol m−# s−")

A
fm

(nmol g−" s−")

A
vol

(nmol cm−$ s−")

A
dm

(nmol g−" s−")

A}[N]
lf

(µmol mol−" s−")

Brachypodium distachyon 1 14.5 (0.7) 156 (9) 121 (6) 508 (24) 130 (2)

Brachypodium phoenicoides 2 15.8 (1.2) 86 (7) 88 (7) 319 (25) 121 (17)

Bromus hordeaceus 3 17.4 (0.6) 91 (3) 89 (3) 509 (17) 134 (9)

Bromus erectus 4 15.2 (1.1) 74 (6) 82 (6) 321 (23) 106 (13)

Bromus madritensis 5 19.6 (0.6) 87 (2) 109 (3) 537 (16) 181 (6)

Bromus ramosus 6 15.6 (0.5) 122 (4) 90 (3) 403 (14) 123 (12)

Hordeum murinum 7 14.4 (0.4) 82 (3) 70 (2) 489 (13) 141 (7)

Hordeum secalinum 8 16.0 (0.5) 93 (4) 95 (3) 492 (16) 136 (8)

Lolium rigidum 9 15.6 (0.8) 79 (3) 73 (4) 524 (28) 153 (14)

Lolium perenne 10 17.2 (0.5) 105 (3) 80 (2) 546 (16) 148 (9)

Poa annua 11 14.2 (1.4) 118 (9) 126 (12) 613 (59) 155 (3)

Poa pratensis 12 15.1 (0.8) 131 (9) 122 (6) 539 (28) 152 (3)

Avena barbata 13 19.4 (0.5) 89 (3) 86 (2) 561 (15) 134 (9)

Dactylis glomerata 14 15.8 (0.6) 104 (7) 105 (4) 516 (20) 146 (9)

CV (%) 11 23 19 18 13

ID, identification of species on figures. Data presented are mean (SE in parenthesis) of 10 (four for A}[N]
lf
) replicate

values per species. CV is the coefficient of variation across species, calculated using the mean value of each species (i.e.

not taking into account intra-specific variation).

experiment (range 0.230–0.269 g g−" d−" ; Garnier &

Laurent, 1994).

Gas-exchange measurements

Twenty days after transplanting the plants into the

culture system, CO
#
exchange was measured on the

youngest mature leaf (i.e. whose ligule had appeared)

of the main tiller, on 10 replicate plants per species.

These measurements were conducted with a portable

leaf chamber analyser (Analytical Development

Company, London, UK, model LCA-2, used with a

Parkinson leaf chamber for grass leaves). Environ-

mental conditions in the leaf chamber were main-

tained close to those of the growth environment. The

average PAR was 604 (³12) µmol m−# s−", and air

temperature was 22.1 (³0.4)°C. Air flow through

the chamber was between 4.25 and 4.45 cm$ s−", and

the VPD of the air leaving the chamber was between

0.8 and 1.1 kPa.

Harvests and chemical analyses

Immediately after the gas-exchange measurements,

the portion of the leaf which was inserted in the

chamber was severed from the blade; its saturated

fresh mass was measured, and its area was de-

termined with an area meter (Delta-T Devices,

Cambridge, UK, model MK2). Dry mass was

measured after oven-drying for 48 h at 70°C.

For each species, two or three leaves (severed

portion plus remaining part) were then pooled to

obtain four replicate batches of leaf samples. These

batches were ground individually, and their total N

concentration was measured with an elemental

analyser (Carlo Erba Instruments, Milan, Italy,

model EA 1108). Nitrate was extracted from sub-

samples of the ground material placed in poly-

propylene vials with 10 cm$ 0.1 M HCl, and kept at

4°C for 48 h. The nitrate content of each sample was

assayed colorimetrically according to Henriksen &

Semer-Olsen (1970). Organic N concentration was

then calculated as the difference between total N and

nitrate concentrations.

Treatment of data

The raw data for net assimilation rate were calculated

for leaves on which gas exchange was measured for:

area (A
a
) ; saturated fresh mass (A

fm
) ; dry mass

(A
dm

) ; leaf organic N (A}[N]
lf
), the so-called

photosynthetic nitrogen-use efficiency (Field &

Mooney, 1986). Data were also calculated on a leaf

volume basis (A
vol

) using the average volume values

obtained previously (Garnier & Laurent, 1994),

which were calculated as the product of leaf thickness

and surface area. Data on global leaf structural

parameters in the two sets of experiments were in

good agreement, as shown by the relationships

between the specific leaf area (SLA) and the leaf

percentage dry matter (PDM) measured on the two

occasions:

SLA
ps

¯0.98 SLA
ana

0.66

(r¯0.82, P !0.001, n¯14), and

PDM
ps

¯0.94 PDM
ana

0.03

(r¯0.78, P !0.001, n¯14),

(
ps

and
ana

refer to the current photosynthesis and

anatomy (Garnier & Laurent, 1994) experiments,

respectively). The anatomical data (leaf thickness,
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density, proportion, and amount of different tissues

in the leaf) were all taken from Garnier & Laurent

(1994).

Correlations between the five bases of expression

of A are presented (Table 2), but for reasons outlined

in the introduction, relationships between anatom-

ical features and assimilation rate will be examined

only for A
a

and A
fm

(Figs 2, 3) and A
vol

(Table 3).

Correlations between parameters were assessed as

Pearson’s correlation coefficients among species’

means of characters.



Photosynthetic rates, leaf fresh mass and volume

Leaf net CO
#
assimilation rate varied approximately

twofold when expressed as leaf fresh mass, volume or

dry mass (Table 1) ; when expressed on a leaf area

basis, all values were within a much narrower range

(between 14.2 and 19.6 µmol m−# s−", Table 1);

variability in A}[N]
lf

among species was intermedi-

ate (compare the coefficients of variation in Table 1).

Table 2 shows the correlations among the different

bases of expression. The only significant ones were

between (i) A per unit fresh mass and A per unit

volume, and (ii) A per unit dry mass and A}[N]
lf
;

that between A per unit dry mass and A per unit

volume was marginally so (P¯0.07).

There was a close association between the fresh

mass of a leaf and its volume (Fig. 1a). With the

exception of four species, this translated into a good

agreement between assimilation rate expressed as

volume and as fresh mass (Fig. 1b). Although this

relationship was not very close (r¯0.73, P !0.01),

the correlations between photosynthetic rate and

anatomical features were qualitatively similar for

assimilation rate data expressed on these two bases

(Table 3). The significance level differed slightly

depending on the basis of expression: in the case of

the proportion of leaf volume occupied by meso-

phyll, the conclusion as to whether the relationship

was significant with a P value fixed at 0.05 differed

between the two bases.

Table 2. Pearson’s correlation coefficients between net

CO
#

assimilation rate expressed on different bases

A
a

A
fm

A
vol

A
dm

A}[N]
lf

A
a

1

A
fm

®0.36ns 1

A
vol

®0.16ns 0.73** 1

A
dm

0.21ns 0.30ns 0.40† 1

A}[N]
lf

0.33ns 0.05ns 0.35ns 0.74** 1

A
a
is per unit leaf area; A

fm
is per unit leaf fresh mass; A

vol

is per unit leaf volume; A
dm

is per unit leaf dry mass;

A}[N]
lf

is per unit leaf nitrogen. Significance levels : **, P
!0.01; †, P !0.10; ns, not significant (P "0.10).
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Fig. 1. Relationships between (a) the volume of a leaf and

its fresh mass (r¯0.98, P !0.001) ; (b) volume-based

photosynthetic rate and fresh mass-based photosynthetic

rate (r¯0.73, P !0.01), for 14 grass species grown under

standard conditions in the laboratory. Numbers identify

species (see Table 1 for species codes). The dashed line

represents the 1:1 relationship.

Table 3. Pearson’s correlation coefficients between

various leaf structural parameters (taken from Garnier

& Laurent, 1994) and CO
#
assimilation rate expressed

per unit leaf area (A
a
), per unit leaf fresh mass (A

fm
)

and per unit leaf volume (A
vol

)

Independent variable A
a

A
fm

A
vol

Leaf thickness 0.54* ®0.73** ®0.90***

Leaf density ®0.31ns 0.30ns 0.45†
Proportion mesophyll 0.41† ®0.46* ®0.43†
Proportion NP mesophyll 0.51* ®0.56* ®0.53*

Proportion epidermis ®0.29ns 0.31ns 0.22ns

Proportion vessels ®0.21ns 0.29ns 0.30ns

Proportion sclerenchyma ®0.29ns 0.20ns 0.31ns

NP mesophyll is for non-parietal mesophyll (i.e. mesophyll

minus proportion of mesophyll occupied by cell walls).

Data are for 14 grass species grown under standard

conditions in the laboratory. Significance level : ***, P
!0.001; **, P !0.01; *, P !0.05; †, P !0.10; ns, not

significant (P "0.10).
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Fig. 2. Relationships between area-based photosynthetic rate (A) and (a) leaf thickness (r¯0.54, P !0.05) ;

(b) leaf density (r¯®0.31, not significant) ; (c) amount of non-parietal mesophyll per unit leaf area (r¯0.56,

P !0.05) ; (d) leaf organic nitrogen content per unit leaf area (r¯0.41, P¯0.07), for 14 grass species grown

under standard conditions in the laboratory. Numbers identify species (see Table 1 for species codes). A solid

line indicates a significant relationship; broken line a ns relationship.

Hereafter, relationships between assimilation rate

and leaf anatomy are examined only for A expressed

per unit leaf area and as fresh mass.

Photosynthetic rate and leaf structure

Area basis. A
a

was positively correlated to leaf

thickness (Table 3, Fig. 2a), and to the proportion of

the leaf volume occupied by non-parietal mesophyll

(i.e. mesophyll minus the proportion of mesophyll

occupied by cell walls (Garnier & Laurent, 1994),

Table 3). A
a
was also positively correlated (P !0.05)

to the amount of non-parietal mesophyll per unit leaf

area (Fig. 2c). Relationships between A
a
and density,

as well as those between A
a

and the proportions of

other tissues, were not significant (Table 3, Fig. 2b).

Finally, A
a

was only marginally related to leaf

organic N content per unit leaf area (P¯0.07, Fig.

2d).

Fresh mass basis. Leaf thickness was the structural

feature which correlated best with assimilation rate

expressed as fresh mass (Table 3), the thicker the

leaf, the lower the A
fm

(Fig. 3a). The relationship

between A
fm

and leaf density was not significant

(Fig. 3b). When the histological structure of the leaf

was considered, the only significant (negative) corre-

lations were those between A
fm

and the proportion of

leaf volume occupied by the mesophyll and non-

parietal mesophyll (Table 3, Fig. 3c). A
fm

was also

strongly and positively related to fresh mass-based

leaf N concentration (Fig. 3d). A multiple regression

combining leaf thickness (LT) and fresh mass-based

N concentration ([N]
lfm

) as independent variables

explained 81% (P !0.001) of the variance of A
fm

in

our data set :

A
fm

(nmol g
fm

−" s−")¯®0.195 LT(µm)

87.4 [N]
lfm

(mmol g
fm

−")71.4 Eqn 1

This analysis indicates the important role of leaf

thickness in the determination of assimilation rate

expressed both as area and fresh mass. The way in

which the different leaf characteristics measured co-

vary with thickness are considered below.

Correlates of leaf thickness

Thick leaves were found to have a significantly

higher proportion of non-parietal mesophyll but a

lower proportion of ‘dense’ tissues (i.e. sum of

vessels plus sclerenchyma) than thin leaves (Fig.
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Fig. 3. Relationships between fresh mass-based photosynthetic rate (A) and (a) leaf thickness (r¯®0.73, P
!0.01) ; (b) leaf density (r¯0.30, not significant) ; (c) the proportion of non-parietal mesophyll in the leaf

volume (r¯®0.56, P !0.05) ; (d) leaf organic nitrogen concentration per unit leaf fresh mass (r¯0.88, P
!0.001), for 14 grass species grown under standard conditions in the laboratory. Numbers identify species (see

Table 1 for species codes). A solid line indicates a significant relationship; a broken line indicates a ns

relationship.

4a,b). The proportions of these two types of tissue

were negatively related to each other (r¯®0.52, P

!0.05; compare Fig. 4a and b). As expected, the

amount of tissue per unit leaf area was higher in

thicker leaves (Fig. 4c,d). The relationship with the

amount of non-parietal mesophyll was very close

(r¯0.96, P !0.001; Fig. 4c), as the proportion of

this tissue was also high in thick leaves (Fig. 4a).

Thick leaves were also found to have more N per

unit area because they had a larger amount of tissue

per unit area, but the relationship was not par-

ticularly close (Fig. 5a). By contrast, leaf thickness

was negatively and more strongly related to fresh

mass-based leaf N concentration (Fig. 5b). Finally,

there was also a positive relationship between the

thickness of a leaf and its area (r¯0.71, P !0.01;

not shown).



Expression of CO
#

assimilation rate

Comparisons between bases of expression. A lower

range of variation of A given on a leaf area basis

compared with other bases of expression (Table 1)

seems to be a general finding in interspecific

comparisons. This is the case when A
a
is compared

with A
dm

(Field & Mooney, 1986; Atkin et al.,

1996; Poorter & Evans, 1998; Niinemets, 1999)

or to A}[N]
lf

(Field & Mooney, 1986; Poorter &

Evans, 1998). The greater ranges of variation were

found for A expressed per unit fresh mass and

volume (Table 1), but since A has seldom been

expressed on either of these bases in previous studies,

it is not known how general this finding is.

Assimilation rates expressed on these different bases

appear to be unrelated in most cases (Table 2)

indicating that the choice of a particular basis to

express data is of clear importance for the in-

terpretation of results.

A detailed analysis of differences between bases of

expression and of causes leading to the (lack of)

observed correlations is beyond the scope of this

paper, except for that between A
fm

and A
vol

, which is

discussed in the following section.

Leaf fresh mass and volume. The close association

between leaf fresh mass and volume observed at the
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Fig. 4. Relationships between leaf thickness and (a) the proportion of non-parietal mesophyll in the leaf volume

(r¯0.70, P !0.01) ; (b) the proportion of ‘dense’ tissues (sclerenchyma plus vessels) in the leaf volume (r¯
®0.45, P !0.05) ; (c) the amount of non-parietal mesophyll per unit leaf area (r ¯0.96, P !0.001) ; (d) the

amount of ‘dense’ tissues (sclerenchyma plus vessels) per unit leaf area (r ¯0.62, P !0.01), for 14 grass species

grown under standard conditions in the laboratory. Numbers identify species (see Table 1 for species codes).

A solid line indicates a significant relationship.

interspecific level (Fig. 1a) has also been found when

the variation in leaf structure of a single species was

produced by varying different environmental con-

ditions, such as light, N availability and atmospheric

CO
#

(Sims et al., 1998). Assuming that the leaf is

composed of three phases – air, liquid and solid –

(cf. Roderick et al., 1999), the fresh mass of a leaf is

equal to (M
a
M

l
M

s
), and its volume to (V

a


V
l
V

s
), where

a
,
l
and

s
refer to the air spaces, liquid

and solid phases, respectively. Given that the density

of the air is negligible compared with that of the

liquid and solid phases (i.e. M
a
E0), any increase in

the volume of the leaf brought about by an increase

only in the volume of air spaces will not affect its

fresh mass. Therefore if two species have leaves with

a similar assimilation rate per unit fresh mass but

different proportions of air spaces, their assimilation

rates per unit volume will be different.

The proportion of the leaf volume occupied by air

spaces has been found to vary between 5 and 40% in

14 grass species, with most of the values (11 out of

14) between 10 and 20% (van Arendonk & Poorter,

1994; data are not available for the species studied

here). Although assimilation rates expressed on fresh

mass and volume bases were relatively well correlated

(Fig. 1b), such differences in the volume of air spaces

between species are likely to explain a substantial

part of the scatter observed in this correlation.

Despite this scatter, the relationships between as-

similation rate and the structural features of leaves

were qualitatively similar using the two bases of

expression (Table 3). Taken together, this validates

the use of leaf fresh mass as a surrogate for leaf

volume, at least in grasses. Whether this holds for a

broader range of species remains to be tested.

Leaf structure, nitrogen and assimilation rate

Area basis. Contrary to what is usually found for sun

and shade leaves, the positive relationship between

A
a

and leaf thickness observed here (Table 3, Fig.

2a) does not appear to be general in interspecific

comparisons. It has been found in some instances

(Nobel, 1977; McMillen & McClendon, 1983;

Niinemets, 1999) but not in others (Ko$ rner &

Diemer, 1987; Kebede et al., 1994). Here, thicker

leaves have a larger amount of non-parietal meso-

phyll tissue per unit area (Fig. 4c). This is for two

reasons: the absolute amount of material is larger in

these leaves (cf. Fig. 4c and d); and independent of
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Fig. 5. Relationships between leaf thickness and (a) leaf

organic nitrogen content per unit leaf area (r ¯0.48, P
!0.05) ; (b) leaf organic nitrogen concentration per unit

leaf volume (r¯®0.61, P !0.01), for 14 grass species

grown under standard conditions in the laboratory.

Numbers identify species (see Table 1 for species codes).

A solid line indicates a significant relationship.

this, the proportion of mesophyll tissue is higher in

thick leaves (Fig. 4a). A combination of these two

factors leads to the very close relationship between

leaf thickness and amount of mesophyll per unit leaf

area. Thus the relationship between A
a

and leaf

thickness may be merely a consequence of the larger

amount of mesophyll tissue per unit leaf area in thick

leaves, also expressed in the relationship between the

latter and A
a
(Fig. 2c).

However, Nobel (1977) suggested that, rather

than the amount of mesophyll, the parameter that

relates best to A
a

is the surface area of mesophyll

cells exposed to internal air space, expressed per unit

leaf area (S
m
) : the larger this surface, the greater the

internal leaf area across which CO
#
can diffuse in the

liquid phase, thereby increasing the transfer con-

ductance to the sites of carboxylation. Since S
m

increases with leaf thickness (Nobel, 1977; Patton &

Jones, 1989; Kebede et al., 1994), this could explain

why A
a
increases with leaf thickness for the species

studied here.

A larger amount of mesophyll tissue per unit leaf

area could also be expected to accompany a higher N

content per area, but this was not the case (no

significant relationship between the two variables : r

¯0.34, P ¯0.25). More surprising was the lack of a

significant relationship between A
a

and leaf N

content per unit area (Fig. 2d). Although a causal

link between the two is usually postulated, when

both variables are expressed on a unit leaf area basis

this relationship is sometimes very loose (Field &

Mooney, 1986; Evans, 1989; Peterson et al., 1999) or

even non-existent (Ko$ rner & Diemer, 1987). Here

the relationship between A and leaf N appeared to

be much tighter when expressed on a volume basis

(Fig. 3d).

In summary, leaf thickness and amount of meso-

phyll per unit leaf area were the factors best

explaining the variation in A
a
for the species studied

here. However the proportion of the variance

explained (31% at best) was relatively low.

Fresh mass basis. A negative correlation between leaf

thickness and assimilation rate comparable to that

observed here (Fig. 3a) has been found in a number

of studies where assimilation rate was expressed as

leaf dry mass (A
dm

). This was the case for 10 species

of tropical trees (Kitajima, 1992, measurements on

cotyledons); Enrı!quez et al. (1996) found the same

on a broad range of photosynthetic organisms (from

cyanobacteria to long-lived terrestrial plants), but

did not in Niinemets (1999) a survey of woody

plants. Data presented by Reich et al. (1997),

showing a positive association between specific leaf

area (SLA: the ratio of leaf area to leaf dry mass) and

assimilation rate for a large number of terrestrial

plants, may be interpreted in a similar way, bearing

in mind that SLA actually depends on two com-

ponents: SLA¯1}(leaf thickness¬leaf density)

(Witkowski & Lamont, 1991). It is not known

whether such a negative association is generally

found when assimilation rate is expressed on a leaf

fresh mass basis (as for data presented in Fig. 3a), as

A
fm

is not available for many studies. However, there

is no reason why the hypotheses put forward to

explain this correlation when assimilation rate is

expressed as dry mass do not apply when it is

expressed as fresh mass.

Three sets of non-exclusive hypotheses could help

explain the negative association between leaf thick-

ness and assimilation rate per unit leaf fresh mass.

E Leaf organic-N concentration per unit fresh

mass ([N]
lfm

) was lower in thick than in thin

leaves (Fig. 5b). Since it was also positively and

strongly related to A per unit fresh mass (Fig.

3d), this implies that A
fm

and leaf thickness were

negatively related. This points to a lower con-

centration of the enzyme Rubisco in thick leaves

(Field & Mooney, 1986; Evans, 1989), which

may limit their capacity for CO
#

fixation. In-

terestingly, the lower [N]
lfm

of thick leaves is seen

with a higher proportion of non-parietal meso-
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CARBON FIXATION

SUPPORT

Fig. 6. Diagram representing the overall scheme for assimilation and support functions of the leaf. Percentage

dense tissues refers to the sum of the percentages of vascular and sclerenchyma tissues in the leaf. Pearson’s

correlation coefficient is given for each relationship, with level of significance: **, P !0.01; *, P !0.05. See

text for further explanations.

phyll (compare Figs 4a and 5b), indicating that

the volume of mesophyll is not a good indicator

of the volume of chloroplasts in the leaf.

E Leaf absorptance depends strongly on chloro-

phyll content per unit leaf area (Agustı! et al.,

1994; Syvertsen et al., 1995; Evans, 1998), but

this does not seem to vary systematically with

leaf thickness (Pammenter et al., 1986; Kebede

et al., 1994). However, when expressed per unit

mass, the average chlorophyll concentration is

lower in thick than in thin leaves (Pammenter et

al., 1986; Agustı! et al., 1994; Kebede et al.,

1994), and}or in leaves with a low specific leaf

area (Poorter & Evans, 1998). Since light ab-

sorption per unit mass was found to be positively

related to chlorophyll a concentration (Agustı! et
al., 1994), on average, a unit mass or volume is

likely to absorb less light in thick than in thin

leaves. How this affects assimilation rate depends

on the light gradients within the leaf (Vogelmann,

1993) and on the coupling between light ab-

sorption and CO
#
fixation profiles within the leaf

(see e.g. Evans, 1999).

E The path length of CO
#

within the leaf is

supposed to be longer in thick leaves, inducing a

higher resistance to CO
#
diffusion in the gaseous

phase across the leaf (Parkhurst, 1994; Syvertsen

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

The ways in which leaf thickness is likely to influence

assimilation rate are thus relatively complex, and it is

not possible here to determine the relative im-

portance of each of the features discussed.

Combining leaf thickness and N concentration

allowed us to explain 81% of the variance in

assimilation rate per unit fresh mass among the 14

grass species studied (Eqn 1). This confirms the

results of Enrı!quez et al. (1996) and Reich et al.

(1997), who have obtained comparable relationships

(with all variables log-transformed) for a much

broader range of species. It thus appears that,

whatever the range of species compared, leaf as-

similation rate per unit leaf (dry or fresh) mass can be

predicted relatively accurately by a combination of

structural (leaf thickness and}or specific leaf area)

and biochemical (chlorophyll and}or organic N

concentration) characteristics.

The percentage of variance explained contrasts

markedly with that obtained when A is expressed on

a leaf area basis. This supports the expression of

assimilation as leaf fresh mass rather than area, when

it is to be related to leaf structure and chemical

composition. In particular, the strong relationship

between A and leaf N when expressed on a fresh

mass basis agrees with Charles-Edwards et al.’s

(1972) suggestion that a better explanation of

processing rates may be achieved when these are

expressed on a volume basis (see also Roderick et al.,

1999). Peterson et al. (1999) recently suggested that

discrepancies between bases of expression could be

resolved when the coefficient used to convert data

from one basis to the other (1}SLA in their case) was

statistically controlled. The data presented here are

certainly amenable to the same type of analysis, but

the coefficient involved would be leaf thickness.

Indeed, A
a
¯A

fm
¬(fresh mass}area), and if we

assume that fresh mass Evolume, then the fresh

mass: area ratio is an estimate of leaf thickness.

Leaf assimilation rate and mechanical support

A counter-intuitive result of the present study is the

negative association observed between A
fm

and the

proportion of leaf volume occupied by the mesophyll

(with or without cell walls : Table 2, Fig. 3a). As

assimilation rate takes place in the mesophyll, a

positive association between the two was expected.

Such a negative relationship may be interpreted as a

side effect of leaf thickness on A
fm

: our data show

that leaves having proportionally more mesophyll

are also thicker (Fig. 4a), and for reasons already

discussed, their assimilation rate is lower.

This positive relationship between leaf thickness

and the proportion of mesophyll may be best



Printed from the CJO service for personal use only by...

128 E. Garnier et al.

understood if the overall size and structure of the leaf

are taken into account, together with the different

functions it performs. An overall scheme is presented

in Fig. 6 where carbon fixation and mechanical

support are considered. The latter is assumed to be

insured by leaf thickness and dense tissues (vessels

and sclerenchyma). Our data show that larger leaves

tend to support themselves by greater thickness,

rather than by a higher proportion of dense tissues

(Figs 4b, 6). By contrast, smaller and thinner leaves

tend to support themselves by a higher proportion of

vessels plus sclerenchyma (Figs 4b, 6). As a conse-

quence, these leaves also have a lower proportion of

mesophyll (compare Fig. 4a and b); for the reasons

already discussed, this does not prevent them from

having a high rate of CO
#
assimilation. This chain of

correlations leads to a negative association between

the area of a leaf and A per unit fresh mass (r¯
®0.55, P !0.05, not shown, but see Fig. 6). This is

also frequently found when A is expressed per unit

leaf area (e.g. Evans & Dunstone, 1970; Austin et al.,

1982; Chapin et al., 1989).



The relationships between leaf structure, N and

assimilation rate differed when different bases of

expression were used. When A was expressed per

unit leaf area, the only significant relationships found

were between leaf thickness and the amount of non-

parietal mesophyll per unit leaf area; the percentage

of variance explained by the parameters measured

was relatively low (31% at best). When A was

expressed on a fresh mass basis (found to be a proper

estimate of volume) the two features that best

explained A
fm

were leaf thickness (negative relation-

ship) and organic N concentration (positive re-

lationship) ; 81% of the variance in A was explained

by these two parameters The proportion of meso-

phyll in the leaf volume was the only histological

parameter considered which was significantly corre-

lated with A
m
, but the correlation was negative. It is

suggested that such a counter-intuitive result may be

best understood if the overall size and structure of

the leaf are taken into account, together with two of

the main functions it performs, carbon fixation and

support. This perspective stresses the central role of

leaf thickness for the functioning of the leaf, in

addition to that of leaf N.
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