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It has been theorized that photosynthetic radiation use ef®ciency (PhRUE) over the course of a day is constant
for leaves throughout a canopy if leaf nitrogen content and photosynthetic properties are adapted to local light
so that canopy photosynthesis over a day is optimized. To test this hypothesis, `daily' photosynthesis of individ-
ual leaves of Solanum melongena plants was calculated from instantaneous rates of photosynthesis integrated
over the daylight hours. Instantaneous photosynthesis was estimated from the photosynthetic responses to photo-
synthetically active radiation (PAR) and from the incident PAR measured on individual leaves during clear and
overcast days. Plants were grown with either abundant or scarce N fertilization. Both net and gross daily photo-
synthesis of leaves were linearly related to daily incident PAR exposure of individual leaves, which implies con-
stant PhRUE over a day throughout the canopy. The slope of these relationships (i.e. PhRUE) increased with N
fertilization. When the relationship was calculated for hourly instead of daily periods, the regressions were curvi-
linear, implying that PhRUE changed with time of the day and incident radiation. Thus, linearity (i.e. constant
PhRUE) was achieved only when data were integrated over the entire day. Using average PAR in place of
instantaneous incident PAR increased the slope of the relationship between daily photosynthesis and incident
PAR of individual leaves, and the regression became curvilinear. The slope of the relationship between daily
gross photosynthesis and incident PAR of individual leaves increased for an overcast compared with a clear day,
but the slope remained constant for net photosynthesis. This suggests that net PhRUE of all leaves (and thus of
the whole canopy) may be constant when integrated over a day, not only when the incident PAR changes with
depth in the canopy, but also when it varies on the same leaf owing to changes in daily incident PAR above the
canopy. The slope of the relationship between daily net photosynthesis and incident PAR was also estimated
from the photosynthetic light response curve of a leaf at the top of the canopy and from the incident PAR above
the canopy, in place of that measured on individual leaves. The slope (i.e. net PhRUE) calculated in this simple
way did not differ statistically from that calculated using data from individual leaves.
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INTRODUCTION

Light use ef®ciency models assess canopy productivity
based on Monteith's (1972, 1977) observation that net
primary productivity (NPP) is proportional to intercepted
solar radiation, which represents the ultimate limit to
productivity (Cooper, 1970; Loomis et al., 1971;
Monteith, 1972). Thus, biomass production can be modelled
as a linear function of intercepted photosynthetically active
radiation (PAR). The slope of this relationship is the
radiation use ef®ciency (RUE or e), which is approximately
constant for forests and natural ecosystems, and particularly
for crops when growth is not limited by water or nutrient
shortage or adverse climatic conditions that may decrease
the ef®ciency of metabolic and other processes that
determine RUE (Monteith, 1977; Ruimy et al., 1995).
RUE varies among crops (Sivakumar and Virmani, 1984;
Gosse et al., 1986; Prince, 1991), and with plant nitrogen

status (Muchow and Davis, 1988; Sinclair and Horie, 1989;
Hammer and Wright, 1994).

Using biomass to study RUE implies long-term experi-
ments since, on a short time-scale (e.g. 1 d or less), biomass
increases are dif®cult to measure. On a short time-scale,
RUE can be studied by using gas exchange, though the
results are dif®cult to compare with long-term changes in
biomass since crop respiration needs to be assessed and
accounted for. Although few studies have been performed,
linearity has been found between net CO2 assimilation of
the whole canopy, integrated over a day (daily canopy
photosynthesis), and absorbed or incident PAR, implying
constant photosynthetic RUE (PhRUE) on a daily basis
(Sinclair, 1991; Ruimy et al., 1995; Sinclair and Muchow,
1999). However, instantaneous canopy photosynthesis tends
to saturate at high irradiance, and instantaneous PhRUE
varies with time of the day (Grace et al., 1995; Ruimy et al.,
1995).

The physiological basis for a linear relationship between
daily canopy photosynthesis and absorbed or incident PAR
is not well understood, and it is not clear why this linearity
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occurs at the canopy level since instantaneous photosyn-
thesis of leaves is curvilinearly related to PAR and tends to
saturate. Explanations of this phenomenon are based on the
theory that nitrogen content (and thus photosynthetic
properties) of leaves is distributed in a canopy in relation
to the light gradient, resulting in optimization of daily
canopy photosynthesis and in a linear relationship between
daily canopy photosynthesis and incident PAR (De Witt,
1965; Charles-Edwards, 1982; Kull and Jarvis, 1995).

Haxeltine and Prentice (1996) and Dewar and co-workers
(Dewar, 1996; Dewar et al., 1998) have mathematically
simulated this linearity, modelling leaf and canopy photo-
synthesis over 1 d. Their results implied that all leaves in a
canopy have constant PhRUE over 1 d (daily PhRUE),
independent of their canopy position and PAR exposure. If
all leaves have the same daily PhRUE, then the whole
canopy has the same daily PhRUE. This implies that
measuring or estimating daily PhRUE on one or a few
leaves can provide an estimate of daily PhRUE of the
canopy and allow modelling of daily canopy photosynthesis
as a simple function of the daily incident PAR integrated
over the canopy leaf area index. However, no analysis has
been made of possible changes in daily PhRUE with short-
term changes in daily incident PAR (e.g. an overcast
followed by a clear day), which are too rapid for adjustment
of leaf N and photosynthetic properties. Furthermore, even
under constant patterns of incident PAR during the day, the
simulation studies estimated the PAR incident on the leaves
with a modelling approach, which averaged light in space
and/or time, and assumed optimal N allocation in the
canopy based on the modelled PAR. Real leaves, however,
are exposed to a pattern of PAR which is more variable than
that predicted by models, and the PAR incident on leaves
changes on a time scale which is too rapid for the
acclimation of leaf photosynthetic capacity (de Pury and
Farquhar, 1999). Indeed, averaging of PAR, whether in
space or in time, leads to overestimation of photosynthesis
(Sinclair et al., 1976; Spitters, 1986).

The objectives of this study were to investigate whether:
(1) a linear relationship between daily photosynthesis and
incident PAR of individual leaves (i.e. constant daily
PhRUE throughout the canopy) results when daily photo-
synthesis is modelled using the varying incident PAR and
photosynthetic properties measured in the ®eld; (2) aver-
aging of PAR affects this linearity; (3) daily PhRUE of
leaves changes for overcast vs. clear days; and (4) whether
daily PhRUE can be estimated simply from the incident
PAR above the canopy without measuring incident PAR on
individual leaves.

To investigate the effect of N availability on PhRUE,
plants were provided with either abundant or scarce nitrogen
fertilization. To study the variation in PhRUE on a time-
scale shorter than 1 d, leaf photosynthesis and incident PAR
were also calculated on an hourly basis.

MATERIALS AND METHODS

Aubergine (Solanum melongena L. `Cima di Viola') plants
were grown in the experimental ®eld of the Research
Institute for Vegetable Crops, Pontecagnano (SA), Italy,

with split applications of N fertilizer, for total amounts of
either 50 (`low N') or 355 (`high N') kg N ha±1, in a
randomized complete block design with three replicates
(140 plants per replicate). With the exception of N
fertilization, plants were grown as a commercial crop
would be. Further details on the agronomic management of
the crop are given in Rosati et al. (2001).

PAR measurements

Photosynthetically active radiation (PAR) incident during
one day on individual selected leaves in the crop canopies of
plants grown with low and high N fertilization was
monitored using GaAsP photosensors (Hamamatsu,
Japan). Sensors were placed on the adaxial surface of the
leaf (parallel to the leaf lamina) and were kept in place by
electrical wires. One sensor was placed horizontally above
the canopy to measure incident PAR. The photosensors had
been previously calibrated with a quantum sensor (LI-190;
LI-COR Inc., Lincoln, NE, USA), and data were recorded
every 60 s from 0600 to 2000 h on 10 d (including clear,
partially cloudy and overcast days) at the end of July and
August 1997, using a battery-operated datalogger (CR21
Micrologger; Campbell Scienti®c Inc., Logan, UT, USA).

Gas exchange measurements and modelling of
photosynthesis and PhRUE

Instantaneous light-saturated net photosynthesis (Amax)
was measured on the selected leaves the day after PAR
measurements. Measurements were made at ambient tem-
perature and humidity, between 0900 and 1200 h, using a
portable gas exchange system (LI-6200; LI-COR Inc.). Amax

was relatively constant during the measurement hours (data
not shown). In addition to Amax, the net photosynthetic
response to PAR was measured on six leaves in the inner
canopy and six leaves in the outer canopy, using sunlight
and neutral shade cloth to vary the incident PAR. The rate of
CO2 emission at zero PAR was assumed to be the dark
respiration rate (Rd) of the leaf. From these data, a linear
regression between Rd and Amax was calculated, as well as
values for the curvature factor and the apparent quantum
yield that best ®tted all curves (non-rectangular hyperbola;
Thornley, 1976). The net photosynthetic response curve to
PAR was then calculated with the Thornley (1976) model
for each sampled leaf, using the measured Amax of the leaf,
Rd estimated from its Amax, and the curvature factor and
apparent quantum yield that best ®tted the 12 measured
curves. Gross photosynthetic response curves were also
calculated, assuming that Rd was constant (i.e. gross
photosynthesis = net photosynthesis + Rd). The photosyn-
thetic response curves were then used with the measured
incident PAR data of the corresponding leaf to estimate the
instantaneous leaf photosynthesis (net and gross). PAR data
were not averaged in space or time, but each single value of
PAR (one every 60 s) was used to estimate the correspond-
ing photosynthesis. Daily photosynthesis was then calcu-
lated as the integral (i.e. from 0600 to 2000 h) of the
instantaneous values and was plotted against the PAR
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incident on the leaf, integrated over the same period (daily
incident PAR).

Hourly photosynthesis was obtained similarly for a subset
of data, but the instantaneous values of photosynthesis were
integrated over each hour, rather than over the whole day,
and were plotted against the total hourly PAR incident on
the leaf.

Daily photosynthesis (gross and net) was also calculated
by integrating over the day the instantaneous photosynthetic
response to the daily average PAR incident on the leaf (i.e.
average of the instantaneous values measured every 60 s
during the day), in place of the actual instantaneous PAR.

Variations in daily PhRUE with changes in incident PAR
in the short term (i.e. 1 d) were studied by comparing the
relationships between daily photosynthesis and incident
PAR of individual leaves obtained using data from an
overcast and the subsequent clear day (the light sensors
were kept on the same leaves for both days).

To test a simpli®ed method for assessing daily PhRUE,
we hypothesized that if all leaves (and thus the whole
canopy) have the same daily PhRUE on a net photosynthesis
basis, then a hypothetical leaf, placed at the very top of the
canopy and thus exposed to the above-canopy incident PAR,
should also have the same daily PhRUE. Amax of this leaf
would equal that of the leaves at the top of the canopy,
which have the highest Amax in the canopy. Thus, we
estimated the daily photosynthesis of this hypothetical leaf
as was done for actual leaves, but by using the photosyn-
thetic response curve of the leaf with the highest Amax for
each data set, and the PAR incident above the canopy
(instead of PAR incident on an actual leaf) during the two
and three brightest days for the high and low N treatments,
respectively. Estimates of daily photosynthesis of the
hypothetical leaves were plotted against the corresponding
daily PAR, as was done for actual leaves, and the data were
®tted with a linear regression, assuming a zero intercept.
The slope of these regressions (i.e. the PhRUE) was
compared with that of the regressions obtained for actual
leaves.

RESULTS

Both net and gross photosynthesis of individual leaves,
integrated over the day (daily photosynthesis) were linearly
related to the daily PAR incident on the leaf, in both the low
and high N fertilization treatments (Fig. 1). The slope of
these relationships (i.e. the PhRUE) increased signi®cantly
(by about 20±25 %) with N fertilization for both net and
gross photosynthesis.

When hourly data were used, the regressions were
curvilinear, showing that linearization (i.e. constant
PhRUE) occurred only over a time scale greater than 1 h
(Fig. 2). A few points were outside of the general curvilinear
trend.

Use of average PAR in place of instantaneous data
increased the slope of the relationship between daily
photosynthesis and incident PAR of individual leaves. The
relationships were curvilinear (Fig. 3).

When data for an overcast and the subsequent clear day
were compared, the slope of the linear regression between
daily photosynthesis and incident PAR of individual leaves
remained similar for net photosynthesis, but increased
signi®cantly (by about 42 %) for gross photosynthesis
(Fig. 4).

Figure 5 shows the pattern of PAR incident above the
canopy during the overcast and the subsequent clear day of
Fig. 4, and the class frequency distribution of PAR values.
Going from a clear to an overcast day resulted in a shorter
duration of high incident PAR (i.e. above 400 mmol m±2 s±1)
and a longer duration of low incident PAR. Consequently,
on individual leaves, high incident PAR occurred for less
time and low PAR for more time during the overcast day
(Fig. 6). Instantaneous net photosynthetic response curves to
PAR (An curves) are given in Fig. 6 for the leaves for which
PAR data are shown. The maximum instantaneous PhRUE
occurs at an optimal PAR value corresponding to the point
where the An curve is tangential to a line passing through the
origin (dotted line in the ®gure). The slope of this line is the
maximum instantaneous PhRUE. Above this optimal PAR,
net instantaneous PhRUE decreased due to saturation of

F I G . 1. Relationship between net and gross CO2 assimilation integrated over a day (Daily An and Daily Ag, respectively) and daily incident PAR of
individual leaves of aubergine, grown with either low (Low N) or high (High N) nitrogen fertilization. For daily An, Y = 26´8X ± 43, R2 = 0´97 for
high N; and Y = 22´0X ± 13, R2 = 0´96 for low N. For daily Ag, Y = 32´2X, R2 = 0´96 for high N; Y = 27´3X, R2 = 0´93 for low N. The slope of the

regressions increased with N fertilization (for daily An, F1,86 = 23´2; P < 0´001; for daily Ag, F1,86 = 26´1; P < 0´001).
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photosynthesis, whereas below it PhRUE decreased owing
to respiration, approaching zero at the light compensation
point. Compared with the clear day, leaves were generally
exposed to PAR values above the point of maximum
instantaneous net PhRUE for less time on the overcast day
and to PAR values below it for more time.

When the linear relationship between daily net photo-
synthesis and incident PAR of individual leaves was
calculated from the daily photosynthesis of a hypothetical
leaf exposed to above-canopy PAR, the slope of the
regression (i.e. daily net PhRUE) was not statistically
different from the slope obtained by plotting data for actual
leaves (Fig. 7).

DISCUSSION

Linearity of the photosynthesis vs. light relationship

The linear relationship found between photosynthesis and
incident PAR of individual leaves, integrated over the day
(daily photosynthesis and daily PAR), agrees with the
simulations of Haxeltine and Prentice (1996) and Dewar and
co-workers (Dewar, 1996; Dewar et al., 1998). Our data for
the clear day show that leaves were exposed to a large range
of PAR values and, most of the time, were either at very low
or high PAR (Fig. 6). Since instantaneous PhRUE changes
with incident PAR (Fig. 6), as previously reported by Hirose
and Bazzaz (1998), the daily PhRUE of leaves, which was

F I G . 2. Relationship between net and gross CO2 assimilation integrated over one hour (Hourly An and Hourly Ag, respectively) and hourly incident
PAR for individual leaves and for a subset of the high nitrogen data shown in Fig. 1. Data for each hour (i.e. 0600±0700 . . . 1900±2000 h) are plotted
using different symbols. For hourly An, Y = ±3´2X2 + 36´5X ± 4´1; R2 = 0´96; for hourly Ag, Y = ±3´7X2 + 40´3X; R2 = 0´95. The regressions (not shown

for clarity of graphs) had signi®cant quadratic components (for hourly An, F1,151 = 100, P < 0´001; for hourly Ag, F1,151 = 107, P < 0´001).

F I G . 3. Relationship between net and gross CO2 assimilation integrated over a day (Daily An and Daily Ag, respectively) and daily incident PAR for
individual leaves of aubergine grown with low nitrogen fertilization, using incident PAR averaged over the day, rather than the instantaneous PAR, to
model assimilation. For daily An, Y = ±0´51X2 + 48´9X ± 77´8, R2 = 0´99; for daily Ag, Y = ±0´56X2 + 52´6X, R2 = 0´99. The regressions had signi®cant

quadratic components (for daily An, F1,42 = 211; P < 0´001; for daily Ag, F1,42 = 207; P < 0´001).
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constant among all leaves (i.e. linear regression between
daily photosynthesis and incident PAR), derived from
integration over the day of variable instantaneous PhRUE.
Integration over a shorter time period (i.e. 1 h) did not result
in linearization of the relationship between photosynthesis
and incident PAR of individual leaves, as the regression was
curvilinear (Fig. 2). The curvature implies variation in
hourly PhRUE during the day, with greater PhRUE
occurring during hours of lower light (except at very low
light for net photosynthetic RUE, due to respiration).
Although our data represent photosynthesis of single leaves
and not of the whole canopy, saturation of photosynthesis of
single leaves also implies saturation at the whole-canopy
level. Therefore, our data agree with ®eld measurements
showing saturation of instantaneous canopy photosynthesis
at high PAR (Grace et al., 1995; Ruimy et al., 1995). The

few data points that fall outside the general curvilinear trend
of the hourly relationship represent leaves that had low Amax

but still received high incident PAR during certain hours of
the day, which resulted in marked saturation of photosyn-
thesis. However, this only occurred on a few leaves at
certain times and, when data were integrated over the day
instead of over the hour, these leaves had similar PhRUE
values to those of all other leaves.

The large range of PAR values recorded on individual
leaves (Fig. 6) supports the assertion of de Pury and
Farquhar (1999) that real leaves are exposed to a pattern of
incident PAR during the day that differs from the modelled
patterns, and the radiation received by leaves changes on a
time scale that is too rapid to allow acclimation of their
photosynthetic capacity. This does not imply that photo-
synthetic properties do not adjust to local irradiance, thus

F I G . 5. Pattern of above-canopy incident PAR during the overcast and clear days of Fig. 4 (A) and class frequency distribution of PAR values (B)
represented by the number of minutes per day during which PAR was within a given class of values (i.e. 0±100, 100±200 . . . 1600±1700 mmol m±2 s±1).

F I G . 4. Relationship between net and gross CO2 assimilation integrated over a day (Daily An and Daily Ag, respectively) and daily incident PAR of
individual leaves of aubergine, grown with high nitrogen fertilization. Data are for an overcast day and the subsequent clear day (PAR sensors were
kept on the same leaves for both days). For daily An, Y = 29´0X ± 58´7, R2 = 0´97 for the overcast day; Y = 26´6X ± 33´8, R2 = 0´98 for the clear day.
For daily Ag, Y = 45´9X, R2 = 0´99 for the overcast day; Y = 32´2X, R2 = 0´96 for the clear day. The slope of the regression increased with N

fertilization for daily Ag (F1,18 = 8´6; P = 0´009) but not for daily An (F1,18 = 0´55; P = 0´47).
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F I G . 6. Class frequency distribution of the PAR incident on each of the six most illuminated leaves among those shown in Fig. 4, during the overcast
(closed circles) and clear (open circles) days shown in Fig. 5. Each point represents the number of minutes per day during which the PAR incident on
the leaf was within a given class of PAR. The response curve of instantaneous net CO2 assimilation to incident PAR (An curve), as modelled for the
same leaf, is also shown. The PAR value corresponding to the point where the dotted line is tangential to the An curve (arrows) is that at which the

leaf achieves maximum instantaneous net PhRUE. Above and below this PAR value, instantaneous net PhRUE diminishes.

F I G . 7. Relationship between net CO2 assimilation integrated over a day (Daily An) and daily incident PAR for hypothetical leaves (open squares).
Daily An values for the hypothetical leaves were calculated from the photosynthetic properties of a leaf at the top of the canopy and from the above-
canopy incident PAR on the two or three brightest days for the Low and High N datasets, respectively. Lines are ®ts, imposing a zero intercept, to the
estimates of daily An of the hypothetical leaves: Y = 22´0X, R2 = 0´99 for Low N; Y = 25´3X, R2 = 0´99 for High N. Closed circles are data for actual
leaves, as in Fig. 1 (for Daily An), which are plotted for comparison. The slopes of the regressions for the hypothetical leaves were not statistically

different to those obtained by ®tting data for actual leaves as in Fig. 1 (F1,44 = 0´01, P = 0´92 for Low N; F1,45 = 1´56, P = 0´22 for High N).
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optimizing canopy photosynthesis and achieving constant
daily PhRUE. However, to understand the physiological
mechanisms of such optimization, it may be necessary to
consider the varying light conditions experienced by leaves
in the ®eld. For instance, when using average PAR in place
of the instantaneous data, the slope of the relationship
between daily photosynthesis (both net and gross) and daily
incident PAR of individual leaves increased, and the
regressions became curvilinear (Fig. 2). Curvilinearity
implies that PhRUE is greater with lower light, at least on
a gross photosynthesis basis. Thus, use of average light
appears not only to overestimate daily photosynthesis and
PhRUE (Sinclair et al., 1976; Spitters, 1986), but also the
overestimation increases with decreasing light within the
canopy, masking the nature of the physiological mechan-
isms that lead to constant PhRUE of leaves. Similarly, when
daily photosynthesis was calculated using an average value
of light-saturated leaf net photosynthesis (Amax) for all
leaves in place of the value measured in the ®eld for each
leaf, the relationship of daily photosynthesis vs. incident
PAR was also curvilinear (data not shown).

The slope of the linear relationships between daily
photosynthesis and incident PAR of individual leaves (i.e.
daily PhRUE) increased signi®cantly with N fertilization
(Fig. 1). Although calculated in different ways and not
easily comparable, RUE has also been found to increase
with N fertilization in other crops (Green, 1987; Muchow
and Davis, 1988; Gimenez et al., 1994), as predicted by
modelling work (Sinclair and Horie, 1989; Hammer and
Wright, 1994). This contrasts with the conclusions of
Haxeltine and Prentice (1996) and Dewar and co-workers
(Dewar, 1996; Dewar et al., 1998) that N status changes
canopy photosynthesis only via canopy leaf area (i.e. light
interception), but does not change PhRUE. The present
results show that nitrogen fertilization greatly increased
canopy leaf area and light interception (Rosati et al. 2001)
as well as leaf N content and assimilation rates (data not
shown), resulting in greater daily PhRUE. This supports
previous theories that PhRUE, calculated in various ways,
increases with increasing leaf N and photosynthesis (De
Witt, 1965; Monteith, 1977; Murata, 1981; Sinclair and
Horie, 1989). Whilst the slope of the regressions between
daily photosynthesis and PAR incident on individual leaves
increased with N fertilization, the relationships remained
linear (Fig. 1), suggesting that daily PhRUE increased with
N fertilization but remained constant within the canopy.
This provides a basis for modelling canopy photosynthesis
under variable N conditions using PhRUE models.

Daily PhRUE for overcast vs. clear days

The slope of the relationship between gross daily
photosynthesis and incident PAR of individual leaves (i.e.
daily PhRUE) increased by about 42 % for an overcast
compared with a clear day (Fig. 4). This does not contrast
with theoretical explanations for the constant daily PhRUE
provided by Haxeltine and Prentice (1996) and Dewar and
co-workers (Dewar, 1996; Dewar et al., 1998) since their
simulations were based on the assumption that leaves adjust
their photosynthetic properties to the local light environ-

ment. Thus, if PAR changes above the canopy and, thus, on
individual leaves in the short term (e.g. 1 d), before any
reallocation of N or change in photosynthetic properties can
occur, then PhRUE on a gross photosynthesis basis
increases with decreasing light, re¯ecting the curvature of
the leaf photosynthetic response to PAR. However, when
net photosynthesis was considered, PhRUE did not change
signi®cantly for a clear or an overcast day (Fig. 4). This
resulted from the fact that going from a clear to an overcast
day results in a shorter duration of high PAR and a longer
duration of low PAR incident on the leaves, and that
instantaneous net PhRUE at low and high PAR can be
similar (Fig. 6), as reported by Hirose and Bazzaz (1998).
Thus, the present data suggest that daily net PhRUE of all
leaves (and thus of the canopy) may be constant, not only
when leaves are acclimated to a given pattern of incident
PAR, but also when incident PAR changes in the short term
(e.g. 1 d), before reallocation of N can occur. This agrees
with ®eld data showing linearity between daily canopy
photosynthesis and incident PAR, which implies constant
daily PhRUE (Sinclair, 1991; Ruimy et al., 1995; Sinclair
and Muchow, 1999).

These results contrast with predictions by some models
that daily net PhRUE of leaves and canopy should increase
with decreasing daily incident PAR (De Witt, 1965;
Norman and Arkebauer, 1991; Sinclair et al., 1992;
Hammer and Wright, 1994). This difference may arise
from the use of averaged (in space and/or time) incident
PAR in such models. Use of averaged PAR, as discussed
above, may result in erroneous estimated variability of
PhRUE (i.e. curvature of the photosynthesis vs. PAR
relationship). Furthermore, some models (e.g. Sinclair and
Horie, 1989; Sinclair et al., 1992; Hammer and Wright,
1994) assume that both growth and maintenance respiration
are proportional to gross photosynthesis. Thus, net photo-
synthesis becomes a ®xed fraction of gross photosynthesis,
and PhRUE is calculated to increase with lower PAR, as it
did on a gross photosynthesis basis in the present study (i.e.
during the overcast compared with the clear day; Fig. 4).
While the assumption of proportionality between mainten-
ance respiration and photosynthesis is acceptable in the long
term (Ryan et al., 1994), it is not acceptable in the short term
(Medlyn, 1998), and respiration does not diminish propor-
tionally with gross photosynthesis at lower PAR. Therefore,
in the short term, the assumption of proportionality
increasingly underestimates respiration and overestimates
net photosynthesis and PhRUE with decreasing PAR. When
PAR is zero, both the estimated maintenance respiration and
net photosynthesis of such models are also zero, but in fact
the former should be positive and the latter negative.

There is experimental evidence that RUE based on
biomass is enhanced under low incident PAR (Horie and
Sakuratani, 1985; Stirling et al., 1990; Bange et al., 1997).
Even though it is dif®cult to compare results when RUE is
calculated on a different basis, these ®ndings appear to
contrast with a constant RUE calculated on a net photo-
synthetic basis. However, the results cited above were
obtained in continuous shade experiments. Under prolonged
shade, plants may grow less and have altered root : shoot
ratios, so that higher RUE may result from increased
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nutrient availability (particularly nitrogen), smaller root
biomass, reduced respiration rates, and a higher ambient
CO2 concentration as a result of lower canopy photosyn-
thesis in the shade (Ludlow et al., 1974; Wilson and
Ludlow, 1991).

Simpli®ed estimation of PhRUE

When the linear relationship between daily net photo-
synthesis and incident PAR was calculated using photosyn-
thesis of a hypothetical leaf exposed to above-canopy
incident PAR, the slope of the regression (i.e. daily net
PhRUE) was not statistically different from that obtained by
plotting data for actual leaves (Fig. 7). This suggests that
daily net PhRUE of all leaves (and thus of the whole
canopy) could be calculated simply from above-canopy
incident PAR, which can be obtained from weather stations,
and from the photosynthetic properties of one leaf at the top
of the canopy, without measuring incident PAR and the
photosynthetic properties of individual leaves. This would
provide a fast and easy method of estimating daily net
photosynthesis of leaves and canopies using a RUE model.
However, further work on whole-canopy gas exchange
using ®eld data is required to validate this approach prior to
®eld application. Furthermore, this approach does not
consider the effects of temperature, vapour pressure de®cit
or other stresses that might affect photosynthesis and
PhRUE during the day. Thus, its potential ®eld application
would be limited to non-stress conditions.
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