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ABSTRACT. Cloudy days cause an abrupt reduction in daily photosynthetic photon flux (PPF), but we have a poor un-
derstanding of how plants acclimate to this change. We used a unique 10-chamber, steady-state, gas-exchange system 
to continuously measure daily photosynthesis and night respiration of populations of a starch accumulator [tomato 
(Lycopersicon esculentum Mill. cv. Micro-Tina)] and a sucrose accumulator [lettuce (Lactuca sativa L. cv. Grand Rap-
ids)] over 42 days. All measurements were done at elevated CO2 (1200 µmol·mol–1) to avoid any CO2 limitations and 
included both shoots and roots. We integrated photosynthesis and respiration measurements separately to determine 
daily net carbon gain and carbon use efficiency (CUE) as the ratio of daily net C gain to total day-time C fixed over the 
42-day period. After 16 to 20 days of growth in constant PPF, plants in some chambers were subjected to an abrupt 
PPF reduction to simulate shade or a series of cloudy days. The immediate effect and the long term acclimation rate 
were assessed from canopy quantum yield and carbon use efficiency. The effect of shade on carbon use efficiency and 
acclimation was much slower than predicted by widely used growth models. It took 12 days for tomato populations 
to recover their original CUE and lettuce CUE never completely acclimated. Tomatoes, the starch accumulator, ac-
climated to low light more rapidly than lettuce, the sucrose accumulator. Plant growth models should be modified to 
include the photosynthesis/respiration imbalance and resulting inefficiency of carbon gain associated with changing 
PPF conditions on cloudy days.
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Plants can acclimate to extremes of temperature (Hjelm and 
Ögren, 2003), water stress (Liu et al., 2004), and shade stress that 
would be detrimental to growth in the short term. Cloudy days 
cause light levels to change by an order of magnitude from day 
to day during the growing season. Long-term low light stress can 
be caused by extended cloud cover, and more commonly, shade 
from competing, adjacent plants. Competition also spectrally 
alters the light environment, but acclimation of photosynthesis to 
reduced quantity of photosynthetically active radiation is similar 
in slightly different spectral environments (Warren and Adams, 
2001). Photosynthesis of single leaves immediately declines in 
reduced light, and eventually there are changes in pigment ratios, 
leaf anatomy, and photosynthetic responses to light including in-
creased quantum yield (QY), the ratio of carbon fixed to photons 
absorbed (Lambers et al., 1998; Logan et al., 1998).

Much less is known about the respiratory response of plant 
populations to reduced PPF and the balance between photo-
synthesis and respiration. Most of what we know is based on 
short-term measurements made on plant parts rather than whole 
plants, populations, or plant communities. It is difficult to predict 
whole plant photosynthesis from short-term measurements on 
single leaves, and it is almost impossible to predict whole plant 
respiration from commonly measured plant parts (Frantz et al., 
2004a). 

Respiration is considered to be dependent on both supply of 
carbohydrate and its demand for growth and allocation (Amthor, 
1989). If a plant has inadequate photosynthesis and is supply 
limited, carbon use efficiency (CUE) should acclimate quickly 
to changes in PPF to optimize this balance. If a plant is demand 
dependent, respiration should remain high after an abrupt PPF 
change and CUE would decrease or remain low until the demand 
decreased. The relationship between respiration and temperature 
is generally well described (Amthor, 1989), and a strong cor-
relation between respiration and carbohydrate content has been 
established in single leaves in several studies (Moser et al., 1982). 
For example, Azcón-Bieto and Osmond (1983) studied respiration 
in single leaves of wheat (Triticum aestivum L.) during a night 
and concluded that the higher rate of respiration at the beginning 
of the night was due to an increase of carbohydrate immediately 
following photosynthesis. Similar conclusions were made for 
intact spinach (Spinacia oleracea L.) and pea (Pisum sativum 
L.) leaves or leaf segments of wheat (Azcón-Bieto et al., 1983). 
Although there are some exceptions (Groninger et al., 1996), 
there is a general consensus that dark respiration of single leaves 
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increases with carbohydrate content, although the magnitude of 
increased respiration may depend on carbohydrate type. These 
measurements all suggest a supply limitation to respiration, but 
the effect of carbohydrate supply on whole plant respiration has 
not been well characterized. 

Predicting whole plant and plant population gas exchange 
(defined herein as both photosynthesis and respiration) from single 
leaf measurements is extremely difficult because photosynthesis 
and respiration rates derived from one leaf poorly represent the 
other leaves on the same plant much as a single plant may not 
adequately represent a population of plants. Ecosystem- and field-
scale C-flux measurements are becoming increasingly common 
(Ellsworth et al., 2004; Hamilton et al., 2002) with the popularity 
of Eddy-flux and isotope measurements, but they lack the high 
control afforded by a controlled environment to allow for assessing 
responses to specific environmental conditions and changes. 

Many crop growth models do not describe an imposition of 
shade. Those that do incorporate shade effects on growth show 
an immediate acclimation to shade among species (DSSAT ver-
sion 3.5; Univ. of Hawaii, Honolulu). The common assumption 
in such models is that respiration rates decrease concomitantly 
with growth rates and photosynthesis. Thus, if growth is low the 
respiration rate must also be low as observed for pea (Hole and 
Scott, 1984), alfalfa (Medicago sativa L.; Hendershot and Volenec, 
1989), tall fescue (Festuca arundinacea L.; Moser et al., 1982), 
and tomato fruit (Grange and Andrews, 1995). However, Gary et 
al. (2003) found that tomato fruit respiration remained relatively 
stable regardless of carbohydrate availability or growth in the 
rest of the plant. They also found that vegetative plant parts may 
take longer than 24 h to consume starch and other carbohydrate 
reserves, thus slowing acclimation in response to rapidly chang-
ing environmental conditions. 

Nemali and van Iersel (2004) evaluated the effect of a change 
in daily light integral on growth, respiration, and carbon use ef-
ficiency of whole plant wax begonias (Begonia semperflorens-
cultorum Hort.). In their study, CO2 gas exchange measurements 
began immediately after begonia seedlings were transplanted into 
the different light environments. The plants grown in the lowest 
light integral (5.3 mol·m–2·d–1) required 14 d before photosyn-
thesis exceeded respiration and never reached the CUE achieved 
by the plants in the higher PPF environments. They explained 
this in part by a large maintenance respiration coefficient that 
did not acclimate to lower PPF thereby leading to an imbalance 
of respiratory demand compared to carbohydrate supply (pho-
tosynthesis). It is not known how other species react to changes 
in PPF and if elevated CO2 can alleviate the supply and demand 
imbalance at low PPF.

We continuously monitored CO2 gas exchange of plant popula-
tions before and after the imposition of shade. We hypothesized 
that the application of shade would immediately reduce the 
photosynthetic rate, but that the respiration rate would decrease 
more slowly because of the mobilization of stored carbohydrates. 
This should result in lower CUE than values immediately prior 
to shade for several days. To test the effects of the form of stored 
carbohydrate, lettuce, a sucrose accumulator (Forney and Austin, 
1988) was compared to tomato, a starch accumulator (Hocking 
and Steer, 1994). We hypothesized that lettuce would acclimate 
faster than tomato because of its simpler, more mobile carbohy-
drates, as well as its lack of fruit, which have larger respiratory 
demands than leaves (Gary et al., 2003). 

Materials and Methods

PLANT GROWTH ENVIRONMENT. Two experiments were con-
ducted, each with a single species of five PPFs. Lettuce and tomato 
were germinated and transplanted after 5 d into a 10-chamber gas 
exchange system previously described by van Iersel and Bugbee 
(2000). Each chamber was 0.5 m long × 0.4 m wide 0.9 m high, 
made of plexiglas, and fully enclosed the hydroponic rootzone. 
All chambers were housed within a walk-in growth room with 
a common temperature environment. Root and shoot zone tem-
peratures within the individual chambers were maintained by 
activating electric heaters when the temperature fell below the 
set point. Air temperature was measured with an aspirated, type-E 
(0.5 mm diameter) thermocouple and controlled to within ±0.2 
°C of set point, and CO2 was controlled to within ±2% of a set 
point of 1200 µmol·mol–1. These experiments were performed 
at elevated CO2 to ensure that photosynthesis would not be CO2 
limited and to test the supply and demand balance idea from 
Nemali and van Iersel (2004) when photosynthetic responses 
were light limited. Root temperature was measured with a type-E 
(0.5 mm diameter) thermocouple coated in water-resistant silicon 
caulking compound to prevent corrosion of the exposed wire from 
the nutrient solution. Hydroponic solution was bubbled with the 
same CO2-enriched air as that used in the canopy. 

Lettuce was grown at a density of 106 plants/m2. The dwarf 
tomato used in this study was grown at a density of 88 plants/
m2, which is necessary to get canopy closure before flowering. 
Both crops were grown at constant 25 °C day/night temperature 
including the roots for the duration of the trial. The pH of the 
hydroponic solution was maintained between 4 and 5 by daily 
additions of 1 M HNO3, which forced 90% to 99% of the CO2 out 
of solution. Relative humidity was maintained between 60% and 
85% for the duration of the trials, but the chambers differed with 
each other by <10% at any given time. The PPF was provided 
by water-filtered high-pressure-sodium lamps that provided a 
PPF of 600 µmol·m–2·s–1 (±5%) for lettuce and 650 µmol·m–2·s–1 
(±5%) for tomato. A 16-h photoperiod provided an integrated PPF 
of 34.6 mol·m–2·d–1 for lettuce and 37.4 mol·m–2·d–1 for tomato. 
These PPF levels provided about as much light as plants grown 
in the field would commonly receive in the summer, depending 
on cloud cover and exact location, for much of the United States 
and would encourage rapid growth.

Shade was applied 2 d after canopies closed, which occurred 
14 d after transplanting for lettuce and 18 d after transplanting for 
tomato. A range of shade from 0% to 80% shading was obtained in 
each trial. Shade was applied using a variable amount of neutral-
density window screening (10-mesh, each hole was 1.6 × 1.6 mm) 
positioned on the top of the chambers below the lamps. PPF was 
reduced 50% with each complete layer of screening. Less than 
50% shade was obtained using incomplete layers of screen. PPF 
was measured twice weekly with a line-quantum sensor (model 
LQSV-ELEC; Apogee Instruments, Logan, Utah) that averaged 
PPF across the top of the canopy. The screening was adjusted twice 
weekly to maintain shade at the predetermined set-point. Shade 
continued until a typical cropping duration for lettuce, which was 
9 d after shade application. Shade continued for tomatoes for 18 
d, during which time flowering began. Reflective mylar material 
was wrapped around each chamber and was adjusted daily to the 
top of the canopy to minimize side lighting. 

CALIBRATING AND OPERATION OF THE CO2 GAS EXCHANGE SYSTEM. 
CO2 gas exchange systems are usually only tested with empty 
chambers to ensure that photosynthesis was zero. In addition to 
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a zero test, we did a “span” test on the entire system by placing 
a precisely measured mass of dried CaCO3 in each chamber and 
slowly reacting it with dilute acid. This caused a slow, steady 
efflux of CO2, which was measured with the differential and 
absolute gas analyzers. When the reaction was complete, the 
moles of CO2 evolved from the CaCO3 were compared to the 
moles of CO2 determined from the gas analyzers and flow me-
ters. This test was useful in finding small system leaks, errors 
in calibrations, and errors in software. After conducting several 
replicate span tests we were able to achieve a mass balance for 
CO2 of 100% ± 2%. 

CO2 gas exchange rates of each of the 10 separate chambers 
(individual plant populations) were monitored for one minute 
every 10 min throughout both experiments. These data were 
used to calculate photosynthetic and respiration rates as well as 
daily total carbon gain. As a final test of gas-exchange accuracy, 
total biomass was calculated based on the gas exchange data and 
measured C fraction of the tissues, then compared to the harvested 
dry mass. The gas-exchange predicted the final dry mass to within 
3% in all chambers.

Gas exchange measurements included both autotrophic and 
heterotrophic respiration. Since the study was performed in 
hydroponics, the carbon substrate used by microorganisms was 
primarily derived from root exudation and sloughing. Because of 
this, inclusion of heterotrophic respiration should be included in 
population gas exchange rates because that carbon was originally 
fixed by the plants (van Iersel, 1999). The small difference between 
the measured dry matter at harvest and predicted dry mass based 
on the accumulated gas exchange data suggests that the error 
resulting from the inclusion of both types of respiration has little 
effect on the environmental effects of the population. However, 
care must be taken when comparing these results from those that 
investigate gas-exchange from purely autotrophic sources.

CALCULATIONS. Carbon use efficiency is a calculated term that 
measures the amount of carbon incorporated into the plants divided 
by the total amount of carbon fixed in photosynthesis. CUE is a 
term describing how efficiently plants incorporate the carbon fixed 
during the day into biomass gain and can be calculated as:

CUE = DCG / Pgross [1]

where Pgross is gross photosynthesis and DCG is daily carbon gain. 
Using the measured CO2 exchange rates of Pnet (net photosynthesis, 
mol C per m2·d–1) and Rn (nighttime respiration, mol C per m2 
per night; night is the night period following the photosynthesis 
period), DCG can be calculated as:
 
DCG = Pnet – Rn [2]

Pgross is a calculated term that incorporates both the net C fixed 
(Pnet) and the C that is simultaneously being respired. Since it is 
extremely difficult to measure daytime respiration (Rd) directly, 
Pgross is calculated as the sum of Pnet and a percentage of nighttime 
respiration rate. Previous studies have indicated that Rd increases 
during the day in intact plants due to higher carbohydrate content 
(Azcón-Bieto and Osmond, 1983), or can be lower due to light 
inhibition of respiration in leaves (Atkin et al., 2000; Sharp et 
al., 1984). With only 15% to 30% of the respiration occurring 
in the leaves, even a 50% decrease in respiration in the light 
still leaves most of the respiration unaccounted for and can 
lead to significant errors when assumed to represent the whole 
plant (26% error in Raulier et al., 1999). Monje and Bugbee 

(1996) found that root respiration, at a constant temperature, is 
increased in the day presumably due to increased carbohydrate 
supply. We assume that the rate of Rd and Rn (µmol·mground

–2·s–1) 
are equal when temperatures are constant (van Iersel, 1999). 
The constant temperatures eliminated the errors associated with 
correcting for day/night temperature differences using some Q10 
value for respiration. In a 12-h photoperiod, Rd (mol·mground

–2·d-1) 
then equals Rn. In a 16-h light/8-h dark photoperiod, Rd = Rn × 2. 
In these equations, respiration assumes a positive value (i.e., C 
mass respired). Pgross can, therefore, be calculated as:

Pgross = Pnet + Rd [3]

Sensitivity analysis of CUE to the assumption of Rd to cal-
culate Pgross indicates that Rd can increase or decrease by 50% 
compared to Rn and change CUE by only 12% (0.08; assuming 
a typical CUE of 0.65). Therefore, the assumption of constant 
day and night respiration rate has relatively little impact on the 
calculated value of CUE. Small changes in CUE can be important 
on a day-to-day basis, but relative changes are more important 
than absolute values. Furthermore, changes in CUE relative to 
the control are more important than absolute changes to CUE 
after shade application.

QY was calculated for each canopy after canopy closure. Inci-
dent PPF was measured and, based on measurements in previous 
trials (Frantz et al., 2004b; Klassen et al., 2003), 95% of that 
was assumed to be absorbed. The Pgross for the day period (mol 
C per m2·d–1) was then divided by total photons absorbed (mol 
per m2·d–1) to give QY (mol C fixed per mol photons absorbed). 
This is analogous to estimating QY from the initial slope of light 
saturation-photosynthesis curves (Lambers et al., 1998). Relative 
growth rate (RGR) was measured by dividing the moles of C in 
existing biomass by the DCG.

DATA ANALYSIS AND EXPERIMENTAL DESIGN. For each experiment, 
shade treatments were arranged in a randomized block design and 
analyzed using linear regression. There were four levels of shade 
per trial, each replicated once (n = 2 for each PPF level). The 
control had 600 µmol·m–2·s–1 in the lettuce experiment and 650 
µmol·m–2·s–1 in the tomato experiment. ANOVA was performed 
to test for significant differences between chambers before treat-
ments were applied. 

Treatment effects were expressed as a percent of their initial 
value, then normalized to the unshaded control in each species 
in the following manner:

(post-treatmenta dayb/pretreatmenta value) ÷ 
(post-treatmentcontrol dayb/pretreatment valuecontrol) × 100(%) [4]

where “post-treatmenta” indicates the post-treatment value of a 
parameter (CUE, Pnet, or Rn) on “dayb”, “pretreatmenta value” is 
the value of the parameter on the day before the shade was im-
posed, “post-treatmentcontrol dayb” is the post-treatment value of the 
parameter for the control on dayb, and “pretreatment valuecontrol” 
is the pretreatment value of the parameter for the control the day 
before treatments began. This data treatment results in determining 
the shade effects through time relative to the treatment plants in 
the numerator, and the effects through time relative to the control 
in the denominator. 

Normalized data were analyzed with linear regression to 
determine the effect of shade on each parameter for each day 
after treatment began. Slopes of lines on different days were 
compared to see if their slopes were equal using the test statistic 
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(slope a – slope b)/(variance of slope a) = t (degrees of freedom of slope a) 
(Neter et al., 1996). 

Results

LETTUCE. Daily carbon gain did not differ significantly among 
populations during the 16 days of growth prior to shade treatment 
(P = 0.985, Fig. 1A). Net photosynthesis (Pnet, above the zero line) 
decreased immediately after applying the shade treatments with 
a 76% decrease occurring in PPF of 135 µmol·m–2·s–1 (Fig. 1B). 

Carbon use efficiency (CUE) was similar for all plants before 
treatments were applied (P = 0.152, Fig. 1C), with an average 
of 0.62 with a standard deviation of 0.012. 

There was a increase in net photosynthesis from day 1 to 2 after 
shade treatment (18 to 19 days after transplanting) of about 0.25 
mol C per m2·d–1 and a smaller increase from day 2 to 3 after shad-
ing, but little change after day 3 (Fig. 2A). Nighttime respiration 
decreased by 0.11% for each µmol·m–2·s–1 decrease in PPF with a 
reduction of ≈50% when PPF was reduced by 450 µmol·m–2·s–1. 
Respiration did not change after the initial post-treatment reduction 

Fig. 1. Lettuce daily carbon gain (A), daily respiration (below zero) and photosynthesis (B), carbon use efficiency (C), and tomato daily carbon gain (D), daily 
respiration and photosynthesis (E), and carbon use efficiency of lettuce (F). The PPF before shade was applied was 600 µmol·m–2·s–1 in lettuce, and 650 µmol·m–2·s–1 
in tomatoes. Data are expressed as moles of C (measured as CO2) per m2 of ground area per day. Only one replicate chamber is shown for simplicity. Closed 
circles (●) are control, open circles (o) are ≈20% shade, closed squares (■) are for ≈45% shade, open triangles (s) are for ≈65% shade and closed triangles (▼) 
are for ≈80% shade. 
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(Fig. 2B). With shade application, the CUE sharply decreased in 
proportion to decreases in PPF. The largest decrease was in the 
150 µmol·m–2·s–1 treatment, which decreased to a CUE of ≈0.4. 
The following day, CUE increased significantly to about 60% of 
initial, pretreatment values at the lowest PPF (Fig. 2C). There 
was a significant difference in the relative CUE on day 2 and 3 
(P < 0.005), indicating some recovery after the second day. There 
was no additional recovery after the third day. 

Pretreatment canopy quantum yield (QY) averaged 0.048 
mol C fixed per mol photons absorbed (Fig. 3A). After shade 
was applied, QY increased with decreasing PPF. Subsequent 
days resulted in significant increases in QY with lower light until 
about day 3 when no further changes occurred. A maximum QY 
of 0.076 was measured at the lowest PPF after day 3. Lettuce 
shoot and root mass decreased with PPF confirming that growth 

was light limited (Fig. 4 A and B). However, they decreased in 
proportion with one another, so there was no change in percent 
root mass.

The relative growth rate of well spaced plants typically de-
creases as plants age and because of mutual competition among 
plants in the population. In this study, the RGR decreased rapidly 
as the plant canopy began to close. The day after the shade treat-
ments were applied, relative growth rates decreased in proportion 
to PPF (Fig. 5A). At the two lower PPFs, RGR decreased the 
initial day after shading, then increased during the next 2 d. 

TOMATO. Daily carbon gain did not differ significantly among 
canopies before shade application (P = 1.0, Fig. 1D). Immediately 
after shade was applied, Pnet and Rn decreased with PPF (Fig. 1E). 
Pnet decreased 75% in the 190 µmol·m–2·s–1 treatment. CUE did 
not differ significantly among chambers prior to shade applica-

Fig. 2. Recovery of net photosynthesis for lettuce (A), night respiration of lettuce (B), and carbon use efficiency (C), and recovery of tomato photosynthesis (D), 
night respiration (E), and carbon use efficiency (F) after shading expressed as a percent of pretreatment and control level. Numbers before the lines indicate the 
PPF at which that treatment was grown. Closed circles (●) are control, open circles (o) are ≈20% shade, closed squares (■) are for ≈45% shade, open triangles 
(s) are for ≈65% shade and closed triangles (▼) are for ≈80% shade. Error bars are the standard deviation of two chambers of similar PPF. Error bars not seen 
are smaller than the symbol. 
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tion (P = 0.838) and averaged 0.64 with a standard deviation of 
0.02 (Fig. 1F). 

Pnet steadily increased after shade was applied compared to 
pretreatment values and percent of control (Fig. 2D). Pnet increased 
proportionally more in the lowest light treatments, more than 
doubling the initial, post-shade Pnet rates. Respiration did not 
change significantly after the initial post-treatment reduction 
(Fig. 2E). The day after shade application, CUE was nearly 0 
in the 190 µmol·m–2·s–1 treatment, indicating that the low-light 
population neither gained nor lost mass during the initial 24-h 
of shade (Fig. 2F). Most of the recovery occurred after only 2 d, 
with the lowest PPF recovering to nearly 80% of pretreatment 
and control values. Subsequent days resulted in varied incremental 
increases in CUE; after 12 d, all populations reached control and 
pretreatment values.

The pretreatment QY averaged 0.05 mol C fixed per mol 
photons absorbed (Fig. 3B). Values of QY increased significantly 
between day 3 and day 12, indicating photosynthetic acclima-
tion to reduced PPF. A maximum QY of ≈0.08 was measured at 
the lowest PPF after day 12. Interestingly, QY values tended to 
decrease after about the day 6 of treatment in the three highest 
PPF, but continued to increase in the lowest PPF. This decrease 
corresponded to the onset of flowering, which began on day 30 
after transplanting (day 10 after treatment) for the controls and 
later with less light. The extent of flowering correlated with the 
amount of light the canopies received. Therefore, the more the 
plants flowered, the more light was absorbed by nonphotosyn-
thesizing pigments of the flower petals.

Shade treatments were continued for 18 d. Flowering occurred 
on day 27 so the treatment period included both the end of the 
vegetative phase and the beginning of the reproductive phase. 
Plants set fruit in all treatments, but fruit mass significantly 
increased with increasing PPF (Fig. 4A). Both shoot and root 
mass decreased with increasing shade, but root mass decreased 
more than shoot mass so the percent root mass in the lowest light 
was only half of the high-light controls (Fig. 4B). Similarly, the 
percent fruit mass decreased from 8% to 2% with decreasing 
PPF (Fig. 4B).

Relative growth rates decreased sharply when shade was ap-

plied (Fig. 5B). At the lowest PPF, RGR was nearly zero, which 
corresponds to the nearly zero CUE on that day. After the initial 
decrease, the lower the PPF, the less the RGR decreased through 
time. The RGR was nearly constant from the day after shade was 
applied until harvest in the lowest PPF treatment.

Discussion

RESPIRATION COEFFICIENTS AND RELATIVE GROWTH RATE DUR-
ING RECOVERY. Thornley and Johnson (1990) described CUE as 
a function of relative growth rate (RGR = mol new C per mol 
existing C per time), maintenance respiration coefficient (rm), and 
growth respiration coefficient (rg) in the following manner:

1/CUE = 1 + rg + rm × 1/RGR [5]

Therefore, a change in CUE should be the result of a change 
in RGR, rg, or rm. Reviews by Cannell and Thornley (2000) and 
Thornley and Cannell (2000) have supported the growth and 
maintenance paradigm even though there is no biochemical basis 
for separating the two components. Other common methods for 
estimating growth and maintenance components also assume con-
stant growth and maintenance respiration components including 
regression analysis of RGR with specific respiration (McCree, 
1974), proximate composition analysis (Penning de Vries et al., 
1974), elemental analysis (McDermitt and Loomis, 1981), or 
heats of combustion (Peng et al., 1993). Our results indicate that 
that assumption can not be made during acclimation to a new 
light environment.

RGR was lower in the low-light tomato population than the 
high-light, unshaded control population, yet both populations had 
the same CUE. This indicates that either rg, rm, or both acclimated 
so that CUE returned to at or near pretreatment levels. We did 
not analyze the tissue to determine if rg changes occurred, but 
given that QY acclimated, it is likely that at least some of the 
acclimation of CUE was due to adjusting the tissue composition 
and therefore rg changed. This allocational shift may also have 
altered the maintenance respiration component (see Acclimation 
of Canopy Quantum Yield).

Fig. 3. Quantum yield of lettuce (A) and tomato (B) canopies before (day 0) and after shade application (days 1 to 18). Numbers after each line indicate the PPF 
after shade was applied. Error bars are the standard deviation of two chambers of similar PPF. Closed circles (●) are control, open circles (o) are ≈20% shade, 
closed squares (■) are for ≈45% shade, open triangles (s) are for ≈65% shade and closed triangles (▼) are for ≈80% shade. Error bars not seen are smaller than 
the symbol.
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The failure of CUE in lettuce to completely acclimate in low 
light suggests that carbohydrate supply did not completely meet 
the demand for maintenance respiration and could not maintain 
a high RGR. Lettuce is commonly grown in growth chambers at 
≈300 to 400 µmol·m–2·s–1 (Hammer et al., 1978), and canopies 
receiving that amount of light completely acclimated after 3 d, 
based on CUE returning to pretreatment values. CUE in tomato 
completely returned to pretreatment levels at all PPFs, so main-
tenance respiration requirements were met. Tomato was better 
able to adjust maintenance requirements and maintain high RGR 
in response to low PPF than lettuce. 

The difference in CUE response between the starch accumula-
tor, tomato, and the sucrose accumulator, lettuce, suggests that 
plants have different abilities to remobilize or redistribute carbon. 
These reserves can be used for growth during stress, but RGR 

immediately decreased and rg and/or rm acclimated more 
slowly than currently modeled in both species. Reserve 
carbohydrate was present and required longer than a 
single night period to exhaust this supply. There may also 
be additional differences in these two species inherent 
growth and maintenance requirements that caused dif-
ferences in the extent of CUE acclimation. 

SUPPLY AND DEMAND. Sims and Pearcy (1991) inves-
tigated leaf CO2 gas exchange after transfer from low 
to high and from high to low light and found that leaf 
respiration reached steady state levels within 1 week. 
They saw little to no acclimation of photosynthetic rates 
following the initial change after transfer. Leaves that had 
developed in a high light environment had a higher ratio 
of respiration to photosynthesis even after the 1-week 
period suggesting their respiratory demand remained 
high for at least 1 week after transfer. 

Nemali and van Iersel (2004) saw similar effects 
on begonia seedlings in a range of PPFs. Respiration 
remained higher than photosynthesis for 2 weeks after 
transfer from high to low light. They estimated the growth 
and maintenance coefficients using linear regression and 
concluded that the maintenance coefficient was not influ-
enced by PPF, but the growth coefficient increased with 
PPF. This may be a common response for some species; 
others may alter their maintenance coefficient (McCree, 
1982), and other species may change both.

If carbohydrate supply was equal to demand for both 
growth and maintenance processes, CUE should have 
been unaffected by shade. That is, a reduction in photo-
synthesis should have resulted in a proportional reduction 
in respiration, and CUE should have remained constant. 
In this study, shade temporarily decreased CUE for both 
species, indicating respiration rates at the population level 
were dependent on carbohydrate concentration, as other 
studies have shown at the single leaf level (Azcón-Bieto 
and Osmond, 1983; Azcón-Bieto et al., 1983; Moser et 
al., 1982). In our study, CUE returned to pretreatment 
level in tomatoes at all PPFs, and nearly all PPFs for 
lettuce, which again indicates rg and rm acclimated to the 
new light environment.

Noguchi and Terashima (1997) compared factors 
limiting leaf respiration in a sun and shade species 
using exogenous sucrose application and a respiration 
uncoupler. In the shade species, taro [Alocasia odora 
(Lodd.) Spach.], respiration was limited by low demand 

for ATP, whereas in the sun species (spinach), respiration rates 
were limited by carbohydrate availability. Respiration rate in 
these two species can thus be classified as either supply driven 
(spinach) or demand dependent (taro). Our data suggest that lettuce 
is demand dependant, due to the lack of complete acclimation, 
whereas tomato is supply dependent, based on its ability to adjust 
CUE back to pretreatment level. 

ALLOCATIONAL SHIFTS. Shade began during the vegetative phase 
and extended into flowering and fruit set for tomato, but lettuce 
growth was entirely vegetative. Tomato altered root allocation, 
but lettuce did not. Zhao and Oosterhuis (1998) described how 
plants could compensate for shade stress during the vegetative 
growth phase, if the stress was removed before flowering, by 
making broader, thinner leaves and increasing chlorophyll content. 
However, the ability to compensate may be species dependent 

Fig. 4. Final dry mass (A) and percent mass of roots and fruit (B) for lettuce and tomato. 
Each data point is from a single chamber. Closed squares (■) are for tomato shoot, open 
squares (❏) are for lettuce shoot, closed triangles (▼) with solid line is the tomato root, 
open triangles (s) with dotted line is for the lettuce root, and the closed diamond (u) 
with dashed line is for the tomato fruit. 
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(Mbewe and Hunter, 1986). Lower light also reduces transpira-
tion rate, so fewer roots are needed to supply the water necessary 
for transpiration. Most species have a general root allocational 
pattern, but they can shift this pattern in response to the environ-
ment (Enquist and Niklas, 2002). Lettuce was not able to shift 
their pattern of root allocation, but tomato, in spite of it being 
well within the reproductive phase of development, shifted C 
allocation from the roots and fruit, which probably contributed 
to CUE acclimation.

Some weed species were better able to acclimate to shade 
stress by decreasing their root : shoot ratio (Stoller and Myers, 
1989). Weed species that were less able to make this switch were 
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Figure 5. 2 Fig. 5. Relative growth rate (RGR) of lettuce (A) and tomato (B) before and after shade treatment. 

The steep decrease in RGR indicates when treatments began. Only one replicate chamber is 
shown for simplicity. Closed circles (●) are control, open circles (o) are ≈20% shade, closed 
squares (■) are for ≈45% shade, open triangles (s) are for ≈65% shade and closed triangles (▼) 
are for ≈80% shade.

poorer competitors and less able to adapt to shade. 
Heuvel et al. (2004) found decreasing root : shoot 
ratios with increasing shade and further differences 
in shoot partitioning between leaves and trunk at 
increasing shade levels.

Kanaluddin and Grace (1992) demonstrated that 
shade leaves increased their chlorophyll per unit 
area and leaf thickness when transferred from 40 
µmol·m–2·s–1 PPF to 1200 µmol·m–2·s–1 in Bischofia 
javanica Blume. Although little evidence exists 
concerning cell wall degradation of existing leaf 
tissue as an acclimation from high light to shade 
(Kephart and Buxton, 1993), Allard et al. (1991) 
concluded that both anatomical and physiological 
processes are modified to adapt to reduced PPF. 

ACCLIMATION OF CANOPY QUANTUM YIELD. Im-
proved carbon use and photosynthetic efficiency 
(QY) after initial PPF reduction may have been the 
result of less feedback inhibition or a reallocation 
of resources from Rubsico to light-harvesting com-
plexes (Warren and Adams, 2001). This allocational 
shift would also decrease maintenance respiration 
because less Rubisco turnover would result in less 
maintenance costs. Values of QY approached their 
maximum at low PPF, as is typical under these 
conditions (Lal and Edwards, 1995). The QY 
measured in the low-PPF canopies approached 
0.08 mol C per mol photons, which is close to the 
highest measured values for C3 species at ambient 
CO2 in extremely low PPF (0.083 to 0.111 mol C 
fixed per mol photons absorbed) (Bjorkman, 1981; 
Lal and Edwards, 1995). Funnell et al. (2002) 
observed elevated QY after acclimation to shade 
in ambient (400 µmol·mol–1) CO2. Both species 
displayed a remarkable, population-level ability 
to acclimate to lower light becoming significantly 
more efficient at using available light to not only 
support their existing biomass infrastructure, but 
grow further as well.

Application of results to ambient CO2 envi-
ronments

We conducted these studies at elevated CO2 to 
ensure that photosynthesis was only light and not 
CO2 limited. Since elevated CO2 would increase 
photosynthesis and carbohydrate supply, it is likely 
that CUE would have acclimated even more slowly 
in ambient CO2. Nemali and van Iersel (2004) found 
that low light can depress CUE for several weeks 

in a nonenriched CO2 environment, but we observed complete 
acclimation of tomato after only 12 d of low light and nearly 
complete acclimation in both species after only 2 d. 

Some studies have suggested that elevated CO2 inhibits respira-
tion. If this is true elevated CO2 might reduce the time required 
for acclimation to low light. However, no theoretical basis for the 
effect of this amount of CO2 on dark respiration has been found, 
and recent studies indicated that the direct effect of elevated CO2 
up to three times ambient on dark respiration is statistically in-
significant. Amthor et al. (2001) used an improved gas exchange 
chamber and found that the previously reported effect of CO2 
on respiration (Amthor et al., 1992) resulted from leaks in the 
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original chamber. Indeed, using five gas exchange measurement 
approaches, he consistently found that respiration was insensitive 
to short-term changes in CO2 concentration. 

Conclusions

These data show that there are significant species differences 
in acclimation potential to reduced light environments, and there 
are differences in factors that determine respiration rates. Sup-
ply and demand of substrates may be a good working model in 
which to view respiration responses to different light environ-
ments, but a better understanding of the carbohydrate demand 
that determines growth and maintenance requirements is needed. 
Additionally, these data show that current models that have an 
instantaneous acclimation of respiration and carbon retention 
(CUE) in response to reduced PPF overestimate the rate at which 
acclimation occurs in plants and the extent to which acclimation 
occurs in some species.
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