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AbppiTioNAL INDEX WORDs. Magnolia grandiflora photosynthesis, respiration, Qcarbon use efficiency, net assimilation
rate, heat tolerance

AssTRACT. Temperature-response curves for photosynthesis and respiration are useful in predicting the ability of plants
to perform under different environmental conditions. Whole crop CQ exchange rates of three magnoliavagnolia
grandiflora L.) cultivars (MGTIG’, ‘Little Gem’, and ‘Claudia Wannamaker’) were measured over a 25 °C temperature
range. Plants were exposed to cool temperatures (38 day, 3°C night) temperatures before the measurements. Net
photosynthesis (R.,) of all three cultivars increased from 3 to 15C and decreased again at higher temperatures. ‘MGTIG’
had the highest and ‘Little Gem’ the lowest R, irrespective of temperature. The Q, (relative increase in the rate of a
process with a 16C increase in temperature) for B, of all three cultivars decreased over the entire temperature range.
‘MGTIG’ had the lowest Qy, at low temperatures (1.4 at 8°C), while ‘Little Gem’ had the lowest Q, for P, at
temperatures >17°C and a negative @,> 23°C. This indicates a rapid decline in R, of ‘Little Gem’ at high temperatures.
The decrease in R, of all three cultivars at temperatures >15C was caused mainly by an exponential increase in dark
respiration (Rqa«) With increasing temperature. ‘Little Gem’ had a lower Ry« (per unit fresh mass) than ‘MGTIG’ or
‘Claudia Wannamaker’, but all three cultivars had a similar Qy,(2.46). Gross photosynthesis (B was less sensitive to
temperature than P, and Ry.«. The optimal temperature for Py.ss 0f ‘MGTIG' was lower (19 °C) than those of ‘Little
Gem’ (21°C) and ‘Claudia Wannamaker’ (22°C). The Q,ofor Pg4.ssdecreased with increasing temperature, and was lower
for ‘MGTIG’ than for ‘Little Gem’ and ‘Claudia Wannamaker’. All three cultivars had the same optimal temperature
(11°C) for net assimilation rate (NAR), and NAR was not very sensitive to temperature changes from 3 to A7. This
indicates that the plants were well-adapted to their environmental conditions. The results suggest that respiration rate
may limit magnolia growth when temperatures get high in winter time.

Perennial plants experience a wide range of environmergatements provide an integral measurement of the entire plant,
conditions. Their natural range often is limited by their ability tihus giving a more representative indication of whole-plant re-
tolerate temperature extremes. Laboratory studies of plant spensetotemperature. Whole-plant@hange oAlstroemeria
sponses to temperature can help predict the environmental cowds measured by Leonardos et al. (1994) over atemperature range
tions under which a species or cultivar will perform well.,CGrom 10to 35C. They found that dark respiration,{fg increased
exchange rate is a good indicator of plant performance, becaeigmnentially with temperature, while net photosynthesis (P
photosynthesis and respiration are responsible for almost all drgched a maximum at 2G.
matter changes in plants. Temperature response curves,of CaExperimental error in COexchange measurements can be
exchange rate can be used to predict the growth of plants overdaiced by measuring several plants together, instead of indi-
wide range of temperatures and have been used to assess theideat plants. We describe a technique to measugeKighange—
tolerance of plants (Ranney and Peet, 1994; Ranney and Ruéenperature response curves of multiple groups of plants or
1997). An understanding of the effects of temperature on pahopies simultaneously. The system is fully automated and can
photosynthesis (B) and dark respiration (R is also important operate unattended, thus simplifying data collection. We also
for plant growth models, which can be used to predict tdescuss different methods to estimate thef@ Ry Magnolia
adaptability of crops to different environments (Higgins et alyas used as a model species, because it is an important evergreen
1992). landscape tree in the Southeastern US and its performance is

Effects of temperature on G@®xchange are most commonlygreatly affected by temperature (Martin et al., 1991).
measured on individual leaves (Higgins et al., 1992; Larigauderie
and Koérner, 1995; Martindale and Leegood, 1997; Ranney and Materials and Methods
Peet, 1994; Ranney and Ruter, 1997) or fruit (Marcelis and Baan
Hofman-Eijer, 1995; Ogawa and Takano, 1997; Pavel and DeJongPLANT MATERIAL . ‘Claudia Wannamaker’, ‘MGTIG’ (also
1993; Whitfield, 1992). It seems likely that the temperatukmown as ‘GreenBack’), and ‘Little Gem’ magnolia cuttings were
response may differ among leaves in a canopy, due to such fagiozpagated from cuttings in the fall of 1996 in 3.8-L containers
as developmental stage, exposure to light, or nutritional statusilifd with a peat-based growing mix. These three cultivars were
the leaves. To draw meaningful conclusions from single-leadfosen because of their different growth habit. ‘MGTIG’ is a
photosynthesis measurements, similar leaves have to be seleetatively new, fast growing cultivar, ‘Claudia Wannamaker’ has
from different plants and these leaves are not necessarily repreintermediate growth rate, while ‘Little Gem’ is a relatively
sentative for the entire plant. Whole-plant 88change mea- slow growing cultivar. Cuttings were placed in a polyethylene

covered cold-frame and grown until 6 or 13 Feb. 1998, when CO

exchange measurements were started. Average maximum and

Received for publication 27 July 1998. Accepted for publication 4 Jan. 1999. ﬁﬂﬁimum temperatures inside the cold-frame during the 2-week
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water-soluble fertilizer solution, containing N at a concentration Leaf area and shoot fresh mass were measured immediately
of 200 mg-LL, from May until September. Plants were watered ater the conclusion of the,& measurements. To correct for
needed. Average leaf areas of the plants were 565, 531, anddiff@ences in plant size among the groups of plantswas
cn?, while shoot fresh mass averaged 30, 39, and 31 g for ‘Clauchiculated per unit leaf area, whilg,Rwas expressed per unit
Wannamaker’, ‘MGTIG’, and ‘Little Gem’, respectively. shoot fresh mass, unless otherwise mentioned. Since only eight

Data coLLecTion . CO, exchange data of groups of wholgroups of plants could be measured simultaneously, the experi-
magnolias was collected using a multichamber, semicontinumusnt was replicated in consecutive weeks. This resulted in a total
CO, exchange system. Ambient air was blown into acrylic gasF 16 groups of magnolia plants (5 replications for ‘Claudia
exchange chambers (325 x 6 dn¥) and air flow into the Wannamaker’ and ‘Little Gem’, 6 replications for ‘MGTIG’).
chambers was measured with mass flow meters (GFM37-32Since whole plants, including the containers, were enclosed in
Aalborg Instruments and Controls, Monsey, N.Y.). The, C@he gas exchange chambers,@&change rates include growing
concentration of the incoming air was measured with an inframeédium and root respiration. Since root respiration is part of the
gas analyzer (IRGA) (SBA-1, PP-systems, Haverhill, Mass.). Tllole-plant metabolism, this should be included in whole-plant
difference in the Cg@concentration of the air entering and exitin€ O, exchange measurements. Respiration by microorganisms in
the chamber was measured with an IRGA in differential motlee root zone consists of two separate processes, respiration of
(LI-6251, LI-COR, Lincoln, Neb.). Air flow to the differential organic compounds leaking from plant roots and microbial break-
IRGA was controlled by opening and closing solenoid valves. Ttiewn of organic matter in the growing medium. Respiration
solenoid valves were controlled by a SDM-CD16AC relay modesulting from the breakdown of organic products leaking from
ule and CR10T datalogger (Campbell Sci., Logan, Utah). Whoj#ant roots into the soil or growing medium should be included in
chamber C@exchangel(mol-s?) was calculated as the productvhole-plant net C@exchange measurements. The carbon in
of mass flow (mol-3) and the difference in G@oncentration of these compounds was originally fixed in the photosynthetic
the air entering and exiting the chambpm@l-mot?). Every process, but they are no longer available for plant growth after
chamber was measured for 30 s, once every 10 min. There wideg leak from the roots. This leakage represents a net loss of
30 s delay in data collection after solenoids were switchedctrbon from the plants, and thus has to be accounted for in whole-
measure the next chamber, to assure that all air from the prevjgast carbon exchange measurements. This can be done by
gas exchange chamber was purged from the tubing. The data fircciuding root-zone respiration in whole-plant carbon exchange
the 30 s measuring period was automatically collected, averagedasurements.
and stored by the datalogger. Breakdown of organic matter in the growing medium by

Four plants of a cultivar were enclosed in each acrylic gagcroorganisms could cause errors in whole-plarnd ©&©®hange
exchange chamber and eight chambers were placed in laggtimates, since this is independent of the metabolism of the plant.
growth chambers (model E-15, Conviron, Asheville, N.C.). Efowever, respiration caused by the breakdown of organic matter
rors in the measurements due to zero drift of the differential IR@Aa peat-based growing mix normally is negligible compared to
were corrected by subtracting the 88change rates of emptywhole-plant photosynthesis (<1%; Bugbee and van lersel, unpub-
gas exchange chambers from the measurecegehange rate of lished results), and thus has a minimal effect on measurements of
the plants. Temperature in the gas exchange chambers was mkale-plant CQexchange rates, unless small plants are grown in
sured with shielded, aspirated, type T thermocouples connectddige containers. Whole-plant @é&xchange measurements, in-
a thermocouple multiplexer (Model AM25T, Campbell Sci.). Toluding the root zone, are a good measure of plant growth. In a
measure photosynthesis across a temperature range, the grpretfious experiment, it has been shown that there is a close
chamber was programmed for eight different temperatures (—8dorelation (2 = 0.998) between the total measured carbon accu-
25°C) in 4°C steps. The temperature series was started immedislation and dry mass of the plants (van lersel and Bugbee, 1997).
ately after the plants were placed in the chamber and evenpData anaLysis. To allow the temperature and €é€xchange
temperature was maintained for 3 h. Temperature inside the igdis of the plants in the gas exchange chambers to stabilize after
exchange chambers was higher than that in the growth chamtiesinging the growth chamber temperature, the first 2 h of data at
because of heat output from the incandescent and fluoreseespecific temperature were not used for further analysis. Tem-
lights and ranged from 3 to 2&. Photosynthetic photon flux perature response curves were constructed by averaging the data
density was 44@mol-m2s? at the top of the plant canopiesfrom the last hour of measurements at every temperature.
Relative humidity in the gas exchange chambers was measureiemperature coefficients (g)for dark respiration were deter-
with humidity probes (HTO-45R, Rotronic, Huntington, N.Y.)mined by fitting an exponential function to the data:
and decreased from 87% to 63% with increasing temperature. \We _

. . y = R) ° QlO(TIIO) [1]

made no attempt to maintain a constant vapor pressure deficit®at
the different measurement temperatures, because vapor presgheee R is Ry« at 0°C (umol-gt-s?), Qyis the relative increase
deficit under natural conditions normally increases with increas- R« with a 10°C increase in temperature, and T is the
ing temperature. C{roncentrations in the gas exchange chanemperature°C).
bers ranged from 345 to 3gnol-mot! during the R;measure- Since R reaches a maximum at a certain temperature and
ments. decreases as temperature increases further, a third order polyno-

Respiration was measured during the following 24-h periadjal was fitted to the R data and this curve was used to determine
using the same plants. The growth chambers were programmehbadQ, for B, at 1°C increments. The Qat temperature T was
decrease the temperature from 29 t€1n 4°C steps. Without determined as the calculated,Bt T + 5°C divided by Rat T —
the radiative heating by the lights, temperatures inside the §a€.
exchange chambers were close to the growth chamber set pointé. temperature response curve for gross photosynthggis (P
Relative humidity during the R« measurements ranged frontig. 1A) was estimated as the sum of the response curvegfor P
97% at 3C to 56% at 28C and CQconcentrations were betweerand R.« (both expressed per unit leaf area), assuming that
390 and 43fmol-mof™. respiration ratesin the light and dark are the saméP,.s;was
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thetic response to temperature is typical for many species (Higgins
etal.,, 1992; Leonardos et al., 1994), with species-dependent differ-
ences in temperature above whigh¥comes negative (Higgins et
al., 1992). The relatively low optimal temperature fQr(5°C) of
the plants in this study was caused by the cool growing temperature,
since the optimal temperature fog®f many species, including
1 magnolia, increases with increasing temperature (Bjérkman et al.,
0 1980; our unpublished results).
$Rdark During these measurement, plants were exposed to 24 h of
continuous light, followed by 24 h of darkness. Feedback inhibi-
24 0 24 tion of photosynthesis and a lack of substrates for respiration can
Time (hours) affept .Pnet and R« (Amthor, 1994; Sharkey, 1994_1). However,
preliminary data (not shown) indicated that exposing plants to 24
Fig. 1. A schematic representation of whole-plant €&hange of whole plantsh of light before the start of the measuremgnts did not affect the
during a 24-h period with constant temperature. Net photosynthetic and Ba8ponse of R to temperature. Dark respiration responses to
respiration rate measurements were used to estimate gross photosynthettemlperature remained unchanged even after 48 h of darkness
(‘i\i)-t(?saizh‘éaszg‘égrﬁfcﬁ:g‘iJi'ai?tO”er‘i’é dp(';"rnéz l(irgfeal 3 V?éf:cgc%;‘zgu"ge 9Bfore the start of the measurements. This indicates that possible
\F;al(zjess\//vere then usgd to e%tin?ate carbon use efficiency [(area 1 — area Z)gI%gts of fee,d,baCk inhibition of.fand substrate limitation of
1 + area 3)] and net assimilation rate [(area 1 — area 2)/leaf area]. CarboRusedl€ Negligible compared to temperature effects.
efficiency and net assimilation rate were determined based on the assumption B¥ark respiration of all three cultivars increased exponentially
constant temperature, 13 h of darkness, and 11 h of light. The bars in the top of
the diagrams indicate periods of ligbpén bar) and dark ¢losed.

CO, exchange rate

Time (hours)

8F ;
calculated using the same method as used fpiCRrbon use A
efficiency (CUE) of the plants at different temperatures was
estimated as if the plants were exposed to a constant temperature 5

and light intensity throughout the day, with an 11-h light period ~
and a 13-h dark period (close to the natural day length at the timg!’
of the experiment). Total daily photon flux during this hypotheti- ‘&
cal day was 17.4 mol#d?, which is normal for wintertimein 3 4|
the southern US. Carbon use efficiency, the fraction of the
carbohydrates formed byRsthat is incorporated into new dry
matter, was calculated as (Fig. 1B):

CUE = (Ret* 11 — Raw® 13)/(Ryoss 11) [2]

where Re, Riane and Bossare all expressed on a leaf area basis.
Net assimilation rate (NAR, mmol=#d?) of the plants was 0
calculated, because unlikgePPy.ss and CUE, it is a direct . <
estimate of the growth rate of the plants (in moles of carbon per
unitleaf area per day). As was the case with CUE, itwas calculated . B
based on an 11-h light and 13-h dark periods and constant
temperature (Fig. 1B): 15

NAR = (11 * Re— 13 * Ras) * 3.6 3]

where Ry and R,y are expressed on a leaf area basis and 3§ 0 —————————— e ——
convertspmol-st to mmol-ht. Because R and Ra were not o
measured at the exact same temperatures, CUE and NAR were
calculated using the calculated temperature response curves@® 05}t _o MGTIG
—a— Little Gem
Results and Discussion —o— Claudia Wannamaker
0.0
There were large differences ip./of the three cultivars (Fig. X
2A). Irrespective of temperature, ‘MGTIG’ had the highegt P
followed by ‘Claudia Wannamaker’, while ‘Little Gem’ alwayshad 05 s ; ‘ s ,
the lowest R, Despite the large differences ip.RAmong the Y 5 10 15 20 25 30
cultivars, R of all three cultivars reached a maximum,®1) at
=15°C (Fig. 2A and B). Although ‘MGTIG’ had the highest.Bat
low te.mperatutes' itwas less responsive than the other two_cult|v%$ 2. Air temperature effects on the net photosynthesis of three magnolia
to an increase in temperature from 3 t6Q%i.e., a lower @, Fig. cultivars. Net photosynthesi&) was measured for 24 h, at eight different
2B). At temperatures >1%, B of ‘Little Gem’ decreased more temperatures (3 h/temperature, increasing from 3 t€28Data are the total
rapidly than that of ‘MGTIG’ and ‘Claudia Wannamaker'. ACZ8 CO; exchange rates of four whole plants, expressed on a leaf area basig. The Q
P,..of ‘Little Gem’ was 0, indicating that Q@onsumption byg!%ss of net photosynthesi8] was estimated from a third order polynomial fitted to

. . . the net photosynthesis data. Error bars represent standard errofs for
and CQevolution by respiration were equal. This type of photosyn-claudia Wannamaker’ and ‘Little Gem’ amd= 6 for ‘MGTIG').

Phet (um

Temperature (°C)
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' ' increasing temperature (see Eq. 5). To prevent this, we prefer to

e MGTIG use a simple exponential regression, which results in a constant
& Little Gem Qi Ifan exponential curve fits the respiration data well, this is the
6L Claudia Wannamaker 5 ] most direct and simple way to determing fQr Ry... Since other

data also indicates that a constan Qr Ry« is adequate to
explain most of the variation (Higgins et al., 1992; Whitfield,
1992), this generally seems to be a satisfactory method. In cases
where an exponential curve does not result in a good fit, it may be
useful to fit a different curve, which will result in a temperature-
dependent Q. Unfortunately, there appears to be no function
with a strong biochemical or physiological justification to de-
scribe the relation between temperature agg R

Although no direct measurements gf,Pwere taken, it was
estimated as the sum of.Pand R.. Gross photosynthesis

0 s : s - s showed similar trends ag.Pand the relative differences among
0 5 10 15 20 25 30 the cultivars were similar (Fig. 4). ‘MGTIG’ had the higheg.P
Temperature (°C) while Py,ss0f ‘Little Gem’ was lowest at every temperature. The

optimal temperatures fogR.were higher than for,R(Figs. 2 and
Fig. 3. Air temperature effects on the dark respiration of three magnoliacultival);_. ‘MGTIG’ had the lowest temperature optimum of the three
Ea”‘ restp"a“g” was ’.“eafsure‘jzéotrbég hF'{ at e_ig?_t dizeie”t lemperatures @itivars (19°C) and had the lowest,gfor Py.ssacross the entire
emperature, decreasing from . Respiration data represent whole- . Rdhary .
plant respiration rates and are expressed per unit shoot fresh mass. Thettﬁ@é)erature I’_ange. The lowQf MGTlG indicates that it was
cultivars had a similar (2.46). The lines represent bestfit exponential model§ast responsive of the three cultivars to temperature changes at
forthe three cultivars. Error bars represent the standard error and bars not sfiglow-optimal temperatures, while ‘MGTIG"syR, declined

are within the limits of the symbai € 5 for ‘Claudia Wannamaker’ and ‘Little more rap|d|y than that of the other cultivars at above_optima|
Gem'’ andn = 6 for ‘MGTIG’).

10 ; T r .
with increasing temperature, but there were distinct differences A
among the cultivars (Fig. 3). ‘Little Gem’ had a lowgg.Rhan
‘Claudia Wannamaker’ and ‘MGTIG’, irrespective of tempera-.
ture. All three cultivars had a simila§32.46), but Rof ‘Little "0
Gem’ (0.45 nmol-g-s?) was significantly lower than that of-“E
‘MGTIG’ (0.57 nmol-g*-s?) and ‘Claudia Wannamaker’ (0.64—<
nmol-g*s?). Dark respiration rates of ‘MGTIG’ and ‘Claudiag
Wannamaker’ were not significantly different. A@f 2.46 is = |
withinthe normal range forR. In aliterature review, Larigauderie
and Korner (1995) found tha#0% of the reported Qvalues for o
leaf Rj.«are within the range of 2to 2.5, with an averag®f2.3. 2L
The highr2(0.987 or higher) of the exponential curves fitted to
the R« data indicates that the assumption of a constay o€

Ruark OvVer the entire temperature range was realistic. Although it © :

(o))
L

)
1]
[o}
o
o

is possible to calculate a temperature-dependgiia®was done ’ ’

for P.erand B9, Using a second or third order polynomial model B —e— MGTIG

may produce unrealistic results at low temperature. Polynomial1'8 —o— Little Gem

functions predict an increase in.Ras the temperature drops —o— Claudia Wannamaker

below the inflection point of the curve, which introduces anoma- 1.6 ¢
lies in the calculated Q(Higgins et al., 1992, our unpublishedy
results). Another approach that has been used to estimdte Q 5 1.4 |
Raark 1S by fitting the Arrhenius equation to the data (Johnson and

Thornley, 1985): 2 o

o]
Raa = A ¢ €F96T) [4]
IN(Quo) = —10 « EaffeT?) [5] 1.0

where A is a constant, Ea is the apparent activation energyof R
(J-motY), ris the universal gas constant (8.31434 J#niot), and 08
T’ is the absolute temperature (K). A problem with the use of the : : !
Arrhenius equation is that A and Ea are assumed to be tempera-
ture-independent, which may not be true (Johnson and Thornley, Temperature (°C)

1985)' USing this approach, Leonardos etal. (1994) found thatléltgf'4. Air temperature effects on the gross photosynthesis of three magnolia
Quo for Ran. Of Wh0|eA|Stroeme”aplantS was=1.8, but that it cultivars. Gross photosynthesig (vas estimated as the sum of net photosynthesis

slowly deqeased with inc_rea_sing temperature. This reporteghd dark respiration, expressed on a leaf area basis. These results were used to
decrease in the Qfor Ry With increasing temperature was an estimate the @ for gross photosynthesiBY, using a third-order polynomial

artifact of their method to calculate the,Qecause use of the curve fitted to the estimated gross photosynthesis. Error bars represent the

Arrhenius equation automatically results in a decreasingih ?é?;f;f@gﬂ;g”mdaﬁgfgﬂ ‘Sﬂg}’gneagemyvgr?éng?grl"E'ST?QS? syméd for
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' plant growth rate. This explains the observation by Evans (1993)
1 thatleaf photosynthesis measurements are often poorly correlated
1 with dry matter production and yield. To get a reliable measure of
05} { plant growth, it is essential that respiratory carbon losses are
7 included in the estimate. It is important to note that these data do
- 1 notimply that magnolias always have a net carbon loss when the
0.0 [ 1 temperature is higher than 21 to°Z5 The temperature response

i 1 curves of By Pyoss @and R« depend on the environmental
: 1 conditions under which the plants were grown. Many plant
05 1 species have higher optimal temperatures for photosynthesis,

when they are grown under warmer conditions (Bjorkman et al.,
—e— MGTIG 1 1980), while R« at a given temperature decreases (Hurry et al.,
[ Little Gem 1 1996; Pearcy, 1977; Rook, 1969; Tranquillini et al., 1986). This,
o —=— Claudia Wannamaker 1 combined with the longer day length during the summer months,
. : - - - = , will cause the CUE at high_temperatures to be higher in_summer
9 thaninwinter time. Since this experiment was conducted in winter
Temperature (°C) time and the plants were grown in a cold frame without heating,
) o the plants were adapted to relatively cool temperatures. This
Fig. 5. The effect of temperature on the carbon use efficiency of three magngggglains the poor performance of the plants at temperatures that

cultivars. Carbon use efficiency was calculated based on the assumptioa . .
constant temperature and an 11-h light and 13-h dark period. Carbon would normally be exposed to du”ng most of the growing

efficiency is the fraction of total carbohydrates formed in gross photosyntheS€ason.

that is incorporated into plant material. Error bars represent the standard erroThe best measure of the actual growth response of the plants to
and bars not shown are within the limits of the symhok 5 for ‘Claudia temperature may be NAR (Fig. 6). The differences among the
Wannamaker' and 'Little Gem’ amii= 6 for ‘MGTIG). three cultivars in R, Pyose and CUE were also reflected in NAR.
- L . ‘MGTIG' had the highest NAR, while ‘Little Gem’ had the lowest
temperatures (afglose to 1indicates low sensitivity to changmg\IAR over the temperature range from 3 to °ZZ All three

temperatures). cultivars had a similar NAR at 2&. Interestingly, the optimal

Gross photosynthesis was less sensitive to changing tempgra. ; o indiati
; perature for NAR of all three cultivars was°Cl indicating
tures than 2 (Figs. 2 and 4), becausg,Was greatly affected by that the plants of all three cultivars were well-adapted to their

the exponentially increasing respiration with increasing tempe awing conditions (average maximum and minimum tempera-

ture. This suggests that temperature effects on the growt PEs were 13 and T during the 2 weeks before the measure-

magnolia are mainly .Cal.jsed by effect_s on the respiration rat nts). Net assimilation rate also was not very responsive to
the plants. Dark respiration of magnolia increases almost ten

. ' . . perature over the range that the plants would be likely to
with a temperature increase from 3 t@8while Rrsincreases experience in winter time. Net assimilation rate varied by <33%,

orlly by a facto_r of 2 or less when the temperature increases fw n temperature increased from 3 t6C7The increase inR

3°C to the optimal temperature (_F|gs. 3 af‘d 4)' gyer most of this temperature range was counteracted by the
Although CQ exchange rates give an indication of the potentigl o asing B . and decreasing CUE, resulting in a relatively

growth rate of plants, growth also depends on the efficiency Wil ble NAR. At temperatures over 1Z, NAR of all three

which plants convert carbohydrates into dry matter. There were.: ; ;
large differences in CUE among the three cultivars (Fig. 5). Becag[sﬁélvars decreased rapidly. However, the plants were unlikely to

differences in photosynthesis among cultivars were much larger 300 ' . v
than the differences inR, differences in CUE reflect those inlP  —~ -
and Boss ‘MGTIG’ had the highest CUE, followed by ‘Claudia P L
Wannamaker’, and ‘Little Gem’ had the lowest CUE, regardless a 2% |
temperature. Because of the exponentially increasipgvidth  © r
increasing temperature, CUE of all three cultivars decreased Wi§1 ool rrn i
increasing temperature and eventually became negative. It is intgr- | 5 : =

esting to note that CUE of ‘Little Gem’ was negative at temperatures [
>21°C, indicating that there was a net carbon loss from the plants@t i
higher temperatures. The optimal temperature foxWas 21°C, - N
while B, of ‘Little Gem’ was positive up to 28C. Carbon use L
efficiency of ‘Claudia Wannamaker’ and ‘MGTIG’ became nega<; _qgo | e [’i'ﬁl'gem N ]
tive at temperatures >23 and 45, respectively. Reported CUE + [ _o— Claudia Wannamaker N
values range from —0.6 to 0.84, with most of the CUEs between 4  + 1
and 0.8 (reviewed by Amthor, 1989). Unfortunately, most literature -zoo = s s ‘ . .

reports on CUE do not take into account the effect of temperature. 3 10 15 2 % 3

The results of our study make it clear that CUE is extremely Temperature (°C)

temperature sensitive and plants need to be grown under Simi@r 6. The effects of temperature on the net assimilation rate of three magnolia
environmental conditions to make meaningful comparisons. Ireultivars. Net assimilation rate was calculated on the assumption of constant

addition. CUE depends on the developmental stage and nutritionmperature and an 11-h light and 13-h dark period. Net assimilation rate is the
; amount of carbon the plants accumulate in one day, expressed per unitleaf area.

status of the p,lant (Amthor' 1989)' Error bars represent the standard error and bars not shown are within the limits
The negative CUE at relatively low temperatures clearlyof the symboli = 5 for ‘Claudia Wannamaker’ and ‘Little Gem’ anet 6 for

shows that R and B.ssare not necessarily good indicators of ‘MGTIG’).

Carbon use efficiency (mol-mol™)

L
E
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experience these higher temperatures for prolonged periods daharacteristics of potted, glasshouse-grown almond, apple, fig, grape,
ing the winter months and their low or even negative NAR at highlive, peach, and Asian pear. Scientia Hort. 52:313-329.
temperatures may not have much practical significance. Sift#ry V., O. Keerberg, T. Parnik, G. Oquist, and P. Gardestrom. 1996.
NAR is an actual estimate of the growth rate of the plants (per urfifect of cold hardening on the components of respiratory decarboxy-
leaf area), this is probably the best measure to predict pla ion in the light and in the dark in leaves of winter rye. Plant Physiol.

erformance under different environmental conditions L1:713-719.
P : Johnson, I.R. and J.H.M. Thornley. 1985. Temperature dependence of

. plant and crop processes. Ann. Bot. 55:1-24.
Conclusions Larigauderie, A. and C. Kdrner. 1995. Acclimation of leaf dark respira-
tion to temperature in alpine and lowland species. Ann. Bot. 76:245—
CO, exchange rates of magnolias are very sensitive to changes?.

in temperature. Dark respiration rates of plants grown in wintgonardos, E.D., M.J. Tsujita, and B. Grodzinski. 1994. Net carbon
time increased exponentially with increasing temperatugg<Q exchange rates and predicted growth patternélstroemeria
2.46), while R,;and B,.s;reached maximum rates=it5 and 20 ‘J_a(t:queline’tatvar\)J/inE irradiéancea, c?rgo_n ‘iifgigzegsonfg‘gaﬂonsl and
°C, respectively. There were large differences in photosynthesfd l€mperatures. J. Amer. Soc. [ort. SCI. 119:1255-1279.
g s, MOTIC a0 Ngheaand .o ovry ks LM a0 L. aan Hofman e 1095 ot a1
temperature, while ‘Little Gem’ had the lowegt,@nd B.s, Dark piratory deu ul Y

L . erature, and ontogeny and size of the fruits. Physiol. Plant. 93:484—
respiration of ‘Little Gem’ also was lower than that of ‘MGTIG’ 292_ geny y

and ‘Claudia Wannamaker’. These differences in @@hange martin, C.A., D.L. Ingram, and T.A. Nell. 1991. Growth and photosyn-
rates also resulted in differences in CUE and NAR among cultihesis ofMagnolia grandiflora‘St. Mary’ in response to constant and
vars. Carbon use efficiency of ‘Little Gem’ was lower than that ofncreased container volume. J. Amer. Soc. Hort. Sci. 116:439-445,
the other two cultivars and became negative at temperatures Matindale, W. and R.C. Leegood. 1997. Acclimation of photosynthesis
°C. The rapid decrease in CUE and#& temperatures >28& was  tolow temperature iBpinacia olergceg. |. Effects of acclimation on
Caused malnly by the exponent|a| |ncreasedmmross photo_ C:()2 assimilation and carbon pal’tltlonlng. J. EXpt Bot. 48:1865-1872.
synthesis was much less sensitive to temperature than FP92wa, K.and Takano, Y.1997. Seasonal courses péxiBange and
‘MGTIG’ had the highest NAR of the three cultivars, while ‘Little €2r20n balance in fruits dfinnamomum camphordree Physiol.

, . 17:415-420.
Gem' had the lowest NAR. The optimal temperature for NABaveI, E.W.and T.M. DeJong. 1993. Seasonaléxthange patterns of
and thus growth, was 1°C for all three cultivars. The result

; = Y : S developing peachPfunus persicgafruits in response to temperature,
suggest that high temperatures may inhibit magnolia growth ifyht and CQ concentration. Physiol. Plant. 88:322—330.

winter because of high respiration rates. However, the differenpegrcy, R.w. 1977. Acclimation of photosynthetic and respiratory car-
in Rga@among cultivars were much smaller than the differences ibon dioxide exchange to growth temperaturdiriplex lentiformis
NAR and B..ssand do not appear to be a good selection criteriofirorr.). Plant Physiol. 59:795-799.

for heat tolerance. Actually, the cultivar with the lowest, R Ranney, T.G. and M.M. Peet. 1994. Heat tolerance of five taxa of birch
(‘Little Gem") seemed to be most sensitive to high temperatureé'?’etma): Physiologicgl responses to supraoptimal leaf temperatures. J.
because of its low,R., The data suggest that a high&or NAR ~_Amer. Soc. Hort. Sci. 119:243-248.

at high temperatures may be more useful than low R Ranney, T.G. and J.M. Ruter. 1997. Foliar heat tolerance of three holly

redicting maanolia performance at hiah temperatures speciesl{ex spp.): Responses of chlorophyll fluorescence and leaf gas
P 9 g P 9 P ) exchange to supraoptimal leaf temperatures. J. Amer. Soc. Hort. Sci.

122:499-503.
Rook, D.A. 1969. The influence of growing temperature on photosynthe-
Amthor, J.S. 1994. Respiration and carbon assimilate use, p. 221-250. $is and respiration ¢finus radiataseedlings. N.Z. J. Bot. 7:43-55.
K.J. Boote, J.M. Bennett, T.R. Sinclair, and G.M. Paulsen (edsharkey, T.D. 1994. Feedback effects on photosynthesis induced by
Physiology and determination of crop yield. ASA—-CSSA-SSSA, Madiassay and growth at high carbon dioxide, p. 461-466. In: K.J. Boote,
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