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Abstract.Leaf gas-exchange and chlorophyll fluorescence measurements were used as indexes for evaluating heat tolerance
among five taxa of birch: paper Betula papyriferaMarsh.), European 8. pendulaRoth.), JapaneseR. platyphyllavar.
japonica Hara. cv. Whitespire), Himalayan 8. jacquemontiiSpach.), and river B. nigra L. cv. Heritage). Gas-exchange
measurements were conducted on individual leaves at temperatures ranging from 25 to 40C. River birch maintained the
highest net photosynthetic rates (f) at high temperatures, while Pof paper birchwas reduced the most. Further study of river
and paper birch indicated that the reduced Pat high temperatures and the differential sensitivity between taxa resulted from
several factors. Inhibition of P, at higher temperatures was due largely to nonstomatal limitations for both taxa. Increases in
respiration rates, decreases in maximal photochemical efficiency of photosystem (PSH|F,,), and possible reductions in
light energy directed to PS Il ¢, quenching) were apparent for both taxa. The capacity of river birch to maintain greater P

at higher temperatures seemed to result from a lower Qfor dark respiration and possibly greater thermotolerance of the
Calvin cycle as indicated by a lack of nonphotochemical fluorescence quenching with increasing temperatures. Thermal
injury, asindicated by arapid increase in minimal, dark-acclimated £ ) fluorescence, was not evident for either paper or river
birch until temperatures reached=49C and was similar for both taxa.

Heat stress can be a principal limiting factor in the distributioal,, 1991). For example, Koike and Sakagami (1985) found that
adaptability, and productivity of wild and cultivated plants. Inhdapanese birch, a species found on more exposed sites, was able to
bition of growth or plant decline under supraoptimal temperatumaintain net photosynthesis at higher temperatures (40C) than
can result from thermal effects on many physiological and develenarch birch B. maximowicziandregel.), a species typically
opmental processes (Fitter and Hay, 1987). Net photosynthésisd in valleys.

(P), in particular, is one of the most heat-sensitive processes thaChanges in chlorophyll fluorescence can serve as an indicator
governs plant growth (Bjoérkman et al., 1980). Consequentbf, stress-induced limitations of photosynthesis and can provide
physiological adaptation of Processes to high temperatures aridsights into specific physiological components of photosynthesis
maintenance of Rinder supraoptimal temperatures is often a kélyat are sensitive to environmental stress (Bilger et al., 1987).
factor in the adaptability of plants to high temperatures. Thdlorophyll fluorescence characteristics have also proven useful
optimal temperature range for B usually correlated with the in screening plants for heat tolerance (Bilger et al., 1984; Havaux
temperature optimum for plant growth, and both optima ageal., 1988; Hetherington etal., 1983; Moffattetal., 1990). The use
typically reflective of the plant’s native (evolutional origin) cli-of pulse modulation fluorimetry, in particular, permits resolution
mate (Berry and Bjorkman, 1980; Bjérkman et al., 1980; Fryer anidcomplicated fluorescence responses into photochemical and
Ledig, 1972; Larcher, 1991; Pisek et al., 1973). As a resulgnphotochemical components (Schreiber and Bilger, 1987).
studying the sensitivity of Ro high temperatures can serve as an Because many species of birch are important nursery or forestry
integrated measure and effective tool for evaluating and compapps, a greater understanding of the heat tolerance of different
ing plant adaptability to warm environments. species and the specific characteristics and mechanisms that influ-

There is considerable variation in the thermotolerance, of éhce heat tolerance would aid in evaluating, selecting, and improv-
among plants of different genera (Bjorkman et al., 1980), spedieg birches for different climates.

(Hallgren, et al., 1982; Koike and Sakagami, 1985), and in someThe objectives of this project were to 1) compare responses of
cases ecotypes and provenances (Fryer and Ledig, 1972; Tesfj & supraoptimal temperatures among five taxa of birch; 2)
identify taxa more tolerant of high temperatures as indicated by a
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grown outdoors in 19-liter containers on a gravel bed located at\tialz, Effeltrich, Germany). Terms and symbols used in discuss-
Mountain Horticultural Crops Research Station, Fletcher, N.ldg these measurements are consistent with nomenclature pre-
The container media consisted of milled pine bark (<13 mgnted by van Kooten and Snel (1990).
amended with 3.0 and 0.89 kg of dolomitic limestone and micro- Fluorescence measurements were conducted on intact leaves of
nutrient fertilizer (Micromax, Grace Sierra Horticultural Productsaper and river birches enclosed in a temperature-controlled cuvette
Co., Milpitas, Calif.)/m, respectively. Twenty eight grams of(described previously) with compressed air (G350 ppm) sup-
18N-2.6P-10K slow-release fertilizer (Osmocote; Grace Sienpiied at a flow rate of 1 liter-mih Minimal, dark-acclimated fluores-
Milpitas, Calif.) was surface-applied to each container in Apgence k) was determined while applying a pulsed light at a fre-
1991. Plants were irrigated witiY.6 liters of water each day byquency of 1.6 kHz. Maximum, dark-acclimated fluoresceRgg (
drip irrigation. Trees were 4 years old, typically multistemmedias determined with an additional saturating flash of white light at
and 1.0 to 1.2 m high. Plants were arranged in a complet2BpOumol-m2s! PAR for 0.8 sec. Maximal variable fluorescence
randomized design with six replicate trees per taxon. of dark-acclimated sampleB, ) were calculated &s,, — F . Leaf
Leaf gas exchang&as exchange was measured on individuaémperature was adjusted and regulated as described for the gas-
attached leaves using an open-flow gas-exchange measuremaitange measurements. Leaves were acclimated in the dark for 20
system. This system consisted of a temperature-controlled cuvetite at a given temperature before each measurement.
(model DDG-9920, Data Design Group, LaJolla, Calif.) regulated Photochemical quenching,j, nonphotochemical quenching
with a temperature controller (model CN-9000, Omega Engine@q;), and minimal fluorescence quenchiug) (vere measured on
ing, Stamford, Conn.), a CGanalyzer and flowmeter (modelseparate leaves at 25 and 40C. After the samples were precondi-
LI-6250, LI-COR, Lincoln, Neb.) configured for open flow, and &oned in the dark for 20 min, BndF,, were measured as described
data logger (model LI-6200, LI-COR). Leaf temperature wabove. Following complete relaxation of fluorescence from the
measured using a leaf temperature thermocouple (model 6000midial light flash, a fluorescence kinetic was induced with actinic
LI-COR). A system of solenoid valves (Clippard Instrument Latahite light at 275umol-nr2-s*. Supplemental saturating flashes of
Cincinnati) and an additional temperature—relative humidity semhite light (250Qumol-m2-s?) were applied every 20 sec. After 12
sor (Data Design Group) were configured such that part of tha, the actinic light and saturating flashes were turned off and the
incoming air stream could be diverted and routed through thésequent light-acclimated, minimal fluorescengg (#as de-
additional sensor and the Céhalyzer to verify the incoming GO termined. Quenching coefficients were calculated according to
and vapor pressure before it entered the cuvette. TheadCen- Bilger and Schreiber (1986). Valuesspfandg, were determined
tration in the cuvette was maintained at a mean of 342 ppn) (6at 10 min following illumination of the leaf with actinic light.
by blending (ADC gas mixer, Hoddesdon, U.K.) incoming air Dark-acclimated fluorescence was also measured over a range
from two tanks with varying C@oncentrations (each with 21%of 25 to 60C. Temperatures were increased &min. Measure-
O, and the balance )N The vapor-pressure deficit of the incomingnents were taken using a pulsed measuring light at a frequency of
air was controlled for each measurement by regulating the prodo6 kHz.
tion of the air stream that was bubbled through water in anGas-exchange and fluorescence measurements were blocked
Erlenmeyer flask heated to 50C. The air inside the cuvette waer time with complete blocks consisting of one tree of each
maintained at a mean vapor-pressure deficit of 1.34 kPaq6).22species measured in random order. Complete blocks were mea-
for gas-exchange measurements over all temperatures. Artifisiaded on a given day. Analysis of variance and regression analyses
light was provided with a quartz filament lamp providing awere conducted using SAS’s general linear model procedure (SAS
irradiance of 120Qumol-n12-s® photosynthetically active radia- Institute, Cary, N.C.). Simple linear or quadratic polynomial
tion (PAR) at the leaf surface. curves were fit to the data when significant trends were identified
Individual plants were carefully brought indoors immediatein the regression analyses.
before being measured. One leaf, the third to fifth most recently
matured (late-formed), was situated inside the cuvette and allowed Results
to acclimate for 20 min at 25C before the first measurement. The
leaf temperature was then increased 5€1&/min, the leaf was  Leaf gas exchangeAbsolute and relative (percentage of
allowed to acclimate for 20 min, and the next measurement waaximum) P decreased quadratically with increasing tem-
taken. This procedure was repeated until measurements had peeatures for all taxa (Fig. 1 A and B). A significant taxon
taken at leaf temperatures of 25, 30, 35, and 40C. All plants wenaperature (quadratic) interaction demonstrated that, as tem-
well watered when measured. peratures increased, the rate of decreasevarked by taxon
Dark respiration rates were measured during daylight hoursflor absolute and relative measurements. Net photosynthesis of
the two species (river and paper birch) that showed the greatestr birch was least affected ang dt paper birch was most
differences in photosynthesis at higher temperatures. The safffiected by increasing temperatures. At 40C, there was also
protocol and gas-exchange measurement system was usecbasiderable variation in absolute and relatiyai@ong taxa.
described for measuring leaf gas exchange in the light, except Riger birch maintained the highest absolute and relative P
the leaf cuvette was enclosed in aluminum foil to exclude ligh(58% of maximum), while Pof paper birch were the lowest
Gas-exchange measurements were conducted from 26 Jul28% of maximum) when evaluated at 40C. Paper birch was
19 Aug. 1992. During this period, the mean daily and mean dalgo the only taxon that significantly decreased in relatj\zesP
high temperatures outdoors were 21.9 and 26.6C, respectivielymperatures increased from 25 to 30C.

Equations for calculating Pstomatal conductance gand con- Stomatal conductance was affected by a significant temperature
centration of internal leaf CQC) followed the procedure of von (linear)x taxon interaction. As temperatures increasgkgreased
Caemmerer and Farquhar (1981). linearly for all taxa, except river birch, which had an increasg in g

Chlorophyll fluorescence measuremerftiiorescence mea-with increasing temperature (Fig. 2A). When compared at 4@€C, g
surements were conducted at room temperature (20 to 22C) usireg birch was significantly higher thanaf the other taxa.
a pulse modulation chlorophyll fluorometer (model PAM 101, Calculated Oncreased with increasing temperature for all taxa
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Fig. 1. Absolute4) and relative) net photosynthetic rates of five taxa of birch inFig. 2. Stomatal conductanc&)(and internal leaf CQB) of five taxa of birch in
response to increasing temperatures. Measurements were conducted on individeaponse to increasing temperatures. Measurements were conducted on individual,
leaves after first acclimating to 25, 30, 35, or 40C for 20 min. Lines represeitact leaves after acclimating to 25, 30, 35, or 40C for 20 min. Lines represent
predicted values based on polynomial (quadratic) regression analysis. Data poiptedicted values based on linear regression analysis. Data points represent means,
represent means, with n = 6. Vertical bars reprasey, among taxa at a given  with n = 6. Vertical bars represamb, ., among taxa at a given temperature.
temperature.

(Fig. 2B). There was also a significant difference,iarong taxa. between taxa (main effect) and no taxaemperature interaction.

Main-effect means for @veraged over all temperatures were 23Kjaximal variable fluorescencg () decreased quadratically, with

224,223,217, and 202 ppm for river, Japanese, European, Hintadifference between taxa (main effect) and no taxtempera-

layan, and paper birch, respectively, with a least significant difféure interaction. The ratio & /F,, also decreased in a significant

ence P<0.05) of 22. There was no significant taxdemperature curvilinear fashion with no difference between taxa (main effect)
interaction effect on C and no taxorx temperature interaction (Fig. 4B).

Dark respiration rates increased linearly with increasing tem-Analysis of quenching coefficients showed tpatid not differ
perature, but at different rates for paper and river birchesha&sween taxa (main effect), was not influenced by temperature
indicated by a significant taxontemperature interaction (Fig. 3).(linear regression analysis), and was not influenced by taxon
Although paper and river birches had similar dark respiration ratesiperature interactions (Fig. 5A). In contrast, there was a tem-
at25C, dark respiration rates of paper birch increased at more fhenature< taxon interaction og,. As temperatures increased from
twice the rate of those of river birch with increasing temperatur@s. to 40C,q,, increased for paper birch and decreased for river
Temperature coefficients () for dark respiration (rate at t +birch. Quenching of minimal fluorescencg)(increased in a
10C)/(rate at tC) were 1.78 and 1.37 for paper and river birshmilar linear trend for both taxa (Fig. 5B). There was no difference
respectively. Because paper and river birches have similar darky, between taxa (main effect) and no significant taxon
respiration rates at 25C, data showed similar trends when peeaperature interaction.
sented on a relative basis, regardless of whether the data awnalysis ofF over arange of temperatures from 25to 60C (Fig.
expressed per unit area or per unit weight. 6) showed a gradual increaseHbetween 25 and 40C followed

Chlorophyll fluorescences leaf temperatures increased frorby a sigmoidal increasefy with an inflection point () near 49C.
2510 40CF, increased with a gradual, but significant, linear trerithere was no significant differenceHpbetween taxa at any of the
for both taxa (Fig. 4A). There was no significant differendg in measured temperatures.
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Discussion of 25 to 40C. However, in this study, @ecreased to a greater
extent for both taxa, a result indicating that increased dark respira-
Photosynthetic rates decreased substantially for most taxai@s can only partially explain the inhibition of Rt higher
temperatures increased above 30C (Fig. 1 A and B). These resgiifperatures.
are similar to those reported by Koike and Sakagami (1985), whaChlorophyll fluorescence can serve as an intrinsic probe and
showed that photosynthetic rates of Japanese birch dropped sensitive indicator of stress induced limitations to photosynthesis
siderably as temperatures increased in excess of 25C and ra(®igkr et al., 1987; Krause and Weis, 1984; Schreiber and Bilger,
from=30% to 60% of maximum at a temperature of 40C, depeni#®87). Changes in chlorophyll fluorescence for river and paper
ing on the time of year the response was measured. Differerfiath indicated that photochemical and possibly carboxylation
sensitivity of Pto high temperatures was apparent among the figfficiency were compromised at higher temperatures. Slight de-
taxa (Fig. 1 A and B). Moreover, the capacity for certain taxadeeases ifr,, andF, /F,, were observed for paper and river birch at
maintain higher P (absolute and relative rates) at increasirigcreasing temperatures (Fig. 4). The r&tjt-,, has been shown
temperatures is consistent with differences in the natural rangedfe proportional to the maximum photochemical yield of PS Il
these taxa (Ashburner and Schilling, 1985; Harlow et al., 19(Bjorkman, 1987; Kitajima and Butler, 1975). A reduction in
Krussman, 1984; Liberty Hyde Bailey Hortorium, 1976). Rivephotochemical yield, as found for paper and river birches at
Himalayan, and Japanese birches, which were found to maintaigteasing temperatures, may be attributed to a number of factors
higher rates of Pat supraoptimal temperatures, are native to mdreluding inhibition of the water-splitting apparatus (Weis, 1982;
southern latitudes. In contrast, paper and European birches, wiighis and Berry, 1987). The reductiorAylF,, indicates reduced
were found to have less ability to maintajnalPhigher tempera- photochemical efficiency for both taxa, but does not seem to be
tures, are native to more northern latitudes. The differential cap@sponsible for the differential response oaPhigher tempera-
ity to maintain P at high temperatures indicates that there fgres.
considerable variation in heat tolerance among birch species antlack of any difference ig, when compared at 25 and 40C (Fig.
that variations in the southernmost extent of the natural range segmdicated there was little effect of these temperatures on electron
to be related to tolerance of higher temperatures. Certainly, hawnsport within PS Il. These results are consistent with other
ever, the possibility for intraspecific variation in heat tolerangesearch results showing that electron transport of temperate plants
within these species exists. is typically not affected by temperatures <40C (Weis, 1981).
Although g decreased at increasing leaf temperatures fptreasedy, at increasing temperatures, as was found for paper
several of the taxa studied, except river birch (Fig. 2A)nC birch, has been attributed to an increase in non-radiative
creased for all taxa (Fig. 2B). Increasedh@st likely resulted de-excitation (Krause and Weis, 1984). Such an increagean
from increased respiration rates and decreagean® further reflect reduced activity of the Calvin cycle leading to reduced ATP
indicated that decreasedig not responsible for decreasinga® consumption and accumulation of energy in proton gradients
high temperatures. The increase inag higher temperaturesacross the thylakoid membrane (Schreiber and Bilger, 1987).
observed for river birch was unique among the taxa studied but@@ser studies have shown that high temperatures (>20C) can
beenreported for a number of other plants (Even-Chen et al., 198tkrfere with the Calvin cycle due to reduced activation of
Pearcy, 1977; Schulze et al., 1974). Althougtiggs not seem to RuBP-carboxylase (Weis, 1981). Quenching of dark-level fluo-
be the primary factor limiting fat higher temperatures for any Ofescenceqo, observed for both taxa (Fig. 5B), may further suggest
the studied taxa, an increase imguld typically result in in- thatthere was some shiftin energy distribution in favor of PS 1, also
creased transpiration and enhanced evaporative cooling (Budglting in reduced photosynthetic yield. Increasggiave been
and Upchurch, 1989). Because river birch is a riparian plant, thigibuted to a decrease in absorbed energy directed to PS Il due to
species may have evolved with the capacity for increased transgite 1 to state 2 shifts resulting from transformational changes in
ration under high temperatures, thereby minimizing leaf tempetiae light-harvesting complex (Bilger and Schreiber, 1986; Krause
tures. However, Ranney et al. (1991) reported tfaftrgver birch  and Weis, 1984; Weis, 1984). Although such a transformation
decreased rapidly under very mild water deficit stress, a regidtild limit net photosynthesis, it has been suggested that a state 1
suggesting that increasedunder high temperatures may onlyo state 2 shift could be a protective mechanism to avoid
occur under high soil moisture. photodamage to PS Il by high light irradiance, which often
Because Hs a measurement of net C&xchange, the responseaccompanies heat stress (Havaux and Lannoye, 1987).
of P, to increasing temperatures is strongly influenced by changesviinimal, dark-acclimated fluorescencg ) is typically not
in respiration rates. River birch was found to havg a&ue for influenced substantially at increasing temperatures until a thresh-
leaf respiration of 1.37 (Fig. 3), similar to thg @lues that Koike old, T.. is reached, at which there is a sudden ridg ifFig. 6)
and Sakagami (1985) found for Japanese and monarch birg®esreiber and Berry, 1977). The point of inflection has been
(over a range of leaf temperatures from 20 to 30C). The greafeirelated with critical temperatures resulting in damage to chlo-
increase in respiration rates with increasing temperatures for papgtast envelope membranes and tissue necrosis (Bilger et al.,
birch (Q, = 1.78) most likely contributed to a greater reduction {t984; McCain et al., 1989). Although a gradual increabg\vas
P for paper birch as temperatures increased. Dark respiration réga@ad at temperatures <40C, the increase was slight and was most
have often been found to be higher for plants that are not wigkly unrelated to observed reductions jnfRurther, T was=49C
adapted to high temperatures (Berry and Raison, 1981; Tiesiggrboth taxa, a result indicating the threshold for thermal injury
and Wieland, 1975). A rapid increase in respiration rates witlas similar for both taxa.
increasing temperatures could in itself be a limiting factor for heat-Conclusion The five taxa studied varied in their capacity to
sensitive plants due to the more rapid exhaustion of carbohydraténtain photosynthesis as temperatures increased from 25 to
reserves (Crawford and Palin, 1981, Lambers, 1985), particulagyC, with river birch showing the greatest tolerance and paper
under high night temperatures (Deal et al., 1990). Increased dsirkh being the most sensitive. Further study of river and paper
respiration rates can be estimated to redycbyPl.1 and 2.5 birches indicated that the inhibition of& high temperatures and
umol-nr2s*for river and paper birch, respectively, over the rangiee differential sensitivity between taxa resulted from several
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factors. These data indicated that inhibition paPhigher tem- Kitajima, M. and W.L. Butler. 1975. Quenching of chlorophyll fluores-
peratures was due largely to nonstomatal limitation for both taxgence and primary photochemistry in chloroplasts by dibromo-
Increases in respiration rates, decreases in maximal photochemi#moguinone. Biochemica Biophysica Acta 376:105-115. _
efficiency of PS I E,/F,,), and reductions in light energy directedc®ke, T. and Y. Sakagami. 1935|: Ch:oBr(nﬁrt)alrlson of the_ph_otosygthetlc
to PS Il were apparent for both taxa. The capacity of river birch t?&ﬂ?&‘sfi tohtlelggfr.zt”éﬁiczn Calr? ; Foli angsaxllgcé\éVfé%gan
maintain greater fat higher temperatures seemed to result fro use gHYF;nyd E \)\]/eIiC)s 1984 Chlolrophlyll fluorescence as a tool in
lower Q,, for dark respiration and possibly greater thermotoler; Dhueic | : )

. e ~'plant physiology. Il. Interpretation of fluorescence signals. Photosyn.
ance of the Calvin cycle, as indicated by lack of nonphotochemicgles 5:193-157.

fluorescence quenching with increasing temperatures. Kriissman, G. 1984. Manual of cultivated broad-leaved trees and shrubs.
vol. 1. Timber Press, Beaverton, Ore.
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