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Photosynthetic response5 of black and red spruce were u\ed to define parameter5 of theit- 
fundamental niche\. Grown at warm temperature, black spruce had highest I-atesof CO, uptake at 
high light inten5itie5, fitting it for a pioneering role, while red spruce had the lowe5t light 
compensation point, fitting it for a late successional role. Black and red 5pruce responded in 
different ways to low temperature acclimation. Low temperature, low light (12"C, 100ft-c ( 1  ft-c 
= 10.7641~)) acclimation stimulated C 0 2  ~iptahe in black spruce under all conditions while it 
depressed CO, uptake in red spruce relative to rate5 following high temperature (26°C) acclima- 
tion. Niche5 defined by photosynthetic responses corre5ponded to observed habitats in the area 
of sympatry of black and red spruce and demonstrated the existence of ecological i da t ion ,  a 
premating restriction to hybridization. 

Hybrids, backcros\es, and recurrent backcrosses of black and red 5pruce had lower rates of 
CO, uptake than one or the other species in all light and temperature environments tested. In most 
cases, the hybrid had lower rates than both speciei. Growth depends on photo5ynthesis and is one 
component of fitnes5. Therefore, negative heterosis in hybrids and hybrid derivatives represent5 
another mechanism of reproductive isolation, the postmating barrier of hybrid adaptive inferior- 
ity. Selection against hybrid\ should be den5ity dependent, explaining both their widespread 
occurrence in habitats opened by fire or logging and their paucity in closed stands. 

MANLEY,  S. A. M. ,  et F. T. LEDIG. 1979. Photosynthesis in black and red spruce and their hybrid 
derivatives: ecological isolation and hybrid adaptive inferiority. Can. J .  Bot. 57: 305-3 14. 

Le comportement photosynthetique de I'epinette rouge et de l'epinette noire a servi Bdefinir les 
parametres de leur niche fondamentale respective. A haute temperature, I'epinette noire a les 
taux les plus eleves d'absorption du CO, aux intensites lumineuses elevees, ce qui la rend adaptee 
au rcile d'espece pionniere; par ailleurs, I'epinette rouge a le point de compensation lumineuse le 
plus faible, ce qui la caracterise comme une espece des stades tardifs de la succession. Les deux 
especes rkagissent differemment B l'acclimatation aux basses temperatures. L'acclimatation aux 
basses temperatures B faible intensite lumineuse (12"C, 100ft-c) stimule l'absorption du CO, chez 
I'epinette noise dans toutes les conditions, alors que chez I'epinette rouge elle diminue I'absorp- 
tion du CO, par rapport au taux atteint B la suite de l'acclimatation aux temperatures elevees 
(26°C). Les niches difinies par les reactions photosynthetiques correspondent aux habitats des 
deux especes dans la rlgion ou elles sont sympatriques et elles demontrent l'existence d'un 
isolement ecologique, soit une barriere B I'hybridation agissant avant la fecondation. 

Les hybrides et les produits de retrocroisements, et de retrocroisements recurrents entre 
I'epinette noire et I'epinette rouge ont des taux d'absorption du CO, plus faibles que chez I'une ou 
I'autre des especes parentes, et ce pour toutes les conditions de temperature et de lumiere 
experimentees. Dans la plupart des cas, les hybrides manifestent un taux plus bas que celui des 
deux especes parentes. La croissance depend de la photosynthese et est I'une des composantes 
de I'adaptation. Par consequent, I'heterosis negative des hybrides represente un autre mecanisme 
d'isolement reproducteur, agissant apres la fecondation, soit la barriere de I'inferiorite adaptative 
des hybrides. La selection contre les hybrides doit dependre de ladensite, ce qui expliquerait leur 
frequence dans les habitats ouverts par le feu ou la coupe et leur rarete dans les peuplements 
fermes. 

[Traduit par le journal] 

Introduction tended to view the occurrence of hybrids as  evi- 
Since publication of Anderson's (1949) book on dence of introgression. For example, when hybrids 

intl-ogressive hybridization, some botanists have and backcrosses Of black spruce (f'iceo f~rrririnrr 
[Mill.] B.S.P.) and red spruce (P. rubens S~I -g . )  

address: Provincial Department of Agriculture and were identified in uniform garden tests established 
Forestry, P.O. Box 2000, Charlottetown, Prince Edward Island, with seed of putatib'e red spruce, Morgenstern and 
Canada. Farrar (1964) concluded that introgression was oc- 
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curring. Black x red spruce have been produced Materials and Methods 
with ease by controlled pollination (Wright 1955; uarrf-jcr/ 

Fowler 1968; Fosler et ul. 1970; Morgenstern and Using a hybrid incfex bused on 19 leaf, twig, bud, cone, and 
Fowler 1969), br-inging to question whether the tax;i clown chwactwistics (Manley 1469, 1971)- individuals were 

2il-e even biological species, ~h~ c;tse became ;I 
selected thiit con-esponded to blilck spruce. red spruce. an F , .  
and the two bachcros\ types. These were coded as 0, 100,50 and 

textbook exlimple drawing Stern and Roche (1974) 25 75. I-e\pectively.  he 11-ees wet-e loc;ited on or  neiir the 
to conclude that "Ecological isolation . . . in the Acadia Forest Exveriment Station, New Brunswick. Canada, 
Acadian region . . . is weak" and "No genetic bar- 
riers exist between the species." 

However, recent field investigations in the Aca- 
dian r-egion of Canada suggested that red and black 
spruce were clearly distinguishable on two extreme 
site types, i.e., red spruce on the uplands and black 
spruce in bogs (Manley 1972). Gordon (1976) has 
reached the same conclusion based on extensive 
taxonomic and ecologic analysis. Of the two taxa, 
black spruce has the wider distribution, being 
transcontinental through Canada. Red spruce is re- 
stricted to New England, the Canadian Maritimes, 
and higher peaks in the southern Appalachians. It is 
sympatl-ic with black spl-uce throughout the 
Maritimes (Fig. 1). The similarity of sympatric 
populations from the extreme bog and upland site 
types to conspecific populations from areas where 
red and black spruce were allopatl-ic suggested the 
possibility that introgression was not occurring. 
Furthermore, the understory, or advanced repro- 
duction, on sites occupied by hybrids tended to be 
more like one or the other parental species, sug- 
gesting an ephemeral existence for the hybrids fol- 
lowed by succession to black spruce in bogs and red 
spl-uce on uplands. If in fact red and black spruce 
coexist as two species, then ( I )  they must be 
ecologically differentiated and (2) some mechanism 
of reproductive isolation must operate to preserve 
the distinction. 

Our objectives were to measure certain niche 
dimensions of red and black spruce from sympatric 
populations and to determine the nature of their 
reproductive isolating mechanisms. To accomplish 
this, habitat preference and hybrid occurrence 
wer-e studied throughout the Canadian Maritimes; 
seed set, germination, and seedling abnormalities 
were quantified for crosses within species and be- 
tween and among species and their hybrid deriva- 
tives; survival and growth of species and hybrids 
were recorded in experimental plots under red and 
black spruce stands and in controlled environ- 
ments; the frequency of natural hybridization was 
scored in seed collected at species ecotones; and 
photosynthetic responses of parental and hybrid 
types to light and temperature were measured. 
Only photosynthetic responses are reported here. 
Other aspects of hybridization between red and 
black spruce will be published later. 

and originated from natural reproduction. Inttaspecific and in- 
terspecific crossr\, backcros\es, and recurrent backcrosses 
were made using standard techniques. Female strobili were 
isolated with nonwoven pollination bags ca. 3 weeks before 
itnthesis. Pollen was coliected by removing catkins prior to 
pollen shed and forcing dehiscence in the laboratory. At an- 
thesis, pollen was introduced into the pollination bag with an 
atomizer. Cones were collected and \eed was extracted in the 
fall. Resulting progeny were cla5sified according to the expected 
mean hybrid index of the cross. For example, the cross of a 
black spruce backcross x putative F, (25 x 50) is expected to 
yield a progeny with a mean hybrid index of 37.5 under a model 
of completely additive inheritance. This index is termed the 
expected progeny index. Nine possible combinations were pro- 
duced (0, 12.5,25,37.5,50,62.5,75,87.5, and 100) representing 
intraspecific crosses of black spruce at one extreme and red 
spruce at the other. The crossing scheme is illustrated in Table 
1. Similar crosses were made in each of 4 years, using different 
pitrents each year. 

Light R~>.\por~ \c> 

Seed was germinated in petri dishes at room temperature 
(20°C) and seedlings were transplanted into pots containing 3 in. 
(1 in. = 2.54cm) of peat over 2in. of a 1: 1:1 \and:loam:peat 
mixture with a 1-in.-layel- of gravel on bottom. There were three 
seedlings per pot. Pots were placed in the greenhouse on 
January 1 and grown under natural daylight supplemented by 
incandescent lighting to provide a photoperiod of 15 h. 

After 3 months, 4 pots for each of the nine progeny types were 
used for CO, exchange measurements, for a total of 36 pots. All 
seedlings were active at the time of measurement. During the 
measurement of CO, exchange, seedlings were sealed in 
Plexiglas cuvettes using silicone rubber, and all three seedlings 
in the pot were measured as a unit. CO, exchange rates were 
measured in the dark and at 100, 200, 500, 1000, and 3500ft-c 
( I  ft-c = 10.764 1x1. Temperature during measurement was 
maintained at 21°C, corresponding to the mean diurnal ternper- 
ature in the greenhouse during the growing period. Measure- 
ments were made with an infrared gas analyser (IRGA) in a 
temperature-controlled system similar to that described by 
Ledig and Clark (1972) which allowed all nine progeny types to 
become simultaneously adjusted to new conditions as light and 
temperature were varied. Humidity was not closely controlled 
but dew point was monitored continuously and maintained at 
high level\. For each change in light, seedlings were allowed to 
adjust ca. 0.5 h before measurement. Exit air temperatures were 
recorded by Cu-Co thermocouples and were within k 1°C of 
nominal. Air flow rate wa5 3 Llmin, which corresponded to a 
calculateci minimum air speed of 48cm/min in the cuvettes used. 
However, a hot-wire anemometer indicated a highly turbulent 
flow varying from 0.3 to over 1.81 kmih within the cuvette. The 
light source consisted of 150-W Cool-lux wide flood lamps. and 
intensity was adjusted with cheesecloth screens. The basic mea- 
surement was the rate ofCO, depletion or- enrichment rneawr-ed 
between 330 and 280ppm by volume CO, in a closed system. 

Immediately after measurement, seedlings were separated 
into leaves, roots, and \terns and oven-dried at 30°C. Rates of 
apparent CO, exchange were calculated on the basis of milli- 
grams CO, per hour per gram dry weight of leaf tissue. 



MANLEY AND LEDIG 



308 C A N .  J .  BOT. VOL. 57.  1979 

TABLE I .  Crossing design for black and red spruce and  their 
putative naturai hybrids and backcrosses showing expected 

mean hybrid index of progeny 

Series 1 ,  Series 2, hybrid index of male trees 
hybrid index of 

female trees 0" 25 50 7 5 100 

100 50 62 .5  75 87.5 100 

*Parents \sere assigned hybrid index ~ a 1 ~ 1 e s  based on a morphological 
scale rtsing 19 characteristics (see Manley (1971) for  the hybrid index). 
0 represents black spruce, 25 a backcross to  biack spruce, 50 an F, hybrid, 
75 a backcross t o  red spruce, and  100 a red spruce There \+ere three sertes o f  
parents; each group of  five trees (0, 25, 50, 75, 100) represented a series 
Series 1 was crossed with series 2. Series 2 males served as  females in crossing 
series 2 nt th a third series, series 3 (not  shoun)  Selies 3 was then crossed 
b5tth series I so  that there were three replications of each type of  cross 

+Progeny produced by controlled crossing The  hybrid zndex value 
appearing for  the progeny was determined by averaging the hybrid index of  
each parent, i e , 0 0 0 and 0 25 - 12.5 The  progeny h y b r ~ d  index 
value is referred to  as  expected hybrid index. 

Tcitnpt2t.rrtrrr.e ur~cf Light Ac c.linlrrtiot2 
Seed wa\ germinated and \eedling\ were tranjplanted three 

per pot as  de4cribed above. Replicated pot., were placed in 
growth chambers under two light intensitie5, 100 and 2000ft-c, 
at each of two temperatures, 12 and 26°C (a 2 x 2 factorial). 
Green nylon screens were used to reduce light to the 100ft-c 
level. One hundred foot candle\ simulates cond~ttons under a 
red spruce canopy and was believed marginal, at best, for black 
\pruce. The cool temperature wa\ expected to favor black 
\pr uce and the warm tempel-ature, red spruce. 

After 3 month\, CO, exchange rates were measured. Four 
pot\ of seedlings were selected from each of the nine progeny 
types from each of the four growth-chamber conditions, for a 
total of 144 pots. There wai significant nani\m among the hy- 
brid\ and hybrid derivative\; therefore, only apparently normal 
5eedlings were used for measurement\ of CO, exchange. All 
seedling5 had set buds except tho\e grown at 2000ft-c, 26°C. CO, 
exchange rates were measured in a factorial arrangement over 
four temperatures (12, 16, 21, and 26°C) at two light intensitie5 
(2000 and 100ft-c). Each CO, exchange measurement could be 
clasified by progeny type, light under which the seedling\ were 
grown, temper-ature under which they were grown, light at 
which they were meawred, and temperature at which they were 
measured. Data were anaiyzed as a 9 x 2 x 2 x 2 x 4 factorial 
with four replication\. In the following description, light and 
temperature regime\ under which the 5eedlings were grown will 
be referred to a \  acclimation conditions and light and tempera- 
ture under which CO, exchange rates were measured will be 
referred to as  measurement conditions. Method\ were the same 
as  tho\e dexribed above for the light response experiment. 

Results 
Light Rc. 'r p O ~ Z S C  

Differences among species and hybrids and their 
interactions with light intensity were statistically 
significant. Red spruce was apparently light satu- 
rated at 1000 ft-c while the rate of photosynthesis in 
black spruce continued to increase up to 3500ft-c, 
the highest intensity tested (Fig. 2). Logan and 
Pollard (1  971) reported light saturation for excised 

4 

0 I000 2000 3000 

LIGHT INTENSITY ( f t - c )  

FIG. 2. Light respon\e curve\ofphotosynthetic CO, uptake at 
21°C: means for 5eedlings of black \pi-uce (e), red \pruce (0), 
and their F ,  hybrid ( x  ). Inset show\ points near light cornpenla- 
tion in expanded wi le .  Backcros\es, recurrent backcrosses, 
and other hybrid derivative5 are omitted forclnrity. t~ = 4. 

twigs of black spruce at 4000ft-c. The light com- 
pensation point was ca. 1 I0 ft-c in red spruce and 
nearly twice as high (195 ft-c) in black spruce. Some 
red spruce maintained net photosynthesis at light 
even as low as 75 ft-c. Photosynthetic rate in the F, 
hybrid was always lower than in one 01- the other 
parent and above 500ft-c it was lower than in either 
parent. Nevertheless, the shape of the light re- 
sponse curve for hybrids was apparently inter- 
mediate. The light response curves of backcrosses 
and recurrent backcrosses tended to approach 
those of the recurrent parent, either red or black 
spruce. Nearly identical results were obtained in 
preliminary experiments performed in a different 
year using crosses among different series of par- 
ents. 

All hybrid derivatives, including even recurrent 
backcrosses, had lower rates of photosynthesis 
than one or the other of the parental types at each 
light intensity tested. I-Iybrid inferiority in photo- 
synthetic rate may have been even more pro- 
nounced if nanistic individuals were included in the 
results. 

Tempercltur.~ cr nri Light Ac.c.litncrtion 
All interactions and main effects were statisti- 

cally significant. The temperature optimum for- CO, 
uptake was higher at 2000 than at 100ft-c (Fig. 3). 
An increase in the temperature optimum usually 
accompanies an increase in light intensity (e.g., 
Scott and Menalda 1970). Seedlings acclimated at 
26°C had a higher optimum temperature than seed- 
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FIG. 3. Mean photosynthetic CO, uptake in rel;ttion to mea- 
surement temperature at 2000 ft-c (upper curves) and 100 ft-c 
(lowercurves)for seedlings of black \pr.uce (Q), red spruce (O) ,  
and their F, hybrid ( x ) .  Backcro\ses, recurrent backcrosses, 
and other hybrid derivatives are omitted for clarity. Seedlings 
were acclimated for 3 month5 in controlled envir-onments at (A) 
12"C, 2000ft-c; (B) 26"C, 2000ft-c; (C) 12"C, 100ft-c; and (D) 
26"C, 100ft-c. In C and D, dotted lines connect photosynthetic 
rates measured at the \ame temper-atuse5 at which the \eedlings 
were gr-own (after the graphic method of Christophersen (1967) 
and Billings ctcll. (1971)). Adjustment to warm temperature was 
positive for red spr-uce and negative for- black spruce grown at 
100ft-c. In Christophersen's (1967) terminology, compensation 
for red spruce was "inver-se" and varied from "supraoptimal" 
at 2000 ft-c to "partial" at 100 ft-c for black \pr-uce. Following 
acclimation at 2000ft-c (A and B), all responses were "inverse" 
when measut-ed at 2000ft-c and "partial" when measured at 
100ft-c. Note the genesal inferiority of the hybrid. tr = 4. 

lings acclimated at 12°C (a reasonable response). 
Measused at 2000ft-c, the tempei-ature optimum of 
seedlings acclimated at 26°C was at least 26°C. ex- 
cept for black spruce which had an apparent op- 
timum at 21°C when grown at 100ft-c. The sugges- 
tion of a lower temperature optimum for black than 
for- red spruce (Fig. 3D) is compatible with the 
boreal distribution of black and temperate distribu- 
tion of red spruce. When acclimated at 12"C, the 
temperatur-e optimum measured at 2000ft-c was ca. 
16°C for all crosses at light intensities of either I00 
or 2000ft-c. Some change in the optimum temper- 
ature often accompanies changes in acclimation 
temperature (e.g., Mooney and West 1964; Strain 

and Chase 1966; Sorensen and Fet-sell 1973). but for 
these spruce, the shift was nearly complete. That 
is, there was a 10°C shift in optimum for a 16°C 
change in acclimation temperatut-e. 

Neither red nor- black spt-uce responded to accli- 
mation light as a sun species. In general, seedlings 
gr-own at 100ft-c had higher- sates of CO, uptake 
measur-ed at 2000ft-c than those actually gr-own at 
2000 ft-c, especial1 y for seedlings grown at 12°C. 
The one exception is that rates for- black spruce 
differ-ed little for seedlings grown at 26OC and 
100ft-c versus 2000ft-c (Figs. 3B, 3D). One expla- 
nation is that seedlings grown at higher- intensity 
had greatel- leaf area than seedlings at 100ft-c, so 
greater self-shading may have occurred. Self- 
shading reduces the light intensity received by a 
leaf and thus reduces photosynthetic I-ate. Unfor- 
tunately, it is difficult to measure CO, exchange on 
single needle leaves of spruce, so this hypothesis 
was not tested. Physiological adaptation to low 
light was obvious in seedlings grown at 100 ft-c. Fol- 
example, black spruce grown at low light demon- 
strated net photosynthesis at 100ft-c, a value below 
its compensation intensity when grown under full 
light in the greenhouse (Figs. 3C, 3D). However-, 
the compensation intensity of red spruce also de- 
cl-eased so that when grown at 26°C and either 2000 
01- 100ft-c or at 12°C and 2000ft-c (Figs. 3A, 3B, 
3D), the photosynthetic rate of black spruce at 
100 ft-c was lower- than that of red spruce, confirm- 
ing expectations based upon the light response 
curves for gt-eenhouse-grown seedlings (Fig. 2). 
That is, black spr-uce grown at 26 or 12°C and 
100ft-c was frequently superior to I-ed spruce when 
measured at 2000ft-c but still inferior at 100ft-c, 
although the differences were so slight they were 
not statistically significant. 

However, I-esults for seedlings acclimated at 
12°C and 100ft-c showed a remarkable I-eversal 
(Fig. 3C). After exposure to low temperature, black 
spr-uce was superior- in photosynthetic rate to red 
spruce even under conditions to which red spruce 
seemed best adapted otherwise (low light, high 
temper-ature). This is the most interesting result of 
the acclimation experiment and its possible 
significance will be discussed below. 

The photosynthetic response curves reveal that 
hybrids and hybrid derivatives did not have lowel- 
photosynthetic rates than both species under all 
conditions. However, they did have lower rates 
than crt lecrst one of the parental types under vir-tu- 
ally all conditions. Hybrid inferiority was most 
pronounced after gr-owth at 26'41:. par-titularly when 
CO, uptake was measured at 2000ft-c. Hybrid de- 



rivatives were intermediate or- nearly intermediate 
after gr-owth rit 2000ft-c and mea5urement at 
100ft-c, conditions that resulted in little differ- 
entiation between parental species. 

Discussion 
Plzotc~.\yizthosi.\ llrtc! Fifl14~ J 

We argue that photos>inthetic rate is indicative of 
fitness in tree seedlings. While fitness depends on 
many fiictors, for plants in general and trees in 
particular, fitness in par-t is dependent on growth 
rate under conditions of interspecific and intra- 
specific competition for- light and water. In Pinlrs 
tcrm"i, the number of seedlings per acre may vat-y 
from 900 to 12 000 but will reduce to only 150 trees 
pel- acre at matur-ity (Allen 1961). In Eucrilypt~rs 
spp., competition may reduce cohorts from 200000 
to 10 per acre by the time that senescent stands are 
ready fol- repi-oduction (Barber 1965). And in 
Fcrgrls sili.~cstr.is, 500000 trees per hectare at age 10 
may be I-educed to 400 at age 100 (Assman 1970). A 
population of 7000 to 20000 spruce per acre at I0 
years of age will be reduced at matur-ity to 680. 
Because trees grow to tremendous size, there must 
be complementary reduction in numbel-s before 
maturity. Therefore, these is ample oppor-tunity for 
the most rapidly growing, favored by chance or by 
genotype, to overtop others in their- cohort. In 
ter-rns of MacArthur's (1968) model, the dominants 
may reduce the light resource below the minimum 
required for survival of the suppressed individuals. 
On the other hand, if the resource was not reduced 
below minimal requirements, the suppressed indi- 
viduals could survive and reach maturity upon 
senescence of the overstory. 

Growth, in turn, is closely related to photosyn- 
thesis, a sensitive measure of a plant's adaptation 
to environmental fhctors. In the present experi- 
ment, dry weight of seedlings was correlated kith 
the rate of GO, uptake measured at the same light 
and temperature under- which the seedlings had 
grown (Fig. 4). All correlations among crosses 
within environments were positive, ranging from 
0.47 to 0.87, and the corr-elation over all environ- 
ments (12°C. 100ft-c; 12"C, 2000ft-c; 26"C, 
100ft-c; 2G0C. 2000ft-c) and crosces was 0.87. The 
relationship between rate of CO, uptake and 
growth has been demonstrated for several other 
tree species (e.g.. FI-yer and Ledig 1972; Ledig and 
Botkin 1974). 
Eco/ogic*ir/ 1TJ c~/rifior? 

Black and red spr-uce have differ-ent fundamental 
niches in the Hutchinsonian sense. These niches 
appal-ently tor-I-espond to ni-ttural habitats found in 

NET C02 EXCHANGE (mq C02 h-' q-' leaf dry wt.) 

Frc,. 4. The rel'ttionship of tot;il seedling dry weight in foul- 
gr-owt h-chamber environments to photosynthetic C 0 2  uptake 
measused ;it the sanle light intensity 'ind temperatule. Thin line\ 
represent regressions within environment\ ( r  = 0.47 to 0.87). 
and the thick line I-eptesents the regression over all environ- 
ments. Logal ithmic sc:lles were used for illustration because dry 
weights spanned thsee orders of magnitude. Symbol5 for- ex- 
pected progeny indexes: 0, *; 12.5, A :  25, + ; 37.5, .1; 50, x ; 
62 .5 ,0 ;75 ,  0 ; 8 7 . 5 , A ; 1 0 0 , 0 . 1 1 = 4 .  

the Canadian Maritimes and the result is ecological 
isolation. Though ecological isolation is based on 
microgeogr-aphic sepal-ation, it is the result of 
genetic differences in environmental response and, 
therefore, is a form of I-ept-oductive isolation. Re- 
sponse to temperatur-e acclimation may also relate 
to the allopatric separation of black and red spruce, 
black spruce ranging into cooler climates in Canada 
and red spruce extending wuthward in the eastern 
United States. Of cour-se. ecotypic differentiation 
may alco occur- within species. 

Provided that an adequate source of seed is 
rivailable, black spr-uce usually dominates sites 
opened by fil-e or logging, and this may be related to 
its ability to utilize high light intemities for photo- 
\ynthesis, while red spruce is light \aturated at 
1000 ft-c. Black \pi-uce has other- adaptation., 
frivol-ing its role a\ a coionizer of distur-bed habitats, 
e.g., partially serotinuous cones that remain closed 
after maturation hut open following fire and light 
seed wited to dispersal into openings (Fowells 
1965). 

We hypothesize that even though r-ed spruce may 
be ovel-topped and suppressed by black spruce, on 
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warmel- sites it could maintain itself in the shade of 
the dominants because of its loiver light compensa- 
tion point at moderate temperatures. Eventually, 
the initial overstory of black spruce would be re- 
placed by red spruce. which can reduce the light 
t-esource below the level required fot- survival of 
black spruce rept-oduction. a phenomenon ob- 
sewed in the field. Red spl-uce is known as a climax 
or subclimax species (Fowells 1965). 

Red and black spruce exhibit a complex pattern 
of acclimation to temperature. According to the 
c1;tssification of Christophersen (1967), the pattern 
of adjustment varied from inverse to supraopt imal 
depending on the light intensity at which seedlings 
were acclimated. In contr-ast, adjustment of arctic 
and alpine ecotypes of Osyricr cligyrzcr was ideal 
(complete compensation) ot- inverse (Billings ct crl. 
1971 ; however, these authot-s apparently intes- 
preted Cht-istophersen's categories differently than 
we and cited their results as illustrations of ideal 
and partial compensation). The most obvious dif- 
ference between red and black spruce occurred 
when they were grown at 100ft-c. The response to 
high temper-ature acclimation in black spruce was 
strongly negative (varying ft-om supraoptimal to 
partial compensation in Christophersen's ter- 
minology) at both 100 and 2000ft-c, but the slope 
of adjustment in red spruce was positive, dem- 
onstt-ating inverse compensation. The terms are 
unfortunate, implying inferior or superior adjust- 
ment, but this depends on the points of view, e.g., 
supr-tiloptima1 adjustment of photosynthesis to high 
tempet-atures is disadvantageous in plants moved 
to a warm temperature t-egime and a species with 
ideal compensation may still be inferior to one with 
partial compensation if its rate of photosynthesis is 
lower. Based on the significant interaction between 
species and acclimation temperature, black spruce 
is adapted, in the evolutionat-y sense, to cool cli- 
mates and red spruce to warm climates. This agrees 
with the boreal distribution of black spruce and 
temperate clistribution of red spl-uce (Fig. 1). 

We propose fot- further testing under field condi- 
tions a hypothesis which provides a physiological 
explanation for the habitat divergence of red and 
black spruce. Topography is gentle in those parts of 
the Maritimes where black and red spruce are sym- 
patric. Black spruce bogs are separated from adja- 
cent red spruce uplands by elevations of 3-6 m and 
occasionally up to 45 m. There is not sufficient dif- 
fer-ence in elevation to have an appl-eciable effect 
on adiabatic cooling. Rat her, bogs and stream beds 
211-e much cooler because they are sinks for cold air 
drainage during the night. Based on I-esults in other 

species, some degree of temperature acc1im;ttion 
can occur within 24 h (Mooney and Hart-ison 1970). 
though the rate of response \nras not tested fot- black 
and red spruce. Black sp1-uce reacts to cool ternpet-- 
atures by a positive adjustment in its photosynthet- 
ic rate, but red spsuce has a negative adjustment 
Evposut-e to cool night temperatures may have the 
effect observed under con trolled conditions. Th;ii 
is, black spruce seedlings may become capable ol 
net photosynthesis undet- marginal light intensitie: 
while red spruce experiences net loss of CO,. 
Therefot-e, black spl-uce would be the climax type 
in cool environments such as bogs. Because bog 
stands break up rapidly, light is perhaps 30% of ful 
sunlight (Gor-don 1976), a situation to the advantage 
of black spruce but not I-ed spruce. Additional fac- 
tors in the separation of black and red spruce maq 
be differential tolerance of flooded and acidic soils 
However, acclimation I-esponse to cool tempera- 
tures (Fig. 3C) may be sufficient to explain the 
predominance of black spruce in bogs. 

Hybrid A clcrptirye Infiriority 
The most notable aspect of the I-esults was the 

high degree of negative heterosis revealed by the 
hybrid. Obviously, the adaptive gap between I-ed 
and black spruce was too broad to be spanned by 
hybridization. Hybrids suffered from the recombi- 
nation of noncoadapted systems. In three separate 
experiments involving different growth condition5 
and ct-osses among different sets of parents, the F, 
and intermediate hybrid derivatives avet-aged 
photosynthetic rates 25% lower than the biparental 
mean (Fig. 5). Hybrids also exhibited negative 
heterosis for growth, to be reported later. 

Intraspecific hybridization is often associated 
with positive heterosis for yield, but there are few 
reports of photosynthesis in hybrids. For inter- 
varietal hybrids, positive heterosis was reported 
for Zetr nlcrys (Heichel and Musgrave 1969), while 
in Phcrstoc>lrrs vrllgciris, the rate of photosynthesis i n  
the F, was lower than the midpar-ental mean (Izhat 
and Wallace 1967). Hybt-ids of sun and shade 
ecotypes in Solidelgo virgairrecr were heterotic for 
photosynthetic rate as a result of their low stornatal 
resistance (Holmgren 1968). The interspecific hy- 
brid, Er4ccrlyptrrs firstigetter x t-obettsotzii, had a 
highet- rate of CO, uptake, higher light saturation. 
and lower light compensation point than either par- 
ent (Brittain and Cameron 1973). Photosqinthesis i n  
natural hybl-ids of Plzlox ~ncrcriltrtcr and P .  glcrbt>r- 
rirncr was eithet- inter-mediate or superior to that of 
the parents over a t-ange of environmental condi- 
tions, and the photosynthesis-respiration ratio was 
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E X P E C T E D  P R O G E N Y  I N D E X  

F I G .  5 .  Negative heterosis for CO, uptake in hybrids and 
hybrid derivatives of black and red 5pruce. Based on a com- 
pletely additive model of inheritance, hybrid values should fill1 
on the broken line connecting black spruce (expected progeny 
index 0) and red spruce (expected progeny index 100). Deviation 
below the line is a rnea\ur-e of negative heterosis. In general, the 
greater the admixture of black and red spruce genes, the greater 
the negative heterosis, and even recurrent backcros\es (ex- 
pected progeny indexes 12.5 and 87.5) appeared inferior to their 
recurrent parent. (A) Mean of CO, exchange rates over all 
acclimation and measur-ement conditions for seedlings grown in 
a growth chamber in a temperature and light acclimation ex- 
periment (tz = 132). (B) CO, exchange rates at 35Wft-c for 
greenhouse-grow seedlings ( rr  = 4). ( C )  C 0 2  exchange rates at 
3000ft-c for seedlings grown in growth chambers at 26°C day 
and 15°C night temperatures and 10OOft-c. tz = 5 to 9. 

greatest for individuals with hybrid indices closest 
to the F, (Hadley and Levin 1969). An F, hybt-id of 
Gossypilrtzz bcirbctden.se and G .  hirsutrlm had higher 
t-ates of photosynthesis than parental species (El- 
more ct ell. 1967). 

In the black and I-ed spruce complex, individuals 
closest in genotype to the F, had lowest photo- 
synthetic rates, and even I-ecurrent backcrosses 
were inferior when compared with their recurrent 
parent (Fig. 5 ) .  We know of only one other example 
of negative heterosis for photosynthesis, the cross 
between Atriplcx roseci and A.  p~itlllcr, C4 and C, 
species, respectively (Bjorkman et rrl. 1970; 
Bjorkman, Nobs, and Bert-y 1971; Bjorkman, 
Peat-cy. and Nobs 1971). In the case ofA . i .c~.s~rl  and 
A .  pcitzllcr. negative heterosis might be expected 
because these species have unique leaf anatomies 
associated with different metabolic pathways for 
CO, reduction. Red x black spruce hybrids are 
apparently the first example of negative heterosis 
for C 0 2  uptake in species with the same photo- 
synthetic pathway, suggesting that thet-e may be 
mot-e vat-iation in the organization of the photo- 
synthetic system (including components attribut- 
able to diffusion and to light interception) than is 
customarily acknowledged. Certainly, negative 
heterosis indicates the red and black spruce 

genomes have diverged to the point where they are 
incompatible, i.e., mor-phologicai 01- physiological 
systems in the hybrids are uncoordinated. Hybrid 
inviability or adaptive inferiority is also I-evealed by 
towel- germinative capacity, higher incidence of 
embryo and seedling abnot-ma1 ities, and lower- sut-- 
viva1 than pat-ental species when seeded or planted 
in stands of red 01- black spi-uce (Manley and Ledig, 
unpublished). 

Selection against hybrids will be density depen- 
dent, not absolute. Hybrids were not so unfit that 
they were incapable of survival, at least in the ab- 
sence of parental competition and competition 
from other species. However, the denser the t-e- 
production, the more intense the competition and 
the less chance of sul-viva1 for hybrids and hybl-id 
derivatives compared with black ot- red spruce. 
Manley ( 1972) originally hypothesized that hybrids 
and hybt-id der-ivatives were associated with rin in- 
termediate 01- "hybridized habitat" created by fire 
or- logging. Appat-ently, it is not the intermediate 
nature of the habitat that is critical to hybrid sut-vi- 
val but the lack of competition, a conclusion also 
reached by Gordon (1976). There we]-e no envi- 
I-onments in which hybl-ids were superior to paren- 
tal types. Anderson's (1949) notion of habitats 
" hybt-idized" by disturbance should be considered 
more ct-itically, as Grant (1971) suggested. In fiict, 
even Anderson (1956), who populat-ized the term, 
recognized that ft-eedom ft-om competition, not 
habitat intermediacy, was the critical factor when 
hybridization was observed. 

The occurrence of extensive hybrid swat-ms of 
black and I-ed spruce is understandable in view of 
the large-scale disturbances by fire and logging in 
the Canadian Maritimes. Loggers invariably leave 
a few red spsuce because of small size or poor form. 
Chance factor-s act to spa]-e isolated red spruce 
ft-om wildfires. As the scattet-ed remnants of red 
spruce mature, they are flooded with pollen from 
the pockets of black spruce remaining in bogs 
which were nevet- logged because of the small 
size of black spruce and the difficulties in harvest- 
ing pool-14 dl-ained sites and which were seldom 
but-ned because of the high water tabie (see Gordon 
( 1976) who also suggested this scenario). Because 
red spruce pollen will be I-are, hybrids will occut- 
and will suffer lessened disadvantage in a 
competition-free habitat. If the disturbed area is 
large enough, the hybrids may mature and 
backct-oss 01- inter-cross, eventually reforesting the 
site. Judging from observations in the Maritimes 
(Manley 1972; and also noted by Gordon (1976)), as 
succession proceeds on the uplands, pure red 
spruce become more frequent in the understot-y, 
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perhaps because they can tolerate lower light inten- 
sities than the hybrids, and hybrids are selectively 
eliminated. In undisturbed forest with closed 
canopies and high leaf-area index, hybrid types are 
eliminated as they arise, for similar reasons. Bogs 
are rarely disturbed, but in bogs, we hypothesize 
that hybrid types would be eliminated in competi- 
tion with black spruce because of its positive re- 
sponse to cool temperatures and per-haps other 
factors as yet unevaluated. Our ideas regarding the 
ecologicztl role of red and black spruce in sympatry 
and the nature of isolating barriers between the 
species are substantially the same as those of Gor- 
don (1976), although our- conclusions were reached 
independently. 

Both ecological isolation and hybrid adaptive 
inferiority are reproductive barriers between black 
and red spruce. The Dobzhansky (1951) hypothesis 
suggests that postmating barriers, such as adaptive 
inferiority, should result in selection for premating 
barriers, the subject of future reports. Whether in- 
trogression occurs is stiIl debatable, but if it does, 
at least it has not resulted in the breakdown of 
species isolation. Earlier conclusions (Stern and 
Roche 1974) that "No genetic barriers exist be- 
tween the species" are untenable. 
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