
2 

39 

 

 
 

Abstract: Measurements of the stable carbon isotope composition of leaf tissue were made on 

Picea mariana (Mill.) B.S.P. trees from four full-si b families grown on three different field sites 

at the Petawawa National Forestry Institute, Ontario, Canada. The four families chosen exhibited 

genetic variation for growth characteristics. Genetic variation was also observed for carbon 

isotopic discrimination (il) among the families of P. mariana. In addition, a strong correlation 

occurred between il values measured on trees in 1991 and 1992, two years that had very different 

precipitation  and temperature conditions during the growing season, indicating that the ranking 

of individual trees remained almost constant between years. A strong, negative correlation was 

observed between average carbon isotope discrimination and average tree height for the four 

families on the driest, least productive site, as was expected based on leaf photosynthetic 

characteristics. There was no significant correlation, however, between il values and growth on 

the other two study sites, where productivity  was higher. 

 

Resume : Nous avons effectue des mesures de composition en isotopes stables de carbone sur des 

tissus foliaires d'epinettes  noires ( Picea mariana (Mill.) B.S.P.) de quatre families de descendance 

biparentale plantees sur trois sites differents a l'Institut national de recherche forestiere de 

Petawawa, Ontario, Canada. Les quatre families selectionnees montraient une variabilite genetique 

dans leurs caracteristiques de croissance. Nos mesures ont aussi revele une variabilite genetique 

dans la discrimination isotopique (il) parmi Jes families de P. mariana. De plus, Jes valeurs de 

il mesurees en 1991 et celles mesurees en 1992 sur Jes memes arbres etaient fortement correlees, 

et ce malgre des differences marquees de precipitation et de temperature au cours de la saison de 

croissance. Cette forte correlation indique que le rang d'arbres indi viduels etait quasi-constant 

d 'une an nee a l'autre. Sur le site le pl us sec et le moins productif, Jes valeurs de discrimination 

isotopiq ue moyennes des quatre familles etaient fortement et negativement correlees a la hauteur 

moyenne des arbres, ce qui concorde avec Jes proprietes photosynthetiques du feuillage. Sur Jes 

deux autres sites plus productifs, cette correlation entre il et la croissance etait cependant absente. 

[Traduit par la Redaction] 

 

 

Introduction 

Previous studies ha ve documented genetic variation in 

growth characteristics in Picea mariana (Mill.) B.S.P. 

(Boyle 1987; Morgenstern and Mulli n 1990). At present, 
however, there is very little information on the physio- 

logical basis for genetic variation in growth. In this paper 
we examine  how differences  in growth,  observed  among 

full-sib families of P. mariana, are related to leaf photo­ 

synthetic characteristics and carbon isotopic discrimination. 

During ghotosynthetic gas exchange, the stable isotopic 

ratio (13
C/ 

2
C) of carbon dioxide assimilated differs from 

that of the source C02  available  to plants (Farquhar et al. 

1989). There are two primary processes that cause carbon 
isotope ratios to change during photosynthesis, diffusional 
fractionation and enzymatic fractionation. Carbon dioxide 

molecules containing 
12

C are lighter and, therefore, dif­ 
fuse into the leaf at a faster rate (by a factor of 1.0044, 

or 4.4%0) than CO? molecules containing 
13

C (Craig 1954; 
Farquhar and Lio-yd 1993). The primary carboxylating 

enzyme in C3 plants, ribulose-1,5-bisphosphate carboxy­ 
lase, preferentially uses 

12
C0 (by a factor of 1.029, or 29%0) 

and so discriminates against 13C0 (Roeske  and  O'Leary 
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1984; Guy et al. 1993). The carbon isotopic ratio of leaf 
organic material depends on the relative influence of dif­ 
fusional and enzymatic fractionation, which in turn is deter­ 
mined by the ratio of leaf intercellular C02 (pi ) and atmos­ 

pheric  C02   ( p.)  partial  pressu res  (Farquhar  et al.  1982, 

1989). This ratio ( p/p.) is important because  it is a func­ 
tion of photosynthetic capacity  and stomata! conductance. 
Changes in p/ p. and leaf carbon isotopic ratio are, therefore, 
a  function  of  changes  in either,  or  both,  photosynthetic 
capacity and stomata! conductance (Farquhar et aL  1989). 

Several recent studies have docu mented how p/p. and 
carbon isotopic discrimination vary with changes in envi­ 
ronmental conditions (Farquhar et al. 1989; Ehleringer  et 
al. 1993). Measurement of the carbon isotopic ratio of leaf 
tissue provides an assimilation-weighted  average of p/ p. , 
a parameter that will vary as changes in environmental 
conditions induce variation in assimilation rate and stom­ 
ata! conductance (Farquhar et al. 1989; Ehleringer et al. 
1992). Since leaf carbon isotopic ratio provides information 
about processes  integrated  over the whole  life of a leaf, 
it is particularly useful for examining subtle genetic dif­ 
ferences in photosynthetic characteristics. Genetic  varia­ 
tion in carbon isotopic discrimination has been demon­ 
strated for a number of agricultural crops and tree species, 
and it has been suggested that it could be used as a selec­ 
tion criterion for improving water-use efficiency and yield 
of crop plants; e.g., wheat (Farquhar and Richards 1984; 
Condon and Richards 1993), barley (Hubick and Farquhar 
1989), cowpea  (Hall  et al.  1990,  1993), peanut  (Hubick 
et al. 1988), common bean (White et al. 1990), tomato 
(Martin and Thorstenson 1988), Douglas-fir (Zhang et aL 
1993), and western larch (Zhang et al. 1994). 

The application of carbon isotope techniques in breed­ 
ing and selection programs requires an understanding of 
the relationship between variation in leaf carbon isotope 
discrimination values and plant growth under field condi­ 
tions (Richards and Condon 1993). The growth of indi­ 
vidual plants may be either positively or negatively cor­ 
related with leaf discrimination values depending on whether 
variation in discrimination is associated with changes in 
photosynthetic capacity or stomata! conductance (Farquhar 
et al. 1988, 1989). In some species genetic variation in 
discrimination is primarily  a result  of variation in photo­ 
synthetic capacity (e.g., cultivars of Arachis, Hubick et al. 
1988), while in other species it is largely a result of varia­ 
tion in stomata! conductance (e.g., cultivars of Phaseolus, 
Ehleringer 1990). In addition, the relationship between 
discrimination values and growth can depend on field con­ 
ditions. Condon and Richards (1993) have shown that in 
wheat genotypes, the relationship between crop biomass 
production and leaf carbon isotope discrimination values 
changed when crops were grown on different-quality sites 
(the amount of rainfall was the primary difference among 
sites). It was only on the driest site that the negative rela­ 
tionship between growth and leaf discrimination, predicted 
from leaf gas exchange characteristics, was supported for 
the wheat genotypes (Condon  and Richards  1993). 

In this study our objectives were (i) to determine whether 
genetic variation for leaf carbon isotopic discrimination 
occurs among full-sib families of P. mariana and (ii ) to 
determine  the  relationship  between  leaf  carbon  isotopic 
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discrimination and growth in P. mariana on three field 
sites that differ in productivity. Our results indicated that 
significant genetic variation for carbon isotopic discrimi­ 
nation occurred among families of P. · mariana and that 
leaf carbon isotope discrimination values were strongly 
correlated with growth (tree height) only on the driest, 
least productive site. 

 

Methods and materials 

Plant material and experimental  design 
Four full-sib families of P. mariana were used from a com­ 
plete 7 X 7 diallel cross experiment  that  was  started  at 
the Petawawa National  Forestry Institute (PNFI), Ontario, 
Canada, in 1970 (Morgenstern 1974; Boyle 1987). The 
seven parental  trees  used  for the diallel  cross were from 
a plantation at PNFI, but the exact origin of the trees is 
unknown, except that they were grown from seed collected 
in the Lake Simcoe - Rideau region in Ontario (Morgenstern 
1974). The four families (7122, 7125, 7143, 7146) that 

were used in the present experiment represent a 2 parent x 
2 parent breeding structure, as shown below ( we have 
dropped the prefix 71 from the family identifier through­ 
out the rest of this paper): 

 
 

Female parent 

Male parent 59 63 
 

 

52 22 25 

62 43 46 
 

 

The seeds resulting from the diallel cross were germi­ 
nated, and seedlings were grown for 2 years in a green­ 
house before being planted at three field sites at PNFI in 
1973 (Morgenstern 1974). At each site trees from a full-sib 
family were planted in either 9-tree (sites 1 and 3) or 16-tree 
(site 2) square plots. The arrangement of family plots was 
randomized within a block at each site. At sites 1 and 3 
there  were  3 replicate  blocks,  and  at  site  2  there  were 
4 replicate blocks. Site 1 was established with  45 fami­ 
lies from the original 49 families produced by the diallel 
cross, site 2 was planted with 37 of the families, and site 
3 was initiated with 32 of the families. 

For our experiment, 12 trees per family were chosen at 
each site. On sites 1 and 3, four trees were randomly cho­ 
sen from each family plot in each of the 3 replicate blocks 
per site. On site 2, three trees were randomly chosen from 
each family plot in each of the 4 replicate blocks. This 
procedure resulted in a total of 144 tree samples collected 
in each year. One of the samples was lost, so data are pre­ 
sented for only  143 samples in the  1991 data set. 

 
Carbon  isotope  discrimination 
Carbon isotope analysis was done on foliage collected 
during October 1991 and November 1992. In 1991 small 
branches, from the four cardinal compass directions, were 
removed from a tree at each of two heights, the top one­ 
third of the canopy and the bottom one-third of the canopy. 
In 1992 only four branches from the top one-third of the 
canopy were cut from a tree. In both years, foliage produced 
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during the previous summer was collected from the branches 
and combined for an individual tree. The tissue was dried 
at 65°C and ground to a fine powder with a mortar and 
pestle or with a tissue grinder. 

Fig. 1. Comparison  of average tree height  (±SD), 

measured in 1992, among four full-sib families of 

Picea mariana at Petawawa National Forestry ,Institute. 

A 2- to 3-mg subsample of the ground tissue was sealed 
in an evacµated Vycor tube with  cupric oxide wire  and 
silver foil. The tu bes were heated to 850°C for 6 h fol­ 
lowed by an 8- to 9-h period of cooling to room tempera­ 
ture (Ehleringer and Osmond 1989). The carbon dioxide 
generated from the combustion was purified cryogenically 

within 2 days, and its 
13

C/
12

C ratio was measured on a gas 
isotope ratio mass spectrometer (Sira  12, VG Instruments 

1000 
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700 

1992 
 

l ! f f 

Inc.) at the Ottawa-Carleton OCGC Stable Isotope Facility. 
Carbon isotope discrimination values (Ii) were calculated 
from carbon isotope composition values (o) as shown below 
(Farquhar et al.  1989): 
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> 800 

:c 700 
CJ) 
CJ) Rsample is the 

13
C/

12
C content of a sample .... 600 

Rstandard is the 
13

C/ 
12

 content of the international 

I- Site 2 

PDB (Pee Dee Belemnite) standard (Ehleringer 
and Osmond  1989) 

oa is the o 
13

C value for source atmospheric  C02 
( -0.0079, or  -7.9%0) 

Op is the 0 
13

C value for plant foliage 

The accuracy and precision of our analyses were checked 
by making repeated measurements of the carbon isotopic 
composition of a U.S. National Bureau of Standards sample 
(NBS-21, spectrographic graphite), an internal laboratory 
standard (Fisher graphite), and several tree samples. The 
mean value we obtained for 10 measurements of NBS-2 l 
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Family 
was o13Cp =  -28.15%0 (standard deviation = 0.040%0), Male 
which  agrees  well  with  the accepted  o 1 3Cp value of 

-28.10%0. Over a 2-year period, the standard deviation 
of 49 measurements of our internal graphite standard was 
0.061%0. This graphite standard is the same laboratory 
standard used at the Stable Isotope Ratio Facility for 
Environmental Research at the University of Utah. Our 

Female 

 
Statistical analysis 
Carbon  isotope discrimination  values  (6.) and tree height 

mean o13Cp value ( -26.ll%o) for this laboratory stan­ 
values  were  analyzed  by  analysis of variance  (ANOVA) 
using a randomized complete block model, with blocks 

dard is the same as the value measured at the University of 

Utah. Four replicate o 
13

C measurements on tissue samples 
from five different trees resulted in the following standard 
deviations (%0); 0.067, 0.109, 0.091, 0.115, and 0.020. The 
slightly higher standard deviations for the tree samples 
relative to the graphite standards result from foliage tissue 
inhomogeneity. We conclude that our carbon isotope mea­ 
surements are repeatable and accurate to ±0.1%0. 

Tree height measurements 
Total tree height was determined by placing a IO-m pole, 
which  was marked  off  in centimeter  increments,  next  to 
a tree. While the pole was held in place by one person, a 
second person read the tree height and recorded the value. 
Tree height measurements were made for all trees in the 
three study plots in  1990 and  1992. 

nested within a site as described above. All effects were 
considered  fixed. 

Results 

Male parent, female parent, male X female, and female X 

site were all significant sources of variation for tree height 
measured in 1990 (data not shown) and 1992 (Fig. l ; 
Table 1), results similar  to those observed for the same 
trees at earlier growth stages (Boyle 1987). Family 25 con­ 
sistently had the shortest trees on all sites (Fig. 1). A dif­ 
ferent family had the largest average tree height on each of 
the three sites (Fig. 1). There was a strong positive cor­ 
relation between tree height and stem diameter measured in 
1992 ( r = 0.734, n = 144, P < 0.001), indicating that tree 
height provides a good estimate of tree growth. 

I I 
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Fig. 2. Comparison of average family values for carbon 

isotope discrimination (±SD), measured on foliage 

collected in 1991, from four full-sib families of 

Picea mariana at Petawawa National Forestry Institute. 

1991 

 

Fig. 3. Comparison of average family values for carbon 

isotope discrimination (±SD), measured on foliage 

collected in 1992, from four full-sib famili.es of 

Picea mariana  at Petawawa National Forestry Institute. 

1992 
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Table 1. Analysis of variance for tree height in Picea 

mariana  measured in 1992. 

 
Mean 

Average tree height differed significantly among the 

three sites (Table 1), with the shortest trees occurring on site 

2, and the tallest trees occu rring on site 3 (average tree 

height ± standard deviation: site 1, 809 ± 90 cm; site 2, 

 

 
Female 

Male 

Source df square 
 

201 754 
51 384 

F-value 
 

26.17 
6.67 

?-value 
 

0.0001 
0.0102 

757 ±  103 cm; site 3, 866 ± 96 cm). The average height 

(± standard  deviation)  measured  in  1992 for  trees  on all 
sites was 809 ± 93 cm, n = 144. 

There was significant variation among families for foliage 

Female  X  male 1 

Site 2 

Site x male 2 

Site x female 2 

Site x  male  x  female 2 

Block(site) 7 

Residual 401 

36 347 
360 959 

8 666 

95 549 

2 152 

30 367 

7 709 

4.71 
46.82 

1.12 

12.39 

0.28 

3.94 

0.0305 

0.0001 

0.3259 

0.0001 

0.7565 

0.0004 

carbon   isotope  discrimi nation   values   i n  both   1991  and 
1992 (Figs. 2, 3; Tables 2, 3). In addition, both male and 

female parent  identity  were  significant  sources  of  varia­ 
tion for a values in 1991 (Table 2). In 1992 female parent, 
but  not  male  parent,  was  a  significant  source  of  variation 

for carbon isotope discrimination values (Table 3). The prog­ 

eny  of female parent  63 tended  to have higher  a values 

than the other families in both years (Figs. 2, 3). In 1991 

Family 22 25 43 46 

Male 52 52 62 62 

Female 59 63 59 63 

 

Family 22 25 43 46 

Male 52 52 62 62 

Female 59 63 59 63 
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Table 2. Analysis of variance for carbon isotopic Table 3. Analysis of variance for carbon isotopic 

discrimination in current-season foliage of Picea mariana discrimination in current-season foliage of Picea mariana 

collected during October 1991. collected during November 1992. / 

 

  

Mean Mean 

Source df square F-val ue P-val ue Source df square F-val ue P-value 
 

 
 

Female l 14.256 39.687 0.0001 Female 1 10.293 27.546 0.0001 
Male l 5.422 15.094 0.0002 Male l 0.323 0.864 0.3543 

Female X male l 3.515 9.786 0.0022 Female X male l 2.418 6.471 0.0122 
Site 2 4.449 12.387 0.0001 Site 2 1.1ll 2.973 0.0548 

Site x male 2 0.140 0.389 0.6789 Site X  male 2 0.010 0.027 0.9733 
Site X  female 2 0.375 1.044 0.3552 · Site x female 2 0.551 l.474 0.2329 

Site X  male  X  female 2 0.308 0.856 0.4272 Site x male  X  female 2 0.296 0.791 0.4555 
 

Block(site)  7 0.176 0.491 0.8396  Block( site)  7 0.298 0.798 0.5906 
Residual  124 0.359    Residual  125 0.374   

 

the largest difference in family mean Li value ( 1.17%0) 

occurred on site 1 between families 43 and 25 (Fig. 2). 

This difference indicates a 15.7% higher ratio of photo­ 

synthetic carbon assimilation to stomatal conductance in 

family 43 relative to family 25, based on calculations done 

using the Farquhar et al. (1982; 1989) model of leaf dis­ 

crimination processes. In 1992 the largest difference in 

family mean Li value (1.10%0) occurred on site 1 between 

Fig. 4. Comparison of average site values for carbon 

isotope discrimination (±SD), measured on foliage 

collected in 1991 and  1992, from four full-sib families 

of Picea mariana at Petawawa National Forestry Institute. 

21 .-- ..-- -..- ....- 

1991 
0 20 

families 43 and 46 (Fig. 3). This difference corresponds 

to a 14.7% higher ratio of photosynthetic carbon assimi­ 

lation to stomata] conductance in family 43 relative to 

family 46. 

There was also significant variation in mean Li values 

among sites in 1991 (Fig. 4; Tables 2, 3). Trees on site 2 

had  lower  discrimination,   on  average,  tha n   the  other 
two sites. The magnitude of the difference between  mean 

c: 
0 19 
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0
en 17 
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site Li values for site 2 and site 1 (approximately 0.56%0 
difference in 1991) would translate into approximately a 

6.9% increase in the ratio of carbon assimilation to stom­ 

c.. 
0 

0
en 

20 

ata! conductance by the trees on site 2. The difference in 

Li values among sites followed a similar pattern in 1992, but 
was not as large as the variation observed among sites in 

1991 (Fig. 4). 

A strong significant correlation occurred between Li val­ 

ues measured on trees in 1991 and 1992 (Fig. 5), indicat­ 

ing that the ranking of individual trees remai ned almost 

constant  between  years. 

There was a strong, negative correlation between aver­ 

age carbon isotope discrimination  and average tree height 

c: 
19
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<O 
(.) 18 

 
17 

 

 

 

 

1 2 3 

Site 

for the four families on site 2 (Fig. 6). Sites 1 and 3 did not 
show any consistent relationship between average tree 

height  and average  Li values.  The data plotted  in Fig.  6 
gi represent  tree height  measured  in  1992 and  Li values  mea­ 
Ui  sured on current-season foliage collected in 1992. The pat­ 

terns shown in Fig. 6 were consistent, however, if 1992 

Li values and 1990 tree height values were plotted, or if 

1991 Li values and 1990 tree height values were plotted 
(data not shown). 

Discussion 

Our data showed significant environmental influences on 

leaf discrimination values as demonstrated by the differences 

observed  among sites and between  years  for the average 

Li values (Figs. 2, 3, 4). A variety of environmental and 

physiological measurements indicate that site 2 is  drier 

than the other study sites (Johnsen and Major 1995), which 

is consistent with the lower carbon isotope discrimination 

values observed for trees on site 2 (Fig. 4; Farquhar et al. 

1989). In addition, the  significant  difference  in  average 

Li values among sites in 1991 was not observed in 1992 

(Tables 2, 3; Fig. 4), which is consistent with the very dif­ 

ferent environmental conditions in the two years (Fig. 7). 

The summer of 1991 was substantially warmer and drier 

than the long-term average conditions at Petawawa National 

Forestry Institute. In contrast, the summer of 1992 was 

cooler, and had much higher precipitation, than the long­ 

term average conditions (Fig. 7). The wetter, cooler growing 

1992 

I I l 
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Fig. 5. Relationship  between carbon isotope 

discrimination values measured in 1991 and 1992, 

on individual trees from four full-sib families of 

Picea  mariana  at Petawawa National  Forestry  Instit ute. 

Fig. 6. Relationshi p between fol iage carbon isotope 

discrimination and tree height in four full-sib families 

of Picea mariana at Petawawa National f0restry Institute. 

Values are the average ± SE for each family. Both carbon 

isotope discrimination and tree height measurements were 

made in 1992. 

1000.-----..--... ..- --. 
 

 

 

 

 

 

 

 

 

 

 

 

(\J 
CJ) 
CJ) 

21 Site2 

c: 20 r = .843 o o 

c:: 19 000 

ta 18 

. 17 

 

900 

800 

700 

600 

Site 1 
 

 
 
 

r = - .462 

0 0 

E 0 

c:: 
(.) 

0"' 
 
 

 

 
 
 
 

15 16 17 18 19 20 21 22 

Discrimination in 1991, %0 

 
season of 1992 should have ameliorated the poor conditions 
on site 2, which was apparent in the carbon isotope data. 

Since conditions were much warmer and drier in  199l, 
one might expect that average discrimination values should 
be lower in  1991 relative to  1992 (Farquhar et al.  1989). 
This pattern  was  not observed  (Figs. 2, 3, 4) because  of 
the different methods of leaf sample collection used in the 
two study years. Foliage samples were collected only from 
the  top  one-third  of  the  canopy  in  1992, while  foliage 
samples were collected from both the top and bottom one­ 
third of the canopy in  1991. Leaves from the lower layers 

of tree canopies incorporate less 
13

C into organic material 
than  foliage  at  the  top  of  the  canopy  becau se  of  two 
processes.  First, the low light intensities  apparent  within 
lower layers of a canopy result in a decrease in the ratio of 
photosynthesis to stomata! conductance and, consequently, 

increase  discrimination  against  
13

C during  gas exchange 
(Farquhar et al.  1989; Pearcy  and Pfitsch  1991). Second, 
foliage  in  the  lower  layers  of  a canopy  may  assimilate 

some C02  released  from soil respiration,  which is rela­ 
tivel y  depleted  in  13C, in  addition  to carbon  dioxide 

 

 

 

16 17 18 19 20 21 

Discrimination, %o 

 
assimilated from the bulk atmosphere (Farquhar et al. 1989; 
Stern berg et al. 1989; B roadmeadow et al. 1992; 
Broadmeadow and Griffiths 1993). These two processes 
would act to increase the average leaf discrimination values 
observed in 1991, despite the fact that the 1991 growing 
season was much warmer and drier than  1992. 

Our data also indicated that significant genetic  varia­ 
tion exists among full-sib families of P. mariana for carbon 
isotope discrimination (Tables 2, 3). Genetic variation for 
carbon isotope discrimination has also been demonstrated 
for a nu mber of agricultural  crop  and  forage  species 
(see Ehleringer et al. 1993 for a review). Variation in 
photosynthetic  capacity  among  the  different  families  of 
P. mariana was the cause of the genetic differences in car­ 
bon isotope discrimi nation (Johnsen and Major 1995). 
Stomata! conductance rates do not vary significantly among 
the different P. mariana families studied. Differences in 
photosynthetic capacity have also been observed to be the 

900 

800 

700 

600 

Site2 

t+. + 
+ 

r = - .859 

900 
Site3 

800 

700 

600 
r = .17 

22 

21 

20 

19 

18 

17 

16 

Site3 

r = .826 

0 fttf 
0 0 

0 

0 alf 

atl 0 
0 

0 0 °? 
g0 

22 

 22 

21 

 
Site 1 

20 r = .836 
19  

18  

17  
 

0 16  

 



Flanagan and Johnsen 45 
 

 

primary cause of genetic variation in carbon isotope dis­ 

crimination  in peanut  (Rubick et al.  1988). 

Based on the Farquhar et al. ( 1982, 1989) model of carbon 

isotopic discrimination during photosynthetic gas exchange, 

discrimination will be reduced in a plant when photosy n­ 

thetic capacity is increased, if stomata! conductance remains 

constant. The higher photosy nthetic capacity would also 

translate into higher growth, if all other things remained 

constant. Therefore, carbon isotope  discrimination values 

should be negatively correlated with plant growth when 

variation in discrimination is a result of changes in photo­ 

synthetic capacity (Farquhar et al. 1989). In contrast, if 

variation in discrimination is caused predominantly by a 

change in stomata! conductance, then carbon isotope dis­ 

crimination values should be positively correlated with 

growth. This is because an increase in stomata! conduc­ 

tance will result in higher assimilation of carbon, thereby 

increasing growth, and will also enhance discrimination 

against 13C during gas exchange (Farquhar et al. 1989). 

Since differences in photosynthetic capacity were the source 

of  v ariation  in  carbon   isotope  d iscri mi nation  in  t he 

P. mariana families we studied (Johnsen and Major 1994), 

growth was expected to be negatively correlated with dis­ 

crimination  values. 

A strong, negative correlation was observed between 

average carbon isotope discrimination and average tree 

height (growth) for the four families on site 2 (Fig. 6), as 

was expected based on leaf photosynthetic characteristics. 

The higher carbon assimilation and more conservative 

water use by the families with lower discrimination values 

would be particularly beneficial on site 2, where water 

availability limits growth.  There was no significant cor­ 

relation, however, between A values and growth on the 

other two study sites, where producti vity was higher. 

Condon and Richards (1993) have also observed that the 

relationship between growth and leaf carbon isotope dis­ 

crimination values changed when  plants  were  grown  in 

the field on different-quality sites. In addition, the negative 

relationship between A values and growth, predicted from 

leaf gas exchange characteristics in wheat genotypes, was 

also on ly observed on the lowest quality (driest) si te 

(Condon and Richards  1993). 

When making links between leaf carbon isotope dis­ 

crimination and growth, it is necessary to consider genetic 

differences in carbon allocation pattern in addition to leaf 

photosynthetic gas exchange properties (Cowan 1986; 

Masle and Farquhar 1988; Virgona et al. 1990). Differences 

in allocation of carbon between photosynthetic tissue and 

roots can alter the relationship between A values and growth 

when water is not limiting. For example, the P. mariana 
genotypes that have high discrimination, and a low ratio of 

photosynthesis to stomata! conductance, may also have a 

high ratio of photosynthetic tissue to root tissue. Such an 

allocation pattern would magnify the problem of high stom­ 

ata! conductance and low assimilation on a site, like site 2, 

where  water  availability  limits  growth   (Cowan   1986). 

A higher allocation to photosynthetic tissue on a site that 

is not limited by water availability, however, may over­ 

come any restriction on growth imposed by low assimila­ 

tion rates. Therefore, there may be genetic differences in 

carbon allocation patterns among the families of P. mariana 

Fig. 7. Comparison of temperature and precipitation 

amou nts during the growing season (April-September) 

in 1991 and 1992 with the long-term average 9onditions 

(average during 1973-1990 ± SD) at PetawaV,:a National 

Forestry  Institute. 
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considered in this study, that explain the changed rela­ 

tionship between A values and tree height  when  plants 

were grown on different-quality sites. Virgona et al. ( 1990) 

showed that there is genetic variation in carbon allocation 

patterns in sunflower. Sunflower genotypes exhibited a 

positive correlation between A values and higher ratio of 

leaf area to total  plant  carbon,  which  is consistent  with 

our  predictions   for  diff erences  among  t he  families  of 

P. mariana. 
The results of this  study  suggest  that  trees  with  low 

A values and high photosynthetic capacity relative to water 

loss have an advantage on water stressed sites, while trees 

with high A values perform well on sites where water is not 

limiting growth. Since the exact origin of the parent trees 

used for the diallel cross is unknown,  our results shed no 

1973-90 1991 1992 
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light on the adaptive nature of genetic variation  in  Li in 
P. mariana. Studies with plants in arid land systems have 
suggested  that  different  genotypes  within  a  population 
have distinct suites of characteristics that are advantageous 
in certain conditions  and unfavorable  in other conditions 
(Ehleringer   l 993a,  l 993b).  Large  temporal  and  spatial 
variability  in  environmental  conditions  in  the  arid  land 
systems maintain a diversity of physiological  types within 
a population  (Ehleringer  1993a). This  may  also  be  true 
for P. mariana, which is long-lived and, in its natural habi­ 
tat, grows under extremely diverse environmental conditions. 

A better understanding of the relationships among car­ 
bon  gain,  water  loss,  carbon  allocation  and  growth  in 
P. mariana would greatly facilitate efforts to breed trees 
that grow well in a specific range of environmental con­ 
ditions. The results of this study indicated that carbon iso­ 
tope discrimi nation measurements provide information 
about genetic variation in photosynthetic processes, which 
was highly repeatable in  two different study years, and 
which greatly contributed to understanding genotype  X 

envi ronment   i nteractions   i nfluenci ng  the  grow t h  of 
P. mariana. Because of the well-developed mechanistic 
understanding of physiological processes influencing car­ 
bon isotope discrimination (Farquhar et al. 1989; Ehleringer 
et al. 1993), the repeatability of the  measurements,  and 
the ease of measuring large numbers of mature trees, car­ 
bon isotope discrimination shows promise for incorporat­ 
ing physiological assessment into  currently  established 
tree breeding  programs. 

 
Acknowledgments 

This study was supported by grants to LBF from Carleton 
Uni versit y and the Natural Sciences and Engi neeri ng 
Research Council of Canada. 

 

References 

Boyle, T.J.B.  1987. A diallel cross in black spruce. 
Genome, 29: 180-186. 

Broadmeadow,  M.S.J., and Griffiths, H.  1993. Carbon 
isotope discrimination  and the coupling of C02  fluxes 
within  forest canopies. In Stable isotopes and plant 
carbon-water relations. Edited by J.R. Ehleringer, 
A.E. Hall, and G.D. Farquhar. Academic Press, 
San Diego,  Calif. pp.  109-129. 

Broadmeadow,  M.S.J., Griffiths, H., Maxwell, C., and 
Borland, A.M.  1992. The carbon isotope ratio of 
plant organic material  reflects temporal and spatial 
variations  in C02  within  tropical  forest formations 

in  Trinidad.  Oecologia,  89: 435-441. 
Condon, A.G., and Richards, R.A.  1993. Exploiting 

genetic variation  in transpiration  efficiency  in wheat: 
an agronomic view. In  Stable isotopes and plant 
carbon-water  relations.  Edited  by  J.R.  Ehleringer, 
A.E. Hall, and G.D. Farquhar. Academic Press, 
San  Diego,  Calif. pp.  435-450. 

Cowan, LR.  1986. Economics of carbon fixation in 
higher plants. In On the economy of plant form 
and function. Edited  by T.J. Givinish.  Cambridge 
University  Press, London,  U.K.  pp.  130-170. 

Craig, H.  1954. Carbon-13 in plants  and the relationship 
between  carbon-1 3 and carbon-14 variations  in 
nature. J. Geo!. 62: 115  149. 

Ehleringer, J .R.  1990. Correlations  between  carbon 
isotope discrimination  and  leaf conductance to 
water vapor in common beans. Plant Physiol. 
93:  1422-1425. 

Ehleringer, J.R. 1 993a. Variation in leaf carbon isotope 
discrimination in Encelia farinosa:  implications for 
growth, competition, and drought survival. Oecologia, 
95:  340-346. 

Ehleringer, J.R. l 993b. Carbon and water relations in 
desert plants: an isotopic perspective. In Stable iso­ 
topes and plant carbon-water relations. Edited by 

J.R. Ehleringer, A.E. Hall, and G.D. Farquhar. 
Academic  Press,  San Diego,  Calif. pp.  155-172. 

Ehleringer,  J.R., and Osmond, C.B.  1989. Stable 
isotopes.  In  Plant physiologial  ecology: field 
methods and instrumentation. Edited by R.W. Pearcy, 
J. Ehleringer, H.A. Mooney, and P.W. Runde!. 
Chapman  and Hall, London, U.K. pp.  281-300. 

Ehleringer, J.R., Phillips, S.L., and Comstock, J.P. 1992. 
Seasonal variation in the carbon isotopic composition 
of  desert  plants.  Funct.  Ecol.  6: 396-404. 

Ehleringer, J.R., Hall, A.E., and Farquhar,  G.D.  1993. 
Stable isotopes and plant carbon-water relations. 
Academic Press, San Diego, Calif. 

Farquhar, G.D., and Lloyd, J. 1993. Carbon and oxygen 
isotope effects in the exchange of carbon dioxide 
between plants and the atmosphere. In Stable 
isotopes and plant carbon-water relations. Edited by 

J.R. Ehleringer, A.E. Hall, and G.D. Farquhar. 
Academic Press, San Diego, Calif. pp. 47-70. 

Farquhar, G.D., and Richards, R.A.  1984. Isotopic com­ 
position of plant carbon correlates with  water-use 
efficiency of wheat genotypes. Aust. J. Plant Physiol. 
11:   539-552. 

Farquhar, G.D., O'Leary, M.H., and Berry, J.A. 1982. 
On the relationship between carbon isotope discrimi­ 
nation and the intercellular carbon dioxide concentra­ 
tion in leaves. Aust. J. Plant Physiol. 9: 121-137. 

Farquhar, G.D., Hu bick, K.T., Condon, A.G., and 
Richards,  R.A.  1988. Carbon  isotope fractionation 
and plant  water-use efficiency. In  Stable isotopes 
and ecological  research. Edited  by  P.W. Runde!, J.R. 
Ehleringer, and K.A. Nagy. Springer-Verlag, 
New York. pp. 21-40. 

Farquhar, G.D., Ehleringer, J.R., and Hubick, K.T.  1989. 
Carbon  isotope discrimination  and photosynthesis. 
Annu. Rev. Plant Ph ysiol. Plant Mo!. Biol. 40: 
503-537. 

Guy, R.D., Fogel, M.L., and Berry, J.A.  1993. 

Photosynthetic  fractionation  of the stable isotopes 
of  oxygen  and  carbon. Plant  Physiol.  101: 37-47. 

Hall, A.E., Mutters, R.G., Hubick, K.T., and Farquhar, 
G.D. 1990. Genotypic differences in carbon isotope 
discrimination by cowpea under wet and dry field 
conditions. Crop Sci. 30: 300-305. 

Hall, A.E., Ismail, A.I., and Menendez, C.M.  1993. 
Implications for plant breeding  of genotypic and 
drought-induced  differences  in water-use  efficiency, 



Flanagan and Johnsen 47 
 

 

carbon isotope discrimination, and gas exchange. 
Jn Stable isotopes and plant carbon-water rela­ 
tions. Edited by J.R. Ehleringer, A.E. Hall, and 
G.D. Farquhar. Academic  Press, San Diego, Calif. 
pp.   349-369. 

Hubick, K.T., and Farq uhar, G.D.  1989. Carbon isotope 
discri mi nation and the ratio of carbon gained to water 
lost in barley  cultivars. Plant Cell Environ. 12: 
795-804. 

Hubick, K.T., Shorter, R., and Farq uhar, G.D.  1988. 
Heritability  and  genotype  X  environment  interactions 
of carbon isotope discrimination  and transpiration 
efficiency in peanut  (Arachis  hypogaea  L.). Aust. J. 
Plant  Physiol.   15: 799-813. 

Johnsen, K.H., and Major, J.E.  1995. Gas exchange of 
20-year-old  black  spruce families displaying a genetic 
X  environmental  interaction in growth  rate. Can. J. 
For. Res. 25. In press. 

Martin, B., and Thorstenson, Y.R. 1988. Stable carbon 

isotope composition (o13C), water use efficiency, and 
biomass prod uctivity of Lycopersicon esculentum, 

Lycopersicon pennellii, and the F l hybrid. Plant 
Physiol.  88: 213-217. 

Masle, J., and Farquhar, G.D.  1988. Effects of soil 
strength on the relation of water-use efficiency and 
growth to carbon  isotope discrimination  in wheat 
seedlings.  Plant  Physiol.  86: 32-38. 

Morgenstern,  E.K.  1974. A diallel cross in black spruce, 
Picea mariana (Mill) B.S.P. Silvae Genet. 23: 67-70. 

Morgenstern, and Mullin, T.J.  1990. Growth and 
survival of black spruce in the range-wide provenance 
study. Can. J. For.  Res. 20:  130-143. 

Pearcy, R.W., and Pfitsch, W.A.  1991. Influence of sun­ 
flecks on the o 13C of Adenocaulon  bicolor plants 

occurring in contrasting forest understory microsites. 
Oecologia, 86: 457-462. 

Richards, R.A., and Condon, A.G.  1993. Ghallenges 
ahead  in using carbon isotope discrimination  in plant­ 
breeding programs. Jn Stable isotopes and plant 
carbon-water  relations.  Edited  by J.R. Ehleringer, 
A.E. Hall, and G.D. Farquhar. Academic  Press, 
San  Diego,  Calif.  pp.  451-462. 

Roeske, C.A., and O'Leary, M.H.  1984. Carbon isotope 
effects on the enzyme-catalyzed  carboxylation  of 
ribulose  bisphosphate.  Biochemistry,  23:  6275-6284. 

Sternberg, L.S.L., Mulkey,  S.S., and Wright, S.J. 1989. 
Ecological  interpretation  of leaf carbon isotope ratios: 
influence  of respired  carbon dioxide. Ecology, 70: 
1317-1324. 

Virgona, J.M., Ru bick, K.T., Rawson, H.M., Farquhar, 
G.D., and Downes, R.W.  1990. Genotypic variation  in 
transpiration  efficiency,  carbon-isotope  discrimination 
and carbon allocation during early growth in 
sunflower.  Aust. J. Plant  Physiol.  17: 207-214. 

White, J.W., Castillo, J.A., and Ehleringer, J.R. 1990. 
Associations between productivity, root growth and 
carbon isotope discrimination in Phaseolus vulga ris 

under  water deficit. Aust. J. Plant Physiol.  17: 
189-198. 

J.W., Marshall, J.D., and Jaquish, B.C.  1993. 
Genetic differentiation  i n carbon isotope discrimina­ 
tion and  gas exchange  in Psuedotsuga  menziesii: 
a common garden experiment. Oecologia, 93: 80-87. 

Zhang, J.W., Fins, L., and Marshall, J.D. 1994. Stable 
carbon isotope discrimination, photosynthetic gas 
exchange, and growth differences among western 
larch families. Tree Physiol. 14: 531-539. 


