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FIELD EVALUATION OF GROWTH AND NITROGEN FIXATION IN PEAS
SELECTED FOR HIGH AND LOW PHOTOSYNTHETIC CO" EXCHANGE

J.D. MAHON

National Research Council of Canada, Prairie Regional Laboratory, Saskatoon,
Saskatchewan S7N 0W9. Contribution no. 19718, received 26 Mar. 1981. acceoted

14 Aug. 1981.

MnsoN, J. D. 1982. Field evaluation'of growth and nitrogen fixation in peas
selected for high and low photosynthetic CO2 exchange. Can. J. Plant Sci. 62:
5-r7 .

Six genotypes of pea (Pisum sativum L.), selected for either high or low CO2
exchange rate per unit leaf area (CER) on the basis of field measurements, were
grown in field plots during 1978 and 1979. During two growing seasons, CER was
determined in leaves of different physiological age at several times of the day and
season. Dry weights, leaf areas and node numbers were determined 4, j and l0 wk
after planting, and again after pod ripening. CzHz reduction by detached roots was
measured 5, 6, 8 and 9 wk after planting. Despite the large variability in CER with
years, leaf numbers, and times of measurement, the mean CER of the three genotypes
selected for high rates was always greater than that of the low selected group. CER
was significantly correlated with growth per unit leaf area (E) and the high to low
group ratios averaged 1.4 for CER and 1.3 for E. CrH, reduction on an equivalent
leaf area basis was not different in the two groups. On a land area basis, the low
CER group had a significantly greater leaf area index which compensated for the
decreased CER, and estimates of total CO2 exchange, growth and CrH, reduction
were similar in the two groups. Total aboveground dry matter and seed yields were
greater in the low CER group, but harvest index was generally greater in those
genotypes selected for high CER.

Six g6notypes de pois (Pisum sativum L.) s6lectionn6s pour leur taux 6lev6 ou faible
d'6change de COz (TECOT) par unit6 de surface foliaire sur le terrain, ont 6t6
cultiv6s en parcelles en 1978 et 1979. Durant les deux saisons, le TECO, a 6t6
mesur6 sur des feuilles de diff6rents dges physiologiques, i plusieurs 6poques du
jour et de la saison. Le poids sec, la surface foliaire et le nombre de noeuds ont
6t6 d6termin6s i 4, 7 et 10 semaines aprbs le semis, et encore aprds la maturit6
des gousses. La r6duction de C2H2 par des racines excis6es a 6t6 mesur6e i 5, 6,
8 et 9 semaines aprbs le semis. Malgr6 une large variabilit6 du TECO, d'une ann6e
e I'autre et selon le nombre de feuilles et l'6poque des mesures, le TE moyen des
trois g6notypes s6lectionn6s pour TE 6lev6 6tait toujours plus important que celui
du groupe s6lectionn6 pour faible TE. Le TE 6tait significativement corr6l6 avec
la croissance par unit6 de surface foliaire (E), le rapport entre le groupe ir TE 6lev6
et celui ir TE bas se situant ir 1,4 pour le TECO2 et ir 1,3 pour E. La r6duction
de C2H, calcul6e pour une mOme surface foliaire 6tait du m6me ordre dans les deux
groupes. Par unit6 de surface de terre, le groupe i TE bas avait un indice foliaire
significativement plus 6lev6, ce qui compensait la diminution du taux d'6change de
CO2, et les estim6es de l'6change total de COr, de la croissance et de la r6duction
de C2H" 6taient semblables dans les deux groupes. La production totale de m.s.
(parties a6riennes) et de graines 6tait plus importante dans le groupe d rE faible,
bien que f indice de r6colte 6tait g6n6ralement plus haut chez les g6notypes a TECO,
6lev6.
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Photosynthetic CO2 uptake is the major
source of both dry matter and energy for
the growth of green plants. Thus, on the-
oretical grounds, manipulation of the phys-
iological and morphological characters
which control CO2 fixation is seen as a

logical approach to improving crop pro-
ductivity, and perhaps even economic yield.
In the legume crops, improving photosyn-
thetic CO, fixation may be an especially
desirable goal, since increases in symbiotic
nitrogen fixation (Lawn and Brun 1974;
Streeter 1974:- Hafiy and Havelka 1975;
Sheehy et al. 1980) might also be achieved.

There is some indirect experimental evi-
dence that field crops can benefit from
increased photosynthesis (Hardman and
Brun 1976; Moss 1976) and the high pro-
ductivity of crop species which have the
Ca pathway of photosynthesis has been
attributed to their apparently greater rates
of COz fixation per unit of leaf area (Zel-
itch 1971). However, although genetic
variation in single leaf CO2 exchange rate
(CER) has been found in a number of qrop
species, field growth studies have not dem-
onstrated a convincing relationship be-
tween CER and yield, or even dry matter
production (Irvine 1975; Nelson et al. 1975;
Peet et al. 1911:- Crosbie et al. 1978;
Kueneman et al. 1979:' Vietor and Mus-
grave 1979), and indoor studies have shown
no relationship between CER and the abil-
ity to reduce acetylene (Sheehy et al. 1980).

There are several reasons why such cor-
relations might not be found even if pro-
ductivity is dependent upon photosyn-
thesis. The first reason is that estimates
of CER, because of technical or sampling
problems, may not be representative of the
integrated photosynthetic performance
which is relevant to the growth studies.
A second difficulty is that meaningful
comparisons between genotypes differing
in CER can only be made when the ge-
notypes are similar in all other respects.
This can be achieved either by the pro-
duction of isogenic lines differing only in
CER, or by analysis of large populations

in which other genetic factors are ran-
.domly assorted. However, the probable
polygenic control of photosynthesis makes
the development of isogenic lines difficult
(Wallace et al. 1972) and the available
methodology severely restricts the size of
populations which can be studied. Finally,
and of most fundamental importance,
physiological interactions or compensation
might make independent assortment of CER
and other traits impossible (Evans 1975).

The potential benefits to a breeding pro-
gram of any selection character are de-
pendent on its heritability, its effect on
agronomic traits and the existence of suit-
able genetic variance. Although the prac-
tical utility of any such character also re-
quires the technical capability to assess its
expression in the large populations used
in breeding programs, a demonstration that
selection for CER could contribute to crop
improvement would be useful. It has al-
ready been shown that CER in peas is a

genetically variable character which is re-
producibly expressed from year to year
(Mahon and Hobbs 1981). In the experi-
ments presented in this report, three pea

genotypes with high CER and three with
low CER were grown in simulated stands

to see if overall photosynthetic CO2 uptake
was related to the CER values on which
selection was based, and if dry matter
production, leaf area and the ability to
reduce acetylene were affected by differ-
ences in CER.

MATERIALS AND METHODS
Field Plots
Six genotypes of peas (Pisum sativum L.) were

selected for these studies on the basis of CER
measuted in the field during the 1976 and 7977
growing seasons (Mahon and Hobbs 1981). The
three genotypes JM2 (cv. Trapper), JM20 (cv.
Alaska) and JM22 (PI 356998) exhibited con-
sistently greater rates of COz exchange than

the genotypes JM9 (selection line from Idaho
r10 x Pr269784), JMl2 (P12698r2) and JMl3
(Pr1 80700).

In 1978 and 1979 these six genotypes were

grown in two of three adjacent plots on the
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University of Saskatchewan campus. These plots
had a chernozemic, orthic dark brown soil of
the Bradwell association, consisting of fine
sandy loam (Acton and Ellis 1978) and were
maintained in a fallow-barley-pea rotation. Soil
nitrogen content under barley stubble was less
than 20 ppm and no fertilizer or irrigation was
used. Each genorype was planted in eight-row
plots 5 m long with 15 cm between-row spacing
and the plots were randomly arranged in two
blocks. Seeds were planted by machine at a
depth of approximately 6 cm, along with heat-
killed wheat seeds coated with a mixed-strain
Rhizobium Ieguminosarum inoculum (Nitragin
Inoculator Co., Milwaukee, Wis.). planting
dates were l8 May (1978) and 23 May (lg7gl.
Plant densities ranged from 45 to 70 m-2 in
1978 and from 55 to 90 m-2 in 19i9. Rainfall
and air temperature were measured within 3
km of the field plots by the Saskatchewan
Research Council.

Growth Analysis
At 4, 7 and 10 wk from planting, the above-
ground portions of four plants from the center
four rows of each plot were harvested and
returned to the laboratory on ice. Total leaf
area (including all green leaflets and stipules)
was determined with a photometric planimeter
(Lambda Instruments Corp., Lincoln, Nebr.).
The visible nodes on the main stem were
counted, and seeds and other aboveground plant
parts were weighed after drying for 48 h at
80'C. After all leaves had senesced and the
pods dried, a final harvest of abovesround
material was made. For this final sample. eif her
eight plants (1978) or four plants 11979) were
harvested from each block.

CER Determinations
Estimates of CER for these genotypes grown
in widely spaced conditions in these two qrow-
ing seasons have already been reported (Mahon
and Hobbs 1981). For the plot measurements
of CER, an attempt was made to sample the
leaves in each plot at different times of the day
and the growing season. CER determinations
were made with the portable infrared analysis
system described previously (Mahon and Do-
mey 1979). For each determination, one to four
leaflets were enclosed in the leaf chamber,
which was supported parallel to the ground as
near as possible to the leaf position in the
canopy. Carbon dioxide differential and time
were recorded and the enclosed leaflets were

marked for later leaf area determination. At
each sampling time, an attempt was made to
sample the third, fifth and seventh visible leaves
from the apex in a single plant from the center
four rows of each plot in the block. When the
appropriate leaves were too small, too close
to the ground or senescent, they were not meas-
ured. CER determinations for a complete block
required 2-3 h due to the inclusion of other
experimental material in the plot design. Hence,
at any sampling time all genotypes within one
block were measured, but block and time ef-
fects were confounded. In 1978, each block
was sampled three times in each of weeks 6
and 7 and twice in weeks 8 and l0 and all
measurements were made between 0900 h and
1500 h. In 1979 each genotype was sampled
four times each week from week 4 to week 10,
and measurements were made during defined
time periods between 0700 h and 2000 h.

During weeks 5, 6, 8 and 9 the ability of
the nodulated roots to reduce acetylene was
measured as an assay for nitrogen fixation.
Roots from three adjacent plants in the center
four rows of each plot were carefully removed
from the soil and sealed into a 900-mL glass
jar. Acetylene was injected to a final concen-
tration of 57o (vollvol) and l-ml- gas samples
were removed after 30 and 60 min. The rates
of acetylene reduction were estimated frorn the
differences in ethylene concentration rneasured
with a gas chromatograph. On the same day
each week, both blocks were sampled once in
the morning and once in the afternoon.

In each plot, shoots were removed during
harvests, the canopies were disturbed by CER
determinations and parts were excavated during
C2H2 reduction assays. Because of these sam-
pling procedures, there was likely to have been
considerable disturbance to the stands. To min-
imize the problem, shoots were carefully sep-
arated for harvesting or measuring CER in the
lower leaves, and plants immediately adjacent
to the areas from which roots had been removed
were avoided. The total number of plants per
plot averaged 340 in the 2 yr. Thus, the sam-
pling during the season would represent a re-
moval of approximately 207o of the plants in
the center four rows and the most severe dam-
age would be localized to eight small areas
where roots wete removed.

Analysis of Data
Dry weight, leaf area and node number data
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were transformed (/n [X+1]) to equalize the
variances at different sampling times. Growth
per unit leaf area (E) was estimated from dry
weight and leaf area block means by a loga-
rithmic approximation (Evans 1972) for the 4-

to 7-wk period, and as the dry weight differ-
ence divided by mean leaf area for the later
growth period. Harvest, growth and C2H2 re-
duction data were analyzed by analysis of var-
iance for a randomized block experiment with
or without (growth rates) sampling. Because
CER values could not be determined simulta-
neously on both blocks, there was no true
replication and overall genotype effects could
not be tested. Nevertheless, the impofiant gen-

otypic variance, i.e. between selection groups,
could be tested against the within-group vari-
ances, as previous studies indicated no signif-
icant differences in CER within the two groups
(Mahon and Hobbs 1981). Similarly by con-
sidering the genotypes within each group as

replicates, the effects of leaf number, age, time
and their interactions with selection group could
be compared to appropriate within-group er-
rors. Year and selection group effects on all
characters were compared in a factorial analysis

of variance with fixed variables using the ge-

notypes within groups as replications.

RESULTS
Climatic conditions were very different
during the growing seasons of 1978 and

1979 (Fig. 1). Although maximum daily
temperatures were generally between 22

and 26"C, they varied to less than 20'C
and greater than 30'C at different times
during the 2 yr. Rainfall was very low in
the early part of 1978 and greater late in
the season, while the opposite was the

case in 1979.
Analysis of variance showed no signif-

icant block differences for leaf area, dry
weight, node number or C2H2 reduction.
Even CER data, when a\alyzed for the

5-, 6- and 7-wk periods of 1979, when

the blocks were equally sampled, indicated
no significant difference between the
blocks.

The overall developmental pattern for
the six genotypes was similar in the 2 yr'
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Fig. 1. Mean daily temperature maxima and total rainfall (histogram) for the 7 wk of study

in 1978 and 1979.
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even though most aspects of growth were
greater in 1979 (Fig. 2). Alrhough indi-
vidual genotypes did differ somewhat in
growth pattern, these combined data dem-
onstrate that the time periods chosen for
study can be considered as representing
the vegetative and reproductive portions
of the life cycle. Thus, between 4 and 7
wk, most of the main stem nodes were
produced and dry weight and leaf area
increased almost in parallel. From week
7 to week 10, the pods were filling and
photosynthetic area was declining (Fig. 2).

CER was not determined in leaves 5
and 7 at all sampling times, and instrument
failure further decreased the total number
of measurements. Nevertheless, the aver-
age numbers of CER determinations for
each genotype were 4j (19l.8) and 55
(1979). This large number of measure-
ments showed a broad range of CER, and
the coefficient of variation for all values
in both years was 92Vo. Mlch of this var-
iability was related to the year. the leaf

measured and the time of day and season
at which measurements were made. An
analysis of variance for the 1978 data
showed that CER varied significantly
(P<0.01) over the 4 wk in which meas-
urements were made and with leaf number.
With the more extensive sampling in 1979,
the changes in CER with leaf number,
time of day and age of plants can be seen
(Fig. 3). CER was consistently lower in
older leaves, but the response of CER to
time or age was similar in all three leaves
that were measured, indicating that any
physiologically defined leaf will demon-
strate the same seasonal and daily trends.
In 1979, CER generally declined over the
growing season, although there was a con-
sistent increase between weeks 8 and 9
(Fig. 3A). On a daily basis (Fig. 3B),
maximum CER was attained between 1000
h and 1200 h, and thereafter the rates
decreased rapidly. While the horizontal
orientation of the leal chamber may have
contributed to the decreased CER at low

t978

7tot247totz
T IME FROM PLANTTNG (weeks)

Fig. 2. Mean leaf and stipule area, total plant dry weight, seed dry weight and number of
visible nodes on the main stem for six genotypes of peas grown in field plots during 1978 and
1979. Vertical bars indicate 2 x SE.
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Fig. 3. Mean CER in 7979 for leaves 3, 5, and 7 from the apex of six genotypes ot peas as

aflected by time from planting (A) and daily time of measurement (B). Vertical bars indicate
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468
AGE (weeks)

solar altitudes, the similar pattern in leaf
7 which received little direct sunlight, and
the rapid decline early in the afternoon
while solar altitude was still high, suggest
that such wide diurnal fluctuations actually
occurred in the plots. Separate analyses
of variance demonstrated highly significant
(P<0.001) effects of the three main fac-
tors of leaf number, time of day and time
of season on CER.

Comparisons of the high and low selec-
tion groups across these three major var-
iables (Fig. 4) show that CER in the se-

lected high group was always greater than
CER in the low group, and analysis of
variance revealed no significant interac-
tions between any of these factors and
selection group. The similar ratios of high
to low group CER (1.4) suggest that the
group effect may not have been additive,
but rather a proportional one. The yearly

ro 0800 1600

TIME (hours)

CER means for the six genotypes grown

in the plots are shown in Table I along
with the equivalent CER means from se-

lection measurements. Over the 2 yr, CER
determined in either way was significantly
(P<0.01) different between the high and

low selected groups. Differences within
the groups were not significant for the

selection measurements (Mahon and Hobbs

1981) or for the plot data, when tested

against the within group x year interac-

tion. Mean plot CER was significantly
(P<0.001) greater in 1919 than in 1978,

while the rates in widely spaced plants
were similar in the 2 yr. Nevertheless, the

genotype means from the two assay meth-
ods were significantly correlated (P:0.02)
when data from both years were combined.

Dry matter accumulation per unit of leaf
area (E) was significantly (P<0.01) cor-
related with CO2 exchange expressed on

C
an

. J
. P

la
nt

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
N

at
io

na
l R

es
ea

rc
h 

C
ou

nc
il 

of
 C

an
ad

a 
on

 1
1/

15
/2

3



MAHON 
- 

NITROGEN FIXATION IN PEAS

j-
I
E

AJtl
E.
E
AIo()l
E!

5
(r
td()

A

I

\\

\5

357
LEAF No.

8t2t620
TIME (hours)

6789
AGE (weeks)

Fig. 4. Mean CER in 1979 for high CER selections (open circles) and low CER selections
(closed circles) of peas as affected by leaf number (A), daily time of measurement (B) and time
from planting (C). Vertical bars indicate LSD.0b.

an equivalent leaf area basis (Fig. 5) when between weeks 4 and 7. In the later growth
genotype means for both growth periods period (weeks 7-10), the estimatLn of
were compared. However, the relationship growth parameters was complicated by leaf
between E and CER, as shown by thi sen"scence and pod shatteiing and c2H2
regressio.n_equations (Fig. 5) was consid- reduction was negligible in ali geootypes.
erably different in the 2 yr. Between weeks 4-an"d 7, the grorip se6cted

^ 
The relationship between genotypic dif- for high CER had greater rates of both

ferences il CPR and plant performince is CO, eichange and dr! matter accumulation
best examined during the vegetative period per unit leai area (iable 2). The ability

Table I' Mean CER of six genotypes selected for high or low CER. Rates for plants grown unoer widely
spaced conditions and measured only in cloud-free conditions (Selection) are from Mahon and Hobbs (l9gli.-" 

1itr3:iil#';ilt":H1'l*'"n'' 
c'oup averases (+SE) are

CER (mg'dm '?'fi-t1

1 978 r979

Genotype Selection Plot Selection

High Jl{z
JM2O
JM22

Low JM9
JMI2
JM13

--x

High/low ratio

24.O
tsa
24.O

24.6+O.6

14.5
18.1
18.2

16.9+ 1.2

1.5

8.7+0.9

5.3
7.4
6.6

6.4+0.6

1.4

22.r
24.0
22.8

23.0+0.6

r7.5
t'7.7
19.0

18.1+0.5

1.3

74.7 +O-6

l1.5
10.7
10.1

10.8+0.4

1.4

15.7
13.6
14.8

9.1
oo
7.O
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roo
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Tx

'N
I

E o.+!,
ctl

UJ

20to

CER (mg Co2 dm-z h-t1

Fig. 5. Relationships between growth (E) and photosynthetic COz 9ptak3 
(CER) per unit leaf

area. Values are for six g.notyp"", measured over two time periods in 1978 and 1979' Double

asterisks indicate correlations significant at a probability of 0'01'

to reduce acetylene on a leaf area basis, with rates estimated per unit leaf area,

however, was not different in the two there was no interaction between the year

groups. cER was greater in 1979 by a and genotype effects. The low cER group

Ia.toi of two, but E and CzH, reduciion deveioped significantly more leaf area and

were similar in the 2 yr. as a result, the estimated total photosyn-

Both leaf area production and plant den- thetic Coz uptake and growth were-similar

sity varied with genotype and year, and in the two groups. The ratio of high to

the effects of thesi differences can be ex- low group C2H2 reduction, however, was

amined when the characteristics are ex- more similar to the ratio of leaf areas than

pressed on a land area basis (Table 3). As to the ratio of CO2 exchange, although the

Tab|e 2. Mean CER, dry matter increase (E) and C,H, reduction per unit leaf area for high and low

selection groups during the + to 7-wk period. natios are means of within-group or within-year ratios and
'.'--."..".'-.

Selection grouP

High High/low

t978

a
a

Y = -O.32 + O.l2 X

r = o.84t*

t979

a

,/' '

Y = O.O2 * O.O3 X

r = o.79t*

a

../
/. aa

CER
{mgom-n',

E
(g dm '?wk 

1)

C2H2 reduction
(p.moles'dm 'z'h 

t)

8.5 5.'7

17.9 12.9
2.2

0.001

0.70 0.49
0.63 0.50

0.9
NS

2.9 2.6
3.3 3.4

1978
r979

197911978
P

1978
7979

19'791r978
P

1978
t979

19791r9',78
P

1.3

0.001

0.035

11

NS

1.0 NS
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Table 3. Mean leaf area (LAI), total photosynthetic CO2 uptake (TPS), dry matter increase (CGR) and CrH,
reduction per unit of land area for high and low selection groups during the 4- to 7-wk period. Ratios are
means of within-group or within-year ratios and P represents the probability of the ratio being different

from I 0

Selection group

High High/low

LAI
(m-'m ')

TPSt
(g m-z'1t r;

CGR
(g.m-r. v71-t;

C2H, reduction
(mmoles ' m-2 ' h- t)

t978
t9'79

19791r978
P

l9'18
19'79

197911978
P

1978
1979

19'19119',78

P

r978
r9'79

r9791r978
P

0.58
1 .63

2.8
0.001

0.49
2.96

6.1
0.001

40
101

2.6
0.0,01

0.1'7
u. ))

3.4
0.o11

0.90
2.49

0.s2
3.16

A<

122

o.24
0.84

0.9

o.029

0.10

NS

o.7

'f TPS : CER x LAI/10.

groups differed in C2H2 reduction only at
a l0%o level of probability. Comparison
of the 2 yr shows that the doubiing of
CER (Table 2) combined wirh the threefold
increase in leaf area (Table 3) produced
an estimated photosynthetic CO2 uptake in
1979 which was six times sreater than that

in 1978. This was associated with in-
creased growth and C2H2 reduction In 1919.

The final harvest characteristics of the
trvo groups are presented in Table 4. With
respect to either total dry weight or seed
yield, the genotypes selected for low CER
performed consistently better. The high

Table 4. Final harvest characteristics of high and low selection groups grown in plots during 1978 and
1979. Ratios are means of within-group or within-year ratios and P represents the probability of the ratio

being different from 1.0

Selection group

High Low High/low

t54
286

Total dry wt
(g'm')

t978
l9'79

19'79119',18
P

19'.78

1979
1979 I 1978

P

1978
1979

r9791r9'.r8
P

207
423

2.0
0.0()2

69 88
r41 181

2.1
0.001

0.8

0.041

0.039

Total seed wt
(gm')

Harvest index
(vo)

41

)J
43
+J

l.l
NS

NS
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CER group was equal to or better than the
low group in harvest index. In fact, two
of the high CER genotypes, JM2 and JM20
averaged 47Vo and 557o, respectively, over
the 2 yr, and it was only the extremely
poor harvest index of JM22 in I yr (1978,
l97o; 19'79, 58%) which detracted from
a generally greater harvest index in the
high CER group. Both total dry weight
and seed yield were greater by a factor of
two in 1979, but with the exception of the
single value mentioned above, harvest in-
dex was more stable from year to year.

DISCUSSION
The purpose of these experiments was to
see if genetic manipulation of CO2-fixing
ability in peas could be a useful approach
to increasing productivity and nitrogen fix-
ation in an agricultural context. However,
before meaningful comparisons of the rel-
ative performance of selected genotypes
can be made, it must first be shown that
the CER values on which selection was
based are relevant to the overall photo-
synthetic ability of genotypes growing in
a crop stand. In the plots, CER varied
greatly with the year, the leaf number and
the time of measurement (Fig. 3, Table
1). It is not possible to assess the relative
importance of developmental and environ-
mental factors in creating this large vari-
ance. Thus, the declining CER with leaf
number (Figs. 3 and 4) may be due to leaf
aging (Smillie 1962; Bethlenfalvay and
Phillips 1977) or to the different light re-
gimes within the canopy, and the consis-
tent increase in CER between weeks 8 and
9 in 1979 may be related to pod filling
(Flinn 1974) or the high temperatures and

lack of rainfall depressing CER during
week 8 (Fig. l). It is likely that both
development and environment are involved
in this non-genotypic variance.

Because of the large effects of leaf num-
ber and measuring time. genotype varia-
tion accounted for only 5.1 (1978) and 4.3
(19'19) percent of the total sum of squares
for CER. Nevertheless. analvsis of the

combined data for both years showed that
over 90Vo of this genotype sum of squares

was due to the difference between the high
and low selection groups and that the
groups were significantly different. There
was no significant interaction in the plots
between the genotype and measurement
effects, so that CER means of the high
group were always greater than those of
the low group, regardless of year, leaf
number of measurement time (Fig. 4, Table
l). The relative photosynthetic perform-
ance of the groups was also similar when
based on the selection measurements (Table

1), although these did not reflect the year

effect on CER which was apParent at
greater plant densities in the plots. Thus
the restricted determinations of CER used
for selection did not directly predict the
magnitude of CO2 exchange in simulated
stands, but they did provide a reliable es-

timate of the relative photosynthetic abil-
ities of the genotypes.

The physiological basis of the difference
in CER between the two selection groups
is not known. Some evidence suggests that
the expression of CER within the high
group is under polygenic control (Mahon
and Hobbs 1981) and could thus be con-
trolled by different processes in different
genotypes. Because of the greater leaf areas

associated with the low CER genotypes
(Table 3), it might be suggested that their
decreased CER in the plots was simply a

result of decreased light availability due

to shading. This seems unlikely because

the same differences were found when the
leaves of widely spaced plants were meas-

ured in full sunlight (Table 1), because

there was no significant influence of leaf
number or age on the difference (Fig.  )
and because no such decrease in CER was
associated with the much greater leaf area

index in 1979. This apparent independence
of the genotype and measurement effects
on CER may also indicate that the basis
of their control is different. If this were
so, then the relationship between CER and

any other plant characteristic could depend
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on whether it is examined across environ-
ments or across genotypes (Table 2).

Before considering the effects of genetic
differences in CER on growth and nitrogen
fixation, it is important to point out that
the genotypes comprising the two groups
probably differ in a number of character-
istics. Moreover, in such a small number
of genotypes it is highly unlikely that all
these characteristics will be equally dis-
tributed between the groups, and fortuitous
as well as physiologically derived com-
binations of traits will influence the rela-
tive growth performance of the genotypes.

Nevertheless, in both years E was sig-
nificantly correlated with CER (Fig. 5).
These correlations are based on results
from two periods of growth and may be
biased by the inclusion of environmental
and/or developmental effects. Analysis of
the data, however, revealed no significant
group X time period interaction and the
means for both CER and E were sreater
in the high group during both time pJriods.
In the 4- to 7-wk period, CER was 447o
greater and E was 35Ea greater in the group
selected for high CER (Table 2). This
genotypic increase in CER did not result
in any increased ability to fix nitrogen as
indicated by rates of C2H, reduction per
unit of leaf area.

Because of its greater leaf area per plant
and greater plant density, the low CER
group had a significantly greater leaf area
index (LAI) in both years. This more than
compensated for the low CER so that es-
timated photosynthetic CO2 uptake per unit
land area was not significantly different
in the two groups (Table 3). On the same
land area basis, crop growth rate was also
the same and while C2H2 reduction rates
differed only at a 10Vo probability level,
the high to low group ratio was more
similar to that for leaf area than to the
ratio for total CO2 exchange.

Final harvest data (Table 4) show that
the low CER group produced significantly
more aboveground dry matter and seed
yield in both years. In addition to the

greater LAI in the early vegetative phase,
these genotypes had an average LAI during
the 7-10 wk period which was 'l1Eo gteater
than that of the high CER genotypes. Thus
the low group probably continued to pho-
tosynthesize over a longer period, and this
may have contributed to greater gross pro-
ductivity. Only in harvest index did the
high CER group perform as well. In fact,
if the single unusually low harvest index
in 1978 is removed, the high group mean
for both years would be 52 -r 2Vo (SE,
n:5), significantly greater than the low
group mean of 43 -t- |Vo.

Although the relative performance of the
groups was the same in both years, the
performance of all genotypes was greatly
different from year to year, and the rela-
tionship between CO2 exchange and other
plant characteristics was also different when
yearly, instead of genotypic, variation is
considered. The almost double CER in
1979 was not associated with any in-
creased growth per unit leaf area (Table
2), but rather with an approximately three-
fold increase in leaf area production,
growth and CrH2 reduction per unit land
area (Table 3). These changes were the
same for both high and low CER groups
and contributed to the high biological and
seed yields in 1979, but did not affect
harvest index, especially if the 1918, JM22
value is removed.

The consistent results from these exper-
iments, in which genotypes selected solely
on the basis of single leaf CER were com-
pared, raise a number of questions about
the possible use of photosynthetic selection
to improve productivity and symbiotic ni-
trogen fixation. With respect to symbiotic
fixation, the relative abilities of the two
groups to reduce acetylene appeared to be
more closely related to leaf area than to
photosynthetic CO2 exchange (Tables 2
and 3). In fact when correlation coeffi-
cients based on all six genotypes were
combined for both years (Steel and Torrie
1960), the correlation of C2H2 reduction
per unit land area with LAI was 0.90
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(P<0.001) while with estimated CO2 ex-
change, it was only 0.59 and not signifi-
cant. This correlation with LAI may have
little to do with leaf area per se and may
simply indicate that symbiotic fixation was
related to the total plant material per unit
of land area. The combined correlation
coefficient for CrH2 reduction with total
aboveground dry matter was also signifi-
cant (P<0.04) although at 0.69 it did not
indicate as close a relationship as was seen

belween LAI and C2H2 reduction.
Evaluating the effect of selection for

CER on dry matter production is even
more difficult because it was not possible
to obtain root and nodule weights. More-
over, the groups differed in leaf area pro-
duction and perhaps leaf area duration in
a direction which offset the CER differ-
ences. This apparent compensation may
have been fortuitous in which case it could
be overcome by increased planting density
of the high CER types or by simultaneous
selection for CER and leaf area. It is also
possible that high CER and leaf area are

mutually exclusive, and while it is unlikely
that the low CER values resulted from
competition for light in these studies, some

other factor which is influenced by leaf
area, such as water availability, may have
directly or indirectly affected CER.

On the positive side, the selection of
peas for CER on the basis of limited but
equivalent measurements on widely spaced
plants identified genotypes which exhibited
similar relative CER values when grown
in simulated stands, and despite the large
variability in CER with years, ages, times
of day and leaf numbers, the genotypic
ranking remained the same. Growth, when
expressed on an equivalent basis, was
strongly correlated with CO2 exchange
measured during the same time period.
Generally, the results show that selection
for CER can improve the ability of peas

to produce dry matter on a leaf area basis
and may increase harvest index, but that
it will not necessarily enhance nitrogen
fixation. The potential application of this

OF PLANT SCIENCE

kind of physiological selection, however,
will require that high CER be combined
with greater leaf areas, and further work
will be needed to see if this is possible.
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