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In a community of pl ants of high population density, each 
individual is severely restricted in growth by competition with 
its neighbors for required environmental factors. Nutrients, 
water and other edaph ic components commonly are most limiting 
in natural environments, but in agricultural fields, 'where such 
deficiencies may be el iminated easily, fluxes of carbon dioxide 
and radiant energy for photosynthesis frequ ently become the 
major limiting factors (3, 4, 8).2 

Individual plants in a community differ in th ei r physiological 
or morphological characteristics due to differences in genetic 
composition, or to chance and manipulated loca l variations in 
population density. Such differences permit some individuals 
to compete for limiting factors more efficientl y and thus make 
better growth and contribute relatively more to th e ultimate 
yield of the field. These superior individuals may tend to com­
pensate for the poorer gTovvth of th eir more suppressed neighbors 
and thus maintain yield near the same level that would be 
attained with uniform plants. 

Variations in competitive ability also may occur because some 
plants in a field are diseased . De Wit (3) describes work by 
Reestman which revealed a situation where healthy potato plants 
were able to compensate for the poorer growth of competing 
plants diseased with lea f roll. In this instance, Watson and 
Wilson (I 3), amonQ," others, consider th at leaf roll reduces lea f 
area and photosynthesis so that the compensation was probably 
due to reduced competition for light. In a disease situation, 
th e possibl e occurrence and degree of compensation obviously 
is a complex function of many things, including disease reaction , 
stage of plant growth when th e a ttack occurs, basic morphology 
of the parts affected, plant density and limiting environmental 
factors. While the altered patterns of competition may be diffi­
cult to unravel, the overall effects may have economic and bi­
ologic significance. Of particular interes t with crop plants is 
whether economic yields may be maintained at high levels up 
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to some critical proportion of diseased plants. Disease infesta­
tions up to this critical frequency could be tolerated economically. 

The research reported here was a study of competition in 
sugar beet fields infested with the beet yellows virus (BYV) . 
Data relating overall root yield to level of infestation by BYV 
can be obtained from naturally infested commercial fields (5). 
However, there are very real experimental difficulties in sampling 
portions of fields, or groups of fields, and ascertaining; ·which 
part of the variability in yield is due to some regressi n on the 
frequency of diseased plants. This is especially true in California 
where time of infection may vary, and whe~ several strains of 
this and other viruses differing in virulence may occur within 
the same field (2). A simpler approach may be used in which 
varying proportions of plants in a disease-free field are hand­
inoculated with a highly virulent strain of BYV. An inherent 
assumption is that populations infested naturally, with possibly 
less virulent strains, would react similarly but to a lesser degree. 

M. A. Watson and her associates (II, 12) carried out an ex­
tensive series of experiments at Rothamsted with BYV, includ­
ing some studies ·with varying proportions of hand-inoculated 
plants. They concluded from examination of total root yields 
that compensation did not occur. As De Wit (3) points out, total 
yields provide little information on the nature of competitive 
relationships if both members in the competition react, e.g., 
if one is suppressed while th e other is released. vVe attempted 
to circumvent this problem by measuring the component yields 
of both healthy and diseased plants. 

Methods and :Vlaterials 

Two experiments were conducted in the field at .Davis, Cali­
fornia, during 1962 and 1963, with sugar beets. The crops were 
planted in late May after the spring peak of the local flights of 
the BYV vector, the green peach aphid vector [Myzus peTSicae 
(Sulz. ) 1 (6). Late planting- permitted the experiment to be con­
ducted with vigorous, disease-free plants. The variety 'Spreckels 
202H' which shows no specific resistance to the virus was used. 
The crops were planted on 14-26-in double-row beds (20 in 
average row spacing) for furrow irrigation and thinned by hand 
to single plants on 8 in centers. The experiments were conducted 
at this single density of about 35,000 plants per acre. 

In each year, a randomized complete block design (with 4 
replicates in 1962 and 5 replicates in 1963) with seven inocula­
tion treatments was used. The treatments consisted of inoculating 
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in late June, 0, 17, 33, 50, 67, 83, or 100% of the plants in a 
uniform pattern in the various pl ots. Inocula tion was accom- . 
plished in the early morning by transferring to each plant to 
be infected, a leaf piece carrying about 10 green peach aphids. 
The leaf pieces came from source plants grown in a greenh ouse 
at Salinas and carried strain 5 of the beet yell ows virus (2) . It is 
our experience that while the aphids feed long enough to transmit 
the virus, they fail to migrate to adjacent plants or even to 
survive under th e high summer tempera tures at Davis. However , 
to insure that the inoculations were confined to the selec ted 
plants, 'Metasystox' aphicide vvas applied to th e .entire fi eld 
on th e day followin~ inoculation. Strong symptoms (vein clear­
ing and stunting of younQ-er leaves, yellowing' of old leaves) were 
apparent on the inoculated plants within one month post­
inoculation. 

The validity of the treatments was maintained fairly well 
in 1962 when the final harvest was made at an early date (Tabl e 
1). There may have been a tendency to overestimate the number 
of di seased plants when their frequency was low, but generally 
the observation of greater numbers of diseased plants than in­
tended inoculations appeared due to some natural infections 
by visiting aphids and to over-inoculation. 

In 1963, th ere was more variation between the number of 
inocula tions and the frequency of diseased plants estimated at 
harvest. Some alate green peach aphids were noted on th e crop 
in early June and 'Metasystox' was applied topically to reduce 
natural infections. '!\Then inocula tions were made on June 27, 

Tahle 1.-0etails of the two competition experiments. 

Year 
Planting 

date Date 

Inoculation 

Stage 

Final 
harvest 

date 

Nitrogen 
applied 
Ibs/ acre 

No.oC 
replica-

lion 

1962 
1963 

May 9 
May 23 

June 27 
June 27 

12 to 
S to 

16 leaves 
10 leaves 

Sept. 
Oct. 

13 
22 

180 
200 5 

Treatment 

1962 A B C 0 E F C 

Percen t of plants in oculated: 0 J7 33 50 67 83 100 
Perce n t of di seased plants as 

observed at final harvest: 3± 1 28 ± 2 42 ± O lil ± 7 65 ± 10 SO ± 3 97+ 1 

Classi£i ca tion group 

1963 n III IV V 

Percent of diseased plants as 
observed at final harves t: 6 ± 2 19 ± 3 40 ± 2 52± 2 69 ± 2 89±3 

VI 
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portion by weight of stem and adhering dead leaves. Leaf areas 
were estimated in 1963 from the dry weights of leaf punches 
taken equally from leaf blades harvested from six plants in each 
plot. A 60 0 -angle 'wire frame was placed over each of these 
plants, with the apex of the frame at the apical meristem; leaves 
whOose petioles fell within this sector were harvested for deter­
mination of leaf area . 

Results 

Growth curves for the extremes in treatments (0 and 100% 
inoculated) from the two experiments are shown in Figure 1. 
In both instances, a highly significant depression in root growth 
was evident within 5 weeks after inoculation. Total root yield, 
and the difference between healthy and diseased plants, continued 
to increase for the duration of the experiments. The ultimate 
reduction in root yield was 28% for 1962 and 33 '10 for 1963. 
The yields of fresh tops increased to a maximum in September 
in both years; there were no significant differences between the 
A and G treatments at any time in either season. 
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Figure I.-Growth of storage roots and tops of sugar beet crops at 
Dayis, California in 1962 and 1963. (Solid line, 0% inoculated with beet 
yellows virus; dashed line, 100% inoculated. Means of 3 to 7 observations.) 
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Figure 2.-Total yield of storage roots (T) and the component yields 
of healthy (H) and diseased (D) of sugar beet plants at various disease 
frequencies for the two experiments. 

In both years, similar curves were obtained by regressions 
through individual plot values or through means of treatments 
or rank groups. In Figure 2, the mean root yields observed at 
the final harvest are plotted against the corresponding mean 
frequency of diseased plants. In these and subsequent figures, 
eye-fitted curves are shm:vn. Regressions were cakulated in 
several cases which seemed to have curvilinear responses. 
Generally the quadratic component was not significant. For 
example, in Figure 2, linear regressions provide a significant 
fit for all lines except for the yield of roots from diseased plants 
in 1963, where the quadratic term was barely significant. The 
tendency shown for compensation in total yield at low levels 
of diseased plants was also evident in 1962. 

Total yield of fresh tops and the component yields of diseased 
and healthy plants were not affected by disease (Figure 3). Both 
groups contributed equally to the total yield, which was constant 
for all levels of disease. Data on yields of dry tops (not shown) 
'were similar. However, despite the equal weight, the diseased 
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Figure 4.-Left. Leaf area per plant for healthy and diseased sugar 
beet plants at various frequencies of disease, 1963 data. Right. Total and 
component leaf area indices, 1963 data. 

experience any noticeable stress for water or nutrients or by 
extremes of temperature; such factors have been observed to 
accentuate the loss of leaf area from plants infected with BYV. 

The leaf area index (LAI: ratio of leaf area to ground area) 
as extrapolated in Figure 4, ranged from 4.7 with 100% diseased 
plants to 6.5 with 100% healthy plants. Here again, only the 
linear components of the regressions for total and component 
leaf area indices were significant. 

Sucrose yields are presented in Figure 5 and dry matter totals 
(routs and tops combined as an estimate of total biological yield) 
are shown in figure 6. In neither instance was there any sig­
nificant deviation from linearity despite some tendencies towards 
curvilinearity. Sucrose yields reflect the yields of fresh roots 
quite closely, since sucrose concentration (Table 3) was un­
affected by the disease. The decline in sucrose yields with in­
creasing frequ ency of diseased plants was relatively greater than .. was the decline in total dry matter since the yield of tops was 
not reduced by disease. Thus the coefficient of economic yield 
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was reduced by the disease in direct proportion to the frequency 
of diseased plants. In 1963, 41 % of the harvested dry matter 
of healthy plants occurred as sucrose as compared to 31 % in 
the diseased plants (extrapolated values). 

Table 3.-Mcan sucrose conoentrations, fresh basis, in sugar beet roots for healthy and 
diseased plants cOJupcting in varyi ng ra tios. 

1962 
Percent of diseased plants 

in the trea tment: 28 42 6 1 65 80 97 
Sucrose % in 
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plants in the group: 

Sucrose % in 
d iseased plants : 

Sucrose % in 

G 19 

13.6 

40 

13.4 

52 

13.5 

69 

13.5 

89 

13.2 

heal thy plants: 13.2 13.6 13.6 13.6 13.4 

80 

w 
a:: 
U 60« 
l--­
3 
u 
£:) 40-.J 
W 

>­
W 
V) 

0 
a:: 20 
u 
:::> 
V) 

1962 

~~' 

~'kl 
H '\ I'~ 

>r
./ t y 

00 33 67 

1963 

60 t 
./.t 

40 

20 

00 

:/
+ 

33 67 100 

FREQUENCY OF DISEASED PLANTS-~ 

Figure 5.-Total and component yields of Sllcrose in storage roots 
of sugar beets. 



aerial 

to account 

VOL. 14, No.3, OCTOBER ]966 

12.-------------, 
1963 

FREQUENCY OF DISEASED PLANTS-~ 

slorage roots and lOpS 
of matter of sugar beel 

Discussion 

A 

the result, then a effect" 

interpretation 
of root yields from 

compensation 
aside for 
cause for 

Stated 
will! hcallh\the diseased plants did better in 

thall in competition with other disea'icd 
which were collected offer no basis [or 

; 

The data 
[Vront­

gomery effect migh t {ake place. 


There was 110 evidence of competition in tile soil el1\'iron­

ment, and the diseased plants had lower leaf areas 

their less 
the It tl1:11 tbe 

plants was related to 
environment. The smaller Jeaf area 

rates in diseased (I may be 
for the effects observed. 



228 JOURNAL OF THE A. S. S. B. T. 

A Montgomery effect cannot be explained by assuming that 
the leaf area of the healthy plants 'was too high, perhaps exceed­
ing some optimum (4), since the heavily diseased stands 'which 
had lower leaf area, also had lower growth. Furthermore, an 
optimum has not been observed in crop growth- LAI curves 
for sugar beet up to LAI 8 to 12 in other environments (4; 
Worker and Loomis, unpublished). The diseased plants may 
have had some advantage in leaf display. The limited notes, 
measurements and photographs which were made of the foliage 
canopies revealed only that in mixed competition, the diseased 
leaves seemed to be displayed similarly to the non-diseased leaves. 
Leaf area was not limiting for light interception; since even 
on October 10, all of the canopies absorbed at least 97% of 
the irradiance at solar noon. 

It seems more likely that the slight compensatory effect was 
an artifact resulting from misclassification of healthy and diseased 
plants. The misidentification in each plot of two or three large, 
healthy plants with many yellow, old leaves would account for 
the differences noted. For the present, we must cond ude that 
the experimental methods were not adequate to determine small 
differences in competition. However, it is clear that marked 
compensation did not occur. In general, competition was equal 
and the healthy and diseased plants contributed to total yield as 
an approximately linear function of their relative frequencies. 
Thus the yield reductions nc ted with BYV are closely related 
to the number of diseased plants in the population. 

Donald (4) recently has emphasized that interplant com­
petition may affect internal "competition" for available nutrients 
and substrates. Thus, interplant competition for light due to 
variations in light interception, which in turn affects the amount 
of carbohydrate available to roots, 'will alter the patterns of 
plant development. With the beet yellows virus, root growth 
was reduced markedly.. The question arises whether this vvas due 
to some direct effect of the virus on root growth or to an indirect 
effect of "intraplant competition" for the substrates necessary 
for root growth. 

Storage root gTowth is regulated in part by the amount of 
carbohydrate translocated from the shoot; when water, inorganic 
nutrients, or other factors are not limiting, then sucrose con­
centration in the roots remains static and root growth varies 
with carbohydrate supply. If root growth is restricted directly, 
as by plant water deficit or nitrogen deficiency, then sucrose 
accumulates and its concentration in the root increases (7). In 
the present ·experiments, sucrose concentration in the roots was 
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not affected by the virus, or by cOmpetitIOn between healthy 
and diseased plants, although mean root yields were reduced 
30% by the disease. Thus, it may be concluded that the virus 
did not limit root growth either directly or by restricting the 
supply of some substrate other than sucrose or by altering the 
supply of hormones (e.g., auxin) which regulate root gTowth. 

This conclusion differs from that reached by other workers 
(I, 9, 11), who generally have reported that the virus caused a 
decrease in sucrose concentration. A hypothesis accounting for 
this discrepancy can be developed from an understanding of 
nitrogen deficiency responses. With a smaller supply of nitrogen 
than ,vas available to the crops in these experiments, a period 
of nitrogen deficiency would have occurred near the end of the 
season, causing a reduction in root growth and an increase in 
sucrose concentration. Since healthy and diseased plants differ 
in total growth, and hence in nitrogen absorption and assimila­
tion, it would be reasonable to expect that nitrog'en depletion 
would develop more slowly (and later) with diseased plants 
than with healthy plants. In 1963, the mean concentration of 
N03-N in petioles concentration in the fully inoculated plots 
was 2400 ppm (dry basis) on October 14, 1963 in contrast to 
a concentration of 1000 ppm in uninoculated control plots. 
Thus, under low nitrogen conditions, the presence of virus 
would not be expected to reduce sucrose concentration but rather 
to prevent it from increasing as rapidly as in healthy plants. This 
interpretation fits 'with the relatively high sucrose concentration 
noted in other experiments (1, 9) since such sucrose levels 
!:tenerally are not attained except when nitrogen is deficient. 
Watson et al. (11) did not observe a strong nitrogen X disease 
interaction, perhaps because both levels of nitrogen which they 
used allowed the sugar beet plants to become severely deficient 
by the end of the season, thus permitting maximum sucrose 
concentrations to be reached in diseased as well as in healthy 
plants. 

In many field environments, interactions might be expected 
between the BYV and other factors. Thus, stress by high tempera­
ture, or for water and nitrogen and additional infection by 
Cercospora leaf spot have been observed to accentuate the loss 
in leaf area which occurs with BYV. 

These competition studies were conducted at a single high 
plant population and with only one virulent strain of the virus. 
These conditions were chosen as likely for the demonstration 
of compensation. However, in many places infection with virus 
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