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Total yield of dry matter from a crop depends upon the size, 
mode of display, and duration of leaf area or photosynthetic 
system in relation to seasonal income of solar radiation. Total 
dry matter production by sugarbeets is maximal 'where an opti­
mum canopy is produced as early as possible, and vvhere this 
canopy endures as long as possible. There is; however, a limit 
beyond which increased leaf area will not increase dry matter 
production, or a point at which mutual shading becomes a factor. 
In addition, sugar yield is a variable proportion of the total dry 
matter yield, depending on the balance of internal competition 
for assimilate. The proportion of assimilate transferred to sugar 
storage may be reduced by cultural treatments which increase 
top growth, such as nitrogenous fertilizers. Quantitative growth 
characteristics of sugarbeets in relation to quality and sucrose 
production are not well defined at this time, and some question 
arises as to what might be considered optimum leaf area. This 
experiment was conducted to intensify and expand present re­
search in this field. Nitrogen fertilizer treatments and genetic 
populations were used as variables to fluctuate leaf area growth 
curves so that the effects of these variations in leaf area on such 
factors as net assimilation rate, root growth rate, dry matter 
formation and sucrose accumulation could be determined. 

M aterials and Method5 
Sugarbeets were grown on an irrigated Nunn clay loam at 

the Colorado State University Research Center near Fort Collins. 
The soil was calcareous nonsaline and contained about 2% or­
ganic matter. 

The field received 40 pounds of P20 , per acre to insure an 
adequate level of this nutrient. Five nitrogen treatments were 
imposed by adding ammonium nitrate as follows: (1) Check (no 
nitrogen fertilizer); (2) 125 Ib nitrogen per acre applied preplant 
in March; (3) 250 Ib nitrogen per acre applied preplant in 
March; (4) 125 lb nitrogen per acre applied July 12; (5) 250 

1 Published with the approval of the Director of the Colorado Agricultural Experiment 
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Researc~l Serv ice, U.S. De partme nt o f Agriculture, under Cooperati ve Agreement No. 12-14­
100·8443(34) administered by Crops Resea rch Division. Beltsville, iVfaryland. 
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Table I.-Average main effects o( harves t date, nitrogen fertilizer and variety on 
final root yield a nd quality, 1966. 

Root yield Sucrose Juice purity Recoverable 
Treatment T / A % % sucrose T / A 

H a.rvest da.te 

Oct. 8 
Oct. 22 
Nov . 8 

21.3 
21.5 
2l.5 

17.2 
17.3 
17.5 

93.2 
94 .1 
94.3 

3.13 
3.24 
3.35 

Nitrogen# 

Check 
125, March 
250, March 
125 , Jul y 
250, Jul y 

IS.9c 
22.7b 
24.03 
21.2b 
22.5b 

18.3a 
18.2" 
17.53 b 
16.9b 
IS.8d 

95. la 
95.0a 
93.5c 
94.0b 
9 1.6d 

2.78b 
3.69a 
8.90a 
3.09b 
2.76b 

V m'iety 

A56-3 
Fl 

22.7 
20.6 

17. 3 
17.4 

94.8 
94 .6 

3.41 
3.07 

Significance ( F-test) 

Harvest date 
Nitrogen 
Variety 

'* Significant

*. Signi ficant 

at 

at 

5% level. 

1% level. 

# Duncan's Multiple Range Test; va lues followed by th e same letter are not sig­
ni fica ntly d ifferent a t th e 5% leve l. 

Duncan's multiple range tes t (9) com paring nitrogen effects 
on final root yield gave the following results: (1) the yield of 
no-nitrogen check plant was significantly lower than yields for 
all other treatment at the 5% level; (2) there was no significant 
yield difference at the 5% level between applications of 125 Ib 
nitrogen early, 125 Ib late, and 250 lb late; (3) the 250 lb applica­
tion in March caused significantly higher yields than all other 
nitrogen treatments at the 5% leveL 

The effect of variety was not significant for sucrose content ; 
the A56-3 and F, genotypes averaged 17.4 and 17 _3 percent, re­
spectively, for all nitrogen fertilizer treatments_ Nitrogen fer­
tilizer, however, did show a significant effect on sucrose content. 
Roots from the check and 125 lb preplant treatments had higher 
sucrose contents than all other trea tments_ Application of nitro­
gen at planting had a definite advantage over side-dress applica­
tions in July, as plants from both the 125 lb and 250 Ib nitrogen 
treatments applied in March had significantly greater sucrose 
contents at th e 5% level than did plants rece iving the same rates 
July 12_ An interaction of variety by nitrogen was observed in 
the analysis of variance for sucrose . At lower rates of nitrogen 
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the A56-3 had the same or greater sucrose than the F but at 
" the 250 Ib rates the F, was higher in sucrose for bo th early and 

late nitrogen applications. 
Nitrate-nitrogen contents of the petioles for the growll1g 

season, as determined by the phenoldisul£onic acid method (8), 
explain the low sucrose percentages for plants recei ving late nitro­
gen. Petioles were sampled three times during 1966 and analyzed 
for N 0 3-N . These results are given in Figure 1. Varieties were 
averaged since there was no significant difference between them 
for NOs-N. U lrich (14) suggested that petiole nitrate should be 
less than 1000 ppm 4 to 6 weeks before harvest to promote 
sucrose accumulation prior to harvest. Concentrations above 
1000 ppm late in the season decrease sucrose content and purity 
while concentrations below 1000 ppm early in the season may 
r educe root yield. It is evident from Figure 1 that N 0 3-N content 
was high late in the season for beets receiving the 250 Ib side­
dress application in July and caused reduced sucrose percentages 
at harvest. It is apparent, also, that plants in the check treatment 
were too low in petiole nitrate early in the season, which accounts 
for the 1m\! root yield. 

E 
"­
"­

(f) 

w 
--' 
Q 
~ 
w 
a. 

~ 

Z 
I 
o~ 
z 

10,000 

8,000 

6 ,000 

4 ,000 

2,000 

0 
JULY 28 

• CHECK N 
c 1251b EARLY N 

• 250 Ib EAR LY N 

6 125 Ib LA TE N 

... 250lb LATE N 

SEPT. 6 OCT. 3 

FigUl'e I.-Effect of nitrogen fertilizer on petiole nitrate content; 
varieties combined. 

Thin juice purity for 1966 was relatively high for all treat­
ments (Table 1). Varieties did not differ significantly for purity, 
but nitrogen fertilizer did have a significant negative effect on 
purity, caused primarily by the treatments receiving late nitrogen. 

Recoverable sugar in tons per acre, which takes into account 
both percent sucrose and purity, was significant for the main 
effects of variety and nitrogen, but there "vas no significant inter­
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Tabk 2.~£ffect 01 variety and nitrog·cn [crtHi1C:~r OJ~ gTo'dh of lefn'cs and net 
asshnHalion rate. 

L,\! L\O Leaf number 
fn:atuWtH 'raX~nH:UH Wed,s ,\vg- for season 

Nitrogell 

Check 	 ]A lfi.6 8.0 
125. ,\larch :1.2 :17.S 7.3 
2.10, ~Iarch 'LO 51.3 

3.G 	 4:,9 
:l ~{ .(} 

A56·3 ,HLO 2:!.G 0.8 
It ~U :Hi.O 21.9 

;..: \R \-'31ucs cakulatc\l tillougll the ,")cptclHlier ~arnpl in?,-, 

2.-EffcCI of j"enil:zcr on leaf area index (varieties 
combined), and avcragc air tcmpcralu:'c and IOlal solar radiation for the 
same periods. 

In all cases leaf areas decreased after a 111 

to 22)F Oll Gctober I and l(j, which 
iue ill leaf area [or the last two 

seaSOll ,<I:as aU rihuted lIwre to a 
to leaf number. since the number 

the time while LAI 
was ill the 

area with ratio of dry 
increased rather t the 

a thicker leal. 
trcaLInents.for the late 
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Figure 3.-Effect of preplant nitrogen (nitrogen rates and varieties 
combined) on (a) numb~r of leaves per plant and average leaf area, and 
(b) leaf weight per unit leaf area. 

Leaf area duration (LAD) has been proposed as a more sig­
nificant measure of the plant 's ability to conduct photosynthesis 
because it considers both the magnitude and persistence of leaf 
area (17). LAD is usually expressed in terms of weeks. Harvests 
for this experiment were at 2-week intervals, so that the LAI 
for each harvest was doubled and summed to give LAD for the 
whole season in terms of weeks (Table 2). The differences in 
LAD caused by nitrogen treatment can be explained in part 
by the small changes in average number of leaves per plant 
(Table 2). The application of nitrogen also increased the average 
leaf area. Thus, both the size o( the leaf and number of leaves 
per plant were responsible for the increase in LAD when nitrogen 
was applied. Morton and ·Watson (10) found that both increased 
cell division and cell enlargement were responsible for larger 
leaves in sugarbeets when nitrogen fertilizer was added. 

The late application of nitrogen produced as great a LAD 
for the season as did the early nitrogen, but sucrose yields for 
the early nitrogen treatments were higher, as noted in Table 1. 
Two reasons can be postulated for the lack of close relation 
between LAD and yield. First, the preplant nitrogen provided 
larger leaf areas early in the season when solar radiation and 
air temperatures also were high (Figure 2), thus increasing the 
potential to produce photosynthate. Second, nitrogen applied in 
July decreased sugar yield by inducing late vegetative gTowth 
which delayed the accumulation of sugar in the root. 
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Net Assimilation Rate-Air temperature and total solar radi­
ation were measured daily at Fort Collins during the 1966 grow­
ing season. The average values for 2-week periods corresponding 
to harvest dates are plotted in Figure 2. Radiation was relatively 
high from mid-June to mid-September, but highest readings were 
present during early July. T he leaf area curves show that the 
preplant nitrogen treatments produced greater leaf area for 
periods of highest radiation than did the July applications of 
nitrogen. The preplant application ot nitrogen would be ex­
pected, therefore, to produce more photosynthf'tic material pro­
vided the leaf area was not so large as to cause excessive mutual 
shading. Stout (12) pointed out that a surplus. of leaves may be 
a liability rather than an asset. As the leaf area increases and 
mutual shading increases, light intensity on the lower leaves may 
be so low that respiration exceeds photosynthesis, thus reducing 
total carbohydrate accumulation hy the plant. 

The rate at which dry matter was produced per unit leaf 
area (NAR) was computed for each harvest throughout the 
season and average rates were calculated through September 
(Table 2). Considerable variation was found in NAR for harvests 
after September 24. By the end of September, roots had attained 
most of their weight, leaf area was declining rapidly, and the 
total dry weight for the above-ground portion of the plant was 
decreasing. These factors are , no doubt, the principal contributors 
to the late season extreme variation in NAR. 

No significant difference was found benveen average NAR 
values for the season for treatments, although the check treat­
ment might appear to be most efficient CTable 2). The F1 variety 
appeared also to be slightly more efficient than the A56-3 variety. 
This might be expected since the hybrid was known to develop 
gTeater root-top ratios". The time at which nitrogen was applied 
also had different effects on N AR values during the season, even 
though final results were about the same. 

The effect of time of application of nitrogen on NAR during 
the season is shown in Figure 4; the 125 and 250 I b rates of 
nitrogen and varie ties were combined. After a maximum in early 
July, the NAR decreased with time throughout the rest of the 
season and approached zero in September. This decrease with 
time is in agreement with data presented by 'Watson (17) and 
Campbell and Viets (4). The NAR values declined more rapidly 
during July and August for plants fertilized with nitrogen in 
March than for those in the check treatment or the treatment 
that received late nitrogen in July (Figure 4). This may have 
been caused by the larger leaf area for the preplant treatment 

• H usseini, op. cit. 
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Figure 4.-Effcct of time of application of nitrogen on net assimilation 
rate; nitrogen rates and varieties combined. 

and less efficient exposure to solar radiation. Correlations between 
NAR and LAI were negative throughout the season, and the 
coefficients were more highly negative for periods with greatest 
leaf area. The correlation coeHicient betvveen LAD and average 
NAR for the season for all treatments was -0.60. This correla­
tion is less than the -0.86 correlation obta ined by Campbell 
and Viets (4) who worked with plants having much larger leaf 
areas. No significant correlation could be found between NAR 
and total dry weight for any of the harvests and values varied 
considerably from one harvest to the next. LAI, however, was 
significantly correlated with total dry weight for harvests through­
out the season. The correlation coefficients for the various har­
vests ranged from 0.90 to 0.60. Net photosynthesis for the range 
of leaf area obtained in this experiment thus was dependent 
more upon the total leaf area than upon the efficiency of the 
leaf area. This is consistent with the findings of other workers 
(7,15,16). 

Root Growth-The accumulative root yield during the season 
is given in Figure 5. The two nitrogen rates for each time of 
applying nitrogen were averaged because there ,vas no inter­
action. The varietal effect, significant at the end of the season, 
did not appear until September, and then only for those treat­
ments receiving nitrogen. The lower yield of the Fl may have 
been the result of a Cercospom leaf spot infection which · was 
considerably greater on this variety during the latter part of 
the season. Differences in leaf area between varieties that appeared 
early in the season had little effect on early season root yield. 
Any advantage of the lower top-root ratio of the Fl may possibly 
be realized only when grown at a higher stand. 
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The advantage of the preplant application of nitrogen on 
root yield appeared as early as June 20, and by July 12, at the 
time of the late application of nitrogen, the response over the 
check was 2 to 3 tons per acre. The difference in yield between 
plants receiving early and late applications of nitrogen remained 
about 2 tons for the rest of the season (Figure 5). 

JUNE JULY AUG . SE PT. OC T. NOV. 

Figure 5.-Effect of variety and time of application of nitrogen fertilizer 
on fresh root yields; nitrogen rates combined. 

From these data it would seem that timely leaf area is im­
portant for maximizing root yield. It was noted in Table 1 that 
the early application of nitrogen was more effective for increasing 
root yields than was the late application. The rate of root growth, 
for plants receiving early and late applications of nitrogen, is 
given in Figure 6 with corresponding LAI values; fertilizer rates 
and varieties were averaged for convenience in presenting the 
data. Early in the season, the rate of root gTowth, in tons per 
acre per 2 weeks, was greater for plants fertilized with nitrogen 
before planting; this was coincident with a greater leaf area for 
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Figure 6.-Effect of time of application of nitrogen on (a) leaf area 
index, and (b) rate of root growth; nitrogen rates and varieties combined. 
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plants from the same treatment. Solar radiation and air tempera­
ture (Figure 2) also were higher early in the season. Ideally, 
lear area probably should have reached a maximum even earlier 
than that attained with the pre plant application of nitrogen. 

Even though leaf area of the beets was greater after mid­
August for the July nitrogen treatment, the rate of root growth 
was greater through mid-September for the preplant treatment. 
The slower rate of root gTowth for the July treatment during 
this period was due, apparently, to the high nitrogen status of 
the plant. With the early application of nitrogen there was a 
lower level of nitrogen in the plant during August and Sep­
tember (Figure I) and more assimilate accumulated in the root. 
On the other hand, plants receiving nitrogen in July had a higher 
nitrogen status; therefore, these plants had a greater tendency 
for the assimilate to be used in top growth. After mid-September 
the leaf area of the beets for the preplant treatment was gTeatly 
reduced, but by this time the solar energy and air temperature 
were so low that the extra leaf area for the July application had 
little advantage (Figure 6). 

The LAI for each harvest throughout the season was cor­
related with final root yield. Correlations 'were highest for the 
July 18 harvest, where a coefficient of 0.60 was obtained; there­
after, correlation of LAI values from later harvests with final 
root yield decreased as the season advanced. It would appear 
that leaf area early in the season had more bearing on the final 
root yield than did a comparable leaf area at a later date. The 
net effect is probably related to interactions among solar radia­
tion, temperature, and nitrogen status of the plant. A correlation 
coefficient, significant at the 1% level (r = 0.71, 38 d.£. ) was 
obtained for LAD and final root yield for all treatments . The 
data indicate that the correlation coefficient would be consider­
ably higher if correlations were calculated for the early applica­
tion only, and even larger if only one variety were consider~d. 

Recoverable Sucrose-Variety differences in leaf area had no 
significant effect on percentage recoverable sucrose throughout 
the season, so varieties were combined for the following dis­
cussion. Plants that received the higher rates of nitrogen were 
lower in recoverable sucrose throughout the season, but because 
rates within an application date exhibited the same trend, they 
were averaged to indicate the effect of time of application of 
nitrogen on percentage recoverable sucrose (Figure 7). Beets 
that received an early application of nitrogen were low in re­
coverable sucrose early in the year but increased steadily through­
out the season. Although plants receiving preplant nitrogen 
were lower in sucrose than those of the check for the season, 
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Figure 7.-Effect of time of application of nitrogen on the percentage 
of recoverable sucrose; nitrogen rates and varieties combined. 

they still managed to give recoverable sucrose percentages over 
16% by October. N itrogen applied July 12 caused the recover­
able sucrose to remain low until mid-August before it began 
to increase. Leaf area curves (Figure 2) show that it was mid­
August before maximum leaf areas were achieved in plants that 
received late nitrogen. T hus, most photosynthate to that time 
was used for producing top gTowth. 

LAD and final recoverable sucrose percentage for all treat­
ments were negatively correlated (r = -0.55, 38 d.f.). Although 
significant at the 1 % level, only about 30% of the variability in 
sucrose percentage could be accounted for by LAD. LAD was 
positively correlated with the yield of recoverable sucrose, but 
only about 22 % of the variability in yield of sucrose (r = 0.47, 
39 d.f.) could be attributed to LAD. This was a direct conse­
quence of the higher positive correlation (r = 0.71, 38 d.f.) 
between LAD and final root yield. 

Higher correlation coefficients were found for the relationship 
between LAD and percentage recoverable sucrose or yield of 
sucrose when each date of appl ication of nitrogen was considered 
separately. This was because the relationship between leaf area 
and yield of roots or sucrose depended upon the time when 
nitrogen vvas appl ied (Tables 1 and 2). For example, LAD 
accounted for 85% of the variability in the yield of recoverable 
sucrose for the season (r = 0.92 , 16 d.f.) when only preplant 
applications of nitrogen were considered. 

Rates of accumulation of recoverable sucrose during the 
season were calculated to explain the influence of treatment on 
final yield of sucrose. Sucrose accumulation rates for the early 
and late applications of nitrogen with rates and varieties com­
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bined (Figure 8) show the definite advantage of the preplant 
applications through most of the growing season. It is interesting 
to note that although the late applications of nitrogen developed 
leaf areas by mid-August as gTeat as those given where nitrogen 
was applied preplant (Figure 2), the roots did not accumulate 
sucrose at a comparable rate until after mid-September; by this 
time accumulation rates were very low because of a less favorable 
climatic environment. Lower recoverable sucrose plus a slower 
rate of root growth for most of the season caused the lmver yield 
of sucrose where nitrogen was not applied until July 12. It is 
also possible that the capacity of the root to absorb sucrose (sink 
capacity) may have an influence on sugar accurriulation (13), 
although the magnitude of this effect is not known. If sink size 
is significant, then an early application of nitrogen would have 
had a definite advantage over the check or delayed applications 
of nitrogen by providing a larger sink earlier in the season. 
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Figure S.-Effect of time of application of nitrogen on the rate of 
accumulation of recoverable sucrose; nitrogen rates and varieties combined. 

Results for the preplant nitrogen treatments (Figure 9) show 
that the rate of sucrose accumulation in the root was greater 
for the 125 lb rate of nitrogen than for the 250 lb rate until 
about September 1, although leaf area was greater for the 250 
lb rate. The lower rate of accumulation of sucrose for the 250 
lb treatment prior to September I was apparently the result 
of a higher nitrogen content of the plant (Figure 1). This caused 
more vegetative gTowth and less sugar accumulation. It should 
be noted here, however, that the sacrifice in early accumulation 
of sucrose is not necessarily detrimental. The results indicate 
that a large leaf area should be established early in the season 
when radiation and temperature are optimum. This promotes 
early root growth and greater sucrose acc umulation later in the 
season. This was evidenced by the greater final yield of sugar 
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Figure 9.-Effect of preplant applications of nitrogen on the rate of 
accumulation of recoverable sucrose; varieties combined. 

for the 250 Ib rate over the 125 lb rate of prepiant nitrogen. 
Roots from the check treatment, although highest in sucrose 
percentage, were not high-producing because plant growth was 
severely restricted much of the season. 

Some question exists then, as to what should be considered 
optimum leaf area. ·Watson (16) suggested that a LAI between 
6 and 9 may be near the upper limit of the agricultural range 
for maximum gTowth rate of sugar beets. Although values of 
this magnitude ""ere not obtained in this experiment, the largest 
leaf areas for the season did produce greatest amount of dry 
matter. Since dry matter production was still increasing at the 
highest rates of nitrogen fertilization, it can be assumed that 
optimum leaf areas for dry matter production were above those 
encountered in this experiment. Although high leaf area often 
gives gTeater root growth and total dry matter production, a 
higher sucrose accumulation does not necessarily follow. Camp­
bell and Viets (4) and Goodman (6) suggested that the optimum 
LAI may be closer to 3 for maximum sugar production. Results 
of the present study indicate that the optimum LAI may be 3 
to 4 when attained early in the season. It is doubtful that a 
LAI greater than 3 or 4 would have been beneficial in this 
experiment unless the maximum was reached earlier in the 
season. The optimum leaf area would be expected to vary during 
the season because of fluctuations in temperature and radiation . 
A high LAI late in the season, caused by abundant supplies of 
nitrogen, was inferior not only because it delayed sucrose accum­
ulation, but also because an excessive leaf area was presented 
at a time when climatic conditions were less favorable for photo­
synthesis. Differences in optimum leaf areas for sugar production 
may exist also between varieties. The F, hybrid of this ex peri­
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ment was able to produce more sucrose per unit leaf area than 
the commercial variety. Since the hybrid had a lower leaf area 
and higher root-top ratio, sucrose yield for th e 1' , might have 
been raised by increasing the stand to increase th e LA!. 

Summary 

A factorial experiment that included two sugarbeet varieties 
and five nitrogen treatments was conducted on a ca lcareous ;'\unn 
clay loam to study the effect of variations ill leaf canopies on 
the yield of roots and sucrose. Harvests were Inacle at 2-week 
intervals throughout the growin g season For growth analysis. 

The geneticall y heterogeneous commercial variety grown in 
northeastern Colorado gave grea ter leaf areas , root yields and 
sucrose yields than did the F, hyhrid. The hybrid, however , did 
have higher root-lOP ratios and higher net assimilation rates 
thronghout the gTowing season . Varietal difFerences in final 
yields of sucrose were caused by varietal effects on root yi elds 
late in the season. '\0 var ietal differences were noticed for sucrose 
content or thin juice purity . 

~ itrogen effects on leaf area were highly associated with 
yie lds of roots and sucrose. "Wh en nitrogen was applied in :vrarch 
before planting, the higher rates of nitrogen produced greater 
leaf canopies earl y in the season and caused greater yi elds of 
Slicrose in the fall harvests . ' I 'he greater Sllcrose yields were a 
consequence principally of larger root yields with only small 
reductions in sugar content. 

"\Then nitrogen was applied as a side-dress application in 
July, a comparable leaf area index was obtained about a month 
later than "dwn nitrogen was applied in :\1arch. Root yields were 
lower, however Sucrose content and sucrose production were 
red uced also when compared with the preplant treatment. 

Optimum leaf area index values for sugar producti~m for 
this experiment appeared to be ?J to 4. i\To single nitrogen treat­
ment maintained highest sucrose accumula tion rates throughout 
the season; highest accumul at ion rates during the season sh ifted 
hom treatment to treatment and depended upon both leaf area 
and nitrogen status of the plant. 
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