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INTRCDUCTION

The lack of precise methods for measuring sucrose loss
during storage has limited the development and evaluation of
treatments for reducing this less. Direct sucrose loss is deter-
mined from the change in weight of sucrose in beets during
storage and is expressed as 1b. sugar lost/ton beets/day stored,
percent sugar lost, or change in pol reading corrected for
weight change. Direct sucrose loss determinations often lack
the precision needed fo detect small differences between treat-
ments. This lack of precision is the result of making sucrose
measurements on  different beets Dbefore and after storage.
Therefore, the precision of direct sucrose loss determination is
dependent wupon measuring a large number of samples. Akeson
et al. used 50 samples per freatment in tests with topping treat-
ment (3}, growth regulators (4), and fungicides (6). Use of
large sample numbers is not, however, practical when screening

more than five treatments or cultivars.

Sucrose loss in stored sugarbeetis is caused by respiration
and metfabolic conversion of sucrose to impurities such as
raffinose and invert sugars (12, 13}, The most important
factor, respiration, accounts for about 80% of the sugar loss
under the best storage conditions (12) and has been used to
estimate sugar loss (9, 11, 13). Respiration measurements are
more precise than the direct sucrose loss determinations (1, 13),
and correlate well with actual sucrose loss (14). None of the
studies estimated sucrose by intergrating losses from respiration

and impurity accumulation. The purpose of this study was to
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evaluate methods for estimating sugar loss based on respiration

rate, invert sugar accumulation and raffinose accumulation.
MATERIALS AND METHODS

Twenty-seven beet storage tests measuring sucrose loss,
respiration rate and accumulation of invert sugars and raffinose
were conducted between 1971 and 1977. A description of the tests
is given in Table 1. Tests 4, 5, 8, 9, and 10 showed no
significant differences between treatments and were not included
in this study. Results and descriptions of tests I, 3, 4, 5, 9,
12, 17, 18, and 23 have been published elsewhere (3, 4, 5, 6).
Test 6 was conducted in essentially the same manner as tests
4, 5, and 9 while tests 24 and 25 involved post harvest

application of growth regulators to mechanically harvested beets.

Beets for cultivar evaluation were grown at Longmont,
Colorado, in six row plots replicated six times and arranged
in a randomized complete block design. Immediate analyses
were made on three rows of six-row plots and 20 1b. samples for
storage were taken from the remaining three rows. Abnormally
small and large beets as well as deformed or damaged beets
were removed from the samples. The beet samples were stored
in nylon net bags in a humidified root cellar at 4.4°¢C. During
the storage period, the different replications were placed in
respiration chambers for two-week periods so that respiration
measurements were made on all replications. Samples from tests
2, 7, and 8 were stored at 4.4°C for the entire storage period.
One sample of each replication of tests 10, 11, 13, 14, 19, 20,
26, and 27 was placed in storage at 12.8° C  after respiration
measurement and a second replication of each sample® was put
into storage at 1.1°C after respiration determination. The remain-
ing samples were stored at 4.4°C for the total storage period.
Sugar loss, invert sugar, and raffinose accumulation and

respiration rates represented an average of all samples.

Respiration measurements from carbon dioxide evolution
were made at 4.4°C in 180 chambers holding about 20 pounds
of beets each. Air, humidified and scrubbed of carbon dioxide,
flowed through chambers containing beets, flushing the carbon

dioxide produced by respiration from the chambers. The carbon



Table 1. Description of tests measuring respiration rate, invert sugar and raffinose accumulation, and sugar loss
of sugarbeets.

Test Treat- Samp./ Harvest Stor. Refer-

No. Test Name Year ments Reps. Rep. Method Days Storage TemperatureC ence

CO

1 Cultivar x topping 1971-72 8 6 1 Hand 106 12.8-4.4 3

2 Cultivar 1971-72 27 6 3 Machine 110 4ob

3 Growth Regulator 1971-72 9 6 2 Hand 110 4.4 6

4 Herbicide?® 1972-73 7 6 2 Hand 104 A 6

5 Nematicide? 1972-73 6 6 2 Hand 106 [ 6

6 Ethylene 1972-73 5 6 2 Hand 106 4.4

7 Cultivar I 1972-73 30 6 3 Machine 117 4.4

8 Cultivar 11° 1972-73 20 6 3 Machine 115 4.4

9 Herbicide? 1973-74 5 6 2 Hand 104 4.k 6

10 Cultivar T 1973-74 30 6 3 Machine 113 4.4-12.8, 4.4, 4.4-1.1

11 Cultivar 112 1973-74 20 6 3 Machine 107 4.4-12.8, 4.4, 4.4-1.1

12 Ethylene 1974-75 3 6 10 Machine 99 4.4 &4

13 Cultivar 1 1974-75 30 6 2 Machine 105 4.4-12.8, 4.4-1.1

14 Cultivar IT 1974-75 30 6 2 Machine 100 4,4-12.8, 4.4-1.1

15 Cultivar III 1974-75 30 6 1 Machine 147 4ob

16 Cultivar IV 1974-75 30 6 1 Machine 142 [

17 Fungicides T 1975-76 20 6 2 Machineb 104 12.8-4.4 6

18 Fungicides 11 1975-76 20 6 1 Machine® 133 12.8-4.4 6

19 Cultivar 1 1975-76 30 6 2 Machine 106 4.4-12.8, 4.4-1.1

20 Cultivar II 1975-76 30 6 2 Machine 105 4.4-12.8, 4.4-1.1

21 Cultivar III 1975-76 30 6 1 Machine 137 (A

22 Cultivar IV 1975-76 30 6 1 Machine 136 Lob

23 Impact Damage 1976-77 10 10 1 Handb 120 A 5

24 Growth Regulators 1 1976-77 5 6 1 MachineP 146 [

25 Growth Regulators 11 1976-77 5 6 1 MachineP 146 4.4

26 Cultivar I 1976-77 30 6 3 Machine 96 4.4-12.8, 4.4, 4.4-1.1

27 Cultivar 11 1976-77 30 6 3 Machine 91 4.4-12.8, 4.4, 4.4-1.1
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dioxide from each chamber was captured in 600 ml of 1.0 N
sodium hydroxide solution. A 25 ml aliquot of each sodium
hydroxide solution was ftitrated with 0.5 N hydrochloric acid fto
pH 8.65 and 2.95 end points. The carbon dioxide evolution was
calculated from the ml of titrant used between the two end
points. Sucrose (7), invert sugars (8), and raffinose (10) were

determined on beets before and after storage.

Sugar loss was calculated with the following fermulas.

I Direct sugar loss:

W,
L SE ] Wf 52 20
=y -
1 Sugar loss calculated from respiration rate:
L =R
111 Sugar loss calculated from respiration rate plus invert sugar
accumulation:
LR+ 2

IV Sugar loss calculated from respiration rate plus invert sugar
plus raffinose accumulation:

20 (1 + 1.5A)
R VR

V  Sugar loss calculated from multiple regression equation with
respiration and invert sugar accumulation:

L = 1.385 R + 0.063 1 - 0.134

VI  Sugar loss calculated from multiple regression equation with
respiration and invert sugar and raffinose accumulation:

L = 1.364 R + 0.064 1 + 0.065 A - 0.133

L =R «+

Where:
L = 1b. sugar lost/ton of beets/day of storage -
Wl = Beet weight before storage

W2 = Beet weight after storage

51 = Sugar content before storage

S, = Sugar content after storage

R = Average respiration rate during storage - 1b/T/D

1 = Invert sugar accumulation during storage - % on beets
A = Raffinose accumulation during storage - % on beets

D = Storage days
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Method 111 adds sucrose loss calculated from increased
invert sugar content to that lost by respiration while method 1V
adds sucrose lost by increases in invert sugar and raffinose
contents to that lost by respiration. In calculations, we assumed
two molecules of invert sugar are formed from one molecule of
sucrose while two molecules of sucrose are used to form one
molecule of raffinose. Stoichiometrically, one molecule of
raffinose is formed from two molecules of sucrose with one
molecule of fructose left over (11). The metabolic fate of the
residual fructose 1is not known and so is not considered in

order to keep the equation simple.

Methods V and VI use the averages of multiple regression

equations generated from individual tests (Table 3).
RESULTS AND CONCLUSIONS
Correlations

Correlation  coefficients {r) of direct sugar 1loss with
components of sugar loss--respiration rate, invert sugar accumu-
lation and raffinose accumulation--as well as correlations between
components are given in Table 2. Direct sugar loss was
significantly correlated with both respiration rate and invert
sugar accumulation 1in the majority of the tests. Raffinose
accumulation, on the other hand, was poorly correlated with
sugar loss. The averages of sugar loss with respiration
correlations were slightly higher than those of sugar loss with

invert sugar accumulation.

The average correlations of respiration rate and invert
sugar accumulation with direct sugar loss were lower in the
cultivar tests {r = 0.66 and 0.57, respectively) than in the
"other'" tests (r = 0.83 and 0.75, respectively). The low r2 values
would appear to explain little of the wvariation in sucrose loss
caused by respiration rate, invert sugar, and raffinose accumu-
lation. However, these lower than expected correlations were
caused by the high variability in direct sugar loss determinations
{(Table 5). These differences between the cultivar and "other"
tests may have been related to the relatively good correlation

between respiration rate and invert sugar in the '"other'" tests



Table 2. Simple linear correlation of respiration rate, invert sugar accumulation, and raffinose accumulation
with sucrose loss and with each other.

Comparison

Respiration Respiration Invert Sugar
Sugar Loss Sugar Loss Sugar Loss Rate Rate Accumulation
Vs Vs vs vs Vs Vs

Respiration Invert Sugar Raffinose Invert Sugar Raffinose Raffinose

Test Rate Accumulation Accumulation Accumulation Accumulation Accumulation

r
Cultivar Tests

2 0. 0,624 0.58%%* 0.53% 0.39%*
7 0. 0.18 0. 52%%* 0.10 0.05
10 0. 0.07 0.27 ~-0.05 -0.15
13 0. 0.10 0.34 0.21 0.00
14 0. 0.25 -0.13 -0.07 0.17
15 0. 0.00 0.22 0.03 0.00
16 0. 0.09 0.04 -0.07 0.12
19 0. 0.19 0.7 H%% -0.07 -0.17
20 0. 0.22 0.23 -0.15 -0.04
21 Q. 0.12 0.42% -0.18 -0.14
22 0. 0.12 0.32 0.33 ~0.04
26 O 017 0.37% 0.05 ~0.10
27 0. 0.25 Q. 60%* -0.04 0.17
Mean 0. 0.18 0.35 0.05 0.02
Standard Error 0. 0.04 0.06 0.06 0.04

1 -0.30 -0.52 -0.74
3 0.47 0.19 0.40
6 0.05 0.01 0.02
12 0.01 0.00 0.00
17 0.00 0.01 0.03
18 0.00 0.02 0.03
23 0.46 0.43 0.28

29
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(r = 0.67) compared with the relatively poor correlation between
the two components in the cultivar tests (r = 0.35). Differences
between treatements in the 'other" tests were often related to
injury, mechanical or chemical, which stimulated both respiration
and invert formation and thus a good correlation between the
two components, Respiration rate and invert sugar accumulation
are often not related in individual cultivars and thus a poor
correlation often exists between the two components in the
cultivar tests. Raffinose had no correlation with respiration

or invert sugars.

On the basis of the correlations, respiration rate is the
most important factor for predicting sugar loss followed by
invert sugar accumulation, with raffinose having only minor
importance. The good correlation between respiration and invert
sugars in some tests indicates a lack of independence between
the two factors which may interfere with the development of
good multiple regression equations. Raffinose accumulation
is independent of the other two components and would not inter—

fere with the generation of the multiple regression equations.

Multiple Regression Equations

Multiple regression equations generated from respiration
rate, invert sugar accumulation, and ralfinose accumulation for
the 1individual tests are summarized in Table 3. The equations
differed from test to test. Since no consistent equation was
generated, [ wused the mean of the equations of the cultivar

tests for the equations in methods V and VI.

The average multiple correlation with direct sucrose loss
obtained by combining respiration and invert sugar (R = 0.79)
was considerably Dbetter in the cultivar tests than the simple
correlations of respiration and invert sugars with sucrose loss
(r = 0.66 and 0.57, respectively). Including raffinose accumu-
lation improved the multiple correlation only slightly, from
R = 0.79 to 0.8l Combining invert sugar and vespiration in
the ‘'other" tests gave a slightly better correlation (R = 0.87)
than with respiration alone (r = 0.83) while raffinose had little
effect. Regression analysis while not generating consistant

equations, has shown that respiration and invert sugar used



Table 3. Multiple regression equations relating respiration rate, invert sugar accumulation and raffinose accumu—
lation with sugar loss.
Respiration — Invert Sugars Respiration — Invert Sugars -~ Raffinose
Test Lquation Multiple Correlation Equation Mulitiple Correlation
R R
Cultivar Tests
2 Y»1.308X1+O.059X2~O.010 0.94 Yu].177X1LO.054X2e0.322x3w0.039 0.93
7 Y~l.554XL+O~045X2—0.148 0.60 Y:l.503X1+O.043X2+O.053X3—O.259 0.65
10 Y=1.901X1~O.02&X2~0.214 0.69 Y:l.902X1-0.022X2+0.O3OX3—O.23l 0.70
13 Y:O.764X1+O.031X2+O.042 0.56 Y“O.790X1+0.O3OX2~O.025X3—O.048 0,57
14 Yr2.014X1+O-066X2—0.331 0.73 YMZ.OSBX]+O.062X2+O.127X3—O.AO7 0.77
15 Y'O.983Xl+0.036X2—0.1Q9 0.58 Y 0.989X1%O,039X2~0.033X3+0.179 0.58
16 Y-O.393Xl+0.103X2+O.064 0.59 Y:O.580X1+0.096X2sO.OZOX3*O.034 0.60
19 Y:1.920X1+O.080X2—O.253 0.96 le.907X1+0.090X2+0‘082X3—O.172 0.98
20 Y=1.270X1*0.122X2—0.089 0.94 YAl.223Xl+0.146X2e0.04&x3—0.210 0.95
21 Y:1.674X1+O.056X2~0.220 0.96 Y‘].692X1+O.O57X2?O.OG9X3—O.228 0.97
22 Y-l.518X1+O.O82X2—0.]98 0.98 Y‘l.209X]TO.O82X240,028X3AO.091 0.95
20 Y:l‘288X1+0.109X2—O.1Q7 0.85 Y 1a?65X1+O.099X2+0.OE#XB-O.101 0.93
27 Y:1.420X1+O.058X2AO.092 0.92 Y 1.536X]30.0A9X2+0.088X3—Ohl59 0.94
Mean Y:l.385X1+O.063X3w0.134 0.79 Y¢}.364X]+O.O6ﬁx2LO.065X3~0‘133 0.81
Other Tests ,
1 Yn4.948X1—0.056X2~1.055 0.93 Y 3.867X1w0.008xz»0.132X3~Q.8&7 0.94
3 Y-O.475X1—O.i1aX240.092 0.93 V»Q.I@?XlvO.l3SK2%D.384K:+O.122 0.94
6 Y:O.86]X1¢O.O75X2+Q.OQS 0.56 Y»OA862X1=0.065X2.0306&X3 2108 0.57
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Table 4. Compariscon of methods for evaluating sucrose loss--differences between treatments required for signifi-

cance.
Method of Calculating Sugar Loss
- Addition of Components Multiple Regression
Direct Respiration Respiration
Sugar Respiration Respiration Invert Sugars Respiration Invert Sugars
Loss Rate Invert Bugars Raffinose Invert Sugars Raffinose
Test I 11 II1 v \ VI

Least significant difference at 0.05--% of test mean e

Cultivar Tests

2 19.8 8.2 9.5 9.8 9.7 9.9

7 29.7 7.8 7.5 7.5 8.0 8.0
10 27.1 5.6 4.7 4.9 6.5 6.7
13 24.1 5.6 6.1 6.2 6.1 6.2
L4 23.0 6.0 6.1 6.3 6.1 6.2
i5 25.1 6.6 7.0 7.2 6.9 7.2
16 25.5 6.1 6.1 6.3 6.1 6.2
19 21.2 7.9 5.7 5.6 5.7 5.7
20 19.5 6.4 5.7 5.6 5.5 5.6
21 24.5 5.2 5.7 5.7 5.7 5.7
22 23.4 5.2 5.7 5.7 5.8 5.8
26 21.3 5.7 5.4 5.5 5.7 5.8
27 25.1 6.3 6.3 6.6 6.4 6.5
Mean 23.8 6.4 6.3 6.4 6.5 6.6
Standard Error 0.8 0.3 0.3 0.4 0.3 0.3
Other Tests-—Growth Regulators, Fungicides, and Injury

1 32.8 11.6 10.6 1.7 12.5 13.0

3 18.0 6.1 8.4 8.2 8.3 8.4

6 19.5 tT7.s 7.7 7.7 7.7 7.7
12 21.6 5.0 6.7 6.6 6.8 6.7
17 21.4 5.8 5.9 5.9 5.9 5.9
18 31.2 7.3 7.1 7.1 7.3 7.3
23 31.1 6.2 7.6 8.3 7.9 8.3
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together give a better estimate of sugar loss than when used

individually.

The multiple correlation values (Table 3} were much lower
in tests 7, 13, 14, and 15 than in the remainder of the tesls.
These low multiple correlations are caused 1in part by low
simple correlations between vespiration rate, the most important
factor, and direct sugar loss (Table 2). The low correlations
are likely caused by the high wvariability in direct sugar loss
analysis. The wide wvariation in regression equations might
preclude the use of a single regression equation for estimating

sugar loss.

Comparison of Methods

The differences in sugar loss required for significance

at the 0.05 level of probability for the individual tests is given

in Table 4 for the six methods of <calculation. Data are
expressed as percent of the individual test means. The L.S.D.

values of direct sugar Joss (1) calculations were very high,
19.5 to 29.7% for cultivar tesis and 18 to 42.5% for the '"other"
tests. On the average, cultivars must differ by more than
23.8% to be different with direct sugar loss calculation. The
difference required for significance with method 1 is 3.6 to 4.5
times greater than when sugar loss is estimated with methods
11, 111, 1v, VvV, and VI. The latter five methods gave about
the same L.S.D.'s. These data show that direct sugar loss
determination 1is not precise enough to determine sucrose loss
in tests with a small number of replications. Twenty-five to
fifty replications are needed in most tests, to obtain sufficient
precision to differentiate ireatment differences. This sample
number 1is not practical for screening treatments or for evaluat-

ing cultivars where as many as 60 are evaluated at a time.

The correlations (r) of results obtained using methods 1},
1L, v, Vv, and VI with direct sugar loss for the tfests are
given in Table 5. Respiration rate (I11) alone is well correlated
with direct sugar loss in most tests. Adding sugar lost by
invert sugar formation (method 111) improves the correlation in
most cultivar tests with an average increase in r from 0.66 to

0.78. Adding the raffinose component (method 1V) improved r
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Table 5. Correlation of methods for evaluating sucrose loss with
direct sucrose loss determination.

Method of Calculating Sucrose Loss

Addition of Components Multiple Regression
Respiration Respiration
Respiration Invert Respiration Invert
Respiration Invert Sugars Invert Sugars
Rate Sugars Raffinose Sugars Raffinose
Test 11 111 v v Vi

Correlation Coefficient (r)

2 0.9 * 0. 947
7 0.7
10 0.67%
i3 0.7
14 0.7
15 0.5
16 0.6
19 0.9
20 0.8
21 0.9
22 0.9
2 0.9:
27 0.88%
Mean 0.81
Standard
Error 0.04 0.04 0.04 0.05 0.05

Other Tests--Growth Regulators, Fungicides, and Injury
1 0.92%%* 0.88%* 0.86%%
3 O.90%%
6 0.77
12
17
18
23
24
25
Mean
Standard
Error 0.03 0.02 0.02 0.02 0.02

0.90%*

T Gorrelations significant at 0.05, 0.0l, and 0.001 levels of

probability, respectively.

slightly in the cultivar tests, from r = 0.78 to 0.8}, but did
not have as great an effect as adding the invert sugar component.
The estimates obtained with the multiple regression equations,
methods V and VI, were as good as methods 111 and 1V in
all cultivar tests except for tests 7, 10, and 1l. The regression
equation estimates in test 10 were very poor compared with tests
11, 111, and 1V. Over all, method 1V gave the best sugar loss

estimates for evaluating cultivars, Method 111 gave nearly as
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good an estimate of sugar loss as IV and involves analysis
of one less component. With the wide wvariation in individual
regression equations between tests conducted at the same facility,
we feel that other labs wusing multiple regression techniques
should generate their own equations. Large wvariations between
experiments in other laboratories could preclude the wuse of

regression analysis for estimating sugar loss.

The other tests involving growth regulators, fungicides,
and mechanical injury gave similar results with methods 11, 111,
v, Vv, and VI. Correlations for methods 111, 1V, V, and VI
were slightly better than respiration (11) alone. Since respiration
rate and invert sugar accumulation were Thighly correlated
in these tests, respiration alone gave a good estimate of sugar

loss.
SUMMARY

Six methods of estimating sucrose loss in stored sugarbeets

were compared in 22 tests conducted from 1971-1977.

The storage loss components investigated were respiration
rate, invert sugar accumulation, and raffinose accumulation.
Sugar loss correlated best with respiration rate followed by
invert sugar accumulation with raffinose showing little correlation
with sugar loss. Direct sugar loss measurements had the least
precision with least significant differences being 3.6 and 4.5 times

greater than with other methods.

The best estimate of sucrose loss, based on simple linear
correlation, was obtained by adding the effects of the three
storage loss components. Methods combining the fagtors with
multiple regression equations had more variability between
tests than methods in which the factors were simply added

together.

Tests ‘with growth regulators, fungicides, and mechanical
injury showed high correlation between respiration rate and
invert sugar accumulation. As a result, addition of invert
sugar and raffinose components gave little improvement in
correlation with direct sugar loss as compared with respiration

alone.,
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A procedure which has one-fourth the variability of direct
sugar loss determination and accounts for a greater proportion
of sucrose loss than respiration alone has been described for
evaluating the effect of different treatments on the relative
sucrose  loss. The procedure 1is especially wuseful in tests
where a sizable (10 to 30} number of cultivars or treatments
are evaluated.
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