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Numerical analyses of some common errors in chemosystematics. Brittonia 24:
9-21. 1972.—The effects of random and nonrandom errors were analyzed. Four
types of nonrandom errors were simulated and examined in detail: 1. misidentifica-
tion of compounds; 2. unresolved components; 3. errors in the quantification of
individual compounds; and 4. errors in the quantification of a series of analyses.
These cases were compared using data from studies in Juniperus. Misidentification
of 1 of 40 components had only a slight effect on the resulting classification even
when that error accounted for 209% of the total character weights. Unresolved
components also had only a slight effect. Nonrandom errors in the quantification
of individual compounds (throughout a study) were shown to have no effect on the
similarity measure used in this study. Errors in the quantification of a series of
analyses (such as encountered in seasonal variations) appeared to be the most serious
source of error and were shown to be of considerable importance in chemosystematic
studies. Several preventative procedures are suggested.

INTRODUCTION

Several types of errors are rather common in biochemical systematic studies, but
their effects usually have been either discounted or magnified as impossible obstacles.
Chomosystematists are often either organic chemists whose primary interests are in the
identification of plant products and the elucidation of biochemical pathways, or clas-
sically trained taxonomists whose primary interest (in chemosystematics) is in the use
of biochemical markers to aid in the classification of the taxa being studied and to gain
insight into the evolutionary relationships of these taxa. With this dichotomy of inter-
es it is not surprising that error analysis has been largely ignored in chemosystematics.

“andom errors are certainly as common to biochemical data as they are to morpho-
logical data. Some of the more common random errors in chemosyvstematics are: varia-
tions in the amount of plant material to be extracted; variations in the amounts of
solvents used in extraction procedures: differences in extraction times; normal voltage
il current variations which influence the accuracy of equipment utilized in the detec-
«ion and quantification of compounds. Most chemosystematists are at least aware of
these errors and usually take some precautions to minimize them. If the data are
analyzed statistically, these random errors should have little effect on most analyses.

On the other hand, nonrandom (or systematic) errors pose an entirely different
problem. They can not be accounted for in analysis of variance procedures and are
generally not detectable in any statistical analyses of the data. Thus, what may appear
to be evidence of clinal variation or introgression, may in fact be due to seasonal differ-
ences in the collection of samples, or to the effect of gradual changes (e g., deteriora-
tion) in a column used in gas/liquid chromatography.

The purpose of this paper is to examine the effects of four common nonrandom
errors encountered in the utilization of chemical data.

I. Misidentification of a compound. The identity of a compound can be deter-
mined by several methods. These iiiclude: retention time. infrared spectrophotometry,
mass spectral analysis, nuclear magnetic resonance analysis, ultraviolet spectropho-
tometry (especially in the presence of various reagents, as in flavonoid identification)
and synthesis of the compound.
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Some of these methods are more useful than others. Identification based upon reten-
tion times is usually quite error prone unless one is working with organisms that are
closely related (e.g., at the infraspecific level). Even infrared analysis is useless in the
identification of D and L isomers. Since the identification of a rare or unknown com-
pound may require several months, most chemosystematists compromise by identifying
only the major components of a complex mixture. The minor components are often
tentatively identified hased on retention times, etc.

II. Unresolved cc:nponents. Most chemosystematists usually attempt to resolve
complex mixtures into various components. Most techniques separate the mixtures
into bands (electrophoresis, serology), spots (paper and thin layer chromatography),
or peaks (gas/liquid and liquid,liquid chromatography). In complex mixtures involv-
ing 50 to 100 compounds, it is extremely difficult to resolve all components completely.
When these constituents are present in small quantities (as is often the case), they may
be obscured by components present in larger quantities. Frequently, identification of
the major compound will not rever! “« presence of the minor constituent. This type of
error differs somewhat from a mis; :cntification in that the measurement of the quantity
of the major component is increased by an unknown amount.

II1. Errors in the quantification of individual compounds. When mixtures
are separated by means of physical-chemical characteristics, some compounds react in
a manner that interferes with accurate quantification (e.g., certain compounds tend to
streak when paper chromatographed; others partially decompose during analysis; cer-
tain components exhibit severe tailing in gas-liquid chromatography). In addition,
the sensitivity of detection may vary with different compounds according to such
factors as: number of carbon atoms per molecule, degree of saturation, presence of
halogens, pH of a buffer solution, or presence of nitrogen.

IV. Errors in the quanti cation of a series of analyses. Seasonal variations
in the chemical constituents of plant materials may be considerable; this variation must
consequently be taken into consideration in planning research programs. Samples col-
lected early may differ significantly from those collected later (Adams, 1970). This is
particularly true in studies of geographic variation since apparent regional trends may
only reflect seasonal variation due to the times of collection. Another example of this
type of error is that encountered by the change in extraction and analysis procedures
through time. These include variation in solvent purity from different suppliers,
changes in columns (due to aging, bleeding, contamination, etc.), changes in extraction
procedures (e.g., length of distillation time, use of different amounts of solvents), and
changes in the size or shape of chambers used in paper chromatography. The latter two
examples are nonrandom errors that would result, for example, from using a 2-hour
distillation in the first part of a study, and subsequently switching to a 2.5-hour
distillation.

MATERIALS AND METHODS

Thirteen populations of Juniperus ashei Buch. were sampled in December and Janu-
ary 1967-68. Population samples consisted of terminal branches from 5 trees at each
site. Samples from individual trees consisted of 6 to 8 inches of fresh foliage from 4 or 5
branches. The fresh foliage was steam-distilled for one hour to remove the volatile
terpenoids (Adams, 1970). The major components were identified by infrared spec-
troscopy. and the minor components were tentatively identified by their retention times
(see Adams, 1970; Adams & Turner, 1970). The relative percentage of each compound
was determined by an electronic digital integrator with automatic printed output,
attached to the gas liquid chromatograph.
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The volatile oil of J. ashei contains approximately 90 terpenoid components (von
Rudloff, 1968), many of which are present in only trace amounts (less than .1% of the
total oil). In the first step in the analysis of infraspecific variation in J. askei, a one-
way analysis of variance (ANOVA) was performed on the data for each of the terpe-
noids for all 13 populations (65 samples). The among/within F ratios were calculated
for each of the terpenoids, of which 39 had F ratios greater than 1.0 (and values greater
than trace amounts in some population). These 39 compounds were selected for use in
computing similarity measures.

The similarity measure use:! is basically a weighted matching coefficient (Sokal &
Sneath, 1963). The character weight is the F ratio (determined by ANOVA) which
weights those characters most heavily that show large variation among OTUs (popula-
tions) and relatively smaller variation within OTUs (populations), following the ideas
of Farris (1966) and Flake & Turner (1968).
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The clustering method used was the single linkage method of Sneath (1957). Table
I shows the F weights used for the 39 terpenoid characters used in the previous study
(Adams & Turner, 1970). The identities of most of these components are given in
Adams (1970).

Figure 1 shows the results of clustering these 13 populiiiions of J. ashei. Notice that

Let:
x; = value of character i in OTU (population) x
yi = value of character i in OTU (population) y
Rd,y = relative dissimilarity between OTUs x and y
Srxy = relative similarity between OTUs x and y
= | - Rd,y
F; = F ratio for character i
Rg; = range of character i encountered in all population averages
n = number of comparisons between OTUs x and y (excluding negative matches)

Then:
populations 33, 40, and 30 appear to be somewhat different from the rest of the popula-
tions, with population 35 being rather looselv connected to the main group. The simi-
larity matrix (not shown) and this phenogram will serve as references for the first
three cases below.

RESULTS

I. Misidentification of a compound. In order to simulate a misidentification,
2A(a-pinene) was recoded as compound 2B(c-thujene) in populations 42 and 44.
Since compound 2B is normally absent in all populations of J. ashei, it was anticipated
that this would represent a rathe' drastic error. It should be noted that generally only
quantitative variations were obsc .ed in the terpenoids within this species. Thus, when
F ratios were computed, compouiid 2A appeared in varving amounts in all populations
except populations 42 and 44, where it was recorded as 0.0. Likewise compound 2B was
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TaBLE 1

THIRTY-NINE COMPOUNDS OF J. ashei WITH THE F RATIOS USED AS WEIGHTING FACTORS.
F.o = 2.61,df = 12/51. =F = 147.79

Cpd. # F ratio Cpd. # F ratio Cpd. # F ratio

1 1.449 2A 3.536 3 2.507

7 14.327 9 10.112 11 8.985
13 4.554 14 5.033 17 2.683
18 1.908 21 4.201 24 1.447
26 1.907 27 2.356 29 1.232
30 5.498 32 2.875 32A 2.524
33 2497 34 1.247 35 1.158
36A 4.148 37 1.800 37A 3481
39 2.086 40A 1.093 43 14.254
44 2.799 47 1.593 48 1381
50 5.450 51 5.878 62 2.852
64 1312 66 5.480 67 1473
69 5.140 74 1.265 75 4.268

recorded as having varying amounts in populations 42 and 44 and 0.0 in the other 11
populations.

Whereas compound 2A previously had an F ratio of 3.54, the new F ratio was 5.70,
and compound 2B (which was previously absent) now had an F ratio of 4.76 (F o1 =
2.61,df = 12/51). Inclusion of this compound now makes a character set of 40.

Since the characters were weighted, it is misleading to think that this represents only
a 1/40 change of the similarity measures. Note that the sum of the F weights (Table I)
is 147.79. In the original analysis the weight of compound 2A was 3.54, or 3.54/147.79
= 2.4% of the total character weighting. When the new character was created, the
combined v eight of characters 2A and 2B was 10.46, or 10.46/(144.25 + 10.46) = 6.8%
of the total character weighting. Although 6.8% represents a significant portion of the
similarity measure, it would be interesting to know how an even greater contribution of
this pair (2A/2B) would affect the classification. Therefore, the modified data was
reanalyzed using the following F values as character weights for both 2A and 2B: 8.0
each or 16.0,/(144.25 + 16.0) = 10% of the total weights; 18.0 each or 36.0/(144.25 +
36.0) = 20% of the total weights; 31.0 each or 62.0/(144.25 + 62.0) = 30% of the
total weights: and 72.0 each or 144 '(144.25 + 144.0) = 50% of the total weights. Tt
should be noted that none of the original F weights for the other 38 characters was
changed from the original analysis.

These five similarity matrices were « ‘mputed along with the mean and standard devi-
ation. In addition, the correlation of each of these matrices with the original similarity
matrix was determined (Sokal & Sneath, 1963) as well as the 95% confidence limits of
the correlation coefficient (Steel & Torrie, 1960). Figure 2 shows the phenogram (in
solid lines) obtained by single linkage clustering of first modified data (F weights of 2A
+ 2B = 6.5% of total): the phenogram in dotted lines (Figure 2) is that of the fifth
modification (F weights of 2A + 2B = 50% of total weights). When the misidentifica-

>

Fic. 1. (Upper). A phenographic representation of single linkage clustering of 13 populations of
J. ashei using 39 terpenoid characters, F weighted.

Fic. 2. (Lower). Solid lines indicate the phenogram resulting irom single linkage clustering using
a simulated misidentification of compound 2A in populations (OTUs) 42 and 44, with the F weight
of cpd. 2A plus the F weight of cpd. 2B being 6.8% of the total character weights. The dotted lines
show the phenogram using the same data with the F weight of cpd. 2A plus the F weight of cpd. 2B
equal to 505¢ of the total character weights. See text for further explanation.
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CORRELATION
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Fic. 3. Correlation of the original similarity matrix with subsequent modifications of the data
involving weighting factors of 6.8, 10.0, 20.0, 300, and 50 percent of the total character weights
ascribal e to characters 2A and 2B. Vertical bars indicate the 95% confidence limits for each of the
correlation coefficients.

tion represents only 6.8% of the total weights there is very little infl::ence on the pheno-
gram. Notice that OTUs 42 and 44 (which now share compound 2B) did pull away
from the group a little, but otherwise the classification is practically unaffected. This is
evident from Figure 3. which shows the correlation of the original data with the subse-
quent modifications. As the proportion of the total weighting increases, we see an
approximately logarithmic decrease in the correlation coefficient. Even though there
is a fairly high correlation between the original data and the fifth modification (.923),
Figure 2 (dotted lines) shows that the phenogram has lost much of its structure and one
is approaching a 2-character classification. Figure 4 shows the change in average simi-
larity ratios. It appears that there is a linear decrease in the average similarity ratio
which reflects the increased dichotomy within the similarity matrix. Tae standard
deviations of the means of the similarity matrices varied from .025 to .026.

Thus it would appear from this limited analysis that one might tolerate misidentifi-
cation which contributed up to 20% of the total character weighting without severely
distorting the cla:sification. Further analysis is needed to determine if this is true when
several char:cters might be misidentified with a cumulative weight of 20% of the total
weights.

II. Unresolved components. Previous work (Adams & Turner, 1970) showed
that compounds 7 (myrcene) and 43 (carvone) had very high F ratios, 14.33 and 14.25,
which is about 28.58 147.79 = 19.3% of the total character weights. Furthermore,
these compounds were inversely correlated within populations. Thus it scemed that the
combination of these two compounds (in each plant analysis) would represent a good
example of important, unresolved components. The original data deck was modified
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Fic. 4. Average similarity measures for the original and five modifications of the data where the

weights of character 2A plus 2B were 6.8, 10.0, 20.0, 30.0, and 50.0 percent of the total character
weights. The standard deviation of the means varied from .025 to .026.

such that for each plant, component 7 = compounds 7 + 43, and compound 43 = 0.0.
When the modified data was analyzed, component 7 (#7 + #43) had a new F ratio of
0.74 and was therefore not used in computing the similarity measures since the F ratio
was less than 1.0. Thus, when compounds 7 and 43 were not resolved into two com-
ponents, they essentially canceled each other. The remaining 37 characters were used
to obtain the phenogram in Figure 5.

Notice that in comparison with Figure 1, the chief difference is that OTU 37 has
failed to enter the group 41, 1, 3, 34. 36, but joins a super-set at a lower similarity value.
In addition, GTU 34 joined first with OTUs 1 and 3 rather than with OTU 36. The
correlation between the original similarity matrix and that using 37 characters was
0.9965, which fortifies the comparisons between the phenograms.

The use of F ratios as weighting factors is exceptionally well suited in this case since
the loss of significant information due to unresolved components is reflected in the
decrease in the F ratio.

To investigate this case further, the original data deck was modificd by the consolida-
tion of not 2 but 4 compounds into component 7. These were compounds 7 (myrcene),
26 (camphor), 27 (linalool), and 43 (carvone). The original values of the last three
compounds were replaced by zero for each plant.

The F ratio of the new component 7 (compounds 7 + 26 + 27 + 43) was 2.53. The
similarity measures were therefore computed using 36 characters (compounds 26, 27,
43 having been submerged with compound 7 into component 7). The result of cluster-
ing is shown in Figure 6. The merging of these compounds seems to have had little
effect in comparison with Figure 5. The correlation between the original similarity
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matrix and the matrix obtained using the modified data was 09962, indicating very
little distortion. Examination of the F weights of characters 26 (F = 1.91) and 27
(F = 2.36) reveals that these two characters were not very heavily weighted (cf. F
ratios in Table 1). Thus, it is not too surprising that little additional distortion was
produced when compounds 26 and 27 were added to the composite component 7 (#7
+ #43). It should be noted, however, that although compounds 7, 26, 27, and 43
account for over 20% of the total F weighis, there is still good agreement in the
phenograms and similarity matrices when their combined weights are dropped to less
than 2% of the total. This seems to indicate considerable robustness in the numerical
procedures.

III. Errors in the quantification of individual compounds. Quantitative
measurements of individual compounds are generally in error by some constant percent
for each compound. For instance, a flame jonization detector might consistently under-
estimate the quantity of myrcene in a sample as 94% of the true value. Since chemo-
systematists often do not apply correction factors to their data, it is instructive to
examine the effect of this type of error.

Let: n = number of comparisons between OTUsxandy =1

X, = true value of compound i in the sample representing OTU x

Y, = true value of compound i in the sample representing OTU y

a = relative error in measuring the true value of compound i (e.g., 95% of
true value, 103% of true value)

Rg; = true value of the range of compound i in all observations
= maximum X; — minimum X,

F, = variance, S,2, of compound i among populations (OTUs)/variance, S.Z,

of compound i within populations (OTUs)

Then:
2.1 measured value of compoundi = - X .
2.2 measured value of the range of compound i = a(max; - min;) = a- Rg;

Since the observed -alues of X; are multiplied by a common factor, «, the variance
of a X, = a-S? (Sural & Rohlf, 1969). Thus the weighting factor, Fj, is unaffected
by this systematic error since, F; = & §;%/ax - S* = S.2/S.*. If the relative error,
a, in the quantification of compound i does not change from OTU x to OTU y, then the
relative similarity between OTUs x and y (using the measured values of compound i)
is:

> Fila-X,-a-Vil/a: R

i
1

2.3 Sl'xy =1- Rdx_\‘ =1-

“ a
D F2 X - Vil /Rey

S

2.4 Sryy =1

_)
Fic. 5. (Upper). A phenogram showing the results of clustering using unresolved components
(cpd. 7 = cpd. 7 + cpd. 43).
Fic. 6. (Lower). The phencvram resulting from clustering using 36 compounds in which 4 are
unresolved (cpd. 7 = cpd. 7 4 cpd. 43 + cpd. 26 + cpd. 27).
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Thus, equation 2.5 reduces to the original similarity measure, equations 1.1 and 1.2.
For those readers who are not mathematically inclined, it will suffice to report that
when compound 7 is replaced throughout the study by 105% of compound 7, and com-
pound 43 is replaced by 95'¢ of compound 43, the resulting similarity matrix is identical
to the original.

It is obvious that if the relative error, a, is not changed by the addition of other
compounds, the total similarity measure will be unaffected by this type of systematic
error. It should be noted, however, that the effects of this type of error might be quite
significant when other types of similarity measures are used.

IV. Errors in the quantification of a series of analyses. The effects of this
type of error are usually extremely difficult to anticipate. It is therefore with consid-
erable benefit from hindsight that the effects of seasonal variation will be examined.
Since data was available from 4 trees sampled in both July and January in the vicinity
of Austin, Texas (population 38), it was decided to replace the original § tree samples
of population 38 (cf. Figure 1) with these 4 samples. Figure 7 shows the new pheno-
gram utilizing 4 different winter samples for population 38* and the original January
samples of the other 12 populations. Note that the use of these 4 samples (instead of
the original 5) had some effect on the phenogram in that population 38* now clusters
more closely with populations 34 and 36 rather than with population 42 (cf. Figure 1).
Otherwise the phenograms are very similar. When the similarity measures are recalcu-
lated using the same four trees sampled in July, 1967, the resulting F weights were
slightly changed but the phenogram was drastically modified (Figure 6)! In compari-
son with Figure 5 (winter sampling of all populations), the phenogram in Figure 6
(summer sampling of population 38*, winter sampling of the other 12 populations)
depicts population 38* to be rather dissimilar to all of the Central Texas populations
(44, 42,37,41,1, 3, 34, 36). The correlation between the similarity matrices of the
summer and winter data (for population 38 only) was 0.997, which indicates good gen-
eral agreement. In this case, when only 1 OTU has been changed, the correlation coeffi-
cient is quite inappropriate in showing the changes in the resulting classification.

Although this error appears very significant in a sensitive study (such as geographical
variation), it would generally be of much less importance in a study of differences
between species or genera. Nevertheless, it is certainly necessary to minimize these
effects in a chemosystematic study. Some of the methods of lessening these errors in the
quantification of a series of analyses are:

1. Randomize the order of analyses in the laboratory. This tends to randomize the
effects of column aging and bleeding, changes in solvent purity, etc.

2. Utilize more time in the development of extraction and analysis procedures. More
thorough planning of laboratory procedure will usually eliminate the need to change
techniques in the middle of a study.

>

Fic. 7. (Upper). The results of clustering using 4 different winter samples for population 38*
(instead of the original 5 trees) and the original winter samples for the other 12 populations.

Fic. 8. (Lower). The phenogram ohtained using 4 summer samples for population 38* and the
original winter samples of the other 12 populitions.
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3. Attempt to collect all of the material needed in the study at the same stage of
development and as nearly as possible under the same environmental conditions.

4. Use a standard reference which is run at regular intervals to insure that if systematic
errors do occur, correction factors can be applied to the data.

~ CONCLUSION

Crovello (1969) has found that different subsets of characters yielded somewhat
different classifications of Salix. In general his work seems to confirm the “matches
asympotes’ hypothesis of Sokal & Sneath (1963), but sheds essentially no light on the
problems which plague most chemosystematists. The work by Fisher & Rohlf (1969),
although primarily a validation of the distance coefficient (versus the correlation
coefficient) as a measure of similarity, did indicate that one might tolerate random
noise in perhaps as many as 6 of 74 characters without producing severe distortion of
the classification. In fact they obtained a correlation of 0.95% between the original
similarity matrix and a subsequent similarity matrix when 48 of 74 characters were
scrambled!

In general the robustness of numerical taxonomic methods was borne out in the
present study in that: errors in misidentification were shown to be small even when
given 20% of the total character weights; unresolved components may result in some
loss of detail due to lower weighting factors (F ratios), at least when discordant varia-
tion occurs, but the use of statistical procedures in assigning weights tends to eliminate
this “noise”; uniform errors in the quantification of an individual component through-
out a study was shown to have no effect on the similarity measures or resulting
classification.

The most serious error analyzed in this study was that due to seasonal variation in
the quantities of terpenoids. In order to minimize this kind of error, I would urge
chemosystematists to: use standardized collection and analysis procedures: use a
standard reference at regular intervals during the analyses: randomize the order of
analyses in the laboratory.
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