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ABSTRACT

Rationale : Isotopic compositions of low-mass elements such as carbon are commonly expressed on
the 0 scale, relative to the isotopic ratio of an international standard (Rsr). Carbon stable isotope
measurements of plant material are interpreted with an apparently biological meaning as an
estimator of water use efficiency, which has been used widely in recent years to screen plant
material for variation. To compare the observed variability with other traits, the coefficient of
variation (CV) is often used as an intrinsic variability measure.

Methods : Theoretical considerations as well as an example data-set were used to test the
independence of the CV from the Rsr on which values of isotopic composition on the delta scale are
based.

Results : It can be shown mathematically that the CV of a data-set of §°C values is directly
dependent on the Rgr. The exploration of the example data-set confirmed this but also showed that
the conversion of absolute isotopic ratios into atom fraction does not change the resulting CV.
Similarly, a discrimination calculated between two 8"C is independent from Rsr, but depends on
accurate knowledge of both 8"°C values. It was also shown that results of statistics (e.g. ANOVA)
are robust among different units of isotopic composition.

Conclusions : As CVs estimated from isotopic compositions expressed on the o scale depend on the
underlying standard, they should not be compared to those of other traits, and even comparisons of
CVs among isotopic data-sets should be interpreted with care.

Overall 245 words

INTRODUCTION



The determination of stable isotope abundances of low-mass elements such as hydrogen, carbon,
nitrogen and oxygen using an Isotope Ratio Mass Spectrometer (IRMS) is done by measuring the
ratio between the heavy versus the light isotope of a given gas, e.g. for carbon this would be the
ratio of *CO, / *CO, . However, after a formalism introduced by Urey %], stable isotope
compositions are commonly expressed on the delta “3” scale, which calculates the isotopic ratio of
the sample relative to a commonly accepted standard. For carbon, this would be:

RST
where R and Rsr are the *C/">C isotope-number ratios in the sample and reference CO,,
respectively.. The relative 0 scale, rather than the absolute ratios R, is used because equilibrium or
kinetic characteristics between isotope species of one element differ only by a few percent, resulting
in small fractionations !, Therefore, highly precise measurements are required, which need to be
controlled for long term stability by using an international standard.
A positive value in the d notation means that the isotopic ratio of the sample is higher (i.e. contains
more of the heavier isotope) than that of the standard and inversely for a negative o value.
International reference materials have been introduced very early for each element %, . For carbon,
the initially accepted reference material was obtained from a Cretaceous fossil (Belemnite) from the
Pee Dee formation in South Carolina (“PDB”). This has been recently replaced by the Vienna PDB
“VPDB” scale, which is defined by assigning the value of +1.95%o with respect to PDB!. A more
detailed discussion on standardisations of isotope measurements and its units can be found in I,
An alternative scale to express isotopic composition is atom fraction (4F)"), often used in tracer
experiments using molecules enriched in the heavy isotope. Atom fraction is defined as the ratio
between heavy versus all stable isotopes, e.g. for carbon stable isotopes:

R
) C=(— - 1) Equation 1

AFC=——— Equation 2
[cl+[c] 1

To avoid systematic errors in mass balance equations, Corso and Brenna!” introduced the relative
isotope fraction @, defined as:

PPC= 1_AFC
AFCq,

] Equation 3

Often isotopic compositions are used to calculate isotopic discrimination between a source and a
product molecule. This is especially the case in plant sciences, where the measurement of 5"°C has
found an increasing importance as an estimator of water use efficiency (WUE), the ratio of
accumulated carbon to water lost. To be more precise, the isotopic discrimination (A) between the
isotopic composition of atmospheric CO, surrounding a plant (8"°C.m) and plant assimilated carbon
(8"Cpian) has been related in a theoretical model by Farquhar and Richards ™ to the ratio of net CO,
assimilation rate to stomatal conductance for water vapour, the intrinsic water use efficiency (W;).
Thus when atmospheric CO; is fixed by a plant during carbon assimilation, the associated
discrimination is calculated as:
78 Cun =6"Cpn
1+8°C

Equation 4

plant

The measurement of 8"°C of plant organic material has found an increasing popularity, notably in
plant breeding and functional ecology, as a tool to screen large populations of plants for variation or
diversity in W® ', as direct measurements of WUE are difficult and time consuming. This has
especially been the case in recent years, as genotyping has become cheaper and the populations
screened for genetic diversity have become larger.



In many such studies, diversity of different target or functional traits are compared among
treatments, harvests, genotypes, varieties, species etc. When comparing the variation of traits that
differ appreciably in their means or their measurement units, or to compare relative amounts of
variation in populations having different means ' the coefficient of variation (CV) is often used as
an intrinsic variability measure !*!. The CV is defined (Equation 5) as the absolute value of the
standard deviation (o) expressed as a percentage of the mean (p). Therefore the CV does not
depend on the units in which the data were measured and thus is dimensionless:

(0]
CV= E Equation 5

The CV is also used in population genetics: Houle ' suggested that the “additive genetic CV”,
which is the ratio between a standard deviation estimated from genetic variance and the population
mean, represents an estimate of the relative evolvability of fitness. The CV has therefore been used
in studies concerning functional or evolutionary ecology to compare a) phenotypic diversity of §"*C
[3LUST o1 of carbon isotopic discrimination A !'7-I'¥ and b) evolvability using the genetic CV of §"°C
911207 or of A B1-122] with that of other traits.

However, already Zar ! suggested that the CV has relevance only for data where an observation
equal to zero represents the absence of the measured characteristic, whereas the delta scale includes
“zero” as a meaningful value, meaning a sample that has the same isotopic composition as the
standard. Also Lauteri ! suggested that the comparison of the CV of isotopic discrimination with
other traits might not be straight forward and Brendel ** pointed to a possible problem of
interpretation of the CV relating to the use of a standard.

The present study therefore asks the following questions:

e [s the transformation from R (the isotopic ratio) scale to the d scale robust in terms of
estimations of variations ?

e More generally, is the 0 scale robust for statistical tests (e.g. ANOVA, variance
components) ?

e How does the expression of isotopic abundance on different scales (atom fraction, relative
isotope fraction or discrimination A) affect the estimation of variation ?

The questions will be elucidated by means of theoretical considerations and an example data set.
THEORETICAL CONSIDERATIONS

The mean (p) is defined as the sum of the items divided by the sample size (n), here given for the
1sotopic composition 86X, where X replaces the element symbol :

1
Hs=" > 8X; Equation 6
and the standard deviation is given as follows :

o~ \2
0.= M Equation 7.
8 n-1

The delta notation in Equations 6 and 7 can be replaced by Equation 1 :
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Equations 8 and 9 can then be used to estimated the coefficient of variation based on the isotopic
ratioR :

1
—0
06 RST . O‘R
CVg=—= = Equation 10
Hs 1 -1 Hr ~ Rsr
RST .

It can easily be shown that this demonstration is similar for the ® notation, using equation 3 :

CVy=— k= O
® pr—AFCg Ry
Hr 1R,

This shows clearly that the CV calculated from values using the 6 or the @ scale are dependent on
the isotopic ratio of the standard used. Equation 10 was used to plot the theoretical, hyperbolic
relationship between Rgr and CV (Figure 1).

Concerning the calculation of isotopic discrimination between atmospheric CO, and plant material,
using Equations 1 and 4 it can be shown that :

A=
R

p

R
—= - 1) Equation 11

This does suggest that A is independent of the chosen isotopic standard, however similarly to the
development above it can be shown, assuming that R.. 1s a constant, as it is often done in the
literature, that :

Ry H,y ~1

1
R

p

1
IJA:EZ

Ratm
—am _q
RP.

where ¥ = is the mean of the inverse of R,, and

P

GA :Ratm x GL
RP

where GRiis the standard deviation of the inverse of R,

P

Therefore :
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Thus Equation 12, which has been plotted in Figure 2, shows that the CV estimated on a A value is
dependent on the isotopic composition of atmospheric CO..

EXAMPLE DATA

A data set of §°C values measured on leaf material of trees was chosen as example data. The data is
structured in 14 groups of 10 measurements each. Table 1 shows the descriptive statistics for the
isotopic composition expressed on different scales. The isotopic ratio R were back-calculated from
the 5"°C data using the commonly used isotopic ratio for the Vienna PDB standard (VPDB Rypps =
0.0111802"*), based on the value for NBS-19 of 0.011202+0.000028 ') and the following
equation:

R=§"C x RyppptRyppp

The back-calculated R values were then used to theoretically express isotopic composition on
different scales. First, by using two different theoretical Rsr and Equation 1: I) a Rsr with an only
slightly lower isotopic ratio by 0.000028 than VPDB, corresponding to the error of measurement of
NBS-192¢ (“§13C-": Rer = 0.0111522); 1II) a Rsr with a much lower isotopic ratio by 0.0014,
corresponding to the most depleted naturally occurring material®” (“3"°C--": Rsr = 0.0097802). A
similar reasoning was applied to the calculations of the relative isotope fraction @, for ®"C and
®"C- using equation 3. Further, the isotopic composition was also expressed in atom fraction
(equation 2) estimated from R as :

AFPc=—R
R+1

A data set for nitrogen stable isotope (3'°N) data was created by using the 6"°C example data set and
adding a constant value to shift the isotopic values into a range with a mean close to zero, as can be
found for values in organic material and soil *. The resulting data set has the same standard
deviation and range of values as the §"°C data set. Isotopic ratios (R'°N) were back-calculated using
the isotopic ratio of atmospheric nitrogen (0.0036765""), which is the internationally accepted
standard for 8"°N.

Isotopic discrimination between atmospheric CO, and organic plant material (A) was calculated
according to Equation 4, using -8%o, the generally used value for the 8"°C,m. Discrimination was
also calculated using the & notation that had been back-calculated with a different standard (8"°C--),
where the corresponding 8"°C,m would be +134%o (A--). Discrimination was also calculated using
the standard & scale, but different values for the isotopic composition of atmospheric CO; (8"Cym) :
-10%o (A1), as can be found in greenhouse experiments % or close to cities”®" and -30%o as can
be found for bottled CO,(Asz0)".

These different isotopic scales, all representing the same data-set, were also used to run a standard
analysis of variance for “groups” (Table 2).

Further, an analysis of variance components was done to estimate the genetic CV, as has been used
by different authors "**!!. For this, “Family” was used as a random grouping factor, which allowed
to estimate a variance attributed to inter-family variation(Vy,) and a residual variance (V,). Narrow



sense heritability (h*) and CV, were then calculated as follows :

4V,

RESULTS

The theoretical considerations show that there is a direct, hyperbolic relationship between the CV
and the Rsr used to calculate the 8"C or the ®"°C scale (Figure 1). To illustrate this, a data set of
&"C values was used to express carbon isotopic composition using two isotopic ratios as standards
that are different from VPDB, one reflecting its measurement error, the other one representing the
most depleted naturally occurring material, and studying their effect on the resulting CV. When the
same data-set is expressed in different isotopic scales, only R and atom fraction show a similar CV.
Whereas the CVs of values expressed on the §°C or ®"C scales vary widely when calculated using
different standards, however are similar for the same standard (Table 1). The slight difference in the
CV between R and atom fraction is probably due to lack of precision of calculations using the very
small values of R. The CV calculated for A is different from the CV for R, but it is independent of
the isotopic standard used, as has already been shown by the theoretical considerations.

The CV estimated for the 8"°N data set is much higher compared to the §"°C data set with a similar
range of values, the CV of the corresponding isotopic ratio data set is however similar to the one for
carbon stable isotopes (Table 1).

The dependence of A on the isotopic composition of atmospheric CO; (8"°Cym) has similar
consequences as the dependence of isotopic composition on the standard: a change in 8"Cym
changes the CV of the resulting discrimination values (Table 1; Figure 2).

Concerning an analysis of variance (Table 2), sums of squares (SS) are different between the
different scales of isotopic composition, whereas the statistical result in terms of the F-test or the
level of significance were strictly the same. Similarly concerning A, different isotopic standards or
different 8"*C,m did not affect the F-test or the significance level. Also for an analysis of variance
components (Table 3), the choice of the isotopic standard or the 8"*C,u, has no influence on the
significance of the statistical model. Also when the estimated variances are used as ratios to
calculate other parameters, e.g. here a genetic heritability, the different isotopic scales have no
impact on the result, however they do influence the absolute values of variance and therefore also
the absolute value of the genetic CV, in a very similar way as observed for means and standard
deviations (Table 1).

DISCUSSION

The differential & notation of isotopic abundances has been introduced to improve measurement
precision and readability of small differences™. This is an advantage when isotopic measurements
are compared among each other to study isotope effects or to trace elements e.g. in biological
material. However, the result is that the delta value of isotopic composition is dependent on the
standard used. For carbon stable isotopes, the theoretical relationship of 8°C of plant material with
intrinsic water use efficiency (W;)® gives it an apparent biological meaning, which results in
comparisons of variability of 8"°C with other biological traits using CV. Visscher¥ states that the
CV should only be used if the mean has an intrinsic biological meaning. Additionally, the value
“zero” should not be part of the range of values of a variable for which the CV is to be calculated,
as then a risk exists that the mean is close to zero and therefore the CV infinite. This can be the case
for isotopic abundances in the 0 notation, as a value of or close to “zero” means that the sample is



close to or has the same isotopic ratio as the standard. This is for example the case for natural
abundances of N in plant material: since atmospheric nitrogen is the international isotopic
standard”!, "N in studies of atmospheric nitrogen fixation can be close to zero, since there is very
little fractionation during fixation P*!. This has also been shown quite clearly in the §"°N data set
used here, which has a significantly higher CV compared to the "°C data set with the same SD and
range of values.

The presented theoretical considerations as well as the example data set show clearly that a CV
calculated for isotopic measurements expressed in the & notation is still dependent on the standard
used. This standard has been chosen arbitrarily and might be changed at any time. Actually, the
original standard PDB is exhausted and has been replaced by a new scale (VPDB) [,

Concerning the use of carbon isotope natural abundance as an estimator of intrinsic water use
efficiency, the calculation of isotopic discrimination between 8" Cyum and 8"*Cpun has been shown to
be independent of the isotopic standard used for measurements. Isotopic discrimination could
therefore theoretically be estimated based on absolute isotope ratios (e.g. equation 11) and therefore
used to estimate a CV to compare to other traits. However, carbon isotopic discrimination is an
indirect estimator for water use efficiency and thus the mean of a population of values has as such
no direct biological meaning and a CV calculated on this basis should therefore not be used to
compare to other traits®*. Moreover, already relatively small variations in A could have a
considerable indirect biological meaning, which had already been noted by Lauteri *!!, who detected
a four times smaller CV for A (around 4%) compared to growth traits (16-56%), and questioned the
comparability of the CV of these different traits. Further, the CV calculated from discrimination
data is dependent on the §"*C value of atmospheric CO, used for calculations. In most such studies,
8"Cum is not measured precisely for each plant material harvested, but is assumed to be the same
value for all plants in the experiment and considered to be equal to the generally accepted
atmospheric value "*-P3%1 Only in few studies it is actually measured '+ "1, However, it is known
that the 5"*C,m is not a constant, but varies over time as fossil CO, with §"C values around -27%o
has been injected into the atmosphere during the last 100 years “!1. It also shows seasonal and
diurnal fluctuations within and above vegetation**¥. The value of 8"°C,m can also be very different
for greenhouse and growth chamber experiments due to respiratory CO; of plants and
experimenters. Roussel *! have estimated, using the Zea maize method*”, the §"°C,, in a
greenhouse as —9.80 £0.23%o. Bottled CO,, used in gas exchange experiments or for some
phytotronic equipment, can have 8"C values of -30%o or lower*?.. This shows that the §"°C,m could
vary also between different experimentations and, as the CV is dependent on 8"Cym, CVs estimated
from different experimentations should not be compared without the assurance that the 8"°C, had
been measured. Similarly population genetic studies using dendrochronology and isotopic values
from pre-industrial times would give underestimated CV compared to values from recent years.
Overall, CV estimated from data-sets of isotopic measurements, as long as they have no intrinsic
biological meaning, should not be compared to other traits or even to other isotopic measurements.
For carbon isotopes as estimators of intrinsic water use efficiency (W;), the Farquhar model ™ might
be used to estimate values for W; from isotopic measurements, however, this would need the
knowledge of all parameters of this model, which are specific to the species used and the
experimental situation. Even though the above argument has been mainly developed for
applications concerning carbon stable isotopes, it is valid for all other stable isotopes, when a
coefficient of variation is used to compare variability with other traits, or in some cases even among
isotopic experiments.
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Table 1: Mean. standard deviation and coefficient of variation of the example data set (N=140) for
isotopic compositions expressed in different scales: the original "°C values, the back-calculated
isotopic ratio R using VPDB (0.0111802), carbon isotopic compositions recalculated from R with
an isotopic ratio of the standard that has been reduced slightly by -0.000028 (3'°C-) or strongly by
-0.0014 (8"C--), relative isotope fraction ®"C, relative isotope fraction with a slightly change
standard as for 6"°C (®'*C-), atom fraction AF"*C, carbon isotopic discrimination (A) calculated
from the carbon isotopic composition (8"°C) and an assumed value of 8" Cm for atmospheric CO,
of -8%o. D-- using 8"°C-- values (when using this standard the 8"*C-- value of atmospheric CO, is
134%o), A10 and A30 using -10%o and -30%o for 8"*C.m, respectively. Additionally a stable nitrogen
isotopes (8'°N) data set has been created with similar characteristics as the 8" *C data set, and
expressed on the delta scale as well as in absolute ratios (R°N).

Mean Std.Dev. Coef. Var. %

8"°C -26.23%0  0.62%0 -2.36
R"C 0.010887 0.0000069 0.0635
3C- -23.79%0  0.62%0 -2.61
8°C-- -113.16%0 0.71%0 0.63
®"°C 25.95 0.61 2.36
®"C- 23.53 0.61 2.61
AF C 0.010770  0.000007  0.0628
A 18.72 0.65 3.46
A-- 18.72 0.65 3.46
Ao 16.67 0.65 3.87
Asp -3.87 0.63 -16.36
3N 0.37%o 0.62%o 168.15

RN 0.0036778 0.0000023 0.0618




Table 2 Analysis of Variance of the example data set (N=140) for the same isotopic scales shown in
Table 1, except for R and AF"*C, which were scaled by a factor of thousand. Shown is the complete
analysis of variance with sum of squares (SS), degrees of freedom (df) and mean squares (MS) for
the groups effect and the error term, respectively. Also shown is the result of the F-test and the level
of significance (* p<0.0000005).

SS df MS SS df  MS F p

Effect Effect Effect Error  Error Error
88C 22.10 13 1.70 31.10 126 0.25 6.886 *
R *10° 0.0028 13 0.0002 0.0039 126 0.0000  6.886 *
dPC- 22.21 13 1.71 31.26 126 0.25 6.886 *
8BC-- 28.87 13 2.22 40.65 126 0.32 6.886 *
®"°C 21.63 13 1.66 3045 126 0.24 6.886 *
D"C- 21.74 13 1.66 3045 126 0.24 6.886 *
AF BC * 10° 0.0026 13 0.0002 0.0037 126 0.00003 6.886 *
A 24.17 13 1.86 34.05 126 0.27 6.880 *
A-- 24.17 13 1.86 34.05 126 0.27 6.880 *
Ao 24.07 13 1.85 3391 126 0.27 6.880 *

Asp 23.11 13 1.78 3256 126 0.26 6.880 *




Table 3 Calculations of genetic variance from the example data set (N=140) for the same isotopic
scales shown in Table 1, except for R and AF"*C, which were scaled by a factor of thousand. Shown
is the level of significance of the REML analysis (p), the inter-family variance component (Vy,), the
residual intra family variance component (V,), the narrow sense heritability (h?) and the genetic

coefficient of variation (CV,).

N REMLp Vi Vv, h? CV,
5°C 10 0.029 0.15 0.25 1.48 -0.0145
R * 10? 10 0.029 1.82E-05  3.08E-05  1.48 0.0004
§13C- 10 0.029 0.15 0.25 1.48 -0.0161
§13C-- 10 0.029 0.19 0.32 1.48 0.0038
d1C 10 0.029 0.14 0.24 1.48 0.0145
dBC- 10 0.029 0.14 0.24 1.48 0.0160
AF BC*10° 10 0.029 1.74E-05  2.95E-05  1.48 0.0004
A 10 0.030 0.16 0.27 1.48 0.0213
A-- 10 0.030 0.16 0.27 1.48 0.0213
Ao 10 0.030 0.16 0.27 1.48 0.0239
Aso 10 0.030 0.15 0.26 1.48 -0.1007




Figure headings:

Figure 1: Relationship between the isotopic ratio of the standard Rsr and the CV [%] calculated

from Equation 10 using the example data set.
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Figure 2: Dependence of CV from the value of 8" C,musing Equation 12. The black point is the

usually assumed value of -8%o, the grey box shows values actually observed, e.g. for greenhouse or
growth cabinet experiments, whereas CO, from gas bottles can have §"C as low as -30%o.
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