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AnsTrRACT. Tt is not appropriate to compare ratio-based expressions for different culilvars or treatments if a plof of the
denominator versus the numerator of a ratio-based expression has a nenzero p-intercept and the values for either
the denominators or numerators differ with eultivars or treatments, Whenever nonzero y-intercepts are encountered,
the value for a ratio-based expresston will be dependent on both the denominator and numerator. The “ratio
problem” is demonstrated with shoot N concentration in blueberries (Faccinium corymbosum L.y and amino acid
accumulation in almonds [Pranis duleis (MilL) D.A, Webb]. Data were collected from the first and second growth flush
of blucherry shoots on plants that were at two in-row spacings and two rates of N fertilizer. Free amino acid:total
amino acid ratios were measured in dormant almond trees fertilized at different rates with and without foltar N
supplements, Functions describing the relationship between dry weight and total N content in blucherry tissues have
positive y-intercepts for both N fertilizer application rates, TFunctions describing the relationship between fotal amino
acids and free amino acids in almond trees have a negative y-intercept. Differences attributable to fertilization rate in
blueberries probably were the result of differences in N uptake and N utilization, but the effects of spacing and growth
flush are indirect and can be accounted for by differences in dry weight. Likewise, effects of fertilization rate and
foliar N supplement in almonds are indirect and can be accounted for by differences in the total amino acids in
dormant trees. With regression one can determine if the relationship between the denominator and numerator differs
for the groups or treatments being studied. When an analysis of covariance is used to account for differences in the
denominators of ratlo-based expressions, results are consistent with the regression analysis. When a conclusion is
Dbased on statistical differences of a ratio-based expression, it is the researcher’s responsibility to determine whether

these effects are divect or indireet.

Biologic research uses many ratio-based expressions to
interpret experimental results. When we evaluated citations in
physiology subsections {developmental, environmental stress,
photosynthesis, source sink) of the Journal of the American
Society of Horticultural Science for 2004, we found that 95% of
the published articles have ratios presented in tables or figures.
Water use efficiency (dry weight/water transpired), nutticnt use
efficiency (nufrient uptake/amount applied), nutrient derived
from fertilizer (fertilizer-derived nutrient/total nutrient con-

tent), yield efficiency (yield/trunk cross-sectional area), canopy -

efficiency (yield/canopy area), CO, assimilation (CO»fleaf
area), and so on, are examples of commonly used ratio-based
assessments. Mineral and chemical concentratiops (amount/dry
weight or amount/volume) are other ratio-based expressiois
widely used in biologic sciences,

This article presents evidence that it is not appropriate fo
compare ratio-based expressions for different experimental
groups or treatments if a plot of the denominator versus the
numerator of the ratio-based expression has a nonzero y-intercept
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and the values for either the denominators or numerators differ
among experimental groups or treatments,

It is important to know whether statistical differences among
treatments reflect physiological differences directly related to
the treatments or are merely an artifact incited by differences in
the size of ratio components {numerator or denominator). in
this narrative, we argue that the important distinction between
direct and indirect effects cammot be addressed without a more
detailed analysis than what is conventionally presented in
scientific studies. '

We ate not the first to express reservations about the use of
ratios to scale biologic data. Concers similar to ours have been
discussed for over 100 years (Pearson, 1897). Tanner (1949)
clearly stated-that the use of per-weight and per-surface area
expressions is often inappropriate. Atchley et al. (1976) sug-
gested that ratios greatly confuse and, in many cases, invalidate
critical statistical or biologic analyses of the original data.
Packard and Boardman (1988) suggested that ecologic physial-
ogists discontinue using ratios to scale data and use analysis
of covariance (ANCOVA) instead. Atchley et al. (1976} and
Packard and Boardman (1988) include additional literature
citations addressing problems associated with the use of ratios
in biologic research. We also have found several cursory reports
of the “ratio problem” in the plant science literature (Meinzer
and Zhu, 1998; Ranjith and Meinzer, 1997; Sage and Pearcy,
1987; Sandrock et af., 2005), and there are likely more.

The fact that the studies cited here are routinely ignored
shows that tatios are a crucial part of our analytical thinking.
Their use may never disappear. Furthermore, in many




when the transformed data were analyzed; thus, only trans-
formed data were used to detect treatment effects for dry weight
and total N content. Nitrogen concentration met assumptions
concerning homogeneity of variance; thus, the raw data were
analyzed. Data were analyzed as a split-plot randomized
complete block with N rate and spacing as main plots and flush
as a subplot.

SAS statistical software (version 9.1; SAS Institute, Cary,
N.C.) was used for statistical analyses, The PROC MIXED
procedure with a RANDOM statement was used to conduct an
analysis of variance (ANOVA) and to make pairwise compar-
isons of SAS LSMEANS, The PROC MIXED procedure was
also used to conduct an ANCOVA on logy, total N content and
percent N with fog o dry weight and the inverse of dry weight as
the respective covariates.

Homogeneity of slopes was demonstrated because covari-
ates X freatment interactions were not significant. Respective
Pvalues were 0.5170, 0.5920, and 0,9966 for logyo dry weight x
Nievel, log, o dry weight X spacing, and tog; o dry weight X flush
interactions. Respective P values were 0,2959, 0.8230,
and 0.3929 for inverse of dry weight X N level, inverse of dry
weight X spacing, and inverse of dry weight X flush interactions.

The relative importance of different factors {nitrogen
level, spacing treatment, growth flush, and dry weight) was
also assessed. Mixed model, type I, P value estimates were used
to evaluate the sequential incremental improvement as each
effect was added to the model in the covariance procedure
described here.

A wine grape (Vifis vinifera L.) data set demonstrates how
averaging subsample data points for the mumerator and denom-
inator of a ratio-based expression can produce a positive
y-intercept even when this is not conceptually possible. Data
were collected from a rootstock-cultivar trial in which field-
grown Riuschling wine grape accessions were evaluated.
Eight 3-year-old grapevines grafted on 5C rootstock (Auer
Baumschule, Hallan, Switzerland) were planted in 40-L pots
containing loamy soil in Spring 1990. The pots were sunk in an
open field (to minimize root-zone temperature fluctuation) and
watered pertodically with drip irrigation. Fertilizer was added
to maintain optimal levels of N, P, K, and Mg based on soil
analysig. At full bloom, one shoot per plant was retained, and
clusters were removed to stimulate vegetative growth. In the
next season, one fmit-bearing shoot per plant was allowed to
grow. The third leaf from the shoot base was used for gas-
exchange and leaf-area measurements. An individuai leaf from
single plant replicates was evalnated on three dates (15, 26, and
29 June), and an average value was used to represent each
replicate. Gas-exchange measurements and calculations were
performed with a portable LCA-2 system {Analytical Devel-
opment and Co., Ltd., Hoddesdon, Herts, U.K.) as described by
CandoHi-Vasconcelos and Koblet (1991). Leaf area of the
leaves used in the gas-exchange measurements was measured
after the last sampling date using an area-meter (model
£1-3100; LI-COR Biosciences, Lincoln, Nebr.). Net CO,
assimilation per leaf area (Umol-m2-s™") was calculated.
Regression analysis was used to evaluate the relationship
between total CO, assimilation/leaf (umol-s') and leaf area.
The relationship between net CO, assimilation-per leaf area
{umol-m-s7") and leaf area was also evaluated.

A previously published almond data set (Bi et al,, 2004)
demonstrates indirect effects that can occur when a plot of the
denominator versus the numerator of a ratio-based expression

has a negative y-intercept. June-budded ‘Nonpaveil’/*Nema-
guard’ almond trees were grown in 8-L pots containing 1:2:1
(by volume) mix of peatmoss, pumice, and sandy loam soil
under natural conditions in Corvallis, Ore. Five replicate plants
were randomly assigned to one of five groups. From 1 July to
I Sept., each group was fertigated twice weekly (300 mL per pot)
with one of five N concentrations (0, 5, 10, 15, or 20 mm N
from NH4NO;) using a modified Hoagland's solution {Hoagland
and Arnon, 1950). A set of five replicate plants at each N
application rate was supplemented with foliarly applied urea. A
3% urea solution was applied (sprayed to drip) to cach tree on
10 Oct. and 20 Oct. Dormant trees were harvested in December,
A composite sample was made for each tree based on its dry
tnatter partitioning, Free amino acids and total amino acids after
protein hydrotysis were separated and quantified with a Beckman
automated amino acid analyzer (model 6300; Global Medical
Instrumentation, Ramsey, Minn.). Data shown are for whole
trees, Digitally evaluated images of the figures in the original
reference (Bi ef al,, 2004) were used to exiract mean free amino
acid and total amino acid levels for each treatment.

The original authors (Bi et al., 2004} conducted an ANOVA
on total amino acids, free amino acids, and a ratio between the
amino acid types, Data were analyzed as a completely random-
ized factorial experiment with five ground N application rates
with and without supplemental foliar wrea. Comparisons of
means among treatments were performed by contrasts adjusting
for multiple comparisons using Tukey's method (Bi et al., 2004).

We used regression analysis to evaluate the relationships
between measured variables (free amino acids, total amino
acids, and free amino acid:total amino acid ratio) and ground N
application rates. Regression analysis was also used to evaluate
the relationship between total and free amino acids and the
relationship between fotal amino acids and the free amino
acid:total amino acid ratio. Both the combined data and data for
ground applications with and without supplemental foliar urea
were analyzed.

Results and Discussion

Mean dry weight, total N content, and N concentration values
for the eight blueberry treatments are shown in Table 1. The
mixed model ANOVA P values (Table 2) suggest that signif-
icant differences in N concentration for N rate (P = 0.0004),
spacing (P = 0.0066), and flush (P = 0.001) occurred. Trends for
plant spacing X N rate and plant spacing x flush interactions
were apparent but they were not statistically significant {P =
0.0749 and P = 0.0846, respectively). Fiush x N rate and N rate %
flush X spacing interactions were also not significant. Based on
the ANOVA, one would conclude that N concentration increases
with N application rate and is higher for narrow spacings and the
second growth Hush, However, spacing effects were ouly
significant for the second growth flush at the 200 kg-ha! N rate.

In the analysis that follows, we suggest that the differences
atfributable to N rate are probably the result of real differences
in N uptake and N utilization, but effects of spacing and growth
flush are indirect and can be accounted for by differences in the
dry weight of the sampled tissues. Although a trend may
suggest spacing effects for N concentration are still present
when differences in dry weight are accounted for, these spacing
effects are not statistically significant.

Plots of dry weight versus total N content for both the O N
and 200 N rates are shown in Figure 3A. Slopes were different
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Table 1. Mean values for dry weight, N content, and N concentration for an experiment evaluating the first and second growth flush of blueberry
shoots on plants at two in-row spacings and given two rates of N fertilizer.

Dry wt {g) N content (g) N conen {g-g™")
N rate (kg-ha™) Spacing (m) Flush | Flush 2 Flush | Flush 2 Flush | Flush 2
0 0.45 196 a* 37a® 146 a 0.32a% 0.00754 ab 0.00875 ab *
0 1.2 438 b 84b* 308¢ 0.68¢c* 0.00695 a 0.00809 a *
200 0.45 2l a 42 3% 2.11b 0.52b* 0.0100 ¢d 0.0124d*
200 12 3900 95b* 347d 0.89d* 0.00809 be 0.0944 ¢

“Values in the same column (simitar growth flush) followed by the same letter are not different (P < 0.05).
An asterisk indicates that the differences between flush T and flush 2 at the same N rate and spacing are statistically significant (P <0.05).

for the functions for different nitrogen fertifization rates (P =
0.0157), suggesting that statistical differences for N concen-
tration between N treatments (Table 1) are direct. However,
within an N treatment, all data values for spacing treatments
{pooled across flush values) appear to fall on similfar lines (Fig. 38).
Points for the 200 kg-ha™' N, narrow spacing treatment, appear to
fall slightly above the line for the 200 kg-ha™ N, wide spacing
treatnent, but differences for y-intercepts and slopes are not
significantly different (P = 0.7524 and P = 0.5255, respectively).
This implies that, regardless of in-row spacing treatment, tissues
accumulate a similar amount of N for every unit increase in dry
weight. A regression analysis of flushes (pooled across plant
spacing treatments) at the fwo N treatments produced similar
results, Within nitrogen treatment, slopes and y-infercepts for the
two flush types were not statistically different (data not shown).
Because this experiment was conducted with only three replicates,
it is impossible to defermine if data values for individual spacing
and flush treatments within an N fertilization rate produce different
regression lines. As one would expect, slopes for the three-point
regression lines for spacing and flush treatments do not differ
significantly within an N fertilization treatinent. It is possible that
data points fall on different regression lines and the effects are,
indeed, direct, but this cannot be determined with the current level
of replication.

Functions describing the relationship between total N
content and dry weight (Fig, 3A) have a positive y-intercept
for both N rates. The cause of the positive y-intercept reported
here cannot be determined. Butk samples representing many

different-sized twigs that likely had different N concentrations
and N content were pooled for the replicate values, It is possible
that pooling data produces a function with a positive
y-intercept. The p-intercept was relatively small {compared
with that presented in Fig. SA), but a more subtle y-intercept
shift might occur. The well-documented Steenbjerg effect
(Steenbjerg, 1951) sugpests that high N accumnulation rates
also occur at low dry weights. Therefore, the frue fimction might
bend and pass through the origin, but lack of data at the low dry
weights obscured the pattern. Regardless of the cause, these
positive p-intercepts, although very small, alter interpretation,
Only the high N rate produces functions with a y-intercept
that is likely to be different from zero (P = 0.448 and P = 0.0575
for 0 and 200 kg-ha” of N rates, respectively). However,
whether a y-intercept statistically differs from zero or whether
a curvilinear function could also fit the data does not alter the
relationship between the ratio and either its denominator or
numerator. The issue is whether the ratio components are
statistically related to the ratio-based expression and whether
points that appear to fall on the same linear regression line have
different ratio values. With small sample sizes, many y-infercepts
will not significantly differ from zero. A conservative approach
is to expect nonzero y-intercepts vnless strong evidence sug-
gests otherwise. o
In Figure 3C, both the actual concentration data and the
predicted N concentration = (1/dry weight)b + m relationship
derived from the original total N = m{dry weight) + b functions
are shown. N concentration is related to dry weight. Points

Table 2. Mixed-model analysis of variance P values for treatment and covariate effects on N concentration and log total N content for an
experiinent evaluating the first and second growth flush of blueberry shoots on planis at two in-row spacings and two rates of N fertilizer.

P value type, covariate,

and {reatment effects Neonet(gg!) Neonen{gg") Noconen(gg?) LogtolalN[log{g)] Logtotal N [log ()]
Pvalue type Type I Type 11 Type 1 Type Il Type i
Covariate® None I dry wt Tdey wt Log dry wt Log dry wt
Treatment or covariate effects”
Idry wt 0.7134 0.0009
Log dry wt ' <(,0001 0.0001
N rate - 0.0004 0.0004 0.0003 0.0008 0.6006
Spacing 0.0066 0.0575 0.1024 0.0940 0.1177
Spacing x N rate 0.074% 0.0755 0.0663 0.2232 0.1963
Flush 0.0010 0.1999 13116 0.2568 0.3892
Spacing x fush (.0846 0.3497 0.3146 0.2105 0.1999
N rate % flush 0.5897 0.5908 0.6520 0.7754 0.7340
Spacing x N rate % flush 0.1082 0.1361 0.1361 .1793 0.1793

*Covariates I dry weight and log dry weight refer fo l/dry wt {grams) and log dry weight (grams), respectively.
YTreatment effects N rate, spacing, and flush refer to N rate (0 and 200 kg-ha™ N}, in-row plant spacing (0.45 and 1.2 m), growth flush (first and

second), respectively,
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Fig. 3. Relationships between dry weight and total N confent or N concentration for an experiment evaluating three replicates per treatment for the first and second
growth flush of blueberry shoots on plants at fwo in-row spacings and given {wo rates of N fertilizer. (A) Relationship between dry weight and total N content fora
control {lower line with smaller stope) and 200 kg-ha™* N {upper line with larger slope) treatments. (B) Relationship between dry weight and total N content for the
same control and 200 kg-ha™' N treatments shown in Figure 3A, in which the reletionship for wide and narrow plant spacing at each IN level is also shown, {C)
Relationship between N concentration and dry weight for replicates and the predicted N concentration = {H/dry weight)h + m relationships that were derived from
the original total N = m(dry weight) + b functions in Figure FA. (D} A linear version (N concentration versus inverse of dry weight) of Figure 3C,

representing small and large dry weights that fatl on the same
regression lines (Fig, 3A) have different concenfrations. The
major differences in N concentration for both Table 1 and
Figure 3C occur when the largest tissues (first flush, wide
spacing) are compared with the smallest tissues (second flush,
narrow spacing). For simplicity of presentation, other flush and
spacing treatments are not shown in Figure 3C. The mean
values for dry weight and total N content for flush and spacing
freatments were significantly different at both N rates (Table 1).

Figure 3D is a linear version (N concentration versus inverse
of dry weight) of Figure 3C. Nitrogen concentration is signif-
icantly related to the inverse of dry weight for the 200 kg-ha™
of N (2 = 0.698; P <0.01) and the 0 kg-ha ! of N (* = 0.479;, P <
0.05) functions. Slopes for the two nitrogen {reatments are not
significantly different (P = 0.96%4), However, p-intercepts are
significantly different (P = 0.0012), suggesting once again that
the differences in N concentration atfributable to N rate are
direct. If each spacing treatment is plotied independently, the
results are the same. Slopes are not significantly different for
the four treatments (0 N narrow spacing, 200 kg-ha™' N narrow
spacing, 0 N wide spacing, 200 kg-ha™ N wide spacing), but
y-intercepts for 0 N and 200 kg-ha™* N treatments statistically
differ (data not shown}).

The fact that dry weight differences influence N concentra-
tion irrespective of treabment suggests that an ANCOVA could
help differentiate between direct and indirect effects. Packard
and Boardman (1988) suggested that the denominator of a ratio-
based expression could be used as a covariate when analyzing

the numerator to eliminate indirect effects associated with
different-sized denominators. Unfortunately, the data presented
in Figure 3A violate both homogeneity of variance and
homogeneity of stope assumptions, However, when log-trans-
formed data for both diy weight and total N content are used,
slopes become statistically identical and nearly parallel
(Fig. 4A, B) and variances for different treatments become
homogenous (Bartlett’s test P values = 0.0138, 0.0177, 0.8111,
and 0.7448 for dry weight, total N content, log;p dry weight,
and log; total N content, respectively).

Plots of logp dry weight versus logyg total N content for both
the 0 and 200 N rates are shown in Figure 4A. Although values
for the 200 kg-ha™ N treatment appear to fatl on a line above the
control values, slopes (P = 0.9901) and y-intercepts (P =
0.2576) were not significantly different. Once again, within N
fertitization rate, all data values for spacing treatments {pooted
across flush values) appear to fall on similar lines (Fig, 4B). The

regression equations do not significantly differ for narrow and -

wide spacing freatments within either N level. The 200 kg-ha™
N, narrow spacing freatment regression line appears to fall
slightly above the fine for the 200 kg-ha™' N, wide spacing
treatment, but differences for slopes and y-intercepts are not
gignificantly different (P = 0.1766 and P = 0.0894, respec-
tively). There may be a trend for greater N aceumulation at
similar dry weights for the narrow spacing but it is not
statistically significant, A regression analysis of flushes {(pooled
across spacing treatments) at the two N treatments produces
stmilar results {data not showmn).

I Aser. Soc. Horr. Scr. 132(1):3-13. 2007,




A oy =0.678x- 1.74

0.8 =000 :
a py=0.912x- 1,92
= 0.09
0.4
z 0oN
g B 200 kygha' N
-l
0.4
n
0.8 , ,
1,26 175 225 2.75

Log dry weight

B oy =0916x- 1.94
2 =499
Ay =0912x-192
Z=0.09
08 ay = 0.958x - 1,94
2=0.99
0y = 0.871% - 1.70
04 1 =009
=z
o 0 A narrow spacing 0 N
3 C wide spacing 0 N
{ narrow spacing 200 kghat N
0.4
’ 0 wide spacing 200 kg-ha! N
£.8 T T
1.25 175 2.25 276

Log diy welght

Fig, 4. (A) Relationship between total CO, assimilation per leafand leaf area for
eight Riuschling wine grape plants sampled at three different dates. The eight
points (1} represent an average of the three sampling dates for each vine. The
regression equation for these eight poinis is also shown. (B) Relationship
between leaf area and photosynthetic performance expressed on a leaf area
basis for the same average valnes presented in Figure 4A.

The slope of a log-log plot (log;g ¥ versus log;q M) is often
used to define the exponent of a power law in scaling studies in
which ¥ = Yl (Brown and West, 2000; Kleiber, 1932; Reich
et al., 2006). In the scaling literature, the variable ¥ is some
physiological or morphologic characteristic, I3 is a scaling
constant, and M is oflen body size (Brown and West, 2000;
Kleiber, 1932; Reich et al., 2006). Scaling occurs when the
exponent does not equal 1.0 (Brown and West, 2000; Kleiber,
1932; Reich et al., 2006), If b > 1, ¥/Af mathematically increases
with body size. i b < |, ¥/3 mathematically decreases with body
size. The slopes of'the log-log plots in Figure 4A are significantly
less than 1 {P < 0,05 for both 0 and 200 kgha™ N rates).
Therefore, the slopes themselves provide additional evidence
that N concentration is dependent on dry weight.

In Table 2, the statistical differences in total N content for
spacing treatment and growth flush apparent in Table 1
disappear if loge dry weight is used as a covariate when
analyzing logy total N content. As Packard and Boardman
{1988) suggest, this indicates that differences in total N content
for spacing freatment and growth flush are explained by
differences in dry weight. Therefore, N concentration differ-
ences appear to be indirect, Differences in N rate are still
significant in the covariatc analysis suggesting that N rate
effects are direct. The significant N rate effects were apparent
although regression lines in Figure 4A are not significantly
different, In this example, the ANCOVA was better able to
detect statistical differences than regression.

J. Amer, Soc. Horr, Scr, 132(1):3-13, 2007,

y = 8.31x + 0.0306
0.2 2=081

-

0.15 4

» rephcates

CO» assimilation
{(pmol-s.1}
o

Daverags
0,05
0 . . . . .
0 0.002 0.004 0006 0008 G001 0092
Leaf area (m?)
B ¥ = 0.0353 (1} + 7.73
2=052
17
8§ O
ARTE
=
Eg 0
43 Do
8a ™ U
o
8 ¥ v T
0,804 0.008 0.008 0. 0.012

Leaf area (m?)

Fig. 5. (A) Relationships between log of dry weight and log of total N content
for a control and 200 kg-ha™ N treatments for an experiment evalnating thres
replicates per freatment for the first and second growth flush of bluebeny
shoots on planis at two in-row spacings and given two rates of N fertilizer. (B)
Relationships between log of dry weight and log of total N content for the
same control and 200 kg-ha! N treatments shown in Figare 5A, in which the
relationship for wide and narrow plant spacing at each N level is also shown,

A similar interpretation oceurs if the inverse of dry weight is
used as a covariate in the analysis of N concentration (Table 2).
If data points for a plot of a ratio’s denominator versus its
numerator fall on the same regression ling with a nonzero
y-intercept, a ratio will be linearly related to the inverse of the
denominator (Fig. 3D). Therefore, when the inverse of the
denominator is used as a covariate, statistically different ratios
in a standard ANOVA that have indirect causes (size of the
denominator) will not be identified as stafistically significant.
Although numerators are often strongly correlated to denom-
inators, a ratio is only related to its denominator when the
equation for the original denominator versus numerator plot has
a nonzero intercept. A significant relationship between a ratio
and the inverse of'its denominator in itself suggests that indirect
effects are possible.

In Table 3, the two N levels are statistically evajuated
independently. Conclusions with regard to N concentration
support the results in Table 1. However, significant differences
for spacing and flush for either log,y total N content or N
concentration are not apparent when the respective covariates
(logyq dry weight and inverse of dry weight, respectively) are
used {Table 3). If only the data for the second growth flush at the
200 kg-ha™! N rate are used (six data points), statistical difTer-
ences for spacing etfects do not change. N concentrations differ
for spacing treatment (P = (.0046). However, when either logp
total N content is adjusted with a logyo dry weight covariate
or N concentration is adjusted with an inverse of dry weight
covariate, significant differences disappear (P = 0.1244 and




£ = 00774 for logyo dry weight and inverse dry weight
covariate analyses, respectively),

The suggestion that indirect effects explain statistical effects
for growth flush and spacing treatment is supported by the type |
probability results presented in Tables 2 and 3. A model using
only N rate and logg of dry weight significantly explains the
observed variability in logjo of total N content. Similarly, a
model using only N rate and the inverse of dry weight
significantly explains the observed variability in N concentra-
tion. Adding plant spacing or flush effects to the models does
not result in statistically significant sequential incremental
improvement.

The most appropriate inferpretation of the dafa is that N
concedfration decreases as dry weight increases irrespective of
spacing treatment or growth flush (Fig. 3C). The differences in N
concentration for- spacing treatment and growth flush (Tables
1-3) are associated with differences in diry weight and only
indirectly related to spacing and flush. There may be a trend for
greater N accumulation as dry weight increases for the namrow
spacing at the 200 kgha N level, but this effect was not
statistically significant. In this experiment, indirect effects mag-
nify a trend for greater N accumulation for the narrow spacing,
Indirect effects also create statistical differences between growth
flushes when there is no suggestion that factors other than
differences in dry weight and total N content are important,
Indirect effects related to the denominator can enhance or
ditninish the magnitude of direct effects depending on whether
the sign of the y-intercept is negative or positive and whether
treatments increase or decrease values for the denominator.

A scatterplot revealing the relationship between total CO,
assimilation per leaf (jtmol-s™) and leaf area for our wine grape
example is shown in Figure 5A, None ofthe points suggests that
photosynthesis can occur without leaf area, that is, a function
representing the edge of the data cloud (maximum CO,
assimilation for a given leal area) would have a negative
y-intercept. However, a regression for averaged subsamples
produces a linear function with a positive y-intercept that is not

conceptually possible (there can be no photosynthesis without
leaf area),

This positive y-intercept defines the relationship belween
leaf area and CQ, assimilation when expressed on a leaf-area
basis (Umoln2s7Y). Photosynthetic performance (Fig. SB)
significantly declines as leaf area increases if a ratio-based
expression for net CO, assimilation {umol-m2.5™") is used fo
describe photosynthetic efficiency. This occurs although the
regression equation in Figure SA suggests a constant incre-
mental increase in total CO, assimilation as leaf area increases.

Not all wedge-shaped distributions produce positive
y-intercepts. Int a cursory evaluation of real data distributions
that, in our judgment, appeared to be wedge-shaped, averaging
points produced positive y-intercepts in ~215% of the data sets
{(data not shown). Although subsample-induced y-intercept
shifts do not always oceur, they are prevalent enough to be a
concern. Averaging subsamples is a common praciice in
horticultural field trials. Single compasite samples representing
more than one individual also are collected routinely, In the
citations in the Journal of the American Society of Horticultural
Science discussed previously, 81% of the authors used either
subsample means or composite samples to determine the values
for replicates.

Mean almond free amino acid:iotal amino acid ratios for
different ground N application concentrations with and without
foliar uren supplements are shown in Figure 6. Our regression
analysis for ground N application rate versus free amino
acid:total amino acid ratic supports the conclusions of the
original authors (Bi et al., 2004) in which a ratio between amino
acid types was significantly altered by both ground and foliar N
applications. The original authors also reported a significant
ground N application rate X foliar N interaction,

For treatments without foliar urea, the free amino acid:total
amino acid ratio increases with ground N application rate (i =
0.9788; P = 0.0013). For trees treated with foliar urea, the free
amino acid:total amine acid ratio is higher than untreated trees
and remains relatively constant with increasing ground N

Table 3. Mixed-inodel analysis of variance P values for treatment and covariate effects on N concentration and log total N content for an
expetiment evaluating the first and second growth flush of blucberry shoots on plants at two in-row spacings and two rates of N fertilizer,

N conen (g-g™") N conen (g-g7) N conen {g-g") Log total N flog {g)] Log total N {log (g)]
P value type Type I1I Type TIE Type 1 Type III Type I
Covariate® None I dry wt I dry wt Log dry wt Log dry wt
, Okgha! N
Treatment or covariate
effects” : .
T dry wi 0.7863 0.0657
Log dry wt 0.0137 0.0004
Spacing 0.1183 0.3918 0.7169 0.1664 0.5354
Flush 0.0375 0.4232 6.2519 0.1916 0.1897
Spacing % flush 0.9053 0.8473 0.8473 (.8296 0.8296
200 kg ha' N
Treatment or covariate
effects
Tdry wt 0.4080 0.0081
Log dry wi 0.0026 0.0061
Spacing 0.0394 0.1000 0.1022 0.2610 0.0946
Flush 0.0004 0.4025 0.7860 0.9180 0.6075
Spacing x flush 0.4589 0.2796 0.2796 0.1895 0.1895

*Covariates I dry weight and log dry weight refer to 1/dry wt {(grams) and log dry weight (grams), respectively.
"Treatment effects (spacing and flush) refer to in-row plant spacing (0.45 and 1.2 m) and growth flush (first and second), respectively.

10

J. Amer. Soc. Horr. Scr. 132(1):3-13. 2007




1 ettt on

o b s bt s s 1 e e s e -t

application rate. The modest increase in free amino acid:total
amino acid ratio as ground N application rate increases for
foliarly treated trees in Figure 6 may indicate a trend, but it is not
statistically significant (i* = 0.692; P = 0.081). Respective slopes
(0.0003 and 0.0015) and y-intercepts (0.0855 and 0.0364) for the
functions describing data with and without foliar urea supple-
ments are statistically different (P < 0.001); therefore, an N rate x
N regime interaction occurred. Our analysis and the authors’
original evaluations support the following conclusicns:

1. The whole tree free amino acid N to total amine acid N ratic
increased with increasing ground N application rate, Fail foliar N
supplements increased the N ratio at each given ground N
application rate with trees fertigated at a lower N concentration
being more responsive.

2. Free amino acids account for a larger proportion of storage
nifrogen with increasing N supply, but proteins still remain as the
primary form of storage nitrogen.

However, the data do not necessarily suggest that foliar N
supplements or changes in ground N application concentration
alter how a tree stores N. The data in Figure 7A suggest that for
every incremenial increase in total N content that the plant
takes up, the partitioning of this N into storage forms (free
amino acid versus protein) is constant. For every unit increase
in total amino acid N, there is a constant increase in free amino
acid N. All points appear to fall on the same regression line
regardless of ground N application rate or whether foliar N
supplements were applied. Approximately 15% of each
incremental increase in total amino acids consists of free
amino acids, and this percentage never changes. Whether a
plant has supplemental foliar fertilization or is-exposed to
different ground N application rates has no eoffect on how
storage N is allocated between protein N and free amino acid
forms. The negative p-intercept in Figure 7A may result from a
threshold level below which values on the y-axis do not occur,
It is likely that very few, if any, free amino acids accumulate in
storage tissues when plants are N-deficient and have small
amounts of total N. '

Regression equations for ground N application rates with and
without foliar N supplements are not significantly different. The
treatment effects apparent in Figure 6 could only be direct if the
points for the supplemental foliar N treatment fell on a different
regression line than the points for the treatment without foliar N
supplernents. The function describing the relationship between

ay = 0.0003x + 0.0855

s 0.1 2=0.69

2 oy = 0.0016x + 0.0364
2 b =098

5 0.075

E a ground N application
28

e} E 0.05 a

‘C aground N application with
g k * foliar N supplement

£ 0.025

£

©

8

= 0 r v 5 .

Q 5 10 16 20 25
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Fig. 6. Effects of ground N application during the growing seasen and foliaruzea

application in the fall on whole plant free amino acid:total amino acid ratio of
young almond trees. Interpreted from data of Bi et al, (2004).
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Fig, 7. (A) Relationship betweon total amino acids and free amino acids for
an experiment eveluating the effects of ground N application during the grow-
ing season and foliar urea application in the fall on the free aming acid:total
amine acid ratio of young almond trees. {B) Relationship between free amino
acid:total amino acid ratio and total amino acids and the predicted free amino
acid:total amino acid = (1/totat amino acid)b + m retationship derived from the
original free amino acid = m{total amino acid) + & function from Figure 7A,
Interpreted from data of Bi et al. (2004).

total amino acids and free amino acids has a nonzero y-intercept,
Therefore, the ratio of total amino acid N to frec amine acid N
will be dependent on the amount of total amino acid N (Fig. 7B).
Differences in total amino acid N explain the differences
appareni in Figure 6. Our regressions and statistics in the original
reference suggest total amino acids and free amino acids increase
with increased N application (data not shown).

Experiments are often conducied where ratio-based expres-
sions are evaluated for only a conirol and a treatment, Because
these experiments provide few data points, one cannot deter-
mine whether effects are direct or indirect. For example, if a
foliar N-supplemented treatment for the almond experiment
was evaluated at only one of the five ground N application rates,
there would be a significant difference in the free amino
acid:total amino acid ratio. The differences between mean
aminoe acid ratio for urea supplemented and unsupplemented
trees at the same ground N application rate are two- to fivefold
larger than the standard errors for an amine acid ratio within
treatments (Bi et al., 2004). However, with only two treatments,
the researcher would be unable to determine whether replicate
values for foliar N supplements or control treatments fall on the
same or different regression lines,

The reat cause of significant differences does not disappear
when scientists design experiments that will not detect them.

It




Experiments that evaluate ratio-based expressions for only a
control and an experimental freatment are offen inconclusive.
More extensive experiments could address issues concerning
indirect and direct effects.

A similar argument can be made with regard to the N
conceniration data discussed in Table 1 and Figure 3. iftotal dry
weight of the tissues was not measured, there would be no way
to determine if effects were direct or indirect. This is important
becanse concentration data are often collected when total dry
weights are not measured,

Issues involving statistically appropriate approaches to
analyzing ratio-based expressions have been presented else-
where (Huhn, 1991, 1993, 1998), When the numerator and the
denominator of a ratio consist of random variables, the variance
of the ratio response becomes a function of the variance—
covariances of both numerator and denominator variances and
the statistical distribution of the response is confounded (Huhn,
1991, 1993, 1998). This could complicate interpretation of an
ANOVA, Tere, we are concerned with the interpretation of
obvious differences rather than the statistical appreach used to
define these differences. Our goal is to differentiate between
direct and indirect effects.

The issue of indirect effects extends to the study of treatment
effects on any ratio-based quantity but is frequently overlooked.
The indirect effect is not always significant, particularly if the
ratio does not vary with the numerator or denominator.
However, lines such as those shown in Figures 2B, 3C, 5B,
and 7B often are not flat because flat lines require that a Hnear
function with a zero y-intercept describe the numerator versus
denominator relationship. When the y-intercept is not zero or
the function is not linear, the perceived treatment effect may be
a statistical artifact. In Figures 2B, 3C, and 7B, effects could be
attributed to treatment, when dry weight (Figs. 2B and 3C) or
total amino acids (Fig. 7B) are the important factors,

The y-intercept need only be stightiy different from zexo for
indirect effects to occur. In Figure 3A, the y-intercepis are
small, but the indirect effect is still the source of statistical
differences among treatments. In other cases, a slightly nonzero
y-intercept would not itapact the analysis or conclusions.

At some level of precision, almost all best-fit linear functions
will have a nonzero y-intercept. There is no “rule of thumb”
about when a positive or negative y-intercept has serious
interpretive consequences. A very small nonzero p-infercept
can alter inferprefation if data points for the x-axis are clustered
close to zero. If data points are located far from the origin,
nonzero y-intercepts are unitportant. Defining the y-intercept
and determining whether it is statistically different from zero is
helpful but not conclusive. This is apparent in Figure 3C in
which the N concentration = (1/dry weight)b + m function for
the 0 N treatment derived from the original total N = m{dry
weight) + b function (Fig. 3A) significantly describes the data
points although the original positive y-intercept is not statisti-
cally significant. We have found other examples in which data
sets produce functions with y-intercepts that are not signifi-
cantly different fromn zero but still have significant relationships
between a ratio and its components, but this rarely occurs (data
not shown).

Indirect effects are associated with nonzero y-intercepts
for functions describing the relationship between the denomi-
nator and the numerator of a ratio-based expression. How-
ever, we view determining whether a plot of the denominator
versus the numetator for a data set has a nonzero y-intercept as

i2

only a first step in determining if indirect effects are important,
There are four criteria that, when met, suggest statistically
different treatment effects for a ratio-based expression are
indirect;

I, A plot of the denominator versus the numerator for a
ratio-based expression produces a function with a nonzero
y-intercept.

2. A plot of the denominator versus the numerator for the freatment
with the greater ratio does not produce a regression Hne that is
significantly different from the regression line for the treatment
with a smaller ratio,

3. Treatments have significantly different values for their denom-
inators or numerators,

4. The trend between a ratio and either its denominator or
numerator is significant,

All four criteria were met in most of the examples in which
we suggest that treatment effects are indirect. In the exception
previously alluded to (blueberry experiment at 0 N level), three
of the four criteria were met (numnbers 2-4),

Packard and Boardman (198R) are correct in suggesting that
discontinuning the use of ratios to scale data and using
ANCOVA to evaluate experimental data would reduce inter-
pretive errors. Tanner (1949) is also correct in pointing out the
difficulties of using per-area expressions. Furthermore, both
Tanner’s data and the examples presented here suggest that
even iraditional concentrations can have y-intercept-related
interpretive problems. One could argue that per-area and per-
weight expressions are inappropriate (Tanner, 1949), However,
one cannot imagine a horticultural research environment where
mineral concentrations and CQ, assimilation nr2s™ expres-
sions are not used. A better solution is to continue the use of
ratio-based expressions while insisting that editors and
reviewers demand that both direct and indirect effects be
evaluated. This is far better than the current state of affairs in
which a arge body of convincing research is simply ignored.

Conclusions and Recommendations

Scientists ofien are interested in differences in ratio-based
expressions for samples with different-sized denominators or
numerators. In many cases, the stafistical differences reported
in the literature may have a strong physiological basis that is
unrelated to the size of the ratio components (denominator or
mimerator}. However, unless the relationship between the
denominator and numerator is known, it is difficult to determine
if ratio differences are the result of different-sized denomina-
tors or numerators or other physiological causes.

Subsampling procedures, collecting data over a limited
range, experimental variation, and error can lead to positive
y-intercepts that are associated with indirect effects, Negative
y-intercepts may also occur. Even subtle nonzero y-intercepts
can affect interpretation radically. One should never assume that
a plot of the denominator versus the numerator of a ratio-based
expression has a y-intercept of zero.

Indirect effects associated with the “ratio problemn’ will not
always occur, If a plot of the denominator versus the numerator
of a ratio-based expression has a zero y-intercept or if the values
for the denominators or numerators do not differ with cultivars
or treatments, ratios are not dependent on the size of the ratio
components, However, the widespread use of ratios in which
the denominators or numerators for treatments are statistically
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different and the fact that nonzero y-intercepts may be ubiqui-
tous suggest that interpretive errors may be coimmon.

Although ratios have been used in scientific inguiries for
hundreds of years, their interpretation is complex. Effects are
direct when plots of the denominator versus the numerator for
different groups or treatments produce regression lines that are
significantly different. Data will likely be interpreted correctly
when regression evaluations and an ANCOVA is used to
supplement traditional data analysis. An ANCOVA can eval-
uate differences in covariate-adjusted means and determine the
sequential importance of different variables. The inverse of the
denominator can be used as a covariate when a ratio is analyzed.
The denominator of a ratio-based expression can also be used as
a covariate when the numerator is analyzed. However, as
Packard and Boardman (1988) suggest, the covariance
approach is not a panacea.

I covatiates vary widely between treatments or groups, the
adjustment may involve an element of extrapolation and the
comparison of adjusted means has low precision {Snedecor and
Cochran, 1973; Smith, 1857). One could conclude that differ-
ences among treatments are the result of the covariate, but a
better interpretation may be that only very large effects would
be detected (Snedecor and Cochran, 1973; Smith, 1957). In
some cases, we have detected differences in smaller subsets of
data when an evaluation of a larger subset, even with greater
degree of freedom, did nof result in significant differences (data
not shown), Although assumptions for homogeneity of variance
and homogeneity of slope were met in the examples we present,
this is not always the case {data not shown).

For all of these reasons, we prefer to nse ANCOVA as
confirmation for conclusions based on plots of the denominator
versus the numerator for ratio-based expressions. In the
blueberry example, ANCOVA procedures were consistent with
the graphic observations and regression analysis for both the
complete data and data subsets.

A complete analysis requires a determination of values for
both the numerator and denominator of a ratio-based expres-
sion. Unfortunately, in many cases, experiments are designed in
which it is impossible to plot the denominator versus the
numerator of a ratio-based expression, and the researcher can
never determine if effects are direct or indirect. For example,
when mineral concentration data are collected without measur-
ing total dry weight or CO, assimilation per leaf area is
measured without measuring total leaf size, an interpretation
will always be inconclusive.

In addition to ensuring that the necessary data be collected,
experiments should be designed with enough replicates to
determine conclusively if the relationship between the denom-
inator and numerator differs for experimental treatments.
Evaluating whether effects are indirect will be more revealing
than a simple statistical comparison of ratio-based expressions.
When a conclusion is based on statistical differences of a ratio-
based expression, it is the researcher’s responsibility to deter-
mine whether these effecis are direct or indirect. Indirect effects
are conumon enough that the possibility needs to be eliminated
before a conclusion is reached.
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