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MEASURING PLANT INTERACTIONS: A NEW COMPARATIVE INDEX
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Abstract. We propose an index to measure the relative interaction intensity in plants
(RIT) with strong mathematical and statistical properties which overcome problems shown
by other frequently used indices. RIl has defined limits [—1, +1]; is symmetrical around
zero, with identical absolute values for competition and facilitation; is linear; and does not
have discontinuities in its range. It is therefore safe to use in statistical and mathematical
operations. Rl distribution is approximately normal, with means equal to thetrue population
index and a sampling variance that can be derived. Its strong statistical properties make
RII proper for use in parametric meta-analyses. It can be applied to any kind of interaction
(from competitive exclusion to symbiosis) and in commonly published ranges of interaction
intensity it offers the most consistent results. Because Rl uses basic arithmetical operators,
it can be scaled up and used to measure multispecific interactions at the community level.
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INTRODUCTION

Interaction among species is central to community
ecology (e.g., Connell 1983, Schoener 1983, Bruno et
al. 2003), but accurate quantification of species inter-
actions is hotly debated (Reynolds 1999, Weigelt and
Jolliffe 2003). Testing hypotheses in community ecol-
ogy often requires quantification of the magnitude of
interactions between species so that these magnitudes
can be compared among groups of taxa or of environ-
ments (Goldberg et al. 1999).

In plant communities, the result of an interaction is
frequently measured as the ratio of some performance
variables, usually biomass, between individuals with
experimentally removed neighbors and control plants
with neighbors left intact. However, plant mass and
other measurements only render the net balance of the
interaction, i.e., the sum of all direct and indirect, pos-
itive and negative factors that influence plant growth
(Goldberg et al. 1999). Because complex combinations
of competition and facilitation operate simultaneously
in plant communities (Callaway and Walker 1997,
Holmgren et al. 1997, Holzapfel and Mahall 1999, Pug-
naire and Luque 2001) their effects are difficult to dis-
tinguish.

Several indices have been used over the years to
explore the net balance of plant interactions (Reynolds
1999, Weigelt and Jolliffe 2003). These include the
relative competition index (RCI) of Wilson and Keddy
(1986) used for measuring diffuse competition (e.g.,
Paine 1992); the log response ratio (INRR) of Hedges
et al. (1999); and the relative neighbor effect (RNE),
which is RCI modified to account for facilitative effects
(Markham and Chanway 1996). However, these and
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other indices may be misleading because of their lack
of symmetry, their poor statistical properties, or be-
cause they produce artifacts under some circumstances
(Hedges et al. 1999).

Indices used to measure the net balance of an inter-
action should meet several basic properties. They must
be symmetrical, i.e., for a given interaction intensity
the index should provide the same result for compe-
tition and for facilitation but with opposite signs. The
numerical range must be limited, otherwise it could not
be applied when the interaction intensity is extreme
(i.e., competitive exclusion and obligate symbiosis)
and therefore the results of an experiment could be
biased.

Another important property of an interaction index
isthat it should be relative, so that it could be used to
compare different experiments, species or environ-
ments. This is of special importance for testing con-
ceptual models and theories in community ecology
through meta-analyses. For this purpose, the sampling
distribution and sampling error of an index must be
able to be derived and its statistical properties must be
known. For example, the failure of meta-analyses to
detect facilitation among plants may have been due to
flaws in the indices used (see Goldberg et al. 1999,
Hedges et al. 1999, Osenberg et al. 1999).

Here we propose an index with strong mathematical
and statistical properties that overcomes many prob-
lems of other indices. We first explain and justify the
derivation of the index and then make a comparison of
its properties with those of the most frequently used
indices in plant community dynamics. We also derive
its sampling distribution and a way to obtain its sam-
pling error, and make a comparison with the properties
of InRR, the index with the best statistical properties
to date (Hedges et al. 1999).
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RATIONALE

The interaction between two plants—either conspe-
cific or not—is typically derived from differences be-
tween individual s growing alonevs. growing with other
plants. For convenience, we will hereafter refer only
to the biomass of such individuals, but interactions may
also be derived from other metrics of plant growth or
reproduction. The biomass of individuals growing
alone will reach a maximum size determined by the
genotype and the environment. Individuals will be
smaller if competing with other plants and larger if the
presence of other plants is facilitative.

We define the effect of one plant on another in rel-
ative terms taking the mass potentially achieved by the
target plant growing in absence of inter- or intraspecific
interactions (B,) and the mass observed when growing
with other plants (B,). In the latter case plant massis
potentially subject to the effects of competition and
facilitation, which results in an increase of biomass
produced by facilitation (ABg, where 0 = AB; = +x)
and a decrease caused by competition (AB., where O
= AB. = B,). For simplicity, we assume that both
phenomena are independent and have additive and an-
tagonistic effects on plant performance, so mass of B,,
can be represented by the following expression:

B, = B, + AB; — AB.. (1)

Because it is not possible to separate the potential ef-
fects of competition and facilitation in the observed,
final size of a plant (Goldberg et al. 1999), we assign
the observed, actual value, to AB., so that

ABc = AB: — AB.. 2
Therefore
B, — B, = ABy €)
where
~B, = ABe = 4o €)

with AB. being the absolute effect of the interaction.
The interaction index should be relative and hence non-
dimensional. A common procedure is to obtain a ratio
of the absolute effect (ABg.) related to the plant bio-
mass (B,, or B,). For example, a relative interaction
index could be expressed as

ABec ABgc
B.  (ABe + B
If there is only facilitation AB.. is always positive and
has a finite range [0,1]:
|ABec| = [ABec + By- (6)
However if there is only competition, AB is always
negative and Eq. 6 may not be true, as the index has

an unlimited range [—«,0] and facilitation and com-
petition intensities would not be comparable using Eg.
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5. A similar approach with B, in the denominator has
similar flaws.

We propose a new relative interaction index (RII)
defined as follows:

RIl - AB: + (—AB)
(ABF + Bo) + [(_ABC) + Bo]
_ ABec
~ ABe + 2Bg 0

where the absolute value of the denominator is always
greater than the absolute value of the numerator and
hence has a finite range.

This index represents the ratio of the net mass loss/
gain due to the interaction (numerator) relative to the
mass affected by only facilitative interaction and only
competitive interactions (denominator), simultaneous-
ly. RIl hasvalues ranging from —1to 1, is symmetrical
around zero and is negative for competition and pos-
itive for facilitation. Taking into account Egs. 1 and 3,
RII also can be expressed as

BW_BO
B, + By’

Similar equations such as the normalized difference
vegetation index (NDV1) or thelvlev index (1955, cited
in Netwing 1980) have been used for other purposes,
including remote sensing or fisheries and predator—prey
interactions (Netwing 1980).

Interaction experiments usually compare the mass of
isolated individuals with neighbors removed to control
plants with neighbors left intact. In our expression, B,
is the mass of isolated individuals and B,, the mass of
plants with neighbors (both ranging from 0 to infinity).

For simplicity in the statistical and mathematical cal-
culations and analysis, we use B, and B,, in this paper
as the mean value of each distribution, assuming non-
paired field experiments.

RIl = (8

COMPARATIVE ANALYSIS

We analyzed the range and symmetry of RCI, RNE,
and InRR in comparison with RII. For simplicity, we
derived equations expressing the interaction as B,, =
aB,, with « being a proportionality interaction factor
which ranges from 0 to +« (it has to be positive be-
cause biomass cannot be negative). When a < 1, com-
petition prevails, while when a > 1 (to +) facilitation
prevails. When o = 1, the interaction outcome is neu-
tral.

Although the four indices have very similar results
over much of their range (Fig. 1) there are some crucial
differences among them. RIl and RNE are the only
indices with upper and lower limits, that are symmet-
rical for facilitation and competition, and that are bal-
anced around zero (Table 1, Fig. 1). InRR has no limits
(= = InRR = +) but equations for facilitation and
competition are symmetrical and balanced around zero
(Table 1, Fig. 1). RCI is the most statistically troubled
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Fic. 1. Graphical representation of theindices’ symmetry
and limits for a set of values of the interaction factor a. To
facilitate the graphic comparison, the sign of RIl has been
changed (negative for facilitation, positive for competition).

index because it has no lower limit (=~ = RCI = +1)
and equations for facilitation and competition are nei-
ther symmetrical nor balanced around zero; for these
reasons the facilitation and competition sides of the
curve are not comparable (Table 1, Fig. 1).

The lack of upper or lower limits do not allow for
the calculation of InRR and RCI in some particular
cases (e.g., when variables measuring plant perfor-
mance are zero). For example, Hedges et al. (1999)
examined field data on the effects of competition and
found that nine out of 77 experiments had zero biomass
in the control group (B,). For these cases, computing
the log response ratio is not possible (B, = 0 in the
denominator), but RCI, RNE, and RII could be used.
In the opposite case, when plants growing alone die
during the experiment (B, = 0), RCI and InRR have
B, as the unique denominator or numerator, respec-
tively, and neither index can be calculated. Therefore,
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INRR and RCI may produce biased results in a partic-
ular experiment or in a meta-analysis, as their use will
require the elimination of cases with very intense in-
teractions (i.e., competitive exclusion or obligate sym-
biosis).

RNE has an undesirable mathematical characteristic
because its denominator isa MAX function—there are
two possible solutions depending on which type of in-
teraction prevails (Table 1). This is of particular im-
portance in modeling, because the denominator is not
known a priori (i.e., we cannot anticipate the result of
the MAX function).

The statistical properties of RCI and similar indices
(e.g., RNE) have been aready compared to InRR
(Hedges et al. 1999), showing that the distributions of
the former are highly skewed and biased, while InRR
shows strong statistical properties which have been de-
rived for use in meta-analysis. We compared the sam-
pling distribution and error of RIl and InNRR and showed
they have similar properties (Appendices A and B).

These indices are also similar because InRR could
be considered as a derived function of RII. If INRR =
=In(a) and RIl = (o — 1)/(a + 1) (applying equations
from Table 1),

a—1) 1fa-1)\°
In(a):2<a+l>+§(a+1>

1/a — 1\°

(solved by Taylor's series). When the interaction factor
(«) is smaller than 2, the values after the second term
of the polynomial tend to zero. In these cases, INRR is
approximately two times the value of RII but with op-
posite sign because INRR = —In(a). For larger values
of a, INRR differs from RII, growing to infinity. Thus,
for mathematical and statistical purposes, InNRR is sim-
ilar to RIl but adds an unpractical function complexity

TaBLE 1. Mathematical properties of four indices of interaction: RIl (relative interaction index), RCI (relative competition
index), RNE (relative neighbor effect), and InNRR (log response ratio).

Condition RII RCI RNE INRR
Limits
Competition (limit -1 +1 +1 INRR - +o
when B,, - 0)
Neutral 0 0 0 0
Facilitation (limit +1 RCI - —x -1 INRR - —x
when B, » +)
Symmetry yes no yes yes
Indic(eDsas>afougggonof aB,~B, _o—1 B,—aB,_ B, — «B, _Bl—oc (DOs(x<1)I B\
B, = B oB,+B, atl B, % Max(B,; aBy) Elli Oa>1) nop, )~ @
w o, o

Notes: The table shows limits, symmetry, and indices as a function of interaction factor «, 0 B,, = aB,. B, is the mass of

isolated individuals, and B, is the mass of plants with neighbors 0 0 < B, < +« and 0 = B,, < +%. Competition prevails
when 0 = B, < B, < +x or 0 = a < 1, while facilitation prevails when 0 = B, < B, < +x or a > 1. When there is no
interaction or the outcome is neutral, B, = B, or o« = 1. Equations for the four indices of interaction are: RIl = (B,, — B,)/
B, + B); RCI = (B, — B,)/B,; RNE = (B, — B,)/(max [B,; B,]); InRR = In(B,/B,).
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to RIl and thereforethe latter isasimpler and preferable
index.

A practical, but not serious, inconvenience of both
RIl and INRR is that their results are not as intuitive
for competition as RCI or RNE, nor for facilitation
when compared to RNE. For example, if thereisa50%
reduction in performance in the presence of competi-
tors (e.g., B, = 12, B,, = 6), both RCI and RNE yield
0.5, which is equivalent to the biomass reduction, but
RIl yields —0.33 and InRR 0.69. In the opposite case
(i.e., when there is facilitation and B, = 6, B,, = 12),
the indices produce a set of results similar to those of
competition but with opposite sign, except RCI that
gives —1. Therefore, RNE results are more intuitive
than the others irrespective of the interaction intensity,
while both RIl and InRR have a *‘logarithm’” behavior
(RIN being asymptotictoy lines 1 and —1 as a sigmoid
function, and InRR being asymptotic in the y-axis) with
no inconvenience for anyone familiar with the log
scale. Nevertheless, the stronger mathematical and sta-
tistical properties of RII and InRR, as compared to RCI
and RNE, prevail over intuitive advantage of the latter.

SENSITIVITY ANALYSIS

Sensitivity is the impact of a small change in the
interaction factor («) on the actual value of the index;
i.e.,, an indirect measure of the response of the index
to small changes in interaction intensity. It is also a
measure of the dispersion of datain the sample, because
the more sensitive the index the greater the range and
scatter of values. This is of considerable importance
when the interaction between species is weak: an un-
balanced and oversensitive index can lead to wrong
conclusions, showing competition when the net balance
would be facilitation and vice-versa.

We compared the standardized sensitivity of the four
indices (see Appendix C for details). The graphical
expression of the index sensitivity shows their sym-
metry around 1, or the lack of it (Fig. 2A). The sen-
sitivity analysis shows that when « tends to 1 (neutral
interaction) RCI has a discontinuity because of its lack
of symmetry. For a« - 1~ (i.e., a values approaching
1 but less than 1) RCI sensitivity hasalimit of 2, while
for a« —» 1+ (i.e, slightly greater than 1) the limit is 1.
This lack of symmetry causes two times greater dis-
persion of RCI values when B, = ~B,, than when B,
= ~B,, (Fig. 2B), but because of its asymmetry, values
may be biased toward facilitation at weak intensity in-
teractions. On the other hand, RIl, InRR, and RNE
show the same sensitivity in each side (o« —» 1~ and «
- 1%) and then are unbiased at low intensity interac-
tions. Nevertheless, for a values tendingto 1 (o —» 1~
or a —» 1*), RNE is the most sensitive index, i.e., it is
most likely to reflect small changes when « is near 1
(Fig. 2B).

There are two regions where all of the sensitivity
functions cross (Fig. 2A). This occurs when o = 0.6
+ 0.02 and 1.67 = 0.06 (but see Appendix C for the
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Fic. 2. (A) Sensitivity analysis of the four indices as a
function of the interaction factor «, and (B) detail for the
interval 0.56 < a < 1.8.

exact range of a-matching values). Within this range,
sensitivity functions reveal the main differences among
indices. RNE is the most sensitive index (for both com-
petition and facilitation, Fig. 2B), although RCI is
equally sensitive but only for competition (it has the
same equation as RNE for competition, Table 1). There-
fore, RNE will show the highest variability in thisrange
of a values and RCI the lowest variability for facili-
tation, while InNRR and RII will show low variability
for competition (Fig. 2B). Outside the mentioned range
and in the facilitation region RNE, InRR, and RII have
approximately the same sensitivity (Fig. 2A). In case
of competition, the four indices behave similarly, RNE
and RCI being less sensitive (Fig. 2A).

CONCLUSIONS

The properties analyzed here point to Rl as the most
suitable index for analysis of plant interactions. RIl has
defined limits [—1, +1], it is symmetrical around zero
with identical absolute values for competition and fa-
cilitation, its sampling properties are known and ac-
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curate (Appendix A), and it is safe to use in statistical
and mathematical operations because it is linear and
does not have discontinuities in its range. RIl can be
calculated for any type of net interaction (from com-
petitive exclusion to symbiosis) and in the range of 0.6
= a = 1.6t hasthelowest variability, similar to InRR.
RIl is easy to obtain and apply, and uses basic arith-
metical operators, which make the index good for mea-
suring multispecific interactions at the community lev-
el. Both InNRR and RNE also have good properties,
along with some flaws. Since INRR is a polynomial
approach of RIl (Eqg. 9), it is similar to RII, but its
unpractical mathematical complexity provides no ad-
vantage over RII. It also failsin the case of competitive
exclusion or obligate symbiosis because its range val-
ues have no limits. We found that RNE has two dif-
ferent mathematical equations as a function of «, one
in the case of facilitation and another in the case of
competition. Hence, RNE is difficult to usein modeling
or to perform mathematical operations and cannot be
scaled up to multispecific interactions. In the range of
0.6 = a = 1.6, RNE shows more variability than RII
and InRR, although for stronger interactions (more in-
tense facilitation or competition) it is the index with
the least variability. RCI has the most conceptual and
statistical problems. It is neither symmetrical nor bal-
anced around zero; its facilitation and competition ef-
fects are not comparable, and when interaction inten-
sity is weak, results of RCI can be biased toward the
facilitation side of the curve because of its lack of
symmetry. In addition, it has no lower limit and cannot
be calculated when there is obligate symbiosis.
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APPENDIX A
A description of the estimation of sampling distribution and error of RII is presented in ESA’s Electronic Data Archive:

Ecological Archives E085-082-A1.

APPENDIX B
A description of the RII function distribution is presented in ESA’s Electronic Data Archive: Ecological Archives E085-

082-A2.

APPENDIX C
A description of sensitivity analysis is presented in ESA’s Electronic Data Archive: Ecological Archives E085-082-A3.



