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Abstract Can, Ear |15 13651370 § 1983
The wiility of the ‘ramlom precstor equation” of Rovama {197 1) and Ragers (19720 as
n summary of the functional response relationship between predatory feeding behavior
and prey density is questioned on the grounds that statisticnl assumptions in the regres-
siom analysis are nod met by the lnearzed form of the equation, The absence of an
altemative linearzation that does not violate these assumptions necessitates the use of
Helling's {1959) disc equution for the description of experimentallv derved fmctional
response relationships, when the comparison of parameters of different populutions of
predator of prey i a more importint objective than a precise estimation.

The statasticul validity of the maditional linearization of the disc equation is ques-
fiemed, An aliemnative transformsation s proposed , which removes the statisteal prob-
lems msaociated with the former transformation, and which permits a higher degree of
explanation of varionce in the independent varable by the repression.

Résumé

L wtilieg de I"dquation di *rasdom predator”” (prédateur recherchant sa proie an hasand)
de Royansa (1971) et Rogers (1972}, pour représenier La relation entre la répomse fonc-
tommelle caractérisant le comportement alimentaire d'un prédateur et ln densité de sa
proie est remise en question parce gue les prémices sinfistiques de 'analyse de ré-
Eression ne sonl pas satisfaites par la forme lindarisée de |'équation. 1L absence d'une
forme de lindarisation qui ne viole pas ces conditions oblige & 'emploi de I"éguation
i *dzec equation” ) de Holling (1939) powr décrire les répomses fonctionnelles obtenues
expErimenialement lorsgue la comparaison des parmétres emire popalations différentes
esl plus importante que lear astimaotion précise.

La walidité de In méthode habinselle de findarsation de 'Squatien ““disc'’ es
remiss en guestion. Une sutre trmnsformation est proposds lagquelle ne présente pas les
prodlimes statistiques de la premagre, et qui permet d'expliquer une part plus grande
de la variance de la variable indépendante par la ségressnm.

Many of the critical aspects of predator and prey interactions can be discerned by
examining the relutionship between predator feeding behavier and the density of prey_ If
the components of this relationship can be estimated, the parameters of the resulting equa-
tion should provide a succinct summary of the mutuel adaptations of predators and their
prey and should be useful tools for comparative sudies of coevolution {Livdahl 1979), in
addition to their mose commaon application in the prediction of the dynamics of predator
and prey population densities. The comparative use of functional response relationships
would benefil from an inspection of the statistical methods wsed w estimate the parameters
of cenain descriptive equations, and that is our aim in this paper.

The mast widely used description of the functional response of invertiehrate predators
0 chinges in prey density is the disc equation of Helling (1959

.I‘il. F ﬂ.i".".i" III
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in which N_JF denotes the number of successful atacks (M) per predator () during the
time af exposure of prey o the predator (7); & denotes the initial density of prey; and a
and T, represent the rate of successful attack and the time reguired to handle the prey,
Tespeciively.
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The biclogical assumptions of the disc equation are discussed clsewhere (Hassell er
al. 1976; Rovama 1971). Although the assumptions appear siringenl. the disc equation
describes laboratory data remarkably well in many cases. Conformity of experimental
results with the equation indicates either that the assumptions are not frequently violated,
that their violation does litte to alier te basic form of the relationship. or that the estimated
parameters sarve in an adequate predictive capacity even if they do not in faet estimate
precisely the quantities that they claim to stand for, For example. Fox and Murdoch (1978)
observed reasonable compliance of their data with the disc equation, although they were
able to observe through direct observation that handling time and sttack rates were not
vonstants through time or across prey densities, Monetheless, the asyvmpiote of the func
tionzl response relationship must still be fixed largely by the capacity of the predator 1o
imgest prey, and the male at which the curve approaches the asymptote must still result
largely from the ability of the predator 1o find and capture prey.

Rovarma (1971) and Rogers (1972) noted that the disc equation is an instantaneous
equation and is unsatisfactory for experimental data when an appreciable amount of time
is involved in the experiments. [ntegrating over the rate of change of prey density, they
adapt the dis¢ equation for the description of experimental data;

N o= N[l = axpl -alPT — NTH} 12]
A lincarized form of this equation is:

o, [ 1= %}-— al\N, — aTP [3]

This equation has been used by Rogers (1972} and by Hassell er al. (1976) in regression
analyses. There are several disadvantages to the use of this equation, despite its underlying
biological and mathematical logic.

Two problems arise from the use of the logarithm of the proportion [1 = (N,V)] as
the dependent variable. First, the variance of propomicnate data depends upon the mean.
Ordinarity, an angular rransformation could be used to remove this dependence. In this
case, @ transformation of this sort would drastically alter the original model which the
analysis is inended o examine. An addivonal difficully anses when all of the prey are
consumed by the predator. In such instances, the observation cannot be used in the analysis
because the predicted value is log(0). The remedy of adding | o all observations allers
the lorm of the model to be inspected.

A further ohjection concerns the wse of N, which clearly depends on &, as the in-
dependent variable. Attempts 1o provide an alternative linear transformation, in which all
terms of ¥, ure incorporated in the dependent variable, have failed because the parameters
toe be estimated by the regression, @ and T, cannot both be kept on the right side of the
equation, Because of these difficulties, the *“random predator equation”” of Royvama (1971}
and Rogers (1972) is not as useful as it first appears.

The problem of nonlinearity can be side-stepped by applying standard nonlingar lezst
squares fechniques 1o the uniransformed dita, However, a curvilinear moded in the form
of [2] still pelies on the wse of the dependent variable &, in the construction of an inde-
pendent predicior inote the presence of &, on the right side of the equation), Polynomal
fits of the form

N,o= A < By 4 ONT = [y . |4]

will frequently provide potent descriptions of the data, but the biological sipmificance of
the coefficients is nod clear, and the meaningiul parometers a and T, will only emerge as
combinations of the coefficients, Becuuse each cocfficient is an estimate, the constrsction
of confidence intervals about the estimated @ and T, values would be an awkward and
cumbersome task, if it is possible atall, It is revealing 10 note the absence of confidence
intervals for @ and T, in the functional response literature when nonlinear regression is
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used (Hassell 1978). However, the utility of comparisons of functional response para-
mieters depends crtically on the ability to construet confidence intervals. Consequently,
a lincar relationship 15 desirable when relative estimates of attack rate and handling time
are sought, Linearity is also a necessary condition for variows powerful statistical tech-
nigues, including multiple regression and analysis of covariance.

A simple linear relationship can be obtained from [1] without the overt violation of
statistical assumptions. Confidence intervals for a and T, emerge directly from the regres-
iom analysis. For these reasons, we suggest the use of the transformution presented below
when two or more functional response relationships are to be compared.

Analysis of Data Using the Dise Equation
Holling (1959} suggested the following linear transformation of 1] for use in regres-
sion analysis,

R = —aT\N, + TaP (5]

This transformation has been adopted in subsequent swdies in which regressions have
1?:9‘:?1 performed (Holling 1965. Clarke 1963; Messenger 1968; Griffiths 1969; Rogers
2)

This equation violates assumptions required by negression analysis in o munner similar
to 13): the independent variable 15 not independent, and the variance in the dependent
variahle should depend on its mean.

We suggest the use of a different linear rransformation as a remedy to these problems,
A lincarization is obiained easily by reciprocating both sides of [1], to vield:

AN @
Here, data are simply plotted as reciprocals. The slope of the line fitted by least squanes
15 the reciprocal of the attack rate, and the imercepl muluplied by the time of exposure
produces the handling hme.

This transformation is a standard analytical ol in bicchemistry for the description
of enzyme-subsirate kinetics (the Lineweaver-Burk plot) based on the Henri-Michaelis-
Menton model. Interestingly, that model] is mathematically identical to the disc equation,
and it also describes the behavior of an instantanecus propenty (reaction velocity), In
practice, the velocity is measured by the wccumulation of 4 product over a finite time
interval, but the analysis is performed as if the velocity is an instantaneous quantity.

A Comparison of the Two Types of Transformations

The remamder of this paper compares estimates of the functional response parame-
ters, o and T, as well as the amount of variation explained by the regressions, when the
proportional ransformation [3] and the reciprocal rransformation [6] are wsed.

To compare the ransformations, we have wsed the mean value of data presented by
Burnest (1951} for purasitiszm of Neadiprion sertifer (Geolf.) cocoons by Dahlbomines
Siezciperniz (Zen. ). The same data were used by Holling (1959} and Rogers {197 2] in their
analyzes. Addinonally, we have used functicnal response data for predanon by the treehole
mosquite Tererfrchites rutilus seprensrionalis (Dyar and Knab) on two geographic
strains (Morth Carcling amd linoiz) of Aedes rriseriotuy {Say) (Livdahl 1979},

Linear regressions wsing the proportional transformation (Fig. 1) and the reciprocal
transformation {Fig. 2} are presented for the data of Livdahl (197%). The predicted rela-
tionships between N, and N for the proportional (dashed line) and reciprocal {solid line)
transformations wppear in Fig. 3, These analyses, as well as analyses based on the data
of Burnen (1951), are summarized in Table 1.
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Fag. 3, The predicoad nelationships betisean the number attacked snd indtial prey density. Solid lmes: reclprocal
trunsformation: dashed lines: proportional transformation, Daca are che same as in Fips. 1 aml 2.

Table I, Comparisons berwosn the propostional (P and reciprocal (B transformations

(15} and [6]. respectively)

Srasice “Transfordation a T ~
Burnett | 15513
L& P (ka3 47417 .43
13 (A0 39,504 0.9%
0°C P 0.123 Ir.TOR 0.72
R 0049 14.016 0.8
W P 0.185 FEOER 0.5%
B 0,177 1167 0,4
Liwiahd i 1579)
linos P {0, 41 1013 0.27
B 0,043 1,234 0,85
Mot Carolina F 0,026 .58 0.0
R 0.7 2.557 0.58

The muost noteworthy aspect of Table [ is the consistent difference in the coefficient
of determination (#) of the two transformations, indicating that the reciprocal ransfos-
mation provides a more thorough description of the relationship. 7, and a values are also
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Table 11, The sensmivaty of the propoctonsl it lamation to vamacion abour the meas
N, Data are from Livdahl {1979

Sivance Dt %et “ Th F

HIEATH Al data (M0 1.013 0.x7
Means only 3 1.X75 .49

Marth Caralina Al dara L026 0,348 0.06
Means anly RIS RS I.055 052

sensitive 1o which type of transformation is used, but not in any apparent systematic fash-
1om. The coefficients derived from Bumett’s data are not # drastically affected by the type
of transformation s are those from Livdahl. The difference arises from the use of means
for Burnett's data, in which variation about those means is ignored. The sensitivity of the
proportional transformation to such variation 15 illustrated in Table 1. The coefficients of
determination for Burnett's data are probably greatly exaggerated because of this sensi-
kivity.

In the light of the violation of siatistical assumptions by [4] and the higher degree of
precision in the estimation of regression coefficients by [5], there gppears 10 be no reason
fior the continued use of [4) in the analysis of functiona! response data.

Discussion

A thoughtful look a2 the analytical methods used for functional response experiments
reveals & dilemma for the investigator. The appropristely transformed disc equation is
more amenable to linear regression techniques, because it is less likely 1o violate as-
sumptions than the random predator equation. However, the parameters obtained may be
somewhal less informative in biological terms. because an instantineous equation is used
tor describe the results of & finite period of exposure of predators 1o prey. Unfortunately,
the biologically reasoniable random predator equation requires the use of nonlinear tech-
nigues in which statistical comparisons of fitted parameters among predator or prey pop-
ulutions are not easy o perform,

In addition, it appears thit the parameters obtained in either approsch are not, in fact,
what they ¢laim o be because the attack rate and handling time ar¢ subject to variation
in the course of the experiment. and to variation among different prey densities (Fox and
Murdoch 1978; Eveleigh and Chant 1981, b).

This problem is circumscribed by recent evidence that inveriebrate predators can
npparently respond o prey density in a sigmodd manner, although we are aware of no
studies in which this departure from the type [1 functional response has actually been 1ested
statistically. In fact, examples of sigmoid functional responses involving invertebrate pre-
dators have relied beavily on visual inspection (Takahashi 1968; McQueen 1969 Murdoch
unct Diaten 1975, Hassell er . 1977), In one paper (Hassell ot al. 1977), an attermpt was
made w demonstrate the inadequacy of the ‘type [ relationship simply by showing a
nonsignificent regression relationship wsing the ‘random predator’ equation of Royama
(1971} and Rogers {1972). This dependence upon a negative result 1o reject what should
be reated as a null hypothesis is vulnerable 1o the variability of the experimental system.
In fact, a nonsignificant relationship can nearly always be obtained in variable svarems if
few observations are available. Hassell eral. (1977) do not deseribe their precise analytical
methods for the rejection of the type 1T relationship, but an unsuceessful arempt o fit the
type 11 curve is not surprising i ey relied on the linearized version of the “random
predator eguation”, for reazons that we hive set forth above. A more satisfactory approach
by the refutation of the ‘type [1" functional response would be a test for nonlinearity using
the reciprocally wansformed disc equation as the null model.
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We advocate the vse of the reciprocal ransformation of the dize equation particulary
for instances in which the important result is not the precise meanings of the parameders,
but the presence or sbsence of differences among them when comparisons are drawn
among two of more populations of predators or prey, For other purposes, this transfor-
miation will ned be satisfactony, particularly when the attack rate and handling time are o
be nsed for modelling purposes (e.g. Hassell er @f. 1977; Hassell 1978), or when the
principal wm 15 a very detailed examination of a paricular interaction between predutor
and prev populations {e.g. Eveleigh and Chant 1981a,5,c). In such cases, confidence
intervals about the estimated parameters may nol be eszential, and the parameters should
be chtained through iberntive nonlinear least sguares techniques.
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