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ABSTRACT

This Yhesis is'organized around Heilman,and Scholes'
(1976) elegant test of functor comprehensien in aphasia,
with the addition of a control on the acoustic dimensions of
the key function word. Nine Broca pétients heard four
.sentence pairs differfﬁg only in the péstverb placement of
the (and the argument structure cued by that placement), as
1llustrated by the following two sentences:

The man showed her the baby pictures,
The man showed her baby the pictures.

The task was a forced choice between four line drawings: one
which depicted the correct éction, one which depicted the
action of the other member in the‘bair, and<£wo which
contained deplctlons of different f1gures and actions
altogether, Each of the eight sentences was played in two
conditipns:\one with NORMAL intonation, and another with an
acoustically more distinct SALIENT the token in the postverb
location.

Both ofbHeilman and Scholes' principal results were
successfully replicated: the _aphasic populafioh was
51gn1f1cantly less reliable overall than normals, and the
difference between correct responses and function errors
{choosing the depiction of the paired sentence) was not
significantly greater than cbence for the NORMAL sentences.
Both of these results indicate that Broca'patients have a
pchlier defitit for some function words. ‘However, aeo
SALIENT effect was also discovered. The subjects were
significantly more reliable with the acoustically boosted

v



stimuli. This finding is used to suggest that there is a

()

performance component to Broca syndrome functor
difficulties, and therefore that proposals of lexical or
syntactic or phonological incompetence'are overzealous., A
tentative éxp;anation of the Teéults is offered in terms of

short term memory deficiencies.

vi
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1. Introduction
The brain is a verj mysterious organ and its functioning is
far from clearly understcod,_but imqeasurably more 1s known
about it now tban at any time in the past. To take a |
radical exampl;, Aristotle saw the brain ;athef as a spongy
\radiatof - a cooling device where blood, éxitéd by a;scular
activity, cOula dLsaipate ics heat. »Herophilus thought it
generated 'animal spi:ics'f his medium of a hydraulic tHeory
of muscle control. Th, Barfholinus, some centa;ie§;later,
‘held it to be packing macerial, installed co "prctect'ﬁher
cerebral vessels against'the danger of violent movemeént,
especially during the full ﬁoon when the brain swells ia the
skull“'(Schillér E19794168] ;While some of:us act now and
.again in a manner suggestlng the accuracy of these
propOSals, in h1nd51ght thelr only charm lies in absurdity.
But they are not unreasonable hypotheses when evidence is
drawn exclusively frcm autopsy of neurologically intact
cadavers. Erains look a good deal more like raaiators-or
packing material than "the most elegantly organized'bundlcs

dfkmatter in the_uﬁiverse"'(Calvin [1983:62]).

Fortunately for science, the misfortunes of a great

'"many 1nd1v1duals have led to more soundly based theories of
the brain, and growing insight into the elegance of 1ts
accanlzatlon.. Cerebral pathology has afforded an irregular
and winding, but fGﬁstioﬁal, roadway froﬁ radiaggia to

‘receptive fields. When damage to a localized region of the

brain results consistently. in a disruption of abilities



present’in people without -such damage - vision, motion,A
calcUlation, language use — then it follows that the brain
mediates the ability. It also follows that the spec1f1c
site of damage medlates the ablllty. How the medratlon
occurs does not follow. For instance,'the damaged re%lon
might'be a knowledge store, or an access channel to a.
" knowledge store, or it mlght subserve a largely 1ndependent
mechanlsm 1nc1dentally employed in the access or utilization
~of knowledge. Or the damage mlghtf51mply be runnlng an |
interference pattern dlvertlng energy from processes
necessary to the dlsrupted ablllty Or some complex of
these p051b111t1es mlght be respon51ble for the impairment.
.None of thisiis clear\from the injury—dysfunction
_correlation alone. But there are‘methods of gettlng at
‘theSe.questiOns and an experlment w1th such a goal is at
‘the heart of this the51s

Neither the experiment, norxthe specific question
addressed is dlfflcult to" summarize: the acoustlc patterns
~of a small set of speech: strlngs are dlg1tally altered SO
that certain normally reduced elements (functors) are
increased in duration, 1nten51ty, and stablllty of
fundamental frequency (f ); if reduced stress is a -
51gn1f1cant factor in the dlfflCUlty -Broca's aphasics havel
comprehendlng functlon words during sentence proce551ng,
then they should demonstrate 1mproved.comprehen51on ot those
' strings. The motivatlons and the significance of the

experiment are not nearly so straightforward.
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1.1 The Issues

, »
1:1.1 Site and S¢ndrome

Aphasia is;a Ianguage impairment conseqguent to neural
ihsult,‘and.location of insult makes a difference. Thoﬁgh
"there has been considerable debate between;equipotentiél and
 modulaf theorists about site-specific deficits (Sée,_e.g.,
 Finger and‘Stein.[1982:1;—47j), this‘mucﬁ is ob&ioush *
.Damaée‘to thg peripheral nervous sygtem, for instance, or
the central ﬁervops system below the medulla, does.not
result fn prdlonged linguistic interference.‘ There is some
interference, and this interference does séy something
~interesting about the mechanisms of language use. But the
problem is.shoft‘term, and probably due to some incidental
diversibn of enefgy.. Thereiis no aphasia. Similarly,
damage. to the right hemisphére, even if quite severe, has
'mihimél éffects(on léﬁguage iﬁ nearly-all cases. Damage to
fairiy large.tracts Of”the.left frontal lobe also leaves
iinguistic ability pfetﬁy'much'alone. vInsult to the visual
édrtex; or to the upper stretches of tHe motor strip, does
not.airectly affect language use. On the other hand, damage
to™he conVOlution aajaceht ahdvimmediately anterior to the
fissure of Sylvius, or to the. posterior tempofal operculum,
results in aphasia very fr;quentlyf Damage to the bridgel
between these two areas, \the arcuate fésciculus; results in

aphasia. Recently there has even been evidence that

thalamic lesions, subcortical, measureably interfere with
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linguistic ability (Mateer and Ojemann [1983]). Clearly the
issué here is not localization, but relative loéalization.
The equipoteﬁtialist position is that the brain has no
functional divisions, that all cortical material, en bIOC} v
sérves all Buman cognition. The mqdularists claim all
interésting functions are locally distinct. They delight in
diagrams, Mappéng the brain section by section, with the
ultimate éoal.of lébelling each individual neliral circuit
with the word or transformation or feature detector it
subserves; their patron saint is Gall the Phrenologist.
Patently, both sides are made of straw, and they have been
fashioned by the groups most in need of stra@ theories, the
opposition., Neither the tight pocketing of Gall nor the
vagueries of equipotentialism are sensible, and sensible
neuroscientists recognize this. Aside from random
aberrations, common to any intellectual pursuit, radical
eguipotentialism exists only as a rhetorical device employed
by theorists focusing on site-function correlation; and
radical schématics of functional topography exist only as a
rhetorical device employed by Eheorists with a healthy |
respect for the scatter and overlap of aphasic syndromes.
One side claims language is too complex a'phenomenon to be
modular . The other side claims language is too‘systematic
to be diffused throughout the brain. But neither side is
stupid, and-bpth'sides have a wealth of support in apﬁasic
data:‘bewildering'diveréipy is there for the‘asking, as are

o

over-riding patterns. More to the point, both diversity and

N



patterning can be rathef smoothly accommodated by either
camp. Locationists can pointlout the manifold complications
“of aphasia data and marvel that recognizable trends of any
sort emerge: if distinct shapes can be detected through the
haze of so many confounding variables, they must be very
distinct indeed. The equipotentialists, with numerous '
examples from sciences as diverse and pertinent as |
psycholinguistics and chemistry, can explain the patterns
away as artifacfs of the variables. Each side has a good
deal of room to manoeuvre. The issue, again, is gelative.‘

’ Nevertheless, there are patterns which emerge from the
data, and this thesis takes the position that, theoretically
if‘not clinically, they are better‘investigated than
ignored. Like most such works it begins with two patterns,
the "two most important and common forms of aphasia"
(Kertesz [1982:43]) - Broca's aphasia and Wernicke's aphasia
— though Kertesz' statement.requires some qualifications he
does not supply. In particular, it requires a modifying
prepositignal phrase on the order of 'in the linguistic
litera;ure'. The reason they are important and common is
that they represent largely distinct clusters of symptoms,
associated with damage to distinct cortical regions, and
they gét a lot of press. Evenvstrong equipotential
theorists, who would probably claim the disorders.are
diStinct because they reflect different ends of a continuum,
or of a vector, must concede that there is sufficient

evidence to support at least this division. Convincing
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arguments exist that the distinction is valueless, even
detrimental, for clinicians (e.g., Schuell [1965]), and it

receives much less attention in the clinical literature.

But there are probably convincing arguments that the

physicist's distinction between mass and weight 1s not

suited to structural éﬁgineers; that does not make the two
properties one. Im any event, it is the patterns, not the
chacs, that éllow linguists to form workable hypotheses
about the psychological nature of language.

But the tenuous fabric that the patterns are imprinted
on, the background of chaos, needs always to be kept in
mind, and any extensive work in experimental aphasiology is
obliged to include a list of riders and cautlonary notes.
The problem is not that others in the field, or in closely
related disciplines, are unaware of how provisional most
conclusions must be, but it is at once difficult to
extrapolate beyond the highly constrained nature of the
work, and discouraging to think its results can only bear on
the small subject group tested. The reaSonable procedure,
then, 1s to establish a network.of flaés to identify areas
where the ice is thinnest, and cross the lake with caution.
It also seems reasonable to do the flagging at the outset[
allowing reade®s the latitude to chose their own path, or to
turn back. So, before offering a definition of the syndrome
of concern and its primary foil, Broca's aphasia and
Wernicke's aphasia, the troublesome nature of the data that

support them must be .addressed.



1.1.2 Complications of Aphasic Data

The most immediate prdblem, for theorists of either
stripe, involves the matching of lesion sites. As many have
observed, nature is a sloppy experimenter, at least in
matters bognitgve, and cortical damage to precisely the same
region in two aphasia victims is very rare. Anatomy is
largely'the same, person to person, and it might be supposed
that ruptures and blockages would occur in the same
principal areas yith reasonably high probabilify; that very
similar damage would occur in large subgroups. Ultimately,
a site-syndrome line of reasoning has to fall back on such a
premise, but consider the variables. While gross anatomy 1s
largely the same, there {s much interesting variénce in the
details: height, eye, hair, and skin colour, facial bone
pattern, sex, and éven blood proteint d%ﬂfers person to

person; some of the differences are inborn, some are

y

environmental. Brains, and the prqbab?hity of particulér
orders of brain damége, are subjecgwéyﬁthg safie kinds of
variability. To scratch only the surface: genetic factors
(affecti;é, e.g., sex, development, handedness, and several
classes of cerebral disorders), dietary habits (affecting,
e.g9., blood pressure and cholesterol count), and general
lifestyle (middleweights having a different cortical make up
than secretaries, alcoholics differing from teetotalers),
all conspire.to reduce the prébability of precise damage

match-ups to a much lower level than first blush would

indicate.



And brains are malleable, dynamic drgans: They learn,
‘and hence reorganize. For example, the syndrome to be
investigated below, Broca's aphasia, is defined in part as a
symptom complex correlated with insult to the third
prefréntal gyrus of the.adult left hemisphere. Yet many
features of this complex result from damage to tracts of the
riéht hemisphere in children under six, and no language
disorder is évident i;&ﬁany children with left third
prefrontal gyrus injury. More dramatic example§ are
available, such as Smith's (1977) cése of a 1inguistically
(and intellectually) intact twenty-five year old who had
undergone é left hemispherectomy at the age of five,"
Obviously, at least one majér'reorganization of the:language
faculty (gr access channels, or incidental processgng
mechanisms) can be '‘charted as a function of age. f%e
plasticity of yopng brains is phenomenal, and although theré
is‘no question that this plasticity|decreases profoundly
after young adulthood, it does not go away. Brains do not
regenerate, but they do reorganize;‘ They recover,bana
therefore, to bravé a somewhat metaphysical image, it is not
untoward to suéggst that minds regenerate. Moreover,'there
is some evidence (from aphasiology) that mental
reorganization is anAongoing process, which occurs even in
the absence of brain damage (Brown [1977,‘1979, 1982], Brown

Smith (1977) was presented at the fifth annual meeting of

the International Neuropsychological Society, and has not to
my knowledge been published. It is cited by Finger and Stein
(1982:140f,152). s

1



9

Brains differ, and they differ in manners not always
matched easily to global properties llike age, sex, or
handedness. There have been, for instance, a few attested
cases where damage to Broca's region in normal, adult,
right-handed patients did not impair linguistic ability -
including an instance of complete surgical "excision of
Broca's area without persistent aphasia" (Zangwill [1975]).
Types of damage, etiologies, also differ, and they have
different consequents; all aphasia patients are not the
victims of vascular rupturelor blockage. Slow cortical
damage (e.g., a tumour) allows the brain considerable. time
to reorganize.’ Sudden damage (e.g., a trauma) allows no
time at all for concurrent reorganization, though
reorganization can and frequently does take place
post-insult (c.f., Finger and Stein [1982]); Tumours also
grow at different rates, dependingﬁon a multiplicity of
poorly-understood factors, so two victims of neoplastic
damage to the same general areas might display significantly
different symptoms. Similarly, there are differences in
sudden damage — trauma usually being more discrete, more

focal, than hemorrhage or infarction.

”
¢ o

The patient Zangwill reports on underwent tumour removal,
and an argument designed to neutralize Zangwill's
counter-evidence to site-symptom correlation has been
advanced to the effect that the ‘tumour displaced the 'real’
Broca's area, which then settled back in once the imposter
gray matter was excised (see the discussion appended to
Zangwill's paper). If indeed Zangwill's case study is
counter-evidence, as opposed to an exception, a more
profitable answer seems to lie in the reorganization
principle.
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: Ahturther confounding‘variable, or class of variables,
is implicated in the difficulties of isolating linéUistic
symptoms ' from impairments of another order, from motor
problems or other‘cognitive deficits.r It is, for ﬁnstance,
by no means obv1ous that the r1ght side hemiplegia wh1ch so”
frequently atteqﬁs Broca victims should be divorced from |
thelr language dlsturbances In fact, there is an‘,ff
1néerest1ng neurobiological theory that speech evolved from
the seqguencing abilities nece551tated‘by stone thrOW1ng,
using that cepacity as the "founda?&bn for the language
cortex" (Calvin [1983al). And of pourse this difficulty of
partitioning language and muscie disorders‘compodnds when

ithe motor dysfunctions involve direct control of
‘LartiCUlation (dysarthria) or indirect, motor—plen controis |
of speech.(apraxia), and the impeirment of ostensib1v~
nonlinguistic cognitive abilities, like oalculationror
mémory! is even more"probiemetic. Quite simply, an aphas%a

~victim with'hemipleéia might have a qualitatively different

disorder than an'aphasia victim with unlmpa red movement

} o3

An apha51c with calculatlon or memory d1ff1c tles mlght
have a.dlfferent'dlsorder than a class1cally 'pur®' aphasic.
Or it may be, 'as suggested in the final chapter hat at

least some cla551cally pure apha51as stron ly 1mp11cate

capacities not exclusive to language - like short term.

memory.
- These complications come in addition tgﬁﬁhe standard

battery of subject variables that can skew or mask results
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in nonpathologlcal psychollngu1st1cbexpeflmentatlon -
socioeconomic background number and type of languages
spOken or understood, eduoation, 1.Q., developmental ,‘
language or nonlanguage disorders (e.g., dyslexia or
tinnitis); and a host of‘more subtle interferants‘(such as
experimental attitude) ~‘aod all of these factors are
somewhat more serious for pathological Etudies, since therev
ig a much'smaller population from which to choose. Often
the experlmenter is forced to work with subjects of w1dely.
dlfferent educational, soc1a1 or linguistie~backgrounds, or
_even widely different pathological symptoms, becauyse they
are the only subjects available. 'Many of the experiments
reported.in the following chapter investigate illfdefined
subject pools, carrying only the label "aphasics"[ Aphasia
.sub;ypee and severitiesAare-freqoently not discussed,
leaving the impfession for an edocated reader of a
hetefogeneity the experimeﬁfer pEefers.to ignore. |

N Still, there are controls. The same methodology
Zavailable to responsible nonpathological psycholinguistic
experlmentatlon is avallable to respon51ble aphasia work
First, the populatlon should be made as homogenous as
p0551ble,j1nclud1ng such osten51blv unlmportant factors as
hemlplegla Next, as many variables as possible should be
statlsg;cally enalyzed with respect to one another,.to see

’

if education or age or (premorbid) I.Q. or pathological

-

symptoms, or some interaction(s), significantly accounts for

any of the results' varience."Third, since neither of the
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first two areifully within the experimenter's control
(information as’to premorbid I.Q. 1s not often available;
fof example, and sample sizes are often skewed for variables
like hemiplegia), more flagging should be done. Detailed
SUbject’descriptions should be included, to give the reader
interpretivevlatitude These controls are partlcularly
important in a work of any scope, such as a thesis, and

while statistical analysis of these variables was

‘unfortunately net supported in my data set, every attempt

has been made herein to regulate and flag all potential
sources ef variance. (Brookshlre s [1983] very sen51ble
guidelines have been adopted in this regard.)

< One addltlonal factor - experlmental attltude e 1s
partlcularly cruc1al when the sub]ects are apha51a v1ct1ms
and it deserves special mehtlon.f For a number of ;easons,
varying from patient to patient! syndrome to syndrome, brain
damage very. frequently impinges on emotionel stability;
radical mood shifts are net uncommon. Severe depression,
undersfandably( is often a conseqUeht of aphasia, and Broca
patients are the most susceptible — both in terms of
freduency and of magnitude (Robineon and‘Benso;%f1981]),
This is probably because they are the victims most aware of
their communicative deficit, but there are also indicat%ons
of chemical differences, of aniinereasé in biogenic amines
(Robinson and Benson [1981]). OVefwhelming fatigueﬂcen also

attend aphasia. Tasks that would have been trivial to the

-patient premorbldly can be completely litating. These
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- variables potentially affect the way in which the subjeétt
views both experiment and experimentei;iconseQUently(’
results can be badly skewed. There are two principal
controls here. The task should be made as undemanding as-
possible, given the information sought. And the patients
must be treéted in a respectful, uncondescending manﬁer;
followed by a careful reporting of»their‘perfo:mahce during
.the task. Every effort has been @éde in these areas as
- well, -

The"crucial proviso here is that experimental control
takes precedence over statistical control; indeed,
statistics are treated with some suspicion in my ahalysis,
and-thg eXperimentél design was adoptedito facilitate a
brief series of t-tests. |

Y . .
1.1.3 Broca's Syndrome _

The apparently glib designatioh above of Wernicke's
abhasia_as a foil to Broca's aphasia was not done lightiy.
The two syndromes involve ve?y”iiregular looking symptbm
complexes,»%ut in contrépqéitién both begin to look faf‘more
regular, Isgiated they appear chaotic; together they fall
into recognizable patterns. FWernicke's aphasia is defined
as a disorder signalled by fluent vet almless production
w1th intact functor and. morphological distribution by
phonemic and semantic parapha51as, jargon, neologism, |
wordfinding difficulties, and by significantly impaired-

comprehension. This is not an appealing group of symptoms



14

.
/
/

for a linguist. It indicates only that something profoundly
'wnqng has happened to'the victim‘s-}anguage capaéity, but
what thét.sometging"might be is far'from.apparént:‘ .
phonology, lexical access and semantics are all implicated.
The séme disarray is also evident in the symptom cluster
commonly- cited fbr Broca's aphasia: dySfluent‘yet pointed
produetibn,’with a marked paucity of functors and
inflectional morphemes, phonemic paraphasias, fréquént
misarticulations, word-finding d;fficUltieS, and relatively
good comprehension., Syntax, mobphulogy, phonology, and
lexical access are all implicéted.

However, as the somewhat biased phrasing indicates, if
_the two disorders are compared to one another both take.on
more definite form. 1In particular, the dimensions of
"production and percepfion are seen to be selectively
impaired,bin élmost precisely opposite ways. Wernicke
‘victims speak Smoothly,_wiﬁh negligible content, and |
understand poorly; Broca victims speak haltingly,. with
content but hegligible filler, and,understand Well,- It is
fhis*diChotomy that,gengfated Cérl’Wérnicke's pésﬁulation of
distinct aphasias, characterized. by the interruption of
sensofy or motor.capécities in language use, and it
céntinues to fuel thevdivision maintained by modern
" neurolinguists - though they tend to favour characterization
~in terms of semantics and syﬁtax. In short, these syndromes
aré the primary focus for all theorists iﬁferested‘in.

promoting a central division in the aphasias. And of course
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there is anatomical support: Wernicke's aphasia is
associated with damage to regions posterior to the Sylvian

fissure; Broca's aphasia is associated with lesions

s -

'immediately‘antgriog‘tq thatvfissure; and to the subcortical
extentions séﬁhét“éedibn}#ﬁevine and Sweet [1982]).

Clearly it is ﬁbfsrequésike that injury to distinct areas
fésults in Qistinét ayéfunctiohs, nor that distinct
dysfuﬁctions be consequent to locally distinct lesions.
Nevertheless, there isjaiéertain formal elegance in |
site-symptom correlations, and elegance is aiways an
important considerétion in ;cience.

"On thglother hand, 1t is obvious that a fair amount of
overlap has:been ignored for the sake of neat opposition,
énd the difference between the symptom complexes of the
syndromés is far from binary. Phonemic pafaphasias and
word-finding difficulties are common to both disorders, ahd
appeaaito pattern as a function of'overall'severity, not in
terms of lesion.site or of other symptoms. Such overlap,
for_theore;ipal if not c;inical purposes, might best be
viewed as fﬁe geperal result of introducing‘noise to the
System — particularly és both slips 6f the, tongue and
temporary anomia are characteristics of normélly functioning
,language users when the noise level goes up (dqg to fatigue,
distraction, chemical agents, etc.). That is, not every'
symptom associated with a disorder need be considered é

unique reflex of that specific disorder. Fever is a

reaction to widely diverse bodily assaults, ranging from
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viruees to broken bones., It signals that something 1s awry,
not that the right bimaleolar is fractured. In general,
symptom complexes are meaningful in a way best cathred bf
wittgenstein'sﬁ(1958) family resemblances: "a complicated
network of similarities overlapping and criss-croseing;
sometimes overall‘similarities,'sometimes similarities of
detail".? Again it is the ovefail”pattern, not the
individual details, that-is of icterest.

The 0verall pattern of Broca's aphasia just cited is
the working definition. of this the51s and-there will be
occasion to invoke the Wernicke ‘pattern just c1ted as well.
One characterlstic of Broca's syndrome in particular -
agrammatism, the dysfluent, telegrammatic croduction symptom
— is taken es criterial:’ There are twc reasons for this:
(1) agramma:ism is unfailingly associated with aphasias
‘consequent to BrOCa,tegioc insult; and (2) it has been the
focus of much recent linguistic debate. Specifically; the
claim that agrammatism is attended by a parallel‘
comprehension deficit has become comhonplace. Agrammatics
are saic to have the same aifficulty understanding functors
and inflections“as they do producing them. These uniform
ptcductive and perceptive deficits are then, in turn,
frequently taken in the literature as manifestations of a
uniform competence deficit.

® "Ein kompliziertes Netz von Ahnlichkeiten, die einander
ubergreifen und kreuzen. Ahnlichkeiten im GroBen und
Kleinen", Philosophische Untersuchungen 1.66. Translation by.
G. E. M. Anscombe. Marshall (1982:405), in. a very good paper
on the nature of aphasic symptom cluster s, also uses
Wittgenstein in this context
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1.1.4 Knowledge and Implementation

This buzzwérd, competence, introduces another issue
“that requires some attention, Along with its perennial
companion, performance, it is at the centre of a prinélpal '
controversyuin linquistics generally, and aphasic studies
particularly. They are labels, respectively, for the
rheoretical cognitive state, knowing language: and for the
class of peripheral mechanisms required to implement® that
‘knowledge. |

A - simple-dichotomy is most probably a gross
underestimation of the links between knowing and doing, but
at the very least it is reasonable to assume that: (1) a
person who speaks and understands'a language has an internal
repreéentation of the principles and procedures necessary ro
talk and understand; (2) tﬁerelare mechanisms which
differentially access and utilize that knowledge; and
(3) the former, in normal adults, is relatively‘
steady-state, while the latter is SUBSect to numerous
variables (fatigue, distraction, ;hemical interference).
Points (1) - (3) are occaéionally cohtested: but they seem
uncontroversially straightforward to me and are accepted
hereafter without further debate. In any event, the
available literature is extensive enough to license a
graceful bowing out.*

Once the distinction is accepted, the issue is

localized to whether a competence or per formance disruption



1s responsible for a given aphasia syndrome, and what
evidence bears on the matter. Consider first the rather
cfﬁde an&logy of a Tour de France qthleté who loses the use
of his legs through spinal damage. He would still have the
knowledge of how to ride a bicycle, but his ability to
implement that knowledge would be gone. For that matter, he
would still have the motor progfams for walking, but would
be unable to walk. On the other hand, if he lost the
ability fo ride or walk through a blow to the head, it could
no longef be legitimately claiméd that his bicycle
competence was gone or that his performénce was intact. A
neuronal relay to the middle ear might have been obstructed,
for instance, incapacitating his ability to monitor balance.
Access chanpels’to the knowledge store might have been
disrupted. 13 short, any number of disturbances aside from
an oblitération of competehce could account for the lost
ability.  Actual destruction of the knowledge, since it is
only one link in a very long chain, is perhaps the least
likely explanation; certainly it is the most difficult to
confirm. The question becomes more dicey for a
neurologically damaged cyclist who can walk but cannot ride,
or ride, but not with his formef proficiency. The
conclusion that he has a selective deficit to his bicycle
riding knowledge store is somewhat more easily justified
here, but it is still only one alternative, and still very

troublesome to demonstrate.
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Language use is a far more complex activity than riding
a bike, of course, and storage of the prfnciples necessary
to speak and comprehend probably occupy a good deal more
cerebral space. Consider, then, another analogy. Consider
the case of someone with a motor strip lesion which results
in the lost control of one arm." It is functionally useless,
rapidly atrophies, and remains clenched agéinst one side.
Yet, when she becomes tired, and yawns, her arm occasionally
lifts, stretches out and flexes in a way she could not have
willed. An exactly parallel situation occurs in language
impairment., It is a clinical commonplace that aphasia
victims who have much difficulty producing dog and cat can
_fluehtly and automatically turn the air blue with less
polite monosyllables; in Hughlings Jackson's apt
terminology, propositional language is disturbed, while
emot fonal language is preserved (Jackson [1958:160, 161]).
The damaged area subserves a facet of intellectuél language
production in a way that it does not subserve sweariné.
Yawning, a respiratory reflex, and cursing,'an‘emotional
reflex, are in both cases 'located' somewhere other than the
‘damage site. Here is incontrovertible evidence that the
motor knowledge for yawning, and for emotional outbursts,
and all their perfbrmance mechanisms, remain neurologically
intact. Clearly, the performance mechanisms shared by
yawning and fhrowing a baseball, and those shared by
speaking and swearing, are also intact. But there is still

nothing obvious to be said about what is lost. Certainly
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there is a possibility that mental representations have been
erased; yet it remains the least likely possibility, and the
most difficult to verify. This introduces something of a
truism in neurology: it 1s possible to demonstrate the
presence of knowledge, but not its ébsence.

One more analogy, and the reader's patience,'ié

required:

Imagine a person who knows English
‘and suffers cerebral damage that
does not affect the language centers
at all but prevents their use in
speech, comprehension, or let us
suppose, even 1in thought. Suppose
that the effects of the injury
recede and with no further
experience or exposure the person
recovers the original capacity to
use the language. ... Suppose there
i1s a,second aphasic like the first,

~ but because of some other and
irrelevant problem (say, a
circulatory disorder) he never
recovers speech. Should we say in
this case that the knowledge of
English was lost? That would seem
perverse. (Chomsky [1980:51-2]). .

Indeed the claim would be perverse. No less perverse, for
- anyone schooled in the literature of aphasiology, is the
proposed existence of two such abstractions. Chomsky goes

on to suggest that "all sorts of evidence" might demonstrate

retention of linguistic competence — ; instance,

LA ok

"electrical activity or evidence from éutopsy" (52) — and
thereby .reveals his lack of schooling in the area. But he
does not have any empirical work to c¢cite, using these
methods or any others. And there is no mystery to the

omission. No such cases have been documented.
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The aréument comes around, then, to why this section is
so littered with analogies, of which Ehomsky's 1s the
reduct i ad absurdum: there is no empirical support for
competence models of language disorders. There are many
that are not subject to disconfirmation by empirical means.

'(indeed,_most), but none that are uniqguely supported by the
data. Nor can there be until a much better understanding of
neurél circuitry develops. In the meantime, ofﬁer
hypotheses are open to testing, and factors like attention,
short térm memory, and temporal resolution can be fruitfully
explored.

All this is by way of saying that competence is a
valuable ligguistic concept, and it is valuable for the
4easons familiar from the arguments of its supporters:
scientists need ideal, unattested constructs in their work.,
To uée an example close to home, Fant's Source-Filter thebry
employs tube models wiﬁh absolute rigidity and frictionless
walls 1n order to understand the resonance properties of the
vocal tract and predict the acoustic values of speech
sounds. Grammatical models require the same distance from
reality in order to explore rule-governed language\behaviour
and predict the grammaticality values of utterances. But
the problems of aphasia are too immediate to be written off
és irremediable knowledge deficits, interesting only by way
of their implications for competence theories;»that‘would be
perverse. Since knowledge deficits cannot be demonstrated

(even Chomsky's passage implies this), there is further
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perversion involved in their assumption, and insofar as the
1ssue can be resolved, there is much aphasiological evidence
of intact competence. Victims of Broca's syndrome, for
instance, generally coﬁbrehehd,well and are very often
painfully aware of grammatical deficiencies in their
production. That 1s, they detect their productiye
deficiencies, and consequently can be said Eg hgye some ,
knowledge of the correct output. But the crucial point her;
i1s simply that competence loss should be the last avenue

explored. Ideal constructs are a luxury that aphasiology,

and aphasia victims, cannot at present afford.

1.2 The Experiment

The experiﬁent at the heart of this thesis, then, sdeks
to demonstrate the presence of knowledge and the impairment
of implementation. The competence proposals for Broca's
aphasia generally take this form: some intrinsic,
definitional property of function words renders them
unavailable to victims of the Syndrome. The moét common
Eanifestation éf this proposal is that the disorder is
syntactic, ard that Broca's region directly.subserves a
syntactic module. Presumably this bias is an outgrowth of.
the massive impact Transformational Grammar has had on
linguistiés, since TG analyzes sentences into major lexical
i tems (nouns; verbs, adjectives, and adverbs) and
grammatical formatives (everything else; seé, e.g., Chémsky

[1965:65]). That is, the theory considers all elements

-



other than the (base form) four major categories to perform
principally syntactic duties.

The evidence which is brought to bear on this functor
deficit hypothesis comes primarily from expérimental
research into the‘comprehensibn difficulties of Broca
victims. A particularly clear example of this evidence is
Heilman and Scholes (1976), af experiment whiéh managed to
place an unusally heavy informatign load on the and found
that Broca victims could not Teliably detect that load. The

w

argument from such data is that the function word in Y
question is not consistently produced by victims of the
syndrome, nor is it dependably perceived — theréfore, 1t is
unavailable to them, But, as above, reasoning along such
lines requires a leap of faith. It is not possible to 3
demonétrate the absence of knowledge.

Moreover, function words have properties other than
syntacticoones. For instance, they generally have a much
lower, more abstract, semantic value than content words, and
there is‘some evidence that nonconcrete words are more
problematic for aphasics‘than concrete words. Functors also
receive sentential stress very rarely in normal production,
while contentives are only rarely witHout stress in English,
and there is a good deal of evidence that aphasics attend
more closely to the stressed elements of a sentence. Either
one of these factors, or a complex of both, might be
respoﬁsible for the comprehension difficultie§ uncove ih

D

work like that of Heilman and Scholes. My experiment sts
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the‘acoustiC'possibility, working with modified stress
patterns and analyzing the affect those patterns have on

comprehension.

1.2.1 Stress

However, modifying stress patterns raises:some thorny
theoretical issues and reintroduces the notion of
compétence Prosody in general entails "a certaln degree of
vagueness”" (Lehiste [1970 11), and stress is the most
mercuric of prosodic features. To start with, it has at
least three manifestations: lexical stress, primary
sentential stress, and specialty (contrastive or emphatio)
stress, ’it also has three acoustic dimensions, each of
whtch is a necessary property of any auditory communication:
Every element of speech must have some value on a temporal

metric, must have amplltude, and must occur at a '\\'

characteristic frequency {(even quiescent segments are

_defined in these‘terms; havino7a=¢}on all scales). So

stress is necessarlly a - relatlve phenomenon. Further, itﬂis
the clear product of a multllevel consplracy On'the simple
phy51olog1cal level, there "is no smngle mech@nlsm to which
the product1on of stress can be attrlbuted" (Lehiste .-

970:106]).4 But there,are also,obviousklexical, syntactic,
and'pragmatic factors,nin additioh‘to such .general notions
as rhythm-and tempo. |

These problems of definition Eompound somewhat in an

experimental paradigm, since even with the impressive

3
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current technology of speech nodifiers and synthesizers}
tnere is no effective way to "automatically modify the
intonation profile of pre-recorded speech" (Francis F. Lee,
personal communication). That is, gene;ating stimulus
material, for theoretical reasons, is no easy task. Most
aphasic studies of stress take the specialty route, g
recording stress and control stimuli separately and
highlignting one or more elements in the stress condition by
speaker-regulated "extra prosodic emphasis" (Pashek and’
Brookshire [1982:379). This method has its drawbacks:
increasing"the acoustic values of one word in a sentence by
speaker regulation 51multaneously reduces the values of
other words, particularly those in the immediate v1c1n1ty
When the stress targets areﬂfunctorsi(and the subjects
victims of aphasia), this effect could run substantial

interference, by reducing the intelligibility of content

words, and the comprehens#bility of the sentence.

Fortunately, most of these problems'are‘neutralized in

‘the present study, since stimulus production is by digital

‘means and stress is involved solely.as an 1nc1dental notion.

No claims are advanced: here with respect to the lingu1st1c
nature of stress. Stress is an abstract concept, and
probably best explained in competence terms: there are.
principles of assignment that must have cognitive |

representation and must have reference to language spec1f1c'

~features of phonology But these facts are 1rrelevant to

the ,present concerns.' This the51s i's only 1nterested that



the acoustic properties'of stress effect a saliency that
facilitates comprehension, and that items of relafively
short duration, relétiyely low amplitude, and relatively
indistinct-fo (i.e., nonstressed senteﬁceuélements) ari
.potentially more difficult for psychoacoustic analyéers to
process. So a precise definition of stress ;s.of very
'littlngonsequence. Nor are the diverse faétors operaﬁing
on stréss in normal production of coﬁcern. It is not even
of particular interest that Sa]ience is as slippery a term
in linguistics as stress. The only relevant point is that
two conditions are employed with different acoustic values
for the samé lexical itéms. The manner in which those
conditions correlate with stress —Vthough one 1is an
unnatural hybrid between primary and emphatic stress — is
not at issue. Stress patterns afe'necessarily altered but‘
the Study is‘uncqncetnéd with those patterns, especially as
they migﬁt impiicage strasegmental phonologyﬁ

Somg very iﬁteresting,‘and‘wholly indépendent, evidence
that such things as preéisé definitions‘énd mechanisms of
assignhent in production may b; irrelevant tQ'the function
of s;fess in,comprehenéion comes from the study reported in
Woodé (1982). Woods is involved in a quite extensive
a;tificial.intelligeﬁce research proﬁram on computer
 implemented Speeéh recognition. The model his team uses,
-~dubbed HWIM (Hear What I Mean), proceeds by way of rather
conv;ntional spectrographic\representation: incoming

waveforms are plotted in terms of frequency, amplitude, and
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duration. . An 'acoustié phonetic‘ahalyzer' then processes
this information to form a 'segment lattice', which is
examined by the control centre in concert with lexical,
syntactic, and pragmatic components. The' output, deriving
"utterance leQel Hypotheses' about the representation along
a path laid out by»nqndeterministic strategies; is
effectively translated into orthography. Rather than

adopt ing é‘sequential policy, HWIM has proven very.
successful by scanning for 'anchors', for particularly
reliable pattern élumps on the spectrogram, assigning

structure to surrounding material as a function of the

anchor's pererties, and generating sentential hypotheses
through comparison of one anchor to another.
There are two findings of this research which are

particularly relevant to the Broca's syndrome comprehension

\

problems: o ' :

[1] We learned that small function

. words are highly unreliable anchors.

A For example, the sound in g is
usually the same as that of the
.vowel in the, and it also occurs in
many multlsyllablc words.

(2] We found that sequentlal
left-to-right scannlng has problems.
It is often necessary to provide the
ability to recover from a garbled.
word. The first word of the
sentence is often garbled due to
high subglottal pressure. But
right-to-left scanning is not a
viable alternative, as the last word
of a sentence can be garbled due to
.low subglottal pressure that, for
example, lengthens phonemes. We
-thus often find it expedient to work
out from those "islands of '
reliability" provided by the
stressed syllables asay from the



28

ends of the utterance. (98) !

The implications here of HWIM for cognitive speech analysis
are obvious: stress provides focus on the parts of the
signal which are more crucial to the message, and unstressed
material (like many functors) is secondary. A less
efficient — damaged — analyzer might ignoge unstressed
material almost entirély. |

hAnaloéies from machines to minds are often very tehuous
(see, e.g., Pylyshyn [1980], Calvin [1983b:53-62]). But in-
this case, tﬁe move -is from an acoustic analyzer to an
~acoustic analyzer, not from computation‘to cognition, and
consequently is far more concrete., The only impd;tant
‘assumption required ﬁof ﬁhe analogy to go through is that
humans process speecﬁ signals in terms of frequency,
amplitude and duration, an assumption made throughout this
thesis and mdtivated by the entire discipline of phonetics.
Further, the HWIM modél simply affirms the widespread,
common-sense notion of the function performed by stress: it
"is used to indicate the most important wérd or Qords in a
sentence or phrase"” (Ainsworth [1976:901); that is, stress

is a tool of salience:

1.2.2 Summéry

The primary objecﬁive of this thesis is to discover if
functors can be made more.salient aqoustically for victims
of;Brocafs aphasia, and to that énd the stimulus

modifications follow the lead of the primary agent of
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‘salience in language, stress. The hypothesis tested is that
the comprehension difficulties Broca patients have with
function words are, at least in part, a product éf
perception, signal analysisj or storage, and not'stictiy
(if at all)Jof a competence disruption, 1If this hypothesis
1s correct, the performance of Broca victims on a task keyed
to the comprehension of a functor should improve
significantly. In turn, this would demonstrate that
acous%ic factors — performance variables — are to some
extent responsible for the comprehension difficulties that
follow from neural insult to Broca's area.

The paradigm for this test is that of Heilman and
Scholes (1976), which is outlined in some detail in the
foliowing chapter, énd very explicitly in Chapter 3. There
are two principal reasons for khis chbice. The first should
be self-evident: since it supplies some of the most
CAApelling daté in support -of the functor deficit
ﬁypo;hesis, it requires, at ab&olute minimum, one
replication to see if the results are stable. . The second
reaéon‘should become apparent when the psradigm is described
in some depth: it is a Very elégant desidn, and licenses a
very direct test of the'péfcéptual hypothesis. The subjects-
were played two versions'of'the Heilman and Scholes stimulus
sentences, one which had normal stress assignment, and a

version identical to that except for the substitution of a

longer, louder the in the key location.v
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It might.be argued that this replication isltoo safe:
failure to reproduce Heilman and Scholes' results would
compromise théir competence hypothesis; geproducing them
without a saliency effect would substantiate important work
conducted a decade ago with a small subject pool, and it
would support their hypothesis; and reproduc1ng those

e
results w1th a saliency effect would help c1rcumscr1be the
Broca comprehension deficit, and compromlse the competence'
hypothesis. But this surety of meaningful results,
irrespective of the outcome, is a virtue of the design, not
a flaw, and there remains a hierarchy of usefulness in the
three possfble outcomes.

The third result, replication with a saliency effect,
is the most useful. If function words are difficult for
;g%oca patients to understana becausevof their weak acoustic
values, then speech therapy is clearly of'value, and .the
established clinical practice of sloﬁer, louder,‘ﬁore
cafeful enunciation makes sense. If, on the other hand,
those difficulties follow from a deep rooted competence
disruption, therapy makes less sense, and clinical
enunciation makes none. Fortunately, it was this resulﬁ the
experiment produced. Heilman and Scholes' findings held for
the normal condition, but the patients“were significantly
more reliable when the key functors were acoustically |

boosted.

b
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‘2. Literature Survey
This chapter observes one major division in its treatment of
the relevant literature: experimental vs. theoretical.
Adopting this distinction is not meant to imply that these
two approaghes are mutually e}cluédbe, or even incompatible.
Theory that does not Test on empirical research is no more
scientifically compelling than, say, tha Book of Genesis,
Indeed, creationists are correct to point out that Genesis,

Is theory; but it is not science. Similarly,
[ 4

.

experimentation is not of particular interest if it does not
spéak to theory, if it haphazardly generates information
with no frame of referenég. |

But the two approaches are aonethelass distinct, and
fhe contrast is sharper in aphasiolagy.than’in most fields
of inquiry. 1In particular, theoretical linguistics which
broaches aphasia is wont not to araw_gery heavily upon
experimantation, or to do so only with suspicious
selectivity. As that last sentence, and much foregoing
discussion should indicate, the bent of this thesis is
decidedly emp1r1ca1 The experimental survey below is |
comprehen51ve. all the pr1nc1pa1 work, and some incidéntal
work,,on perception, discrimination, and compfehension of
temporaily and stress manipulated stimuli is addressed in
detaii, as 1is thg work on the function word deficit in
Broca's aphasia. The gﬁeoretical survey is more exclusive.

It con51ders only two accounts of Broca's syndrome' Edgar

B. Zurif's proposal of a syntactic def1c1ency, and -
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Mary-Louise Kean's proposal of phonological impairment. The
first is chosen for its prominence, and for its attention to
function word experImentation; the second is chosen because
the experiment that motivated this thesis might,
superficially, be seen to have some verificational power

with respect to it. This is not the case.

2.1 Experimental

<~
4

As. with the overall organization of this. chapter, there
are also two principal divisions in this subsection — sincé
there are two classes of experimental evidence which bear on,
.the 'question at hand. First, there is a set of studies
based on the physical manipulation of auditory signals.

This group includes various methods of temporél'alteration -
such as slow speech, interpolated silences, and periodic
repetition of brief signal samples — as well as direct
controls of stress. The stress experiments, of course, are
of the most imhediate relevance, but stress is a much more
difficult proper;yrto tame effectively than is duration.
Consequently, there have been proportionately fewer studies.
However, one of the features_of stress — according to Fry's
'(1955) early experimental work, the single most importént

' feature — is increased syllable duration; so the rather wide
body of work done in this area, running the gamut from
sinusoidals to poetry, ié also of considerable interest.

There is some variance in the results, as is inevitable

in léﬂéhage»p&lhoibg& experiments, but in general the
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physical manipulation work arques quite persuasivel? towards
one conclusion, all the more éompelling fgr the amount of
data amassed: aphasia engails a breakdown of acoustic signal
processing. Language comprehension is therefore'faciligated
for aphasia patients by exaggerating st:ess and by temporal
expansion. Unfortunately for the purposes of this thesis,
very little of the temporal alteration data are analyzed in
terms of the symptom clusters outlined in the first chapter.
The subtyping metric, if any, is usually a measure of totai
severity, graded with such tools as the Minnesota Test, the
Sklar scale, the Porch Index of Communicative Ability -
(PICA), or the Token Test (TT). Consequently, it is rarely
possible to discover whether or not clusters like Broca's or
Wernicke's aphasia interact significantly in the results.

On thé.othe: hand, the second set of studies,
investigating functor deficits, is virtually predicated on
these clusters. Most of the experimenters have theoretical
axes to grind — usually some form of the claim that Broca's
aphasia is (or is not) a syntacti% deficit — and the
experiments serve as the grinding wheels., Still,
motivations asidé, lesion s;te and performance ’
characteristics are very useful information to‘ha§e for an
pphasié subject pool; all the more so when they correlate.
More importantly, the results of this work are also quite
convincing. That is, victims of neural insult matching thg

sympfom complex labelled Broca’s aphasia_in the first

chapter evidence a comprehension deficit peculiarly
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implicating functors.

2.1.1 Perception and Discrimination of Temporal Domain
Signal Characteristics
The first group of experiments concerning aphasic
perception of temporally altered acoustic signals begins’

with the work of Robert Efron.

Efron (1963)

Efron's principal interest was in the hemispheric
localization of the abglity to sequence discrete events, but
some of his efforts to this end involved the testing of
aphasia patients, and his results show the key role played
by duration in their perception. In particular, Efron
(1963) demonstrates that increasing the interval between
acoustically distinct signals facilitates aphasics' ability
to correctly determine the sequence. That is, when dubjects
were exposed to two randomly ordered frequency pulses —ione
"a high-pitched 'beep'", the other "a low-pitched, somewpat
rasping 'bop'" (405) - aphasics required a longer |
intervening period of silence than controls to accurately
identify which came first. Neurologically damaged
_ nonaphasics performed the task efficiently (100% correct
identification) at a mean.interval of 130 msec; the aphasicg
needed an average interval of 460.23 msec. This difference
looks substantial, but two points must be noted: (1)

homogeneity of variance is unsupported (Bartlett's test),

and consequently standard tests of statistical significance
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are unavaillable; and (2) one of the aphasics fell within the
rangF of the control group. \ |

However, much of the variance within the aphasic group
1s acounted for by the presence of three distinctvsyndromes.
Once they are separated out, the homogeneity hypothesis is
supported (Cochran's test), and the data are more amenable
to statistical inquiry. The three syndromes, by Efron's
taxonomy, are: expressive aphasia (6), receptive aphasia
(4), and unclassified (1). _The first two labels correspond.
to Broca’s aphasia and Wernicke’s aphasia respectively, as
those terms are defined in the preceding chapter, and the
third matches the Boston definition,of Global aphasia (cf.
Effon's clinical apraisals on p.410, and his lesion
localization discussion on p.415)., Since there was only one
global aphasic, Efron does not include his/her data in
subgroup analysis, but the remaining three groups fall into
an interesting pattern; Broca's aphasics require a
significantly longer duration than Wernicke's aphasics, who
in turn require significantly longer than the controls. The
results are summarized in Table 2.1. Two tailed t-tests
show all the differences to be significan£ at the a=0.01
level, and an expressive vs. control test is significant at
a=0,001. Further, as the distribution of meahs shoﬁld make
clear, the aphasic outlier mentioned above is a member of
the receptive group. Broca's area appears to invol;e some

dependency on temporal signal resolution. '
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Table 2.1

RESULTS OF EFRON (1963)

75% 100%
Control subjects 75 130
Receptive aphasics 140 235
Expressive aphasics 400 575
Column 1 1s the mean threshold for 75% correct responses, in
msec. Column 2 is the 100% threshold. (Taken from
pp. 409,410.) -

S

Efron takes these findings to suggest that aphasia is
the réflex of a general impairment of the ablllty to
)

temporally organlze tﬁe discrete elements of an . input
signal, explicitly rejecting a competence analysis:

If this view is correct, we should

not look upon the apha51as as unigque

disorders of Janguage but rather as

an inevitable consequence of a

primary defect in temporal analysis.

Aphasia, thus considered, would

be an epiphenomenon. (418; Efron's italics)
A sequencing impairment is by no means necessary — a failure
of discrimination, for instance, is just as likely a
candidate — but-the results do support a claim that extended
duration plays a more substantial part in signal analysis
for aphasics than nonaphasfics, and this réle may well be
independent of linguistic competence. They also suggest
that damage to Broca's area implicates a greater dependency
on signal duration than other types of brain damage.

Efron's basic paradigm has since been replicated twice.

In each case a different limitation of the original design



was addressed. g

Edwards and Auger (1965)
The first of these replications, Edwards and Auger
(1965f, attempted to locate deficits in auditory perception

which might be coincidental with, and consequently mitigate,

Lo
£

"Efron's results. They administered his test in concert with
a battery of othen‘auditof§ measures: "the modified Pitch,
Tonal Memory, Loudness, Rhythm and Tinme subtests of the
Seashore Form A §t939)" (207). The subject pool was also
expanded - including 20 aphasics, 20 neurologically damaged
and 20 neurologically_?ound nonaphasics — though
unfortunately no aphasie subtypevanalysis was done on the
data. Of these six tegts, only the Efron sequencing task
produced significantly difﬁerent means for any two of the
groups: at the 75% threshoid level, the normals required an
interstimulus interval of 67.49 msec, the neurologically
damaged Ponaphasics requiredzonly 50.79 msec, and the
aphasics needed 1?1 msec. It is not clear from the
discussidn (51nce—gz standard deviations are suppl;ed;
whether these means are all 51gn1f1cantly dlffe{gnt,gone
from the other, or whether 1t is ]ust the aphaaéﬁs who

& .
differ from the two controls. But an analy51%fof varladce

yielded an F-ratio with p<0.001 aﬁd‘lt is ;he aphas;g
results that are most promlnent:;,The apha51c subjects'ﬁﬁ
required an interval substantlelly longer than that éf the
other two groups combined. Efron s flndlngs hold, |

independent of pitch, tonal“memory! loudness, rhythm or
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“time deficits.
Further, although no subtype aﬁalysis was perfbrﬁed on

the'aphasic‘datar thefé is some reason to belieVé that
subjects meeting the symptomé_qf Broca's aphésié did less
well tban Edwards and Auger's counterparts on‘the seqguencing
" task., A shorf_digression on‘their evaluation tool, the
Minnesota Test, is required; whatever its clinical merits,
it has problematic areas. In particular, it is not designed
to‘ﬁnéovér the kind of ;§mptom cluste:s'of concern tb most
aphasia theorists. Instead, thevtesg looks for functional
language impairments and seeks a prognosis of readaption to
'society, Sincg comprehehsion is far more crucial to social
intégration than fluent output, the test's seven point
simple to irreversible scale tends to run from productive to
perceptive deficits. Mild Aphasia with Persisting
Dysfluency, number 3 on the scale, meets most of the
@criferia setﬂout’in‘the first chapter for Broca's syndrome;
-Aphasia with Intermittent Auditory Imberception, number 6,
meets most of the criteria ség'out for Wernicke's syndrome.
‘Ail?this‘is by way .of pointing out that thresholds for the
sequenéing task had a feiatively.strong negative correlat’ion
(—0.56).with total severity of disorder, as measured by the
’Minnesota Test. That is, mild (Broca-like) aphasics
required more time ‘for the task than mére impaired
(_Wernicke-li,l;e)'a‘phasicsv.5

s On the other hand, Edwards and Auger report that an
"intense investigation of the unexpected sign reversal was
conducted by a qualitative analysis of the neurological
status of the aphasics. No.orderly relationships could be

33
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2.1.2 Perception and Discrimination of Temporal Domain

Speech Signal Characteristics

Ebbin and Edwards (1967)~
Ebbin and Edwardsf’(1967) replication attempted to
discoyer if Ef n'Qi (1963) generalizqtion ffem pure tenes to
speech soungs was. justified. Consequently, they'substituted

syllables tor frequency pulses and a dlscrlmlnatlon task for

4 ®

seqguencing. Again the subject pool was larger (24 aphasics,
24 neurologically damaged qdntrols), and again no subtype

analysis was done on t'l'me,datiar./6 The\sfimuli embloyed were
CV structures consisting of either a stop [p,;t, d, k] or &

fricative [s] and "the vowel sound [o] as in father" (121).

Twenty~five combinations were generated under two Al

conditﬁons. In one condition (@ msec), there was virtually
no interval: "the second syllable following the conclusion

of the first syllable as closely as tnﬁ)pnysical limitations
of splicing would permit" (122). Theagther condition
incindea a 200 msec interval between stimuli. The number of
errors per condition was measured, and the results fall‘into

line with the earlier studies. NOnaphasics had some
o

difficulty with the task, but their problems were

independent of condition; in fact, they did marginally
*(cont’d) detected" (208). The wording is muddy, but this
passage may mean (dependlng on "qualltatlve analysis” and
neurologlcal status") tha €sion site and performance on
the sequenc1ng task showed no correlation.
‘ The Minnesota Test was once more the evaluation metrlc,
and Ebbin and Edwards interpret its results as diagnosing
their average aphasic subject as suffering "mild impairment"
(121). Following the above logic, this indicates that most
of their aphasics were Broca patients..

w7
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better Qn the @ msec condition (20.7 vs. 21 mean érrorsf{
The aphasics had more difficulty overall, and there was a
significant treatment effect. When the syllables were
unseparated the aphasics averaged 34,15 errors; but with the
200 msec interval the mean droppéd to 29.35. This is
precisely the trend predicted by the Efron results —
ipcreasing the duration also fngreases accufacy of judgement
~ and the difference'br0ved significant at «=0.001.

In short, expanding the duration of a signal with
interpolated silence makes a considerable difference in the
‘reliability of aphasic perception, and at least one
experiment (Efron's) shows that it makes more difference for

Broca's aphasics.

‘Carpenter and Rutherford (1973)

A similar, though. far better controlled, consonant
discriminafion experiment, by Carpent@% and Rutherford
(1973), also tested éﬁhasics agaiﬁst neurally intact‘and
neurally insp;ted nonaphasics. The aphasic population was
subtyped but of Qery unevén distribution (nine Broca's, two
Wernické‘é, two amnesic, and one unclassified); SO group
comparisons could not be profitably made. However, the high
proportiolef Broca patients among the subjects makes fhe
study of particular interest.

Tﬁe tests were also subtyped: three were classified as
spectral, and éoncerned the frequency characteristics of the
“signal; three were classed temporal, and concerned cue

duration (the lengths of stopgap [closure], frication, and

Lor



vowel nuclei). - The results, presented in Table 2.2, are

very much in line with the earlier work.

Table 2.2
RESULTS OF CARPENTER AND RUTHERFORD (1973)

Nonaphasic

Subtests Aphasic Normal Brain-Damaged
Spectral ‘
tail/pail 87.7 90 100 :
fig/fib 100 100 < 100
shake/shape .40 ‘ 100 - ‘ 100
‘Temporal '

stable/staple = 40 = ° 100 . 90 ‘
-base/bait 20 80 . 80 I
hid/hit 13.3 - 100 70

Percent correct discrimination. (Taken from p. 538.)

N

Both cqntrol groups~d§d wéil on all the measureé of spectral
discrimination, and the aphasics did well on all but the |
Shake/shape]subteét. The contrdl groups also did well on
the discriminatioh of temporal cues, but the aphasics did

- very poorl? here. ‘Carpeﬁter and Rutherford demonstrate
statistical significané; in two key dimensions. First,
pefformance of the aphasics on the temporai discrimination
tasks was significantlxﬁyorse fhan either of the control
groups (p<0.005). And second, aphasic discrimination of
temporal differences in the signal was significantly worge
than their discrimination of spéctral’cues'(p?0.001).
Further, there may wéll have been temporal contamination of

the one spectral teﬁ}waphasics score&%poorly on. The
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principal frequency cue for the distinction of /ep/ and /ek/
is the second formant transitién, and the aUphors admit
’ (%) '

(538) that their f, transitions on this task were very brief

(<50 msec).

4Sasanuma et al. (1973)

‘A convenient bridée'between»the temporal‘éxperiments
‘using pure tone stimuli and speech sounds is provided by the
work of two independent research teams. The first team,

. Sasanuma, Tatsumﬁ, Kiriténi, and Fujisaki- (1973), studied
the perception of both signal types by the same (Japanese)
aphasic populétion. Unfortunately, they used a Very small .
control group (n=4; againét 29 aphasics), so the
between-group findiﬁgs, though they demonstrate the expected
inferiority of aphasic discrimination, ar; statistically
suspect and must be rejected. But a very usefﬁl result. does
éurface: a high correlation for the §bhasia within-group, -
between—task,findinés. ’

Tﬁe-subjects were required to discriminate (1) ZOde
pgré tones of varying duration (100 - 400 msec):; (two) a two
vowel sequence which was manipuléted for duration of the
initial vowel (120 - 240 msec), and which corresponded to
two Jépanese words (oi/ooi); and (3) a VCV sequence/which
wés manipulatéd'for‘duration of closurev(110 - 230 msec),
and which also corresponded to two Japanese words
v(ita/itta). The linear regression figures — showing

.increased discrimination as a function of increased duration

— are virtUaliy‘identical<for all three tasks,
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Tallal and Newcombe (1978)

The second 'bridge' sfudy, by Tallal and Newcombe
.(1978), 1is cohsiderably‘more detailed, and statistically
more opaque, but produces the same practical results. They
tested 10 aphasic patients on the perception of four

’

synthesized ‘acoustic pairs. One pair was "nonverbal":

complex tones of identical harmonics but distinctive in
\
\

fundamental frequency; The other three were "verbal":
N ) . '\\
(1) steady state vowels /¢/ and /=&/; (2) CVs /ba/ and /da/
with 40 mgec formant transitions; and (3) the same sz with
*

80 msec. formant transitions. &all st1mu11 were 250

msec long,/and the 1nterst1mu1us interval varled from 8 to
\

=

428 msec.

The aphasic patients proved significantly worse in all
'tasks'(p<0.001) than both the nedrologiCally d?maged and
neurologically sound control groups (between whom there was
no statistically relevant difference). jAs in the eariier
studies, there was also a significant ;itﬁin—group
dlfference for the aphasic populatlon in the perception of
325équences with a short 1nterst1mulus interval: versus a long
Y1nterval — performance being much petter with increased
duration (p<0.001). The effect éf formant transition
duration was less widespread, but some of the aphasics

demonstrated improved performance with the 80 msec cues.

Sasanuma et al. (1973) provide a succinct statement of
the importance of the temporal discrimination experiments

~with non-speech stimuli: they suggest "the presence of a
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certain kind of 'noise' or defect in the auditory system of

- aphasic pacients even at a stage ,preceding speech
ccmprehenSion"‘(72). That is, returning to the competence /
pefformance distinction, there is clear evidence of a
performence'deficit'and-no evidence at ail for a defect of
competence.(however that might be found) - a point stressed
bf Efron.(1963). Further, there is a close correspondence
cetﬁeen pefceptgal difficulties with dissociated frequency

pulSee ahdfwith'phcnologicéily valid strings,

2.1.3 Cqmprehensibh of Temporally Altered Speech

2.1.3.T Géne;él Tescs ,

An additienal factqrfin the Sasanuma et al. (1973)
experimenfs, though coticcntrolled for, is the presence of
signification. .Theif phonqiegicalidiScriminaEHon tasks
employed words, meaningfpl elements of the subjects' |
lahguage.'_Since'cnlybdiscrimihaticﬁ.was tested, there is no
way of knowinnghether the subjects perceived these stimuli
" as lexicalbgestalts of just as distinct'phoneme (Qr perhaps,
~sound) strings, but several other experiments suggest'that
there are semantic implications to the impaired temporal
proceseing abilities of aphasics. Tallal and Newcombe
(1978) supply some evidence of these implidations. While
they had no Eemantic elements in their study, they did use a
comprehension test for screening purposes, and a post hoc
analysis revealed a very high (Spearman's) correlation

between their nonverbal task and test scores (r=0.83). As
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they point out,‘résults such as fhis "strongly suggest that
impairment in responding to rapidly changing acoustic
information is, in most cases, concommitént with receptive
language impairment" (22). Sequeﬁﬁing and discrimination,
of pure toneéﬂfnd of complex speech sounds, imprdve with
physical expaﬁsion of the signai.: The same proves true of

comprehension.
| J o
Sheehan et aI}/(1973)
Sheehan, Aseltine, and Edwards (1973) appliedJEfron's

(1963) technique of interpolated silences to meaningful

. linguistic strings. Their experiment is problematic, and in

%

isolation pfOVides little evidence that temporal expansibn
béhefiﬁé aphasié comprehension. Specifically, neither the
task nor its analysis is weil,dgfihed. Still, the résults
are suggestive, particularly when viewed 1in ébnceftrﬁith the
other e%panded signal work reviewed in this éection.
Sheehan et al. made up tapes of %stories;»poems,
narratives, and so on" (652) under three conditions. The
interpolated silenc¢es condition placed—a;noiseless gap of
150 msec between all "individuél afticulated phonemes"
(652). The "accumulated time" condition left the“wbrds
intact but separated them by stretches.of silence, .
calculated as the sum of the potentiai gilences of a given
word (so that, e.qg., a‘Qord with four internél silences
under the first condition was separated by a 600, or
4 x 150, msec gap from the following_word).‘ The'controi

tape contained the stimuli with "the experimenter normally
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enunciating every word" (652). Cufiously, these tapes were

N “\
LY

then dubbed onto a videotape of the experimente; .4 -
lip-synching the audio track. All subjegts (n=30) heara all
three conditions, and answered simple yés/no‘qﬁestions oﬁx
the passage's content, recorded under the same conditions.

Subjects were subtyped ’ely by age, and the only
interesting result was that éatients undgqr 50 showed
significantly improved comprehension for, the interboléted
~silences conditidn. The point cannot be pushed very far,
but a number of studies have found that Broca patieﬁts tend
to be‘ydungef than Wernicke patients (Brown and Jaffe |
[1975], Brown [1977, 1979, 1982], Obler et al. [1978]). The
age of 50 is also important to these studies. For instance,
‘Browh (1982:450f) reports on a study of 389 aphasic51ﬁhe;&
the.average "age-oT,mbtor’aphasics Qés 45.5, ang fluént
éphasics 56.5". However, age—perfqrmanée ﬁay wgll be a
correlation without causal connection heref}tﬁeﬁpatiénts'
under 50 also evidenced s@bétantially‘mildé? defifits
(measured on the Sklar Aéhasia Scale). ) :

As above, the experiment vas less thanaideal, but this.
partially contributes tO»ﬁhe significance of thé-findiﬁgs:
thg test group was underAquite sevére handiéaps in the |
interpolated silences condition, and would be expected not
to understand it at all,'yet the older subjects did ﬁo worse -
on it, and it was the best condition for the under 50
subjects. First, it is not at all clear how the .'individual

articulated phonemes' were distinguished by Sheehan et al.,

@
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and the problems of mapping acoustic waveforms to discrete
phonological entities is one of thorniest issues in
phonetics.’ Even more confounding is the authors' report
that the interpolated silence condition for "normals ... is
often incomprehensible until they‘learn recognition" (656);
it 1s uhnatural, and does not correspond to any familiar
temporal alterations, like a slowed rate of speech or
deliberate articulation. This makes the performance of both
groups interesting: the older group's comprehension did not
degenerate under the interpolated silences condition, as
might be expected, and the younger group's comprehension
improved; The younger group understood the interpolated.
silences condition better *than normal enunciation, and
better than the accumulated time condition, a more natural
expansion. The difference is gignificaht at «=0.02.
Further, both groups@Showed improvemént upon- second
exposure. While the older group's‘improvement was marginal,
thg younger dgroup's performance was significantly betéer:
55.6% correct responses on day 1, and 71.9% correct the

following day (a=0.001).

Gardner et al. (1975)
An ambitious foray into aphasic comprehension
difficulties was conducted by Gardner, Albert, and Weintraub

(1975). They attempted to measure a number of different

For a recent review of the literature on this topic,

cf. Blumstein and Stevens (1980). Notice that this lack of
one-to-one mapping does not interfere with the Ebbin and
Edwards (1965) experiment, since only discrimination and not
* comprehension was at issue. :
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factors in perceptive deficits, one being of particular
interest here. Among their battery was a group of
"neutrally worded” sentences containing "target nouns":
e.qg., "%gp see a cat that is nice" (157). Presumably these
were spoken at a normal rate with normal intonation, since
nothing is mentioned to the 6ontrary. The sentences were
also prese  é§mat a rate of 60 words per minute. The
subjects (iﬁ)éﬁere required to match the stimuli to a
picture, from an array of seven, depicting the target noun.
The slower rate of presentation yielded a highly significant
improvement in performance on the matching task (p<0.001).
The study also revealed a significant effect for site of
lesion (no a-levels given), with anterior patients showing
better comprehension. But, unfortunately, no specifié
information 1is given as to improvément ratios. That is, it
is not possible to know if either the anterior or the

- posterior aphasics benefitedqmore from the reduced rate of

o

presentation.

Weidner and Lasky (1976), and Lasky et al. (1976)

Weidner and Lasky (1976) presented a group of 20
subjects with stimuli borrowed from the Minnesota Test,
controlling for rate of speech. Four tasks were reqguired:
subtests 1V, V, VI, and IX of the Auditory Disturbances
section of, the test, which comprise requests for simple
actions, yes/nQ questions, and répetitions; factors of
length and syntactic compléxity,are built into the stimulus

sentences. All tests were carried out under two conditions:

A



(1) a 110 word per minute rate of presentation, and (2) a
150 wpm rate. The results pattern as the Minnes?ta Test
predicts. Increasing length and complexity decreases the
reliability of the patients' performance. But there was
also a significant difference for rate of presentation, with
by far the best performance under the 110 wpm condition;
significance‘was beyond the 0.05 level.

Lasky, Weidner, and Johnson (1976) ran a slightly morep
detailed study of much the same order. 1In the Minnesota
Test, syntactic complexity is not well-controlled —
embéddings, conjunction, and adjunction are varied
indiscriminately — but in this experiment only two
dimensions were variéd. The stimulus Senténces differed
only in voice and negativity; length also varied, since
passives are longer than actives, negatives longer than
affirmativés. There was alsé moregcontrol over presentation
rate. Four temporal condiéions were used: (1) a 150 wpm '
rate, with an interphrase pausetime of 1 sec (where phrase
boundaries are defined as corresponding to the slash marks
in sentences 1-3 below); (2) 150 wpm with no pauses; (3) 120
wpm with a 1 sec pause between phrases; and (4) 120 wpm with
no pauses. ‘

The grandfather / is kissing / the girl.

1.
2. The player / is not hitting / the ball.
3. The dog / is chased / by the cat. (393)

The patients (15) again did uniformly better at the slower
rate of presentation, and pause time also facilitated

comprehension (though lack of control precludes saying
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‘anything about pause placement), so that the best condition
was (3). Both effects — pause time and word rate — were
significant beyond «=0.05, as was syntactic complexity.

For both experiments aphasic subtyping was carried out
by meang of the PICA, so the only criterion was overall
disability. 1In the first stud§ subject results were
analyzed in two groups, one coﬁsisting of all those subjects
with a score above the SOth'percentile, and the other group
made up of those below., Not surprisingly, the group with
‘the highest PICA scores élso had the highest performance
levels. Improvement as a function of decreased rate was
likewise greater for this group than the under 50th¥% group.
In the second experiment, the Porch Index appears to have
been more of a screening tool, perhaps to boost overall
results, since only those scoring above the 50th percentile

were included, and no subanalysis was conducted.®

Goldfarb and Halpern (1981)

Goldfarb and Halpern (1981) conducted a conventional
word association test with aphasic and normal subjects,
presenting the stimuli under two temporal conditions: a
'normal’ rate of 10 phonemes per sec, énd a reduced rate of
five phonemes per sec. Only the aphasicisubjecfs (32; mild

tosmoderate impairment) proviéed interesting variance in

No figures are given for the two groups of Weidner and
Lasky (1976), but if the same pool was used as for Lasky et
al. (1976) then the ns would have been substantially uneqgual
(15 vs, 5), making homogeneity of variance more difficult to
support, and calling into question the significance of their
F-statistic, ’ '

e
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their response patterns. Under the normal rate, they
produced a roughly even number of paradigmatic (s&@e'lexical
category) and syntagmatic (related but different lexical
catégory; e.g., an adjectivéé&or a noun stimuli) responses,
-
with the edge going to the latter. But with increased
signal duration, the difference became siénificant (p<0.65)
and thé majority of responses were paradigmatic
(repetitious, anomalous, and unclassifiable responses
remained relatively constant,, though the number of
unélassified responses dropped somewhat in the slower
condition).

There is some doubt as to whether word asseciation
tests rgquire comprehension (cf. Goldstéin [1948]), but at
the very least they appear to implicate a recognition of
lexical category, and this ability improves as a function of
temporal expansion for aphasics. More to the point, under
the reduced p;;sentatidn rate the aphasic responses move in
the direction of normal response patterns; Goldf%rb and
Halpern's controls supplied twice as many paradigmatic as

syntagmatic responses in both conditions.

By
Pashek and Brookshire (1982) p

One bf the few advantages Sheehan et a7.ﬁ9;§?over the
other experiments reviewed in this section is ﬁhe inclusion
of context, and their results are épecifically\validated by
a better-controlled, recent run of a similar paradigm,

Pashek and Brookshire (1982). Just és dissociated pure

tones are further removed from natural lanquage than are
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speech sounds, and speech sounds are further removed_than
sentences, sentences are less like natural language than are

~paragraphs. The argument here 1s not that people go around
. "i‘r

every day speakang in paragraphs. In fact, outside

ac&demla, we are more liable’ to speak in constituents
shorter than sentences, not 1enger. But language is alwaysé
subsﬁmed by context. "The grandfather is kisSing the girl"
is a perfectly well-formed, comprehensible-English sentence,
but it ‘is not likely te be heard unless that action is
transpiring, and .probably ndt then. The advantage of
nstories,;pdems, narratives; and so on" is that they bring
along thefr own context a network of related propositions,
so any g;:en proposition is relnforced a number of ways, and
is more llkely to reglsterww1th the hearer than if it were

(Y

presented in 1solation. There is some experimental work

;which establishes just th;s pqint_for aphasicé (cf., wilcox;
‘Davis, and Leonard [1578]); o

\ nPashek andzBrookshire'(18é2) used a mucn'better defined
stimulusysetvthan Sheehan et al., short paragraphs,of 93 to
96 words that were‘gauged-Qn the Dale;Chall Readabilkity |
Formula to be at fifth and slxth grade reading levels. They"
also expanded- these stimuli 1n a. lessgﬁrt1f1c1al manner,
hav1pg an experienced reader record them at rates of 120 and
150 -wpm. The tapes were thenttested for an everall-accuracy
of +2 secs., and rerecorded as necessary. _Comprehension was
evaluated by eight pairs ef'yes/no questions, randomized, |

with each member testing the same proposition in.a different
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format (truth value and/or wording; e.g., "Were Samuelson

)

and Harbo fishermen by trade?" and "Were Samuelson and Harbo
two famous doctors?"). There was no significant variance

found in’ their (neurologically'sound) nonaphasic data. But

both groups of aphasics (20 overall; subtyped as high &ﬁd

‘v

low comprehension on the Token Test) performed ma{kedly

better on the slow rate of presentatzon than the normal rate

(p< 01) That is,;the results are the same a% those of e T
Dacs 5
Sheghan et g/. — slowing the presentatlon ra@% of
L B,

context-supported messages enhances aphasic comprehension’ —

~but it is a good deal easier to have confidence in them.

~

2.1;3.2 quen Tests

Howeverz context is a double edged blade in language
studies. 1Its 1nclu51on more closely approx1mates the way
language is used daily; but language is rarely, 1f ever,

employed independent of other cognitive abilities,

Consequently, the inclusjon. of contextual information in a s s

k-

"'ﬂbychollngu1st1c study substantially restricts the certalnty
| w1th which that ‘study can be said to tap llngu1st1c
knowledge. |

_The'Teken Test of De Renzi and;Vignolo’(1962), used as
a subtyping tbol in the experiment just discussed, is a ve;y
elegant test for mild perceptual deficits, of the sort
gzmmoaly'associatediwith Broca's aphasia, and it ‘is designed
; . _ :
precisely to avoid these complications of context, It

requires the patients only to manipulate on request a few .

simple geometric shapes of'different sizes and colours. But

i
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the requests move ¢ .t to quite subtle, necessitating

comprehension of con; 3l‘clauses word order
attribution, and a w1de range of functlon words The

)followingﬁexamples should illustrate the“ingenious

simplicity of the.test: )
4, Pick up a circle.
5. Put the red circle on the green rectangle.
6. Pick up the rectangles, except the yellow one,
7. Instead of the white rectangle, take the yellow

circle.
The advantage of geometric shapes is that they minimize the
"involv[ment of] other intellectual functions than language"
(665). They reduce the number of pragmatic constraints on
the situation and place more of the 1nformation .load on' the
-,lingu1st1c string. For 1nstance, if the task were to’place
- .

a button in a cup, no matter how intricately worded the
request, subjects would have a high probabllity of o '
responding correctly jUSt by recogn;zwkg “the nouns end
surmising that some simple manipulatlondzasﬂrequ1red. A

button and 'a cup limit the possible number of acceptable

. Q. .
manipulations more than a circle and a rectangle.

s
3

De Renzi and Vignolo (1962:77—8) demonstrate the
effectiveness of their test by using it to onCOVer the
comprehension,problems of "13 'pure' motor aphasics and six
sensory- apha51cs at an advanced stage of recovery,.none of
whom had ever "shown any dlfflculty in understanding a -
‘normal conversatlon". Since everyday discourse is far more
compléx than a'simple exchange of linguistically encoded

information, the subjects could function adequately hyf
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dsawing.on their pragmatic resources. But they lacked ful}
control of their language, and the Token Test located the 1
areas.ofﬁﬁmpairment. |

Shortly after De Renzi and Vignolo;s (1962) paper,
érgraSS and Poeck (1962) published an indepeudent.evaluation
of the Token Tesf, watching for correlations of‘score with
- age, sex, education level, or "behavidral aefects in
non—aphasic braiu damaged patﬁents" (242) None of these
factors w;s éound to significantly 1nteract with the test
which demonstrates that it centres very well on
language-spec;flc def1c1ts. A number of subsequent
assessments ueve also been carried out (e.g., Boller and
- Vignolo [1966]5aBoller [1968], Swishes and Sarno-[1969], ahd_
Poeck et al. [59721), and all have returned ‘the same
'favourable verdict In brief, the test is short,
‘ﬁecglve,,and investigates rather subtle

.#3
"nhtlon o& features has made it a very

’well-cbntfoiledr

deficits This c R
©

attractlve tool for experlmthal aphasiologists, and it has

been employedpln a number of parad1gms - Of particular

1nterest here are those experlments @ﬁmch control temporal
O * 1 \(d‘
aspects of the requests.

éarkhurst‘<1970)
The first temporal comprehension experiment was that of
Parkhurst (1970), reported to tme Annual Convention of the
Amerlcan Speech and Hearlng Assoglat1on but unfortunately

not publlshed ‘Though several subsequent ekperimeﬁters cite

Pa;khurst's work (e.g., Liles and ﬁxookshire [1975:222],
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Blanchard and Prescott [1980:116], Pashek and'ﬁrookshire
[1982:377-8]), conditions, analyses, techniques, and
subgroup‘performance differences aré not given‘in any
detail. |

Principally, Parkhurst found that aphasic compréhensipn
of the™test's commandslis significantly poorer than that of
nonaphasics when the sigqai is electromechanically
compressed by 35%. Within.the aphasic populatioﬁ,
significant diffefences occurred only4fof the;mofe\difficult
test éections;-whigh compression rendered very troublesome.
Somé of thé aphasic subjeéts.also showed improvement when
the signal was expanded by 35%, but again only for the more

difficult items.

Liles and Brookshire (1975) |
Trying a different £ack than Parkhurst (1970), Liles
and Brookshire (1975) ran a modified Token Test controlling
temporally with the.interpolation of five sec silent gaps.
Normal token requests were matched against ones including_a

single gap in varicus locations, and the results proved

quite interesting. First, a significant effect showed up

~between the expanded requests and their shorter, normal

counterparts, just as earlier experiments predict. 'But
lpcation also played a role in fhe aphésia patients'
comprehension. The subjects (20; all below the 90th% on the
PICA) had a much easier time of it when the sileénces

followed content words (adjectives or nouns) early in the

sentence (p<0.0%). Yet if the gaps followed functors

-l
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(prepositions or disjunctipgs) anywhere in the request, or .
content words late in the sentencp,’interpolated silences
improved caomprehension only marginally ksignificant at the
0.25 level). This indicates that (1) increased processing
time facilitates comprehension of semantic but not.
functionaf information, and (2) facilitation only occurs
when the memory buffer is relativély unencumbered. The’
first indication is important here because it is functional
information thaf gives Broca's aphasics the most trouble,
though there is a good chance that interference occurred
(functorsg are phrase initiag and tend to cliticize, so there
are very few natural gaps following function words iﬁ nofmal
speech). The secohd is important bécause it implies a
particular defect influencing aphasia, nhme}y impaired short
term memory; and both results show that simple overall
‘signal duration has significant limits in' its ai; toléphasic
\\ngpfgﬁeqsion. ‘That is, there are other factors at work in .
signal expansion that imprdve aphasia victims' speech

perception. than increased length of utterance.

Marckworth (1976y
More in line with Parkhurst (1970), both in technique
'and‘results, is Marckworth (1976).° She administered thé>
test to 12 subjects W1th "mild to moderate receptive

aphasla" (82); most were also hampered expre551vely and only

- o
e .__. ______ '—f-n;. L , ,

> 1 should also mote here that earlier sections of this
survey are in debtgto Marckworth (1976), which includes a
rather succinct rgglew of temporally manlpulated 51gnals in
' aphasia reSearch
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one met the clinical description of "fluent", so the ‘ A
experiment is of particular interest here. The stlmul;‘;ere
presented under two recorded conditions: "a normal speech
rate" (85), and an expanded version of the same signal (at a
‘ratio of 1.96 te 1, almost six times Parkhurst's [1970]
rate). Extended duration was accomplished hy means ;E a
signal expander, which periqdically repeats brief samples of
~the signal. This results in a product thet is more
'natural’ than eitherha technique of interpolated silences

&

or slowed dictation. _
Marckworth's findinés are not as clear cut ae most.of
" the work reported above, perhaps because of the expansion
_technique, or perhaps’because the experimenter is more
scrupulous'statistically, and some subjects even showed
degenerate performance on some of the expanded versions,

But comprehension. did fhprove as a function of signal

duration, and the results are more encouraglng than those of
e .

s- and Brookshire (1975) - The between-treatment variance
significant w1th a probab111ty no.greater than 0. 05 and
all but one subject (whose 'score was ident;cal under both
conditioné) performed better with the temporally expended
signals. Further, the amblguous resuits a‘re mostly conf;,ned ’
to the easier sectlons of the test The harder the task

the more beneflt 1s prov1ded by increasing. 51gnal duratlon

This is clear from Table 2.3. ‘

. So the results, whlle not wholly uniform, are coneonaht

. with the flndlngs reported above.. As,Merckworth_says,~they”
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Table 2.3
RESULTS OF MARCKWORTH (1976)

Token Test subsections
(increasing complexity =)
Subjects' performance I IT . III v v

No Difference 4 4 3
. Degraded performance 4 3 1
4 5

3
2
Enhanced performance 8 1 7

o= N

Number of subjects by performance on Token Test subsections
I-V. (Taken from p. 89.)

demonstrate that "temporal expansion of the natural language
signal does facilitate improved comprehénsion in at least
the subtype of aphasic patient tested" (90) — and the high --

proportion of expressively disabled subjects gorrelates her
~ pool with the Broca patients this thesis is primarily

- concerned with, - .

Blanchard and Prescott (1980)

A more recent'study,,employing‘the Revised Token Test
(McNeilﬁFnd Prescott t1978]), has produced essentially the
same results, but its authbrs‘view it as "at variance with
the findings of othef‘researchers". Blanchard and Prescotﬁ
(1980; quotation p.iZO) éresénted theif stimulus senteﬁcés
- under four condi;ions: the'cohtpbl rate of~150’me; and
three expansions of that.signéi by factofs of 1.25, 1.50,
and'1L75; Accuracy of response was measured and, as
expected; cdrrédtness was both greater,and'fa; less variéble

for the control group (23; neurélogidally sound) in all
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conditions. And, as prediéted by earlier wo:k; aphasié
comprehension improved with signal expansion. One>mild
surprise, however, was that the improvement was not linedr:
the te;t "means for aphasic subjects [23; above the 50th% bn

the PICA] were 12.59 at the no expansion factor: 12.76 at
| the expansion faqtor 1.25; 12.91 at the expansion factor
1.50; and 12.84 at the expansion factor 1.75" (119).

| These differences look slight, but fhey are hardly S&t

variance with earlier findings. The range of these means is
0.32, which contrasts significantly with the 0.03 control;
group réngel More to the point, the results of Pérkﬁhrst
(1970), Liles and Brookshife,(1975), and Marckworth (1976)
do not show acroSs_the board improvement. Expansion does
. not fgcilitate comprehension for all aphasics —lthere are -
‘substantial differences in degree and quality among aphasia
~deficits — and a post hoc factor anélysis of Blanchard and
Prescott's (1980) data uncovers a subgroup of 15 aphasia
patients who evidence a ﬁafked increase of comprehension as
a function oflsignal expansion: significant at the p<0.01

level of confidence,

Poeck and Pietron (1981)l
The largest study to date of a tempora;ly manipulatedi
Token Test is repo;téd in a‘g§ief ndte‘by Péeck and Pietron
(1981). . They tested 42 aphagics (mostly.noéffluent global
patients, but not subtyped) and 42 right-daAéged |

nonaphasics, at two rates‘of‘presentation:.nbrmal,,and that

signal expanded by a factor of 1.25. They found (1) there

\



61

was a learning effect for the control group, but none for
the aphasics; de (2) the aphasia victims' performance
improved significantly in the longer condition (a=0.01),
while the controls responded no differently as a function of
duration. The second result accords with all the other work
reported in this review, and offers yet further evidence
that aphasia involves some temporally dependent deficit.
The first offers less direct support, by demonstrating the
Token Test's power:

the fact that even an immediate

representation of the test —

although in two acoustically

different versions — did not lead to .

a learning process underscores the

great specificity of the TT for
tapping one or more basic factors in aphasia.

\

The experimental rgsults of temporally altered Token Testg;
are all the more compelling When this absence of a learning
effect is considered.

Riensche, et al. (1983)

Another, more recent study - Riensche, Wohl;rt, and
Porch (1983) — also claims, like Blanchard and Préscott
(1980), to be at variance with earlier.work; again, this is
~not quite the case. They administered the Revised Token
Test to 15 subjects (mean PICA score=11;43) over four trials
at four different rates of presentation: a baSe rate of 150
'wpm, and’expanded versions of 30%, 60%, and 100% more
duration. The authors found no statistically important.

~differences among these conditions and observed that the
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lack of a significant effect for

rate upon comprehension scores ...

is not particularly supportive of

aphasics' improved performance by

presenting speech at specified,

unvaried TE [time-expanded] rates (46).
But the missing significance appears to be more a product of
analysis than data. Riensche et al. only compared the
performance averages over all subsections of their test:
Parkhurst (1970) and Marckworth (1976) show that expansion
is primarily effective in the difficult sections of the
Token Test, a fact that would be obscured by averaging. Yet
even working w}th overall averages, 11 of their 15 subjects
" had optimal comprehension rates in the expanded conditions.
Further, of the four who performed best at 150 wpm, three
had that rate as their last trial (43), and while there was
no significant trial effect, a slight improving trend is

evident from the trial means (x,=10.66, x,=10.73, x,=10.90,

and x,=11.02).

Summary: Brookshire and Niéholas (1984b)

Riensche ef.al. (1983) certainly have reason to be
circumspect and to characterize their results with phrases
(like "not particularly supportive"; still, the study is not
at radical odds with earlier research into aphasic
comprehension of tempofal;y expanded.speeAE.‘ Their study
shows inéonsistency — some improéement, some absence of
chané%, even some regression. The earlier studies show
inconsistency. And the significance findings between

studies are inconsistent: most uncovered significant
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impro;;ment (Sheehan et al. (1973]), Garder et al. [1975],
Weidner and Lasky [1976], Lasky et al. [1976], Goldfafb:and
Halpern [1981], Poeck and Pietron [1981], Pashek and
Brookshire [1982]); but some reported ambiguity“(Parkhurst
[1970], Liles and Brookshiren[1975], Marckworth [1976]):

while others reported no meaningful significant differences .
(Blanchard and Prescott [1980)], Riensche et al. [1983]).

This inconsistency is the subject of Brookshire and |
Nicholas' (1984b) study. They administered the Revised

Token Test to 10 aphasic subjects, employing three distinct
temporal conditions and two levels of difficulty. More to

the point, they tested each subject four times, one week

apart, and attempted to locate some consistency in subject
performance in correlation with three important aphasig

w4

variables. They found no Ed§§istency at all.

‘The four trials consistedmg?‘]o Low Error#gnd ﬂ&
Error commands, each in the following conditions: a S£é;éggd
condition, of 200wpm, with natural pausesi a Slow Rate, of
160wpm, with natural pauses;. and a Pause cohdition, of
200wpm, with one 4 second pause inserted at a word boundary
in the command. The order of presentation was controlled
such that the commands were randomized within level and
condition, the conditions were fandomized within each trial,
and the leveis of difficulty were reversed between the first
two and the last two trials. Tﬁe patients did not perform

reliably, either as a group or individually. Some improved

as a function of expansion, some degraded with expansion,

-
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and aame had 1mgroved pgrformance for one condition and one
* x‘ w

%{Jdléagl &0 one. occa51on andwdegraded performance for the same

Moreover, Brookshire and

poston5et tlme, and*tYpe of- aphasia, and no correlation
: e
;eached slgnlflcance (p<0.05). These findings-are quite

C&Qudy, even4by the necessarily relaxed standards of

aphasiology, and while they do not vitiate the earlier
: Vo N ,

temporal studies, they do indicate

previous reports of the effects of
pauses and slow rate upon aphasic

listeners' comprehension should be
interpreted with caution (327).

However, there is good reason to treat Brookshire and
:*ﬁicholas (1984b) Wlth some gautlon as well. For one thing,
the se551ons may have been é@lte taxing (60 demanded -

responses. 10'cqmmands x‘s‘donditions x 2 levels). Since

: ' 'y
~the preSentation<was\randoﬁ this fact alone could

@: 1f the patlents were
qﬁy, the last third of the

ﬂﬂﬁldperformances would be distributed over all

e

qondltlons“”levels and trials. But their choice of Ebcation

u .

bfor the

'“o’

‘mnterpolateg éisec pause also may not have been to

thé%ﬁuggects advantage Recall that Liles and Brookshire

Hn¢(1975}ﬁfound placing their (5 sec) silence earﬁ? in the

sentence improved performance significantly (p50;05) over
placement later in the sentence. Yet Brookshire and
Nicholas (1984b) ignored that finding in their design and

g .
adopted a general strategy of interpolating "near the center
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of each command" (324). Further, the Low Error and High

Error levels were established individually for each patient
after a (iive~voice, normal. presentatlon) run of the RTT: a
Low Error "subtest was one in which a sdbject made 2-4

errors (on 10 items) .., [a High Error]jsﬁbtest was one on
which a subject made 5-7 errors” (325), Given the highly
variable nature of 2phasic perfqrmance (a fact documented by ¢
Brookshire and Nicholgs), setting the difficulty levels from
one session — rather than from the average of several
sessions, or by arbitrarily choosing two RTT subtests'for

all subjects - is a qQuestionable decision.

‘But the really problematic factor in the experiment was
the extreme heterogeneity of its pool. The subjects ranged
in age from 46 to 36 years old, in postonset time from 1 :
month to 10 years, in RTT pretest percentile ranking ffom‘1
to 95, in, PICA pércentile from‘36 to 83, and consisted‘o%
three syndrome types (4 Broca's, 2 Wernicke's, and 4
conducﬁion). While this diversity is réquired for the
consistenay guestions the experimant attempts to.answer,éﬁt{
is nonetheless troublesome in so small a pool. The
possibility of interaction is too great to ignore, yet the
pPaper never mentions it, Consider just the Broca group. Of
the four éubjects, one was 50 years old, 10 months
postonset, in the 1st RTT percentile, and the 43rd PICA
percentile; another was 51, one month postonset, in the 10th

RTT percentile, and the 36th PICA percentile; a third was.

46, five years postonset, and in the 79th percentile for



66

"both the RTT and the PICA; the fourth was 55, three years
vpos%pnset,.in the 95th RTT'percentile, and the 50th.PICA

| percentile - Only age is relatively constant within the‘
group. Looking for reliabllitywkn such multivariate
'c1rcumstances with only 10 subjects is perhaps too.
optimistic. - | o ' o

4 Nevertheless, despite a lack of‘statistically
significant consistency and a multiplicity of variables,
Brookshire and Nicholas (1984b) do uncover a trend (apparent
from tabulatéd data but nof commented upon) tHe most

systematic resylt is an improvement of comprehension :
: s

relative to the Standard condition,'under bothl
mgnipulations, for both difficulty levels. Of the (EO
difference scores they generated (tabied on 326), 108 show
improvement} and 57% of those are significant (a=d.05).

Only 10 aifference sgores indicate significant degradation
" of performance relative to the.Standérd'condition,«eight of
which are;thelresgonses of two subjects and are quite
systematic,(for one subject, all four scores are in theJLow
Error/Pause condition; for the other, all are High Error and

three are Pause).

In short,. Brookshire and icholas (1984b) constitutes a

‘synecdoche for all the temporal work reviewed above“little
/

-of it produces unlform result5° all of it uncovers 1mp§oved

‘performance as a function of 1ncreased duration, to a

-

'gréater~or lesser extent. The other temporally manipulated

‘ comprehen51on studies are statlstically more conv1nc1ng on

&
',&,
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4
this second point- than their.Tcken Test countergarts’— none
of thehufailed to find significant imprc;emegt - but the
generally more lax designs tend to-compromise the' '
statistics, ‘Thegresclt is not remarkably robust, but.it is
- there all the same: temporal expansion facllitates“;phasic

, .

i

comprehension. o .
. ,\ - . . [
2.1.4 Aphasic Perception ofsétress

-

Goodglass et al. (1967)

The earllest paper to examine systematlcally the role
" of stress'lnfapha51a - Goodglass, Fodor, and Schulhoff
(1967) — was interested in precisely the issues that
motivate this thesis: the interaction of stress and functicn
words ‘in Broca's ap asia. Unfortunately,.they Aid,not test
cgmprehension dirgctly, but theif'workvconcerns peripheral
'uptocessing mechanisms'that impinge dponacomcrehensipn;. They
des%gned a number of simple répet%tion tasks controlling for
rhYthmJand minimally implicating formal linguistic skills.ﬁ

Draw1ng on two aphas1c populations, fluent andV
'nonfluent in varlous comblnatlons over. sgveral tasks, they
found the Cllanal d1v151on to hold up experimentally. The

' groups had markedly different performance levels, The

prhnc1pal f1nd£ng was that 1n1t1al unstressed functlon words

fof three- word clauses vere the most dlfflcult for Broca's
apha51cs but were qu1te e@sy fgﬁ the Wernlcke s. Further,
there 1s some ev1dence that stress and not word class was

! e

the contrlbutlng factor, at least for the Broca v1ct1ms.

24
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First, the nonfluents demonstrated equal facility in
repeating random three-word lists, independent of whether

the items were content words or functors. Second, .the best

P

T

retained prdsodig_patte;n was =~ ;, again irrespective of
word cléss;‘in.fact theﬁfokens with.ini{ial functors were
‘reproduced marginaliy bétfer than those with initial content
words K"Afén't=tﬁéyvhudgry"fvs. "Dégs can bé:k"j. The next
best pattern (' ' ’) also_coﬁtained an initial function |

; -

~word. TRe only crucial test remaining — an unstressed
' . : . , - ‘ N ' - [}
initial content word — is unavailable in English, and could

not be‘tested.! But ihitialiunstressed fuﬁction words were
-the ‘worst condition énd initial stressed function wofds-jere
the‘beSt condjtioh, with a éignificance probqbility‘beyond
0.01, and thefé wég no-siénificanfﬂaifference between
‘retentién of stresééd functors and'st:essed content words.
Streés (or’salience) is a far more likély,candidate*than
ﬁord class. (The‘Wernicke's group showed significant
‘ginteraction yith,prosody as well, and their performance was
'neither {nverse nor parallel to the Broéa‘s groﬁﬁ. Stress
clgarly plays some nontriviai role in their language -

2

disability,xbut one .that is outside the province of this

-

thesis.)

Kellar (1978) = - -
Kellar (1978) is more 6f a theoretical paper than an
experimental one. Although it centres on a.'replication of

Zurif, Caramazza, and Myerson (1972), it adds little to



their findings.'® zZurif et al. (Jgjg)&observed that when

Broca's aphasics were required to choose the words of a

. sentence (in pairs from random arrays of three) that 'go

best together', the tendency was to group content words with
one another and functlon words with one another. On the’
;other hand, the normal SUb]eCtS d1d jUSt the opposite: they
- grouped words into phrasal constltuents For instance, with
stimulus sentence 8, the strongest pregerence of Broca J
victims.is to group Jawns and moWed tééether; the strongest
preference of,normals is to pair the and 7awnsm. |
8. The lawns were mowed.
Keilar found exa;tly'the same tendencies®in her replication,
hut she expanded the subject pool to include Wernicke's
apha51cs and found that they also .tend to group content
words w1th content words. and. functors with functors., This
15 the only new emplrlcal result of her work; the paper 's
mer1t 11es elsewhere,

Zurif et al. (i972) and a plethora of subsequent
papers by the ~same pr1nc1pars (discussed in some detail.
below) all hold this grouping tendency to evidence a
specifically syntactic deficit.  -But Kellar (1978) notes

 that functors.are not stressed sententially, while content

words are, and suggests the aphasic is following "a simple

Kellar's paper was dellvered to the-Academy of Aphasia,
and has not been published. My principal access to' her
argument is by way of an abstract sent to.me by Dr. Edgar
Zurif, along with the enlgmatlc warning: "the work is
'fsomewhat problematic". It is also discussed briefly by Brown
(1980,. 1982), and Berndt, Caramazza and Zurif (1983).
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heuriStic- "Whenever posslble, closter stressed words
together'" (2). This interpretation of the data is at least
a; likely as .the Zurlf Caramazza proposal, However, while
her proposal 1iﬁcerta1nly tenaple) and in some respects more
attractive,‘it hardly amounts to a disconfirmation of the

syntactic hypothesis. For the moment, neither is a clear

winner,

‘Laughlin et al. (1979)
Laugnlin, Naeser ,and Gordon (1979) provides another
1nterface of sorts, .this t1me between the temporal work of.
the&prev1ous section and the experimental manipulations of
stress considered below. 1t accommodates this role for two - Jfﬁ?
reesons. First,-the authors employ duratlon spec1f1cally as o ﬁ@
"the single most 1mportant factor in perceptlon of stress 1n\‘

&

English™ (312). Second, they control?the temporal feature
& a e . o |
of %yllables in an implementation of Melodic Intonation

Therapy (Sparks, Helm %d Albert (1974 \sQarks and Holland
(19761, Sparks [19811). \ | . |

Melodic Intonation THerapy Es a,CIinicel program to
treat the expresSive.difficulties of the nonfluent aphésias
It is comprised of five successive treatment levels, all of
which pay very close attentlon to the suprasegmental
'characterlst1cs ot speech. First the’theraplst hums the B
intonational'pattern of én'utterance, reqqiring;the patient
to hum along. Then the utterance, retaining~stylized

intonation, is spoken in unison by therapist and patlent

"This continues, with the clinician gradually»partidipating
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iess' and she apha51c more ‘untii the patienf'can produce
1ntoned utterances 1ndependently Laughlin'et al. (1979)

5_ admlnlstered thls therapy to flye nonfluent aphasia victims
(2‘global}.2jmigedL 1 BrOca“s) ﬁnder three;conQitions of

‘ ~syllabieadufatidn; (1) a 'hormal"period bﬁ abeut 360 mSec;
(2) an expanded-peribd of about'1.5,sec; and (3) a further
expanded @efibd of about two sec‘ .(Tames .are approxlmate
because due to the necessarlly flex1ble natq{e of the '

' sessions — frequently requiring repetitions and veturns ‘to

: 3
earller stages of therapy - presentatlon was "w1th 11ve 1§ﬂ
voice" [315]. As Table 2 4 1nd1cates, the results were * .
. . . . ' .,
dramatic. ' , S : ' : Co A Vﬁ
S Table 2. 4 o \. S LR
) - . ;
: , RESULTS OF LAUGHLIN ET AL (1979). ‘
’ % , _
N No:mal . 1.5 sec . ' 2 sec '
MIT Steps’ MIT Steps . MIT Steps . 7
- 2 3 4 5 1.2 3 4.5 1t 2 3 ¢ 5 R
- Subjects o ST e N
Global 4 4 4 3 20 12 11 9 8 20 12 12 11 10 - -
Global ‘8 8 6 6 20 13 11 1110 - 20 17 17 17 17 o '
Mixgd -1 .1 1 1. 2020 19 14 13 20 19 16 16 16 | o
Broca's . 3 3 3 3. 20 20 20 17.14 20 20 20 19.19 ' o
 Mixed 6 6 6 6

20 20 20 13 12 20 20 20 20 20
(Taken -from p. 316; 20 is the highest possible score for any.
.section.) i o v

The order of the condition presentations "was
éguﬁperbalanced" (316), which presumably means that each
‘subject’ did not receive therapy in the same order for the

‘three conditions. And while the most impressive,

’
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improvements may'have'been partially a'learning effeCt it

rlS clear that performance is enhanced by 1ncreased duratlon,

racross the board The dlfferences between the normal and

4: the .5 sec condltlon proved statlstlcally 51gn1f1cant at

p<0.005, between normal and two sec duratlons, improvement

- was signlflcant at p<0u001; but,no 1nterest1nglvariance was .

‘observed between the two. expanded cond1tlons

Q
Thls study says nothlng spec1f1c about comprehen51on

but, llke Goodglass et al (1967) 1t does address an

essentlal prerequ151te to comprehen51on perception.' It

Y

sﬁthat nonfluent aphasics can percelve

'ental propertles, such as melodlc ‘line, rhythmy

!
V! A

) ts of stress"'(311)‘ and that thlS perceptlon is

efa llltated by temporal expan51on

':19§0)

A more clearly experlmental demonstratlon of stress

Swinney-etﬂafl

perceptlon in nonfluent aphas1a 1s provided by the study of

Swinney, Zurlf, and Cutler (1980)1"The1rgparadigm affords

‘. the ‘standard incontovertible experimental evidence of

«

[

1A,

perception: a manipuiated variable that results in a

statistically fntereSEingfeffect- They asked e1ght Broca s

aphaslcs to push a button upon hearlng a target word (e g
ball) embedded in a sentence controlled for stress along the
followfng‘lines: o

9 '_a;- The ympire said a new ball was necessar§.
. b... The umplre said a néw ball was necessary

Thaf 154 1n one tokéh the target word recelved pr1mary L
v @@ 9'1 o - :
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sentential stress 'in the other, a.nearby word'received
'prlmary stress, necessarlly reducing the target word No
subject heard both tokens_of a sentence type. Response,
iatenoies were measured; and.Brooa victims reacted more
"qurekly to those targets,oarrying stress than to those
‘without it:(i=489.5 msec. vs. 566.5-msecr_significant at
a=0;025). A significant effectlnas'observed; and perception

' washdemonstrated‘ More interestingly, since'the above -

‘.studles also revealed stress perceptlon, Swinney et

" al. (1980) also showed that this latency pattern is present

“in neurologically sound SUb]eCtS, though at a higher
Significanoe ievel (a=0.05)‘and~With faster times overall,
-~ 8o, not only do Broca S apha51cs perceive sententlal stress
”1t fac111tates lexical 1dent1f1catron for them in roughly

the same fashion it fac1lrtates normal lexacal decisions.

.2.1.5 Stress and Aphasic Comprehension

Blumstein and Goodglass (1972) \

,Haroid Goo@glass'_sec0nd venture into aphasic stress

. comprehension, Blumstein and Goodglass (197£3L had the
dlstlnct benefit of a phonet1c1an riding shotgun, but /
focuSSes spec1f1cally on lex1cal stress and consequentlylls
'only of 1nd1rect 1nterest here They tested a group of 17

‘apha51cs on'a plcture matchlng task. ‘The stimulus set was
i‘
'~comprlsed of lex1cal pairs d15t1nct1ve solely by stress

pattern (e.g., "sorehead” and "sore head")& The matched
. i

items were chosen from an-array of four conventional

~ .
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pictures, two of which depicted the conflicting meanings and

the other two were distractors — e.g., pictures of (1) a

boy, frowning, with a darkened 'thought ballon' eyer his

. head" ("sorehead"); (2) a boy, grimacing in pain, with a

éﬁzehdage and a lump on his head ("sore head"); (3) a boy
Vcrying (lexical distractor for "sorehead"); and (4) a foot
with illustrative symbols of pain 'radiating; out (lexical
distractor for "sore head"). ’

The aphasia victims made more stress errors (e.g.,
choosing 2 as a match for "soreheadf) than 'random’ errers
(e.g., choosing 4 as a match to "sogehead“), and of" course
significantfy more errors overall than a neurologically

-isg§ﬂgrcontrol group (p<0.025). But the between-error type
'varienee>proved etatistically unintereséinq. Stress did not
cause the apha51cs any specific trbuble precisely the
expeeted result if, as Goodglass et al. (1967) indicates,
aphasia doeax?et significantly affect the victims' ability
te perceive stgess. ‘Blumstein and Goodglass (1972) consider
stress in their experiment to be a semaﬁtic cue, when a
syntactic analy51s is equally llkely, but they draw the

obv1ous conclu51on° "the percept1on of stress is preserved

in aphasia" (806).

Baum et al. (1982)
Baum, Daniloff, and Daniloff (1982) pursued the ansSwers
to three c&garly formulated questlons, two of which are of

immediate consequence to ‘this the;g%
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[1] Can Broca's 'aphasics utilize

lexical stress to disambiguate

otherwise homonymous sentences? ...

[2] Does raising the stress level of .

functor words in sentences increase

their retrievability by Broca's

aphasics? (264)
Unfortunately, the answers afforded by their paradigms are
of no éonsequencé whatsoever,

The answer they provide for [1] is a gqualified "no".

They arrive at this from the results of a Sentence-picture

’

matching task predicated on sentence pairs of the following

v
sort: . 10 a. That's a hot dog.

b. That's a hot dog.

‘11 a.. She is home sick.
b. She is home sick.

(269; italicization represents primary stress)

«

Eight Broca victims and eight neurologicaliy sound c0ntrois
‘were required to select the correct picture gor a giVeﬁ
sentence from a vertlcal array of three, which included a
depiction of each competing signification and a dlstractor
Not surprisingly, aphaslc'performance was significantly
worse on the task, w1th an a-level of 0. 001 Ergo, conclude
Baum et al., comprehen51on medlated by supraSegmental cues
is somewhat impaired in this group of Broca's aphasics"”
(268). But there was‘insufficient experimental_control to
support even this modest conclusion. For instance, only one
level of str§E§ was used, and only one sentence type. If
there was'no interésting variance in performance on normal

vs. emphatic stress for sentences like 10 and 11, or if

Broca victims fared the same on lexically ambigquous

“»
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sentences, the authors would havé some substance for their
claim, Similarly, if they had tested anothér aphasic
subtype, or.fight-damaged patients, their conclusion could-
be given more credence. But aphasia victims, even mild
expressive ones, will score worse on virtually any
comprehension task, and a number of nonlinguistic variables
are likely to'be responsible; fatigue, inattention, or
emotional difficulties, for example. There is no support
for their contention that Broca's aphasics have a
particularly suprasegmental impairment.

The answer [2] receives is less compelling yet. ?aum
et al. report "the failure of. emphatic stress to enhance
aphasics recall of functors" and suggest this supports the'
argument "that stress is not a salient feature in explaining
retention and loss in Broca's aphasia" (269). ~But the
functdr test appears to have been very poorly designedﬁ the
only stimuius sentences they provide in the paper ére the
sentences of 12,

12 a. The spoon is in the glasé.
b. The spoon is jn the glass.

(264; italicization represents emphatic stress)
Thatvis,‘althéugh two conditions were presented, the stimuli
were perfectly transparent, irrespeétive of condition,
irrespective even of the functors; as discussed in
connection with.the Token Test above, pragmatically obvious
spatial relafions>can be resolved simply by understanding
the content words. In fact, the subfects did very well on

this task — 82% correct, as against 56% for the first task

LY
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(significant at p<0.001), and even the controls found it
easier — which indicates most of the sentences were at least
as obvious as 12. |

While the statistical analyses of Baum, Daniloff, and
Daniloff (1982) support the‘claim teat Broca victims are

peculiarly insensitive to stress, their experimental

methodology does not.

Pashek and Brookshire (1982)

Using the subjeets, methodolog?, and stimulus set
outlined in the tempbral section above, Pashek and
Btoekshire (1982) found counter-evidence to the claims of
Baum et al. The control stimuli were read with "'normal’
stress and intonation"” and were compared with a reading "in

which facts were given extra prosodic emphasis (e.g.

Samuelson and Harbo weremtwo f ishermen who crossed the

~Atlantic Ocean al%pe (§79)'» (They make no mention of

A

};‘whether the hlghllﬁhted facts“systematlcally corresponded to

oy K

,%\ : %

T\ the yes/no questlons uSe to aSSess com rehen51on but their
p

examples indicate that thzs was the case. ). The findings

were all but 1dent1cal to the Jrate of presentation data

,reported earlier: there was no 1nterest1ng nonapha51c

¢

rarlance, and aphasic performance was' 51gn1f1cantly better
for the exaggerated stress condltlon than for normal stress
(p¥201). - s

Another, very iétriguing, result‘also came out of these
stud.ie:%., In all, Pashek and- Brookshire (1982) had 4

conditions: (1).-slow rate, exaggerated stress; (2) slow.

o



rate, normal stress;'(3) normal rate‘.exaggeraoed stress,
and (4) normal rate, Norinal stress 'nAs reported in the
temporal section, 1 and Qerre;sign1§1oantly easier for
‘aphasics as against 3 and 4;}1‘and;§falso’resulted in.’
significantly fewer errors ﬁhan/Z ;h5“4" This means that
condition 1 resulted in the best éverall performance, whlle
condition 4 resulted in the worst overall performance But
- and here is the curious part — they weré best and worst
respectively by only small margins.“That is, the rate x
stress interaction proved statistically insignificant.

A likely<account'for'th%s is'interference: since one of
the components oE:Stress l1s increased segment duration, it
mey‘well be the case that a temporal component is affecting
perfornancevin\hoth»situations. in effect, testing for a
‘rate xnstresstinteracbion may be equivalent to testing a
:slbwfrate-reader_against a signal expander. Pashek and
-Brookshire ({982) briefly entertain this possibility;‘but'
”rule 1t30ut on the basis of random sentence duratlon tests
*they conducted for corolﬁbry sentences 1n the dlffereht
stress condltlons They found no 1nterestrng variance.
There 1s'a very good chance, however that a 51m11ar test
between words would produce significant figures; in'
drticular, flshermen would probably be of" markedly 1onger
ah’!tlon onder the exeggerated stress condition, as perhaps

+

ctors adjacent to such‘stressed words would probably be

horter than under normal stress conditions.

e o~ : -
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2.1.6 Suﬂmary

Perhaps the most likely explanation for the Pashek and

,r

Brodsgﬂlre results, however, is the operatlon &f a Celllﬂg
effect; that is, decreased rate made the crucial items more
salient, and exaggerated stress performed exactly the same
function. So, the guestion remains: does.stress'facilitate

comptehension because its increased temporal dimension

¢ ' . : .
provides foﬁ@hore processing time, or does increased

duration facilitate comprehension because, like stress,. it

o

boosts thezﬁkoustic salience of the message.

.2.1.7 Function Word Experiments
As early as Wernicke (1908) it was recognized that
neurologically damaged people eviéemcing telegraphic,

e%fortful, dysprosodic speech‘eléo;ggig_problemSGOf;speech

. L 4
perception, albeit on a subtler level’than their productive

difficulties: : e

[in this dlsorder] there is almost
invariably a certain inability to
understand complicated - constructions
and finer differentidtions of speech
" «.. I am no lgnger of the opinion
that in pure motor aphasia the
ablllty to understand speech always
remains unimpaired (quoted in
Marshall [1982: 399]

‘? ‘ 3 . -'v
. In fact, discordant with his current depiction as a dogmatic

locatﬁonist, there’isvevidence that Paul Broca was avare of
¢ L : .

the perceptual side of the disorder he identified (Caplan

[1980:234]). Yet the synarome is freguently discu§§ed in

linguistic literature, past and current, largely within the

\

&
v
.
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Abstract

~.

Variations in plant sampling and feeding behavrour were used o examine mechamsms

¢ y -

' of host plam discrimination and the evolution of f eedmg preference in the Colorado potato
beetle Leptinotarsa decemlmeata. Beetles from three geographic populations were videotaped
on four host 'plants representmg the three regional hosts and ancestral host of the specres
Beetles were -also tested on leaves treated w1th solanaceous alkalords to determine whether

these:compounds acl as Sensory inhibitors of feeding. - : : S

On average duratron of samplmg on the plant sutf ace prior to hlt'ng svstematicallv ""

. o
g dlscrimmatmg among plant specres based on olfaction and/or contact chemor‘eception

Samplmg of plant flurds (gustatOrv gampling) also increased on less pref erred specres f or

those beetles that proceeded 10 feed Movements of the antennae d‘urmg gustatorw sampling

_ suggest one of the functions_Of this behaviour is to enhance the release of plant volatiles.,'»
vHost. plants of L. decemlineata contain steroidal glycoalkaloids. “The glycoalkaloid's

vtomatine (from tomato) and solanine” (from potato) did not af fect' first meal size.or duraﬁon

of plant 'sampling when tested at concentrations excceding natural levels: These compounds

are apparently not responsxble for determining different patterns of mmal host aceeptance

within regional populattons of beetles

o

Tropane alkaloids are found in solanaceous plants not used by L. decemlmeata as
hosts.” When rncorpor_ated into potat‘, the tropa'ne alkaloid, atro_pme_, reduced mea! size and
-,iincreased gustatory sarnpling behav&iour.by'bee’tles. However, tropane alkaloids may not 3

- Testrict the beetles' host range, since: plants cont‘aining these compounds: may beadiscri'minated
against ‘on the basis of olf action _bef ore,plant fluids containing the all;alo_ids_;are sampled.

Regional populations,of L. decemlineata that .have colonized new pl‘ants have not lost
‘their preference for ancestral hosts. Relative to:physiological adaptations, behavioural

adaptations leading to acceptance of novel host plants-may have developed slowly during

colonization events. Other studies on insect herbivores are reviewed which support this

v

v



pattern. I _édpclude that for some insect species, host selection behaviour may represent a
- E - .

conservative force irrinsect-plant evolution. For these species, local selection pressures
B N 4 .

favoring altered patterns of host use may be the primary cause of host shifts.

“
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1. Introduction
The vast majdrix,y of phytophagous insect gpecies restrict their host use to one plant
species (m‘on(')phagy') or a few rclated plant s.pc‘cics (oli’;ophagy). MWithin wide ranging
species of insects especially, further specialization may lead to the formation of host adapled
races or biotypes. Possible reason: -or this specialization include the diversity and
.distribution patterns of host plants (Pricc 1988, and rcfcrcnces therein), plant chemica!
defenses against herbivory (Feeny 1975, Rhoades and Cates 1976). and community properties

suct as competition or the local presence of predators’or parasites (Fox and Morrow 1981).

Host specialization may promote rapid speciation and has probably been a major factor in

-
-

coqtributing Eb'the enormous diversity of insect herbivores (Mayr 1963).

‘ Studies of phytophagous insects have long b;:en prominent in the evoluti(;nary
literature, and there are currently several active debates in this field of study. g'lc
controversy centers around claims that some species or host races have evolved under

' sympatric conditions (Bush 1969, 19\75a, Guttman et al. 1981; but see Futuyma and Mayer
1980 for an opposing viewpoim‘). Another controversy concerns the extent to which
;hdividua] insect and plant taxa have coevolved (engaged in adaptation and
cbunter-adaptation through evolutionary time). Interest in this idea grew after publications
by Fraenkel (1959) ahd Ehrlich and Raven (1964) which related host specificity and patterns
of insect evolution to the defensive properties of secondary plant compounds. Recently «
however, the probability of strict reciprocal coevolution between insects and plants has begn,
questioned (Futuyma 1983, Jermy 1984), as has the assumption that herbivore specialization
is ordinarily a response to.secondary plant chemistry (fox and Morrow 1981).

| ‘Reso]ving questions about insect-plant evolution is of ten hampéred by a poor

- understanding of- hg&t‘ selection behaviour in insects, the mechanisms whicr; control it, and
their genetic basis. In the absence of rea.l data, assumptions are often made regarding the
flexibiiity of insect behaviour and its role in mediating host shifts. For example, most

"

models of sympafric speciation assume that mutations at a single locus can lead to changes in



, diécriminate among potential host plants. The approach taken in this study is

L4

«/

"
A‘ .
! ¥

host use (see Bush 1975b).” Many of these assumptions are based on the not_ion that -

Jinteractions between insects and plants are based on simple processes. However, mechanisms

* 1

regulating host selection in insects are considembly more complex than first suspected.
Tradifional concepts that stressed single compound control of host choice have failed to"
. S : o > . i )
account for the accumulated evidence, and new theories are gaining acceptance which

-

emphasize the integration of total sensdry input and the interaction of both pre- and

]

- post-ingestive mechérjisms (Detﬁ‘ier 1982, review by Miller and St_rickler 1984);

) "il'hevpresem study was dcsigned to clarify the role of behéviour in insect-ﬁlam _ |

:é;(oluijon through analy"s‘is‘ 6f evolutionary changes in the mechan-isrhs which control host ~
_ RS . \

acceptability for feeding in-the Colorado «-p"'ot,ato beetle Leptinotarsa decemlineata (Say). This
kolligophagdll_{s insect' has recently undergon_e a host range'expansio,h. in Northvj America iﬁduﬁed'
by“agricultural‘practicés and therefore provides-an opporfunity to study behavioural
pheﬁomena a'ssoéiated wi_th'ch’anges in host plant use. Adult food ‘choi'cgplqugely directs ” |
oviposition sites in this Specigs, since ferﬁales 'Qenerali_y lay eégs where they settle to feed and
do not ﬂ» when gravid j(:see th})tér’f our')v’. |
This thesis ig ofganized a;ound three chapters. Chapter.two provides a detailgd

a

behavioﬁ,ral‘ analysis of plamksampling and f eedifxg behaviour and examines how beetles

ncﬁfoet};ological, and is based 6n the r_ationale that mechanisms controlling host choice can
be studied indire'ctly through _vafiationé in tbe ins‘ect'sﬁ anr-beha'viour patterns. As Fentress
(1980) has stated, i"N'ervous éiy'stgms- do not simgly‘build up a whole pattern throﬁgh blind
sﬁmmétidn'of' the parts; they insist on thé whole and adjust thé'\;parts accdrdingly." My. .
objective §v£s» 10 4idem‘i'f y "parts” of the the feeding"seqﬁence in beetles that vary jn relation
to plant pre‘ference.,'.and use these relationships to sugges\,whéi mechanisms. are rcsponsiblé

for allowing discrimination among plants. T also cbmbare the behaviour of three recently

- evolved, host afdapted populations Qf L. decemlineata, 1o determine how rapidly mechanisms

controlling host plant recognition have evolved in this insect species.



- Study Organisms . &

‘Chapter three describes tests of the‘hypothesis that solanaceous alkaloids (sécondary

plant compounds) act as sensory inhibitors of feeding, and thereby function to regulate host
. .

choice in L. decemlineata. This,'possibility has been suggested from long thrm f eeding

[

studies, but these studies have not directly addressed mechanisms. . In my experiménts,

variations in pre-ingestive sampling and feeding were used to directly pbserve the effects of

alkaloids on behaviour.

S~

In the final chapter, I review previous experiments 6‘n~\L. decemlineata and ‘compare
/ . .

\

‘the behavioural and physiological adaptations that have evolved in this species during the

formatiori of regional biotypes. 1 also review other studies in which both physiologica_l and _

behavioural traits have been measured on the same insect species, in an attempt to assess the

relative contribution of these adaptations in mediating host transfers.

2

Leptinotarsa decemlineata is an oligophagous beetle which feeds exclusively Qn’
members of the Solanaceae, and primarily on plants of the genus Solanum. According to
Tower (19065, L. .decemlineaia is descendant from L. intermedia Tower, an insect indigenous

to Mexico where it feeds on Buffalo bur, Solanum rostratum Dunal. Tower suggests that
\ .

- movements of -Spanish caravans into the United States in the seventeenth century allowed the

-

rior,thward’expansiori of both S. rostratum (the burs of the plant being carried by pack
animals) and the insect. Sometime later L. decemlineata is presumed to have cievolved} from
L. .intermedia along the eastern foothills of the Roc}cy Mountains. ‘Hov;/ever, in a revision of
the genus Jacques (1972) regarded the two species as synoriomous, and this treatment is now
ggnerally acceptéd. | | »

During the mid-nineteenth century, potato (Solanum tuberosum L.) was introduce;d'

to the midwestern United States. L. decemlineata soon colonized potato and-later dispersed

s

" across North America and Europe with the spread of potato agriculture (see J ohnsqn/ 1969).

Previous expansion of the beetles' range to the north or east had been prevented,,-By the

-

/

/
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limited distribution of its primary Solanum hosts (see Fig. 1:1). L. decemlineata is now
repor‘t"e&‘to feed on a number of wild and domestic solanaceous plants.
L. decemlineata reproduees by sex; there is no parthenogenesis in the species. Eggs

are laid by females directly on the plant and larvae develop through four instars before - -
E] .

./ burrowing into the soil to pupate. Depending on latitude, there may be from one to three

generations per year. Althouéh relatively large, adult beetles are reported to be good fliers
and dispersal by fniightvmay be common, especially where host availability.is limited (Johnson .
1969). - "

Collection sites for the three regional populatidns qf L. decemlineqta used in this
study, and approximate distributions of the twol primary wild host pla‘nts:iof the speciés are

1

shown in Figure 1.1. In Arizona, beetles are isolated on one host plant, Solanum

/,

. ) e
elaeagnifolium Cav., a perennial weed common along roadsides and other disturbed areas. In

this region, however, beetles are rare and are normally found only in irrigated valleys,

~
e

perhaps where moist soil conditions permit successful pupéti_on and adult diapause. Tower S
(1906) fnade s_imila'r observations of the species’ distributibn' in Mexico, hoting tpat glthough
S. rostratum grew on the ope\:n/pl’ﬁns, beetles wére only common near stream beds or other
‘sources of ater.

Potato, an occasional winter crop in Arizona, is grown only during the beetles natural
diapause period (November to April‘) and is therefore 'not used as a host. During a week
long search for the insects in southlea;s\tern Arizona in Sepiember 1983, I found no other t
Solanum species iri the area, an observatibn consistent with tho‘sien of Hsiao ( 1978) and the

herbarium records at the University of Arizona in Tucson. Based on the records contained in

Tower (1906), L. decemlineata has been isolated on S. elaeagnifolium in southern Arizona for |

at least 300 generations.
The Alberta population-has been maintained as a breeding colony in the laboratary
for several years. To avoid genetic drift and/or artificial selection, it is supplemented each

year with wild insects collected from potato gardens in the Edmonton area. Potato is the
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Fighre 1.1. Origins 'éf\the\_‘three populations of L. decemlineata used in this study and

estimated distgibutions of their two primary Solanum host plants in North America.
(Sources: Whalen 1979, Rickett 1979).
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primary host for L. decemlineata throughout wéstern Canada; however beetles are
'- occasionally reported feeding on both wild and domestic tof;xhio. This population is a
d'escendant from the original colonists on potato and has been largely isolated on potato f of
|

at least 150 generations. 7

Aﬂ 'é@mm population.of Colorado potato beetles that feed on tomato ( Lycopersicon
esculentum ‘Mill)'was obtained from the Beltsvﬂl; Agricultu‘ral Research Cenfer in Beltsville,
Mar&land. ‘Beetles from this area are collected from tomato fields and reared on the Qame »
plant in the laborétory. ‘Althoughlreports of L. decemlineata feediﬂg on tomato date back to
Tower (1906), t}'le insect has only recently been he_l'c’vated to "pest" status 6n this plant in
areas of intense tomato cultivation "ih'e-astegNorth America. Other potential ﬁf)sp plants in
the region include'potatb and sevéralf sbecies of wild Solaﬁum. |

Beetles were reared in active breeding colonies in the labofa;ory on their respecti\}e

regional host plants as described in-Appendix 1. Procedures followed for the growth and

maintenance of plants are given in Appendix I1.
y
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II. Host plant discrimination and its evolution in the Colorado potato beetle Leptinotarsa

decemlineata 4

Introduction

Host selection by phytophagous insects has traditionally been viewed as a sequential
process involving the related phases of host finding and host recognition (Thorsteinson 1960,
Milier and Strickler‘1983). Due to the inherent problems associated with observing
free-flying insects, analysis of lé)ng‘ range orientation to a plant or its habitat has been
somewhat neglected (but, see Ahmad 1983 for a recent review), with a resulting emphasis on
more proximate interactions between insects and plants. The study of insect chemoreception
(both taste and smcll) has received special attention. It is with the aid of these senses that
the "final decision” to accept a plant for feeding or oviposition is made.

In developing preliminary hypotheses concerning how insects identif y their host
plants, researchers drew [ rom prevailing models in ethology and vertebrate neurobiology.
The inital discovery that glucosinolates (mustard oil glycosides) in crucif erbus plants acted as
strong feed’ing stimulants for certain insects (Verschaffelt 1910) stimulated research into the
effects of secondary plant compounds on insect behaviour. Summarizing the early literature,
Fraenkel (1959) concluded that these compounds acted as a class of "token stimuli”
{Tinbergen 1951) to insects. E%/idence for the neurological correlate of 'token stimuli —
"labelled lines"' — came later when Schoonhoven (1967) described a. chemoreceptive cell in
Pieris brassicae sensitive to glucosinolates.

Failure to extend the tokeﬁ stimulus concept far beyond the Cruciferae and their
~ associated insects (see Dethier 1982) may have led, in part, to the hypothesis that secondary
compounds defined host ranges by sighaTItng to insects what not to eat (Jermy 1958, 1961).
This idea was gonsistent with growing evidence that many secondary plant compounds (e.g.
nicotine, strychnine, the pyrethroids) were toxic to in-s‘écis. Although this hypothesis

'labelled lines are thought to be hard-;ir‘éd\neural channels which respond to single
classes of stimuli and result in specific behaviours. k(

10
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propchd a different mode of action for secondary compounds, the concept of single factor
regulation of plant choice remained, and nuincrous experiments followed that claimed to
support Jermy's view (scc Chaptcr 3, for a critique). Similarly, more detailed studies
designed 1o investigate the control of food intake in insects (e.g., Hamamura et al. 1962)
were modelled in simple linear, stimulus-response terms, as attempts were made to isolate
from plants the appropriate "sign stimuli” (c.g., biting faclors; swallowing factors) that were
presumed to release each step in a behavioural sequence. Together, these approaches heiped
propagate a somewhat static and simplis‘tic view of behaviour in phytophagous insects.

More recently, ideas concerning the control of host choice by insects have shifted to
include more dynamic concepts involving the integration of patterned sensory input and the
perception of total plant "Gestalts" (Dethier 1970, 1973, 1976, 1982). These ideas grew
from the discovery that insect chemosensory neurons, like their vertebrate counterparts, are
generally not highly specific, but instez'ad have broad and overlapping response spectra
(Schneider 1969’, Dethier 1973, 1974, 1977; Blaney 1975; van Drongelen 1978 et-al.). The
current view is that sensory quality in tgese systems is coded not by individual labelled lines
(although these may be a factor), but by large populations of interacting neurones which
produce unique “"across-fibre" (Pfaffman 1941, Erickson 1967) patterns of response.

Increasing understanding of how these complex systems function in discrimination
among plants will require new directions in research. At the neurophysiological level, Dethier
and Crnjar (1982) have attempted to determine how plants of varying quality are identified
by insects through a Eetailed analysis of the patterns of sensory input prbduced across
gustatory neurones exposed to plant saps. To date, no c,omplemer‘nary approach has b&n

taken at the behavioural level of analysis. Early etTlogical studies (Williams 1954, deWilde

1958, Zohren 1968) provided descriptions of prelim%~ ary beha\gixours (drumming plant with-
4 '

forlegs, palpating, nibbling, and so on) performed t phy[ophaéOuS insects prior to feeding

or oviposition. Later, when the functional signifighfite of these behaviours in terms of plant

R
e

Med useful in exploring the effects of
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glucosinolates on'plam aceeptance i‘n aphids (Nault and Styer 1972) and oviposition in the
cabbage fly D. brassicae (Nair and McEwen 1976). However, studies of this kind have
focused only on those species in which the behaviours are regulated largely by single
compm'mds. |

In this paper, | examine the broader question of perception of overall plant quality
mrough analysis of cntire scquences of plant assessment and feeding in the Colorado potato
beetle Leptinotarsa decemlineata (Say). This insect is an appropriate model organism (o usc,
since both olfactory discrimination based on complex mixtures of stimuli (Visser and Ave
1978, Ma and Visser 1978), and absolute discrimination based on gustatory inhibition by
alkaloids (Hsiao and Fraenkel 1968, Bongers 1970), have been implicated from previous
experiments. My first objective in this study was to determine whether measurable variations
in behaviour patterns could be used to indicate how beetles discriminate among closely relaled
plant species. My second objective was to usc the behavioural data tg gain insight into the
role that underlying neural mechanisms play in the evolution of hqguchoice by comparing
three recently evolved geographic populations of insects which u{differem host plants (see

Chapter 1, Study organisms).

Materials and Methods

Insects used in this experiment were collected in the field at three different locations
(see Chapter 1, Figure 1.1) and reared in the laboratory on their respective regional host |
plants. Twelve beetles from each geographic population were randomly assigned to each of
four plant groups, Solanum tuberosum ("Norland" variety), Solanum - -'ratum, Solanum
elaeagnifolium, and Lycopersicon esculentum ("Earliana” variety). . plam’s represent the
three regional hosts and presumed ancestral host of the species (see Chapter 1, Study
organisms). All beetles were tested as naive (no feeding experience) adults in their first day

after emergence.



}j‘,ach insect was tested individually with a single, separate leal using a simple
apparatus designed to allow videotape monitoring of behavioural events associated with
feeding (see Figure 2.1). This apparatus consisted of a lc[‘lon“[od held horizontally on a
stand and split lengthways at onc end to hold a leal, whose petiole was placed in water.
Beetles were transfered to the apparatus by inducing them to crawl up a second teflon rod
which was then placed against the test rod as the insect walked. leaf outlines were traced
before and after feeding to providc a permanent record of leal consumption.

Insect behaviour was recorded using a 0.5 inch format videotape system consisting of
a JVC dolor video camera (model # HR7300U), a Panasonic cassette recorder (model
#NV-8420), and a Sony CVM-1270 col‘or monitor. Equipped with a C-mount, the camera
could be adapted for use with standard photographic lenses. 1 used a Micro-Nikkor 105mm
lens and two M-rings to achieve the desired level of magnification. l.ight was directed on the
leaf using a Volpi Intralux 5000 fibre optic system. Unlike film units, video cameras require
only moderate levels of lighting, well within the Lolcfance range of the insects, tL) achieve
optimum resolution. Behaviour was videotaped for a minimum of three minutes from the
time beetles first contacted the plant. This allowed repeated observations of the initial
sampling behaviours on the .lcaf. Events that ocurred aflcrithe three minute videotape period
were observed on the monitor and noted.” Cumulative-time stopwatches were used to time all
events.

Beetles were allowed free access 10 a leaf until three minutes without feeding elapsgd.
This period was previously determined as a mintmum inter-meal interval time for this insect.
Therefore, unlike long term feeding‘ studies, this experiment focused on sensory aspects of
plant discrimination by minimizing post ingestive effects on feeding.

In a preliminary study of beetles feeding on potato leaves in petri dishes, first meal
size of females (Mean=27 mm?, SD=12.0, n=10) ahd males (Mean=20 mm’,‘ SD=9.0,
n=9) did not differ significantly (Kruskal-Wallis'[eSy H=1.74, 1d.f., P>0.10).

Therefore, because supplies of new adults were limited, both sexes were used and assigned to



Figure 2.1. Equipment setup used for videotaping and monitori‘ng insect behaviour during
feeding experiments.






' _ Twenty-fiv'e leaf discs of equal size were cut from each of the four plant species and

by 34% and values for the three other species were left unchanged.

groups without knowledge of sex (sexes are indistinguishable unless examined with a
microscope). . =%

Plants used for both experiments and insect culture food were grown in a greenhouse

-

under standard conditions (see Appendix I1). S. tuberosum was grown from tubers, while L.

7

esculentum, S. rostratum, and S. elaeagnifolium were all grown from seed. To minimize

L

‘effects due to inter-plant variability, leaves from at least six plants of each species were used,

in the feeding tests for each population of beetles. All leaves were taken from healthy plants

- - 2

and only leaves from the second or third node below the apical tip (21 days to 42 days old)

.were used. S : \ )

Leaf consumption was measured using a Licor Area Meter, model #3100
(accuracy lmm’) Smce accurate estimates of leaf thickness could not be thamed leaf
areas consumed were corrected f or differences in thxckness using their welght area ratios.
weighed. Leaf dxscs of S tuberosum (mean 10. 6 mg, SD=0.30), S. rostratum (mean=10.5

mg, SD=0. 20) and S. elaeagmfoltum (mean=10.4 mg, SD=0.20) were approxxmately equal

in welght Leaf discs of L.. esculentum (mean= 6 9 mg, SD= 0 21): were on average 34%

| hghter than the three Solanum species. Theref ore, each value for L. esculentum was reduced

-

8
X

I%;?ta Han(lliugb o
Because of small sample sizes, certam estimates of populatxons means v(tere strongly

biased by extreme scores. Smt:e there was no .a priori reason for chscardmg extreme values, I

opted to winsorize them (see Sokal and Roh]f 1981). In this procedure, the extreme score is

assigned the value of its nearest neighbour in rank. Potential outliers in each sample were

first tested for statistical significance by the Dixon test. Outlier values, samples from which

" they came, Dixon test results, and assigned values are as follows:

(1)Alberta, S. elaeagni fblium’/gustatory sample: score =20s (Dixon test 1=.50, n=10, .

if‘l\,
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/
/

P<L.05 ),' assigned value=11s.

y
(2~)Arizona, S. rostratum/explote: score=232s (Pixon test r=.79, n=12, P<.01); assigned

/

value=9.5s.
( 3)Arizona, L. esculentum/explore: score=25s (Dixon test r=.80, n=8, P <.01); assigned |
value=12.5 : -

All statistics Were calculated using BMDP statistical,softwavre {Dixon 1983).

2

Results ' \

/

Behaviour protocols .

Seqﬁences‘of adult L. decemlineata behévigur on primary host p‘la"n‘t‘s generally
followed a spereotypéd and ordered pattern of sampling, feeding, grooming and rest (Figure
2.2). V'Vith the excepfioﬁ of the "s’mall»bﬁe phase”, which is sometimes absent and tends to
be indistinguigthle from "sweep-‘feecliing"', the behavioural c.atvegories used could be reliably

timed using clear beginning and end-points. For illustrations of categories A through D

bélpw, see Figure 2.3,

. Explore: Duration on the leaf surface beginning with first physical contact with the leaf
and|ending with transition to gustatory sampling. Active movements include walking,
pating (repetitive contacts by the maxillary palpi on the leaf surface) and antennal

waving. Sens&iﬁ«y?i'ﬁput, in addition to that from antennae, maxillafy palps and labial palps,

may also be received from sensilla situated on the tarsi.

e

L LW ' .
B. Gustatory sample: Before fgéding, exploring the leaf surface was followed by a period of

"squeezing” the plant with repetitive movements of the mandibles. This typically occurred

on the leaf edge, but peetlés occasionally sampled leaf veins in a similar manner. On

acceptable plants, thls piercing action of the mandibles released visible droplets of plant fluid,
( o

)
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A. Explore ~ B. Gustatory sample

C. Small bite | D. Sweep feed

Figure 2.3. Four component behaviours in the transition from plant assessment to feeding by -
L. decemlineata adults. ’

=
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bringing gustatory sensilla on the insect's mouthparts into direct contact with leaf sap (thus
the name gustatory sampling). On plants that were not ’ea'ten, ho'weirer, action of the
mandibles §vas often less vigoroﬁs, and gentle "pressing” of the leaf edge did not result in
apparent breaks in leaf tiss"ue.» This behaviour is thus graded and depends on plant quality,
but no attempt was made to quantitatively distinguish "pressing" from "macerating”.

While 1 use the te‘rm gustatofy sampling for convenience, it is not meant to imply
that the only f unctioq of the behaviour is to stimulate gustatory sensillq on the mouthparts. ,
- As indicated in Figuie 2.3(B) the antennae are actively drawn towards the sampling site
during this phase. Thus, the movements of the m_andibles may also servé to enharfce the

release of plant volatiles. The duration of the first gustatory sampling bout and the

frequency of bouts during the test period were recorded.

C. Small bite: A vite was noted when a visible fragment of leaf was taken into the oral.
cavity. In most cascs, biting invqlvéd distinct movements (bite through leaf with mandibles,
lift head), and could therefore be easily d‘istinguishe“d from gustétor'y sampling. Beetles
‘normally (but not always) took one or two small bites and paused while chewing the leaﬁf

" fragments.

D. Sweep feed: Rapid'f eeding characterized by repetitive bites as the head. is moved in a
rhythmic, sweeping fashion. While smal.l biting and sweep feeding are distinguished here to
give the reader a "feel” for the gfadual progression to full feeding, the two behaviours could
not always be clearly separated. .Subsequent use of the term "feeding" will therefore refer to
both behaviours. Duration of feediﬂg, measured from the time of first bite, Was used ‘to

calculate feeding rate. The number of different feeding sites on the leaf was also recorded.

. Feeding bouts were normally terminated by grooming, or rest, and occasionally by further

examination of the plant surface. Rest was defined as a period of thirty or more seconds of



motionlessness.

C(;mparisqns among plants: within insect populations ' .‘“"*'

The relatively stereotyped sequences of L. decemlineéia behaviour broke down on
plants less preferred for f eeding>( for example, see Figﬁre 2.4). On preferred host plants
(plants eaten the most) beetles usually sampled and fed at a single site on the leaf before
ending the feeding bout with a long (greater than '3 min'utes) period of grooming. On plants
that wére eaten less however, fewer insects procee&ed directly through the sequence, and
many‘ re-initiated sampling and feeding at numerous sites on the leaf before stopping o rest
oT groom.

In addition to these pattern differences, there were con.s'istent trends in several of the
sing‘le‘ variables measured in relation to plant species pref erence. In Tables 2.1-2.3
behavioural data are arranged .within eéch population by plz;nl species- ranked’ in terms of
consumption. On average, reduced feeding on a plant species was associated with increased
exploration time prio'r> io gustatory sampling and a longér gustatory Sarﬁ,pling period for those
insects that proceeded to f é;:d. There was also an increase in the number of sampling and.
feeding sites on lower ranked plant speciesvduring a single' feeding bout. Howevér, when
acceptance of a species by beetles from a pbpulation 4approached nil (e.g., L. esculentum for
Arizona and Alberta groups), rejection of individual blams often occured af ter just one '
gustatory sampling event. Note that these trends were conéﬁtem although plant species were
ranked differently by the insects within each popﬁlation. "

Not all differences in feeding and sampling b~ehaviour were statistically significam.:
Where consumption differences among plant species were large, associated sampling
behaviours also tended to vary significantly (e.g., the Alberta pqpulation, Table 2.1).
However, variability in sampling behaviour was not statistically significant within the
Maryland \population, where dif f erences in consumption among plant species was relatively

’a plant's rank rtefers to consumption on that plant relative to the other species
tested ‘ ‘ :
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small (Table 2.3).

Because most bectles from Arizona did not feed on S. tuberosum or L. esculentum,
comparisons of measures related to feeding could not be made across all plant species withi‘n
this population. Consumption of S. elaeagnifolium and S. rostratum by beetles from Arizona
(F: 1.71, d.[.=1,22, P=0.20), and duration of pre-fecd gustatory sampling on these iwo
plants (F=0.19, d.f.=1,21, P=0.07), were not significantly different.

Variability among bectles for acceptance of marginal plants also appeared to affect
duration of the first gustatory sampling bout. On low ranked species at least, there is an
indication that non-feeders reject plants after felalively short gustator‘y sampling bouts, while
feeders tend to gustaiory sample for a longer period before biting (Table 2.4). For this
reason, only feeders are compared in Tables 2.1-2.} with respect to the duration of the first
gustatory sampling event. Non-feeders on the same plant also tended to explore longer than
feeders, but the breakdown of animals into the two groups did not provide sufficient sample
sizes 1o test this observation statistically.

To test for homogeneity of within group variances, I transformed the data to
logarithms and applied Levene's test (Tables 2.1-2.3). This procedure is equivalenf to testing
for differences in coefficients of variation by correcting for relative changes in variance that
may accompany samples with different sized means (Sokal and Braumann 1981). Where
there was significant heterogeﬁeity of within group variancés, I used Welch's one-way
analysis of variance test statistic W to test for differences in sample means. Welch's test
statistic is recommended as a robust alternative to the ANOVA F statistic. {f sample variances
are not homogeneous (Brown and Forsythe 1974).

Correlations between any single pair of variables‘ within beetle populations were
generally weak. The following values, taken from the Maryland population, are typical:
feeding amount and exploration time (r=-0.19, d.f.=41, P>0.10); feeding amount and
duration of gustatory sampling (r=-0.31, d.f.=41, P<0.05): explore time and duration of

gustatory sampling (r=0.12, d.f.=41, P>0.10). These values varied among populations,
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and no single variable was a good predictor of plant preference,

Differences in feeding rate were not related to host preference, but reflected the
physical characteristics of the plants. Both S. rostratum and S. elaeagni folium have lcaf
surfaces covered by dense mats of trichomes which visibly interfered with feeding, As a
result, feeding rates on these two plants were consistently lower than the other species tested.
This physical interference did not seem to affect the size of the first meal however, since
{)oth plants were ranked highly in all populations.

Behaviours terminating fecdir‘lg sequences generally did not vary in relation to host
quality. Regardiess of meal size, beetles normally ended feeding by grooming for several
minutes and the sporadic occurrence of grooming during feeding bouts was not systematically
related to plant type. Beetles from Alberta feeding on tomato were the one possible
exception to this rule. Most of those insects initiated feeding, but stopped quickly and
groomed for only a short period (if at all) before resting, perhaps indicating the operation of
a post-ingestive mec};anism affecting food intake. ‘\

Comparisons between and across insect populfitions

Consistent trends within beetle populations between sampling behaviour and plant
consumption suggested t‘hfgt combining population‘data to further investigate the nature of
these relationships might be appropriate. However, first meal sizes (and feeding rates) of
the Alberta population were considerably higher than those fTom Maryland and Arizona (see
Tables 2.1-2.3). Also, I could not equalize the within group variance of all samples with
transformations. .

As an option to performing parametric regression analysis on the entire data set,
mean sampling and feeding data were pooled from the Arizona and Maryland populations
(which did not appear to, be inherently different in terms of feeding beliaviour) and analysed |
using Kendall's rénk correlation test (suggested as a nonparametric test of trends on means

by Sokal and Rohlf 1981). Both explore time and gustatory sampling were significantly

’



negatively correlated with plant consumption using this analysis (Figs. 2.5 and 2.6). Data
for the Alberta populz‘uion are also provided in Figures 2.5-2.6 but corrclation coefficients
were not computed because at least five data points are needed for the analysis.

Two individual comparisons were of intcrest with respect to adaptation to novel
hosts. Beetles from Alberta that have colonized potato and are descendant from a wild
Solanum feeding stock (like the Arizona population), spent a shorter time in both kinds of
pre-‘feed sampling behaviour on potato than beeties from Arizona. However, he Maryland
population, which is'};&escendam from a potato feeding stock (like beetles from Alberta) and
is in an earlier phase of colOniziﬁg L. esculentum, explore on the new plant for an equal
length of time as beetles from Alberta, but gustatory sample somewhat less (although not
significantly less, t=1.38, 16 df, P =.09; one-tailed test on log transformed data). This
raises the possibility that adaptation to L. esculentum may first involve changes in sensilivityy
at the gustatorgslevel.

AN

Discussion

Mechanisms of Discrimination

My objective in this study was 1o investigate mechar{isms ‘of host plant discrimination
in L. decemlineata adults by u)sing a behavioural analysis. The results indicate that beetles
are capable of graded, sensory-based discrimination _of plants, over a range of species
normally used by the inst;,cts in nature. Tﬁis concllusion is based on the consistent inverse
relationship between pre-ingestive sampling behaviour and food consumption across plant
species. Previous electrophysiological and behavioural studies with L. decemlineata adults
have shown that longer-range orientation to a host is dependent on precise ratios of green
leaf volatiles which are coded by olfactory receptors on the antennae (Visser and Ave 1978,

Ma and Vissér 1978). In this study, beetles were apparently capable of recoghizing different

plants on the basis of olfactory and contact chemoreceptive input alone, without reference to
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internal plant saps. This finding pius the observation that the antennae are acti.yely"drawn
towards the leaf during gustatory_lsampiing suggest a dom\inant role for olfaction after the
beetles contact the plant as well.

Although two categories of sampling behaviours (explore and gustatory sample) have
_ been identified in this sfudy, there fs no reason to ﬁresuxﬁe they involve separate ungerlying
mechanisms. Input from mouthpart recéptors in phytdphagous insects typically cor;verge
with‘amennal input in the brain after only one Synapge at the suboesophageal ganglion
(Chapman 1982). And, as noted previously, antennal inpﬁt is probavbly intensified by the
same behaviour that initially exposes gustatory neurones to plant saps. Transitién from
"exploriﬁg " to "gustatory sampljng" may involve a serial integration 'of sensory information
to a single CNS site.

The additional sarﬁpling of plant fluids does, however, provide the opportunity for
secondary plant compounds to act as feeding deterrents, perhaps by interfering with
"normal” sensory messages (Schoonhoven 1982, Mitchell and Sutcliffe 1984). If this were
the case, time spent by beetles in gustatory sampling might be expected to vary independ'ently‘
of exploration time on plant specic;s less pref erréd for fi geding. In this stud_\:,, however,
increased gustatory sampling time by feeders on low ranked species was consistently
associated v&;ith longer initial exploration times (Tables 2.1-2.3). Also, nqn-feeders that
reject individual plants ha;fter short gustatory sampli;{g bouts tend to explore on the leaf
“surface first for mﬁch longer periods than feeders on the same plants (Table 2.4). These
observations suggest that beetles discriminate among plants primarily on thﬁe'basis of mixtures
of plant volatiles and surface compounds, and not on the basis of iphibitof‘; compounds
(i.e.7 glycoalkaloids) iﬁ the plant saps.

A lower mean (bﬁt statiétically insignificant) gustatory sampling period by Maryland
beetles on L. esculentum as compared to Alberta beetles is the one notable exception to this. -
‘pa‘ttern, and raises the possibility that adaptation by insects in Maryland tcé‘ this plant

involves a decreased sensitivity to the tomato alkaloid tomatine. . 4
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Evolution éf host choice

Evolutionary changes in host choice by phytophages have attracted considerable
inte.rest because of the potential for hosf -specific populations of insects (biétypes or host
races) to develop into new species (Dethier 1954, 1970; Futuyma 1983, White 1978). In
terms of underlyihg neurolog’ﬁg mechanisrhs, éolénization of new host plants by
oligophagous insects may be associated 'with any combination of changes at the primary
receptor level or in ,,}cﬁlfé”CNS', such that new combinations of plant compounds are either
detected, or interpreted differently, by the sensorvy system (Schoonhoven 1977) .'

To date, few attempts have been made to address this question. Best studied are a

group of related moth species in the genus Y ponomeuta which have evolved different host

s

pref‘erences (Herrebout et al. 1976, Schoqnhoven et al, 1977, van ‘Dronbgelen 1980, van
Drongelen avnd van Loon 1980, review by Futuyma 1983). Correlations have been shown
between the moths' electrophysiological and behavioural Icsponéeé to certain host chemicals
(gecondary cornpouﬁds and sugars) and patterns of host use in the field. kWhile such
functional changes in the sensory system Will develop at some point duripg\the speciati'on
process (individﬁgl speciés do ha;'e unique response characteristics), they are ﬁnlikeiy to be
factors which mediate iniiial rapid colonization of new plants. |

An alternative scenarié is suggested by the results of this siudy on more recently
evolved biotypes of L. decemlineata. 1t is clear frorh the large differences in behaviour on
marginal host plants, that considerable ;'ariability exists Qithin popui‘ations ih térms of host
acceptability. Iriteréstingly, individual insects that do feed on margina} plants f;éve a
tendency to sample these plants less prior to feeding (Table 2.4) i.e., they perceive the plants
as more acceptable. As a new plant is colonized, it may be that these more catholic feeders
are selected for, 'bringihg about a terﬁporary pool of generalist feeders which, after some
longer period of association with’ t‘he new plant, ma}u/ undergo "fine-tuning" of the sensory

system resulting in behavioural specificity for the new host. *
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7 Thus, the three geographic pophlations of L. decemlineata studied from North
America have not totally lost their behavioural preference for the ancestral host, S.
rostratum, despite being isolated® from the plant for up to several hundred generations (see
Chapter 1). Figure 4.1 (Chapter 4) illustrates how populations in Alberta and Ma{ryland
have increasin'gly become generalists as new plants are added to the insects' repertoire of
acceptable species during each colonization even; . Other insect épecies that have been studied
during the preliminary stages of plant colonization have also undergone expansion of feeding -
or oviposition preference, not direct behavioural shifts involving loss of preference for the
old host (see Chapier 4). |

Although not statisti‘cally significant, reduced feeding ”on S..rosiratum by Arizona and
Maryland beetles is associatea with a slight increase in pre-ingestive saﬁpling behaviour.

This implies that fﬁn\ctional(changes in the chemosensory system are emerging within these
populations that eventually may result in loss of preference for the ancestral host.

In summary, L. decemlineata beetles show graded preference for potential host plant
species. A systematic increase in pre-ingestive sampling behaviour on less preferred species
suggests a complex of stimuli‘ is involved in plaht ciiscrimination. Olfactovry input from plant
volatiles and surface waxes may be especially important in this process. Colonization of
novel host plants by regional populatioﬁs of beetles has involved expansion of feeding
preference. However, the fact that Maryland beetles rank their reg'ional host (tomato) last -
of the four épecies tested, suggests adaptation to new plants may "evolve relatively slowly,
"perhaps due to the complexity of mechanisms controlling host choice behaviour. This

s

' possibility is discussed in Chapter four.

‘Gene flow between the southern U.S. where S. rostratum occurs and the three
regions sampled in this study is expected to be low. Large, dispersing populations of
this insect develop only on agricultural crops.
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ITI1. Effects of solanaceous alkaloids on plant sampling and feeding behaviour by adult

Colorado potato bectles

Introduction

| Secondary plant compounds arc a diverse group of chemicals common to all vascular
plants. Individual plant families, genera, or even species may be characterized by their own
unique complement of these compounds (Robinson 1980, Harborne and Turner 1984). For
example, Cruciferae contain mustard oil.glycosides while the Solanaceae are known for their
various alkaloids. Typically bitter tasting to humans, many secondary compounds are toxic
or interfere with digestion in herbivores (see Rosenthal and Janzen 1979) and many act as
feeding deterrents. However, others (especially the mustard oil glycosides) are known
feeding stimulants for certain oligophagous insects (see Dethier 1982).

Current theory states that host specificity in plant feeding insects (and ultimately
patterns of insect-plant evolution) is based on the defensive properties of secondary
compounds which limit the number of plant species a given insect can use (Fraenkel 1959, -
I;hrlich and Raven 1964, Feeny 1975). Some authors have envisaged an evolutionary
"arms-race", with plants adapting to herbivore selection pressure by developing new forms of
toxic compounds, and insects counter-adapting physiologically through improved
detoxification abilities, or behaviourally by evolving sensory recognition of the new
-~ compounds to aid them in identifying plants.

More recently, active roles in plant metabolism have been discovered for most
secondary compounds investigated, and their function in terms of plant defense has been
questioned (Robinson 1974, Seigler and Price 1976, Jones 1979). In addition, a new
consensus is developing (following Jermy 1976) that insects have rarely coevolved with plants
in a reciprocal gene-for-gene sense, but rather haye.adapted to existing plant' chemistry which
itself has evolved (and is evolving) in response to a multitude of selection pressures-including

non-insect herbivores and invading microorganisms (see Futuyma 1983). Nevertheless, there

‘ .
40

-~



41

is ample evidence that sccondary compounds are a factor, if’ not always the dominant one, in-
Shaping patterns of host plant use by phytophagous insects.

Especially interesting in terms of insect behaviour are those plant chemicals that ma;y
act directly on the sensory system. Research in this area was stimulated by the discovery that
cértain mustard-oil glycosides in the Cruciferae act as strong fce)ling attractants for the
cabbage butterfly Pieris rapae (Verschaffelt 1910). Since then the role of secondary
compounds (both as stimulants and deterrents) have been predominant in theories of host
plant recognition by insects (Fraenkel 1959, Dethier 1970, 1982, Schoonhoven 1982).

Studies on the Colorado beetle, L. decemlineata (Say), have played an important part
in the development of these ideas. *Early studies with this insect concentrated on
demonstrating negative effects on larval fitness from the ingestion of alkaloids derived from
marginal hosts or non-host plants (see Lipke and Fraeﬁkel 1961, Hsiao 1974 for summaries
of the early literature). Also, éxperimems with L. decemlineata adults demonstrated some
reduction in feeding on natural plants with the addition of the tomato alkaloid tomatine
(Sturckow and Low 1961, Bongers 1970). None of the these studies directly investigated the
- mode « " action of the alkaloids, vet in many of these papers and the reviews which followed
(for example, Harborne 1982, Schoonhoven 1982), it is either implied, or explicitly stated,
that the compounds exert their effects directly on the chemosensory system.

In the only direct electrophysiological investigation of this possibility, Sturckow
(1959) reported that tarsal sensillaﬂ in L. decemltﬁeata adults were more sensitive to tomatine
than solanine (a potato derived alkaloid). However, in a recent re-investigation of this
topic, Mitchell and Harrison (1985) discovered the bursting type "responses” reported by
Sturckow were actually injury effects which only developed after long periods of contact with
pure compounds, There was no evidence of alkaloid receptors on the tarsi or the galea, nor
were there different sc;.nsitivities, in terms of injury, across alkaloids tested (including

tomatine and solanine),
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While the above study suggests alkaloids may not function at the sensory level in L.

.
S

décémlineata, it is mot conclusive. There are epipharyngeal sensilla in this insect which are”
not accessable with current el'cctrophysiological techniques. In addition, more subtle effects
on the gustatory system, including inhibition of stimulant compounds at the receptor sites,
are possibie (Sch‘oonho'ven 1982, Mitchell and Sutcliffe 1984).

The experiments reported in this paper were designed to test the hypothesis that ’
solanaceous alkaloids act as sensory inhibitors of feeding in L. decemlineata adults. Using
videotape, direct observations were made on the beetles' behaviour during pre-ingestive
sampling and first meal feeding on plants treated with alkaloids. It has'previously been
demonstrated that sampling of plant fluids ( "gustatory samplir'lg") by L. decemlineata beetles
increases on plants less preferred for feeding (see Chapter 2). My objective in ihis study
was to determine whether any reduction in feeding on alkaloid treated leaves was associated
with similar changes in gustatory sampling behaviour; thereby demonstrating effects by the

-

compounds at the sensory level.

" Materials and Methods

Insects used in these experiments weré coliected in the field and reared in thé
laboratory on their respective regional host plants (see Chapter 1, Study organisms). All
were first day, naive (no feeding experience) adults. In a preliminary study of Alberta
begtles feéding on potato, first meal size of females (mean=27 mm? SD=12.0, n=10), and
méles (mean=20 mm?, SD=9.0, n=9) did not differ significantly (Kruskall-Wallis test
H=1.74, d.f.=1, p>0.10). Therefore, both males and females were used and assigned
randomly (sexes are indistinguishable by eyc) to treatment groups.

Plant sampling and feeding behaviour was recorded for each insect individually using
an apparatus désigned to allow videotape monitoring of behaviour (see Chapter 2, for
details). Beetles were allowed free access to a leaf until three minutes without eed‘ing

elapsed. This period was previously determined by observation as a minimum inter-meal
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interval time for this insect. lLeaf area consumed was measured using a Licor Area Meter,
Model 3100 (accuracy = 1lmm?). ;

Plant leaves were treated chemically by passive'transpir?nion. Leaf petioles were cut
with a sharp razor blade, weighed, emersed }n a narrow test tube containing the alkaloid
solution, and scaled with Parafilm. Since alkaloids are noq-volatilc they accumulate in the
leaf as transpiration ogcurs. From a knowledge of the percent water content of leaves,

. (Appendix 111) émd the concen.tralion of the test solution, I was able to determine the
approximate cw{gentrat‘ion of alkaloid accumulating in a leaf by weight loss of the solution in
the test tube. Control lea;'es were placed in deionized water for a comparable length of time
as treated leaves before being used. Throughout the course of the experiments, control and
treatment leaves were interspersed randomly in time. All alkaloids used were obtained from
Sigma Chemical Co.

To determine whether alkaloids were being distributed throughout the leaf and
acclxmulating at the desired concentration, 1 conducted two tests. In the first, leaf petioles
weré placed in a water soluble flourescent dye and at periodic intervals photographed under
UV light (which illuminated the dye in the leaf). After fifteen minutes, dye was visible
throgghout most of the leaf. Since treatment of plants with alkaloids took at least two
houré. I ,aﬁ1 confident that test solutions were distributed evenly within the leaves. ¢

Ing éecond test, | attempted to directly measure tWal glycoalkalo'id content
(TGA) of a group of alkaloid treated leaves. However, problems with the technique used
(Fitzpatrick and Osman 1974, Fitzpatrick ‘et al. 1978) when high concentrations of alkaloid
were present (a precipitate formed in a separation phase) resulted in a TGA value of only
70% of that predicted. Since the time this test was carried out, Coxon (1984) has reviewed
several studies that tested QFitzpatrick and Osman's technique and f oﬁnd recovery rates of
~ standards highly variable and ranging from 46% to 78%. Given a minimum 22% loss, my
analysis of :reated leaves therefore accounted for at least (70+22)= 92% of the predicted

alkaloid content.



< In order to treat leaves to a desired TGA level, I also measured the résident
glyc.oalkaloid lévelsin thé fhree Solanur'ﬁ s‘peciesb used in these exper‘imeﬁ;s (Abpendix I11).
Levels of  glycoalkaloid in L. esculentum were appf(;ximated;by us_ing values reportéd By
Sinden et al. asy. |
| A‘U;sing'the methbds describeq above, three experimems were pérf ormed, each using a
. different insect population and plant combination. . "iV'v
Experiment ”1
In this experiment I asked whether the initial rejection of S. tuberosﬁm by Arizona’
beeties (see Ch;pter "2) was.due in part to thé presencé of solanine in the lé:aves of this plant.
A concentration of ‘1 mM solanine (at least lwicé the normal level .found in potato) was -
infused into S. elaeagﬁffolidm leavés and tested on seven beetles. An equal number were_aléo
' t.es'teci on control leaves treated with d‘istilled_‘Water. S. elaeagni folium is the natural host of .

beetles in Arizona.

Experiment 2
Q “

This experiment served as a direct test of the hypothesis that reduced feeding on L.

. . . : 9 '

esculentum is caused by the alkaloid tomatine acting as a sensory deterrent. A total of
twenty Maryland beetles were tested with either 2mM tomatine or water treated L. esculentum

leaves. In this experiment the background level of positive stimulus input from the tomato
,ﬁ ) . . ‘ v ‘ ) R s
leaves was presumably much lower than that from a primary host plant (Maryland beetles

ranked L. esculentum fourth of four plants'tested in Chapter 2). Since the control of food
intake is thought to result from the balance of positive and negative stimwjus input, any -

sensory based inhibition due to tomatine should have been readily detected.

t

|
\ i
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Experiment 3’ -

This_s;udy was.desigried 10 'inveStigate'the‘ compa'ratiVe effects of three alkaloids
within a single beetle population. In addition to a control group, twelve Alberta beetles wére
individually vidéotapc . potato (S. tuberosum) leaves treated with a 2mM solutior; of
solanine, tomatine, or atropine. Atropine is a tropane alkaloid with a different molecular
str}lcturp ‘tha; the steroidal alkaloids tomatine and solanine (R(ibinson 1980). Tropane
alkaloids are common in several Solanaceae genera such as Atropa and Datura (Evans 1979) :

= (

~which are not hosts of L. decemlineata.
Results:

Experiment 1

Sémpling and feeding behaviour by Arizona beetles did not change with the addition
of ImM solanine to their regional host plant S. elaeagnifolium (Table 3.1). This alkaloid
concentration represents twice that normally found in potato (which the insects largely
reject) and several times the amount estimated in _thej; regional hést S. elaeagni foliuni.

e

T
!

B ' i : I (I)
Experiment 2 ‘ ot '

Incfeasing the existing tomatine content in L. esculentym leaves by 2mM to yielld an

- estimated TGA level of 2.5mM had no detectable effect on thé behaviour of Maryland beetles
(Table 3.2). Having one beetle réje_ct a tomatine treatéd leaf was not unusual since ‘
one-third of ths beetles tested on untreated leaves in an earlier experiment (Chapter 2) did
the same. The slight reduction in feeding on tomatfnc treated'lea\{es was not significant and

there were no consistent trends in other variables measured.

P



46

‘Buipesy 9 qouud jusas buyjdwes Asopeisnb ysay Jo uopeunp=5H
SO 1s4ij 0y Joiud adejuns jesj uo bussojdxs uoneinp=dx3

>

SN SN SN SN

ZLl=4p .  ZL'L=4P ZL1=4P ZL1=4pP

90 L=4 L1°0=4 _ 29:0=4 . ¥G0=4
1-1°0°1 g’ ¥9'c - . LCFLC d-1°0°1 . mN.Hm..N . - vexve 6] eulue|og
Z-10'1 Y FEE E9FET Glol Ob' ¥t 8'ETLT 0 j01u0)
sallg . (5)SD (s)dx3 SaySH T (LI ) (eawl) 1oalay# Jusuneas|

so¢ 7 atey unowy

ONINJIAVS _ ONIQ334

) juauwiealy Jed

L=N -@bue. wcw.DmE JO SIO.LId PUEpUBISTZIEOW 8.e usnlb sanjep (]0JUOD) JBIBM JO BUIURIOS WW{ Ulim pajeas) seaes|
wnyjojiubeseja's U0’ PBIS8] BUOZLY WOIj=S8)I88q Aq w;:@amcmn Hudwes psjedosse pue Buipes) |eew 1S4 "1'g 8|qe ]

E2s



47

&

L'E 9|gel ul Se SuoneIn8.qqy,

SN SN. SN SN SN

T LLL=4p LU L=4P 9L L=4p L11=4P L=4p
GL'0=4 . lov=4 60°2=4 Lt 0=4 Cpr =Y
Z-101 1 1¥8°G . G8'FLE €-0°0'1 18'¥2'9 SE¥EL L aunewo |
£-1°01 9136, 9z'38'l Z-1°0°1 €L79b z2'9%81 0 : JOUOD
saug (518D (s)dx3 SEHIN (Ui / L) e 1o8layy JusuneaJ|
SO . 4 - ey Junowiy
ONITJIANVYS ‘,, ONIQ334

"weuneay
Jad 0| =N -3BuBJ ‘SUBIPAW JO SJOJIS pIEPUB)STSUBBL aJe usalb seneA ‘(|J0NUOD) JSJEM IO BURBWO} _>_EN LM Umﬁmhr




48

Experi;nent 3

The addition of alkaloids to S. tuberosum leaves increased variability of meal size
among Alberta beetles (Levene's equal variance test, F=2.97, d.f.=3, 36; P=0.045) but not
overall food consumption (Table'3.3). Relative to controls, atropine had the most .
pronounced effect on feeding behaviour as four of the ten animals tested did not feed
(likelihood -ratio test G=12.5, d.f.=3, P<0.01).

Within group variability in pre-feed gustatory sampling increased witﬁ the addition of
alkaloids (Levene's equal variance test, F=9.55; d.f.=3, 36; P<0.0001)." When variances
were equalized among treatment groups»using square root \;‘transformation, ANOVA vyielded a
significant effect on gustatory sampling (F=4.29; d.f.=1,‘36; P=0.01). However, only
atropine treated leaves '(F:7.94, d.f.=1, P<0.01 using experiment wise error rate) and not
tomatine treated.leaves (F=.177, d.f.=1, NS) dif fe;ed from the control group. Not shown
in Table 3.3 is the difference in gustatory sampling time between non-feeders (mean"; 11.2s)
and feeders (mean‘=6.7s) in the atropine treatment group. |

Both th¢ number of sampling and feeding sites tended to increase with the addition of

foreign lkaloids, a pattern siglilir to that observed with feeding behaviour on marginal hgst

—

plants (see Chapter 2).

Discussion
‘x{-:M’ N .
The purpose of this investigation was to determine whether solanaceous alkaloids

added to plants would induce a sensory-based reduction of feeding in L. decemlineata adults. -

Detailed behavioural analysis of plant sampling and feeding behaviour provide no evidence

»

for such inhibitory effects for the steroidal glycoalkaioids tomatine and solanine, but reveal a
clear effect due to the tropane alkaloid atropine.

It has often Been impliedhin the literature that resistance of L. esculentum to L.
decem]ineaza is due to the action of tomatine on the insect's sensory system (se;e Bongers

1970, Schoonhoven 1982). However, in the. present experiments, increasing the tomatine
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concentration to levels characteristic of "resistant” tomato varieties (Sinden et al. 1978) had
no signif icant effect on the beetles' behaviour that would indicate a chemosensory based
mode of action for the alkaloid. The reduced feeding pieviously reported from long-term‘
experiments with this compound may have been due to post-ingestive effects (e.g., anorexia .
or intoxication).

Atropine is a non-steroidal alkaloid found in several solanaceous plants not used as
hosts by L. decemlineata. Kogan (1976) has suggested L. decémlineaza may be
physiologically adapted to steroidal alkaloids but not te tropane alkaloids, thereby allowing
expansion of the species’ h;)st range to include tomato but not to include Datura or Atropa
species. The strong inhibition of feeding due to atropine tends to support this hypothesis.
However, the results must be interpreted with cauiion. Atropine is not normally found in
high concentrations in solanaceous plants. Hyoscyamine, the dominant tropane alkaloid in
many Datura species, is found in leaves up to 0.4% dry weight, or appioximately 1.5mM
(Avery et al. 1559). However, this concenfration’ is somewhat less than that used in my
experiment. |

Also, beetles may reject plants on the basis of olfabétory input before proceeding to
the gustatory sampling stage where alkaloids are first contacted. Therefore, testing a foreign
alkéléid in a primary host may lead to érroneous coriclusions. My own results (see Chapter
2) and those of Visser and Ave (1978) have shown that L. decemlineata adults are capable of .
fine, olfactory-based discrimination of plants. Thus, beetles may not be attracted to plants
containing tropane alkaloids in the field, and if they do contact them, the beetles may nvot
sampls the plant fluids. | O

For several reasons, interpreting the evidence for secondary plant compounds acting
as behavioural deterrents is difficult based on present data (reviews by Chapman 1974,
Schoonhoven 1982, and several chapters in Rothensal and Janzen 1979).- First, both
ele'ctropiiysiological, and behavioural studies have relied largely on the use of pure chemicals

tested out of context with natural plant stimuli. Feeding bioassays typically use secondary'

5
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compounds incorporated into artificial diets or media such as filter paper with perhaps only
one feeding stimulant present. For example, Bernays and Chapman (1977) tested over

C one-hundred secondary‘ compounds for their effects on feeding in Locusata migratoria by
incorporating the chemicals in wheat flour discs. As Dethier (1977) has noted, these <y
experiments by design tend to overemphasize the importance of the compound in ciuestion
because most of the positive sensory input used by the insect to recognize plants is vremoved.
In th; above-mentioned study, the authors actually providé data showing that the addition of
a single ;;ositive stimulus (sugar) to a wafer containing one of theif most effective deterreﬁts
(iqmatine) completely neutralized the feeding inhibition, yet th authors go on to conclude
that "ihe failure to eat most planté results from the presence of one or more chemicals in
amounts which inhibit \\f\eedj\r;g." ‘

Second, most exp.erim;hts have been conducted on the larval stage, yet it is adults
who ﬁsually d6 the host selecting in holometabolous insects. lLarvae. are generally poorly
equipped to seek out new hosts and are therefore usually less discriminating in their feeding.
Studies demonstrating negative effects on larval fitness due to seéondary compounds may be
valid in their own right; however these results should noi be intepreted in terms of host
selection processes.

Third, many of the compounds which are tested on insects come from plant families
never used, or perhaps never even encountered, by the insects in nature. Since those insect
species which have been carefully studied are capable of discriminating among plants on the
~ basis of other sensory modalities (vision, smell) in addition to taste (see Chapter 2), the
relevance of these kinds of exp_eriments must be questioned. |

"Wherever possible, future studies using secondéry plant compounds should use the ‘
insect's natural plant as the feeding substrate; this will avoid biasing the experiments in favor
of positive results. Also, ecologically relevant combinations of plants and compounds should

be used if results are going to be interpreted in terms of host selection mechanisms and

evolutionary processes. The results of the present study suggest the role of alkaloids in



affecting host choice in L. decemlineata has been overemphasized by the nature of

experimental methods used.

52
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IV. Regional differences in host plant preference in the Colorado potato beetle and the role

of behaviour in insect-plant evolution

Introduction

Many wide ranging species of herbivorous insects are actually composed of regional
populations of dietary specialists variously refered to as biotypes, ecotypes or host races.*
Populations may become geographically 1soiated on.one host‘plam. and subsequently evolve
as obligate rﬁonophages; but, species may also develc;p regiohal dif ferepces in host use where
there is no épparem restriction in plant availability (Gilbert 1979, Cates 1981{)’. The adaptive
response of a host-adapted race may be physiological, resulting in increased larval ‘digestive
efficiency (Rausher 1982, Scriber 1983), or behavioural, leading 16 altered oviposition '
preference (S“inger 1971, Tabashnik et al. 19{31, Jaenike and Grimaldi 1983) or both.

Studies of host-adapted populatigﬁs of insect herbivores have been prominent in the
evolutionary literature for ovc;r a century (Walsh 1864, Thorpe 1930, Mayr 1942. Dethier
1954, White 1978). Recently, a number of authors have cléiimed to document sympatric host
race formation and speciatio‘n in herbivorous insects (Bush 1975, review by Strong et al.
1984) and have challenged the traditional view of allopatric speciétion via geographically‘
isolated populations (Mayr 1963, Dobzhansky 1970, Futuyma and Mayer 1980). Despite
their theoretical importance, however, there have been .relatively few detailed studies of the -
properties of insects that facilitate host plant specialization.

Inadvertently, human agricultural practices have given us an opportunity for studying
'évolutionary igteractions between insects and plants in the field. Rapid coloni;ation of
introduced crops has been documented for a variety of insects (see riviews by Price and
Waldbauer 1982, Gould 1983). A well known example is the Colorado Potato Beetle L.
deceml;'ne*a‘ta. Once confined to the western United States and Mexico where it fed primarily
on buffalo bur, Solanum rostratum, L. decemlineata colonized the potato plant (S. |

* 1 will follow recent convention and restrict use of the term "host race" to
sympatric populations of host adapted insects (Jaenike 1981).
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tuberosum) soon after the plant was introduced to the United States, and later dispersed

. . ! o
throughout most &f North America and Europe with the expansion of potatg agriculture (‘s.ee

Tower 1906, and Johnson 1969, for historical summaries). L. decemlineata is now reported
- N - \ .

i N sl . . - .
1o use a number of native and introduced plaﬁts as hosts, most in the family Solanaceae.

H51ao( 1978) has studxed larval adaptanons of several geoguaphlc populauons of L.

1

decemlzneata in North Amenca and found local specxahzatron (probably in dxgestrve

ef flcrency) where populations are isolated largely on one plant; for example in Arizona where
S. elaeagru folium is the only /avaxlable host_plant. “‘Qﬁ th1§35tudy I report on regxonal
drfferences in feeding behavrour by adults of the»same specres from three North AmenCan

populatlons in drfferent states of evolutionary tran51tron with respect to host plant use '(see

~ Chapter 1).

Adult food choice is often ignored as a factor in insect-plant evolution, with

emphasis instead being piaced on female oviposition behaviour, larval f eeding behaviour and

larval digestive physiology. Yet, like many other holometabolous insects, L.decemlineata

adults Tequire a period of feedi'ng on ‘a suitable host both for the development of ovaries '

(deerde and deLoof 1973) and wing muscles (see revrews by Johnson 1969, 1974).

Subsequem mrgrauon or dlspersal may occur, but only by females with 1ncompietely
\g'

developed ovaries (gravid females do not fly) which then undergo a period of maturation

feeding prior to egg-laying. For these species, the distribution of females on plants, an‘d-

‘therefore their oviposition sites, is directed largely by adult food choice.

Laboratory oviposition studies have shown that L. decemlineata femnles lay large
numbers of eggs on non-host plants that are toxic to developmg larvae (Bongers 1970, Hsiao

and Fraenkel 1968) However, these studies are probably meamngless since havrng no food

preference for these plants, -the ovipositing female w1ll not normally settle on these plants in

"

nature. ﬁongers (1970, p.63) concl_udes .. oviposition normally will occur on the preferred

* food plant on which the females complete their maturation feeding. It is, therefore not to be

expected that oviposition preference will interfere with fpod preference”. In fact,
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L.decemlineata may not have an “ogiposition preference” at all in terms 6f a discrete
behavioural 'rpechanism; eggs are simply deposited where the gravid female settles to feed.

| | In thig‘ paper, adult feeding preference will be ‘consﬁdered cfu;:ial in _determining
patterns of host ?lant use by L. decemlineata. New data on regional differences in feeding
behaviourvare- reported and discussed in relation vto a wealth of informatiqn currently
available for this species. Specifically, 1 compare and contrast thé evolugionary fe‘sponse of
larval fitr;éss (physiological) and ﬁdult behavioural (host selection) characteristics and assess “
‘the relative contributions of each in facilitating the host range expansion that has occurred in
this insect, | o

L}

It has been suggested by Futuyma (1983) tha; genetically labile host selecltion
_behaviour may be responsible for mediating rapid host shifts in phytopﬁagous insects. )
H_oweyer, I conclude that for L. decemlineata, colonizati_on of new hosts has been aided by
the ‘broad.‘physiological tolerances of the larvae and their rapid evolutionary response to new .
host use. Adult f;eding behaviour, rather than p_romotin"é host trahsfers, appears to act as a
conservative force in the absence of ecological constraints on primary host availabiljtyf5’

+Previous studies are reviewed which‘suf)port this conclusion for sevefdﬁther species of insect

herbivores.

Materials and Methods
Insects used in this experiment were collected in the field and reared in the laboratory

on their respective regional host plant (see Chapter 1, Study organisms). All were first day,
e ?.

naive (no feeding experience)
Feeding behaviour was~3ied from a total of one-hundred and forty—fouf beetles,
forty-eight from each geographic population. From thgse, an equal number were randomly

assigned to each of four plant grohps, S. tuberosum ("Norland" variety), S. rostratum, S.

‘elaeagnifolium, or L. esculentum ("Earliana" variety).
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\ .
- Each insect was tested individually with  separate leaf using a simple apparatus

designed to allow videotape monitoring of behavioural events associated with feeding (see

"‘ . ) . . i . .
Chapter 2 for details). Beetles were allowed free access to a leaf until three minutes without

.

fetding elapsed. This period was previously determined as a minimum inter-meal interval

time for this insect. Theréfore, unlike conventional studies, this experiment was designed to
‘ S«%measureﬂ gnly f irét mieal°consumption to avoid possible long term effects on feeding from
SN ‘

7@« induction of foad preference. However, what I have defined as first feeding bouts are

actually quite fong feeding _episodes‘ that may take over thirty minutes to complete. This is

ample time for sensory mechanisms regulating f o,od‘iptalke to operate.

Further details of the’methods us@x this experiment are given in Chapter 2.

Statistical analysis

This experiment was originally outlined as a two-way factorial deéign (Population X
. - [

feeding rates of each population (reported in Chapter 2)

Mn {geding under laboratory conditfon‘s regardless of plant type

v ., ' i
. (Alberta beetles fed on average twice as-fast and consumed approximately twice as much as

_ Q
beetles from Arizona and Maryland). Therefore, between population comparisons’ of food

consumption were abandoned, and each population was treated separately for within group
. . [ » N .

differences by Kruskal-Wallis tests and non-parametric multiple comparisbns (Conover

- 1980). Between «’populat-io& comi'éarisons of rejection and acceptance patterns, which should

not have been affected by a differenr_ﬁl‘ }csponse to laboratory conditions, were treated by

contingency table analysis.

, Resuzts

Patterns of host plant accelptanc'ev and first meal consumption varied  considerably
amoﬁfg the three geographic L. decemlineata populations (Fig 4.1). Only S. rostratum, the

ances\tral h‘ost? was accepted for feeding by all beetles regardless of their origin. Beetles from

3 s

O

¢



Figure 4.1. First meal consumption by naive, first-day beetles from three geographic
poplilations. Means enclosed by parenthesis are not significantly diff erent at p=0.05. Plant

A=S. tuberosum (potato); B=S. rostratum; C=S. elaeagnifolium; D= L. esculentum
- (tomato). N=48 per population. *Area corrected for differences in leaf thickness. - 1
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Arizo;la ‘pref erred S. rostratum and their regional host plant S, elaeagni folium t6 S. tuberosum
and L. esculentum (H=38.1, d.f.=3, P<0.001) which were largely rejected (only two of
* twelve beetles fed on potato, while one nibbled Erief]y on tomato). Similarly, the Alberta
population prefered S. rostratum and their most abundant regional h.ost S. tuberosum 10 S.
elaeagni folium which in. turn was eaten more than L. esculentum (H=21.1, d.f.=3,
P<0.01).
Despite being reared on L. esculentum as larvée, fewer adult beetles from Maryland
fed on this plant than the two preferred lhosts S. tubervosum"and S. elaeagnifolium (X*=4.8,
~d.f.=1, P<0.05), resulting in significantly loWer food consumption (H=10.9, d.f.:d,
P<0.05). Feeding on S. rostratum by Maryland beetles was intermediate, and did.notv différ

statistically from any other plant by pair-wise comparisons,

Diséussion

The comparative analysis of feeding using naive adult beetles f r(;m several geographic
populations provides a clear example of fegional differences in host prefereﬁce with an
apparent genetic basis. With regard to evolution of host choice in L. decemlineata,‘there are
three importaht points to b; derived from this study: (1) Initial host acceptance. by adults is
relatively conservative or "fine-tuned”. The almost total rejection of S. tuberosum by
Arizoria beetles was unexpected given the close taxonomic affinity of this plant to both S.
elaeagnifolium and S. rostratum within the genus Sdiamgjm (Whalen 1979, and references -
. therein). (2) Colonization of a new host has not been associated with'absolute shif ts in
feeding‘ preference. Instead, new plants are added to the-insects' repertoire of acceptable

a

species as populations evolve in association with them. Thus S. rostratum, the ancestral host, ”
is still preferred by more recently evolved populations which have not used the plant locally h’ . -
for at least one-hundred and fifty generations (see Chapter 1). (3) There may be a lag time : 9

in the evolution of behavioural mechanism(s) regulating acceptance of novel hosts. Although

thfs insect has recently reached "pest" status on L. esculentum in Maryland, beetles from that
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area ranked the plant fourth of the four solanaceous hosfs tested in this study. One-third of
the beetles rejected the plant outright on first contact.

The implication of these observations i's that constraints on the. avéilabi]ity of primary
hosts should be crucial in allowing colonization of new plants. If that is true, one would'not
predict multiple host use ﬁnd population differentiation in areas where the ancestral host is
common. My own obs¢: -ations and those of Neck (1983) and Hsiao (1978) in the
Southwestern United State: confirm this prediction. L. decemlineata has been recorded from
this area for several hur. 'ed cars (Tower 1906) and S. rostratum is still the most frequently
used host plant by far, desp#tc 'ne local presence of several Solanum species, including S.
elaeagnifolium. Directional selection for new host use has only been effective in thisépecies
at the periphery of its range w"here some degree of isolation on one plant (Arizona) or one
very dominant local plant (Maryland, Alberta) has existed. Under these allopatric

conditions, conservative host selection behaviour by adults has not prevented colonization

events simply because there has been no choice available but to use the marginal plant.

"The role of behaviour in insect-plant evolution v

Distinctions are often made in the literature between larval fitnes? Yraits (metvabolic
efficiency) and adultﬂ host selection characteristics (usually oviposition) with respect to their
relative contributions in promoting phytoppagous insect diversity. Some authbrs downplay
the role of physiological specialiiation and argue that genetically labile behavioural
mechanisms éromote insc;ct diversity by mediating rapid Host shifts (for example, see
Futuyma 1983, Futuyma et al. 1984).

The data for L. decemlineata do not support this hypothesis. While complete
acceptance of L. esculentum by Maryland beetles has not yet evolved (see above), larvae
r‘eare_d in.the laboratory on this plant show no apparentﬁ increase in mortality or protracted
- development timé (Harrison, unpublished data). In addition,‘Hsiao (1978) has demonstrated

that larvae from populations in Arizona and Utah (equivalent. to the Alberta insects used in
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this study) are physiologically more efficient on their regional hosts than other plants
(including S rostratum), whereas adults from these populations show no corresponding
degree of behavioural preference for their new hosts. Colonization of novel plants by L.” . ’
decemlineata appears to first involve physiological adaptation (which may lead to
physi\ological specialization) followed in time by the evolution of behavioural mechanisms ¢
regulating host selection in adults.

Is this scenario for L. decemlineata evolution a special case, or is it true for other
phytophagous insect spécies? Table 4.1 li;ts all the examples I could find f 6r which both
larvat fitness and adult host selection trai@ave been studied within the same species of

sexually reproducing insect. A similar table, including many examples of parthenogenetic
species of crop pests, was compiled recently by Gould (1983, pp. 627-630). Note that with "
the exception of Wasserman and F.utu).'ma (1981) (who used an insect that was reared in the
laboratory for 300 generations and who did not measurevoviposition directly) there are no
examples (nor are there in Gould's table)‘ ‘where genetic dit" ferentiation of ibehavfoural traits
have evolved independently of metabolic changes. There arg, however, §g‘{cral examples
where metabolic ef ficienéy for a new host has evolved withoﬁt a concomitant change in
oviposition or feeding behaviour, including those species in which the characters were
measured soon after the host shift ocurred (i.e. (’,‘ philodice, M. destructor, and L.
decemlineata).

On theoregical érounds, these results are not suprising. A related question .to how
much genetic variability is resident within populations for a given trait,' is hpw complex the '
traits ére in térms of their organization. Phytophagous insecté are infamous for their“
abilities to rapidly adapt (physiologically) to resistant crop strains (Maxwell and J ennings'
1980) and to insecticides (Georgﬁiou and Saito 1983) and some of these adaptatiéns have
been traced td single gene effects (see Gould 1983). In contrast, a new consensus is
developing that mechanisms underlying host selection processes in insects are not vsimple, but

complex and'interactive (see Chapter Two). This complexity might account for the relatively
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slow‘ evolution of behavioural traits indicated by present data,

One of the basic assumptions of theories of sympairic speciation is that simple -
genetic changes can mediate rapid changes in host preference (see Bush 1975). This
assumption may have been influenced by the conventional belief that mechanisms of host
recognition in insects are simple, and by the tradi;ional view that shifts into new adapti;/e
zones or niches are initiated by‘r behaviour (Mayr 1963). With regard to insect -plant
evoluti% both tﬁese prerﬁises deserve re-evaluation. First, as stated above, there is growing
evidence that mechanisms underlying host choice in insects are complex, and relatively slow
to respond to evolutionary changes in host use. There is }no convincing example in the
literature of a gene mutation spontaneously giving rise to a new population of host-adapted -
genotypes. This does not mean that such an event is impossible, but it has vet to be
demonstrated.

Second, the idea that changes in behaviour ultimately drive colonization events-(see
“Futuyma 1983, Parsons 1983) perhaps has been applied too loosely fo phytophagous insects.
The majority of these insects can rightly be considered parasitic (Price 1980), and most are

highly specialized in terms of their ‘physiological‘ adaptation to plants (see Introduction).
Unlike non-parasitic -organisms whose foraging tactics may uncover new resources or
habitats, changes in host (i.e. habitat) use by insects may result in a significant loss of
fitness through decreased fecundity or larval mortality. Therefore, if other factors are not
cbnsidered, evolutionary theory would 'predict selection against, not for, lability of host
selection béhaviour. “

| A réconsideration of the role of behaviour as potentially representing a conservative
force in insect-plant evolution affecté the way we percieve causation in these systems.
Frequent .'ref erences in tﬁe literature to behavioural changes initiating, or causing host shifts
implies a rolg for behaviour not substantiated by present data. Fox and Morrow (1981) have

warned that h]pst plaqt specialization may not be an inherent property of insects, but may be

imposed by a ’complex of ecological factors in the insects' local environment including
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microclimate, variable host phenology, presence of predators, parasites, and so on. If there
are "causes" of host specialization and host shifts in phytophagous insects, they may lie in
the varied nature of these selection regimes, as well as in properties intrinsic to the

o7

' organisms.
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V. Concluding: Discussion - ‘ b

| " Im a récent review of the %anisms of host plant recognition in insects, Dethier
" v N . . ' ) ’ N

(1982) warned that much of ‘the evi_denee supporting a dominant role for secondary plant
cornpou”nds. was correlative. | Stressing the need for (demonStrating causal relationships, the
author noted "Since the acceptance or rejection of a plant depends in tlie final analysis on
the abtlrty of the herbrvore to assess some characterrstrcs of the plant the f undamental
question is whether the compounds under drscussron affect mdrvrdual behaerr in any*way."
| In this study, I used an analysrs of 1nd1v1dual insect behavrour to investigate the
-sensory basis of host recognmon in adult Colorado potato beetles L. decemlmeata The
results indicate that these beetles are capable of graded drscrrmmatron of potentral host
plants, perhaps based on therr\ total "Gestalt" or flavour. -Moreover; varra,ble acceptance of
: . ¢ ¢ ’
plants among regional populations yof insects is not related to the presence of glycoalkaloids
acting as feeding deterrents. For this soecies, it appéafs that the prim‘ary constraint on host
‘ acceptability‘ is set by the beetlci"f inely tuned sensory system whiclt functions independent of
s'econda—ry planf* compounds .’
. For thls.reason lt"is unlikely that non-steroidal alkaloids '(e'.g. atropine) -have. been a

rnajor factor in preventmg colomzatron of plants in more distant Solanaceae genera since the

beetles are probably not attracted to these plants in the field. Theoretrcally if L.

<y
decemlineata were to continue with }a host range expansron ‘such that_ 1nd1V1dual beetles
developed general‘ist feeding ‘habits, then cer_tain plants containing behavioural deterrents
would eventually Uddergo attempted colomzatlon However, 1t appears that regronal
populatrons of L. decemlmeata are. begmmng to’ evolve behavroural specificity for their new
hosts — a pattern typical’of many phytophagous species. Within these differentiating
populations, choice of plants will continue to be constrained by sensory systems tuned to the
'total chemical make-up o,f“ their whosts. This may effectively limit future host range
expansion by L. decemlineata to plants with chemical profiles similar to those of Solanum

species, except where agricultural practices induce selection for more distantly related plants

74



(as in Maryland, on tomato).

.

*Clearly, other factors are shaping behavioural specif icity in L. decemlineata besides

secondary plant compounds . Future research will be needed to dete‘rmine how widespread
Y' N

this phenomenon 1s m plant f eedmg insects, but it is unfikely that L: decemlmeatu represents |

A

a specral case. - Most insects probably choose- plants on the basrs of complex patterns of

SEensory mf ormatiopa ga:hered across several sensory modahties 1nclud1ng smell, taste, and
vision (.Dethrer;ﬁZ Mtller and Strickler 1984) an ability which endows them wrth the
potential for pt‘é}rcetvmg, and responding to, subtle variations 1n plant quality. Whtle many of
these interactions involve se’"condary compounds it is becoming clear that these chemicals
rarely act as smgle dommaﬁﬁi’actors in regulating host ch01ce behavtour Even among
Cruciferae feeding insects, glucosmolates acting as stimulants are not entirely responsible f or

) host discrimination as was originally supposed (Nielsen et al. 1979, Chew 1980, Feeny et al.

©1983). " ,

.v

Perception of host plant quality based on variations in complex'patterns of sensorv

stirnuh is a fundamentally different concept than smgle compound smgle neural pathway

-

models (see Chapter two). The existence of an intervening control mechamsm in the CNS
which acts to integrate sensory input both within and across sensory modalities, and whose
own state (and therefore outputs) is modifiable through ontogeny, has been almost totally

ignored in classic input-output studies of insect feeding behaviour which treated the organism
as a "black box" (see, for example, Blom 1978)
RS
Attempts are now being made however to incorporate CNS mechanisms in models

o
\

of host plant disé“nmmation in insects. For example, Rausher (1983) has borrowed the
sensory template concept originally developed to account for species'-specific responses to
auditory communications (Marler 1976, Hoy et al. 1977) But, sensory templates are

assumed to represent precrse neural networks 1n the brain which respond only to very Spelelc

patterns of sensory inp'ut,. Application of 'this concept to plant perception by insects becomes

awkward, because it leads to postulating separate templates for each individual plan’(ﬁspecies ’

'
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iZ& an insect might encounter. It is perhaps more economical (in terms 6\; nervous system

function) to think of a single CNS reference state (probably répresented by neural networks)
. R . \E‘:
whose characteristics are detetmined genetically, but are modifiable by experience.

Schophhoven's (1977) ahaldgy of a lock and key mechanism is useful in this context — the
lock‘representing the CNS reference state and the key, patterns of sensory input. Individual

insects that have broader acceptance thresholds for marginal host plants may have a "broadly

tuned" lock and key mechanism. Selection for these animals within colonizing populations of

insects may represent a first step in the evolution of new iﬁsect-plant associations.

At this time it is not clear how mechanisms underlying host selection behaviour affect

the evolution of feeding preferences in insects. Current opinion seems to favour an active

—

role for behaviout ‘based on the assumption that it may be genetically labile (Bush 1975,
Futuyma 1983, Futuyma et al.‘1984). However: in this study I present ‘evidence thz'n

indicates host selection behaviour may be a conservative trait in insect-#jant evolution (see

YC'halptef" Four). Although data are limited, behavioural adaptations in sorge species appear to
. . PR €hav .

evolve slowly during colonization events: an observation that may: be attributed to the

complexity of the sensory systems involved (see above). Unf ortunatel)}\, we know virtually

nothing about the ‘genetic basis of host selection in insects. But, it would be surprising if -

- only single loci wege involved, since even relatively simple behaviour patterns in animals

usuaﬂy have é polygenic basis (Frank 1974). '

For insect spe'cies""‘with conservative host selgction behaviour, the importéncebf _local
se‘legtion pressures in maintaining altered patterns of host use over succe.ssive generations
cannot be overstated. Phytophagous insects harbour considerable within population genetic
variability for both phys_io;ogiéal and ﬁehaviqural traits related to hQSi use (see reViéw by .
Gould 1983, and recent papers by Jaenike and Grimaldi 1983, Via 1984). Therefore, all but

? B :
strictly monophagous species are.to some degree preadapted for feeding on other plant .

species. Directional selection for using these novel hosts will depend on ‘the nature of local

P

selection regimes (relative plant abundance, variable host phenology, microclimate, soil

@‘; . «

—~—
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_— cpn_d,i_tions and so on; see Fox and Morrow 1981) which can affect both the probability of
ovipostion on a given plant and the viabflity of developing larvae.

| During the recent host range expansion by L. decemlineata, some degree of isolatioﬁ \
on a dominant regional host appea}s to have been critical in allowing local specialization to
develop. Given strong enough selection pressures however, populations'mayv divergé on
different plants in close proximity and in spite of sqmé gene flow (Ehrlich ':;nd Raven 1969,
Endler 1977, Templeton 1981). 'Tht; potential for ecological factors to interact in uhicjue
ways to affect patterns of host plant use by insects stresses the xﬁ@fqr f utu're studies to

examine in detail the behaviour and eéology of individual sp_ecies at the population level.
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VI. Appendix I: Beetle cultures

Beetle larvae were reared in 6 iiter glass aquaria containing approximately 2cm of
gravel, covered by 8cm of loose sand. A glass tube inserted through the sand and into the
gravel layer allowed adding water as needed to provide a moisture gradieni for pupaiing
larvae. Adult colonies Werc reared in larger (68 liter) aquaria prepared in a similar fashion.
All insects were maintained at 16L.:8D, 25°C+3" under a combination flourescent and |
inc:mdescent light fixture. |

Fresh food was provided as needed in the form of potted plants or leaves placed in
wateri Egg batches were collected from aduit colonies and stored in petri dishes uniil they
hatched. Typically, larvae were kept in these dishes with food before being transfered to
aquaria at the second instar stage. At room temperature, lar‘va'e passed through four instars
aﬁd pupated in about three weeks. Pupation time averaged seven to ten days.

By rotating larvae between two or more aquaria and timing the emeréence of adults..

beetles with no feeding experience as.adults were available for experiments.
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VII. Appendix II: Plant growth conditions

Plants were grown year round in a heated, outdoor greenhouse: Daylength was
maintained at a minimﬁm of 16 hours using flourescent fixtures or Sonline high-intensity
sodium lamps as supplemental lighting. Nightime temperatures were kept at about 15°C.
Daytime temperatures in the greenhouse varied from 20°C to 30°C.

Potato plants ("Norland" variety) were grown from tubers seeded in a large bed. A_ll
other plants including tomato ("Earliana” variety) were grown from seed. | GerminétiOn 0
S. elaeagnifolium and S. rosm;tum seeds (which .possess é hard seed coat) was improved by
soaking the seeds for twenty-four hours in 2000ppm. gibberellic écid bef ore planting.
Standard soil mixtures were used for all plants. Plants were fed regularly (once a week in
summer, once a month in winter) with 20—-20—20 or 28-14-14 fertilizer. |

uSince one of the objectives of this study was to record secjuences of insect behaviour

on unaltere"c’l‘ plaﬁts, no insecticides were used which might have left detectable residues on
the plant surface. Greenhouse pests were controlled by pruning infested plants, washing
them with water, or applying soap solutions. To remove any soap residue, plants w;:re

routinely washed with water before being used in experiments or as culture food.
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VIII. Appendix 1I1: Total glycoalkaloid levels (TGA) and percent water content from leaves

¢

of four solanaceous host plants of Leptinotarsa decemlineata

Plant % Water! ‘ TGA?(mg/g dry wt)
S. tuberosum 91 5.2
S. rostratum ' 84 | 0.53
S. elacagnifolium 86 0.85
L. esculentum i 88 ' 7.8}

Calculated by subtracting dry weight from wet weight. Dry weight determined by oven
drying ten leaves at 100°C for twenty-four hours.

?Following methods of Fitzpatrick and Osman (1974), and Fitzpatrick et al. (1978).
from Sinden et al. (1978); flowering plants (60 days) grown under long days (16 hr).
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