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TOATES, F.The interaction of cognitive and stimulus—response processes in the control of behBEWMROSCI BIOBEHAV REV

22(1) 59-83, 1998.— It is argued that both stimulus—response (S—R) and cognitive theories of learning and behaviour capture part of the
truth, in that these terms involve two different types of process that are jointly responsible for the control of behaviour. The proposal that
both processes coexist is investigated in the context of the production of behaviour. Evidence is presented to show that the weighting
attached to S—R and cognitive processes can change as a function of (a) development; (b) experience; and (c) pathology. A model is
proposed which is designed to sketch some ideas on how S—R and cognitive processes jointly determine behaviour, and it is related to
the notion of behavioural hierarchy. It is argued that the model can help to develop a synthesis between psychology, ethology and
neuroscience®© 1998 Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION multiple processes are acknowledged, the contention of the
present paper is that the implications of these ideas for the
control of behaviour have not been adequately explored.

(S—R) connections (i.e., links between particular stimuli an ence the arficle reviews the literature with the aim of

articular responses)? Historically, some of psychology's howing how a dual S—R and cognitive control can explain
particu P ¢ Historically, psy 9y a variety of phenomena. The extensive literature on learning

most famous battles were fought over this bit of territoryand memory will not be covered here, since a number of
&96'%]059'530)' Howde\t/ﬁr,t L” tﬁ seml_rt1_al pageg olg leaming, collent reviews already exist (43,196,201). Learning and

IrSXi (t ir? prr?[i)r?tset rﬁm ? :ggtﬂ' Itviian ;n ﬂr?cﬁsier%emory as such will be considered only in so far as they are
COEXIS a act animal a at hippocampal 1€sio %irectly relevant to the processes that underlie the control of

convert a cognitively functioning rat into something like a : ; ;

S ehaviour. The paper suggests that the issues raised by
(S-R) automaton. Subsequently, Mishkin et al. ((142) p. 66}y <, -2 provide a new link between psychology, ethology
noted the important implication of Hirsh’s argument that: and neuroscience

“...both sides in the great debate between behaviourism Contemporary behavioural scientists tend to favour cog-
and cognitivism must ultimately be declared the winners hitive theories whereas the S—R view is sometimes seen as
since the evidence from the study of amnesia demonstratd®ing of historical interest only. | shall investigate which
that both types of processes must be constantly present features of S—R theories are valid and, in terms of the con-
normal behaviour.” trol of behaviour, how they might be integrated within the
dominant cognitive framework. For example, cognitive
theories have difficulty with explaining such things as
stereotypies and displacement activities. It will be argued
that the apparently conflicting S—R and cognitive theories of
behavioural control each describe a real and important
aspect of the underlying processes.

Hirsh’s paper was published 23 years ago and its impor- Aside from historical differences amongst theorists, it
tance has been widely acknowledged. Different memorymust surely constitute an implicit assumption of almost all
systems, characterised by something like S—R and cognitiveehavioural science that behaviour is under the joint control
forms, are now recognised (43,196,126,201,243,244)f: (a) external stimuli; and (b) internal cognitions and
Rather than competing theories, the terms S—R and cogngoals. However, we lack theoretical models that are able
tive now appear to describe processes that coexist in atw suggest how the interaction occurs. What exactly is the
animal. Although, within the study of learning and memory, role of stimuli in controlling behaviour? Are they simply a

DO ANIMALS learn cognitions (i.e., knowledge about the
world not tied to particular behaviour) or stimulus—respons

“If this radical resolution of that long and difficult debate
proves correct, it will have enormous implications for both
psychological and neurophysiological research.”
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source of information to cognitive processes or a directiour, evidence will be reviewed which shows that the rela-

trigger to behaviour? How do stimulus and cognitive factorstive weighting of these processes as determinants of
interact? In producing behaviour, under what circumstancebehaviour changes with: (a) development; (b) experience;
are stimuli (external factor) and cognitions (knowledgeand (c) pathology. In some cases, cognitive processes
stored in the nervous system) in competition, and when deaome to exert more control relative to S—R processes, as
they reinforce each other’s effects? in the changes that accompany development. In other situa-

In much of psychology, study of the causation of behav-tions, S—R processes acquire more control relative to cog-
iour in terms of physically present stimuli and behaviour hasnitive processes, as in habit formation and some cases of
come to take a poor'hplace to cognition. As Spear and pathology where there is some loss of cognitive control.
Isaacson ((200) p. 3) so aptly express it, an understanding Although there have been attempts to build bridges
of: between ethology and psychology (e.g., (72,75,94,227)), a
___.habitual, overlearned, elicited, short-latency beh‘,:W_con5|derable.gap _st|II exists, even in the phenomena.that
iour.é"that migﬁt even be chéracteris,ed as species-specific form the topic of interest. The Qeyelopment of learning
. ; . . ‘theory has always been largely within psychology, whereas
is of vaslt |mp|0rttancr:1e for gur topic. Th('js preh of Ignowltfadr?e sign-stimuli and displacement activities have fallen within
ﬁﬁﬁ:gis arr?)igssci)nfoar“r;eatioeneriln If%\r\]/(())Ler oflﬂnt)vsl%rcliez gerivg he ethologists’ domain, (216) and stereotypies and animal
from Ianguage-mediated ‘hi:qher-order’ processin%” elfare are_the responsibility of applied et_hology (119,135).

' : The favourite explanatory terms of classical ethology, e.g.,
sign stimulus and fixed-action pattern (216), have never had
a secure place in psychology. Yet the observations that gave

“...it is curious that theories of perception are rarely, if rise to these early concepts are no less valid today. It is
ever, constructed with reference to action. And, whilehoped that the model will serve to integrate ethological and
theories of perception abound, theories of action are conpsychological approaches.
spicuous by their absence. But it must necessarily be the Models that consider how (a) external, stimulus, and (b)
case that, like warp and woof, perception and action arénternal, cognitive factors jointly determine control, usually
interwoven, and we are likely to lose perspective if weaddress only a part of the system and relate to a restricted set
attend to one and neglect the other...”. of tasks such as the Stroop (34). Workers in the rat (48) and

human (164,165) areas make the occasional reference to

Although the situation might have improved slightly in phenomena that indicate modes of control generalizable
the last 20 years (e.g., (72,151)), there is still a realacross species. However, these areas of potential integration
deficiency of integrative theory. remain largely unexplored. The present article will propose

In some ways analogous to the difference of emphasia model with a potentially broad integrative power.
within psychology, classical ethologists (e.g., (124,216)) | hope to convince neuroscientists, psychologists (both of
developed theoretical models in which sigiimuli played  the human- and rat-orientated variety) and ethologists that it
a central role in triggering fixed action patterns whereads worth looking over the traditional fences to see what is on
contemporary ethology places explanatory weight uporthe other side. Therefore, foolhardily, | stick my head above
cognitive processes. This change in emphasis raises the parapet, and venture into such diverse fields as sign-
number of issues. For instance, in accepting cognitivestimuli in sticklebacks and schizophrenia in humans, using
processes, are we to reject the older ethological modelsthe S—R and cognitive distinction to look for common
If both types of model capture real aspects of behaviouralinderlying processes of control. | cannot do justice to any
control, then how do these aspects act in combination imiven phenomenon, but | hope to broaden our perspective.
determining behaviour? It will be suggested that the model
can form a bridge both within ethology and between
ethology and other behavioural sciences.

Traditionally, theories of learning and response produc- Figure 1a represents the most basic assumption of an S—R
tion (whether S—R or cognitively orientated) were devel-theory, applicable to psychological and ethological schools.
oped in parallel with theories of motivation (e.g., A stimulus (S) is assumed to have a certain strength of
(19,105,124,216,230)). Of late, the tendency has beetendency to produce aresponse (R); that is, S has a response
towards compartmentalising these processes. The presesliciting potential, which can vary from zero to some maxi-
paper is intended to break down these compartmentahum value. The strength of this tendency will depend upon
barriers. Therefore, the paper will address the issue ofhnate factors and learning. In some cases, the links between
how the concept of motivation might be tied to a consideraS and R are relatively strong (e.g., the sign stimuli of clas-
tion of cognitive and S—R processes. sical ethology).

Many theorists in neuroscience, psychology and ethology The representation is only a first simplification to be
have proposed hierarchical models of behavioural controladopted here. Complications and qualifications will later
and indeed that of Gallistel (72) has powerfully influencedbe discussed. A single direction of causation is not neces-
the present review. However, such models are usuallgarily implied within every stage of the linkage. Depending
discussed somewhat in isolation from other lines of theoreupon the system under consideration, there might well be
tical development. This paper will argue that a consideratiorfeedback within this chain of links. Neither does the term
of S—R and cognitive controls inevitably has relevance tdresponse’ imply a single stereotyped motor output (cf.
the topic of hierarchies. Cognitive and S—R processes imply197)). There might well be some flexibility. For example,
controls at different levels in a behavioural hierarchy. a stimulus might have a strong tendency to elicit a response

In proposing a joint cognitive and S—R control of behav- of turning left or of pressing a lever. At a fine-grained level

Or, as Turvey ((233) p. 211) similarly notes:

2. THE BASICS OF THE MODEL
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I COGNITIONI ‘COGNmO 'ﬂ '222 ggpzazc;;y to respond to rapidly changed circumstances
S R S R s-bt»k s—i»—»}z
@ ®) ©

Itis suggested that the influence of motivational variables
@ (e.g., sex hormones, hunger) on the control of behaviour can
be mediated via either of the processes described, the S—-R

and the cognitive. Motivation can modulate the efficacy

with which stimuli are able to elicit behaviour (e.g., oestro-

jcocNmorqlq—{ MOTIVATION gen sensitising the efficacy of touch to elicit lordosis in rats
(160) or by a link to cognition (e.g., hunger sensitises food-

S R related goals (230)). The efficacy of sign stimuli depends
© upon such internal factors as testosterone level (216). A

. - . joint control can accommodate the dissociation that is
FIG. 1. Representation of relationship between S—R and cognitive pro: ti . titi d t

cesses. (a) Balanced weighting; (b) strong S—R and weak cognition; (c?ome '.mes Seer_] In appetuve an Consu_mma Pry mer_:tsures
strong S—R and strong cognition; (d) weak S—R and strong cognition; an@f motivation. Figure 1e shows the way in which motiva-

(e) interaction with motivation. tional factors exert control.

these could be achieved by a variety of different muscular 3. DEVELOPING THE MODEL

exertions. The term ‘S—R’ is used here to mean that given Figure 1 summarises the most basic assumptions that
the stimulus, the animal has available to it a response t@nderlie the present paper. Figure 2 shows a deve|0pment
perform. This is based upon past experience or, in the cassf the model. As one aspect of the control of behaviour, an
of some fixed action patterns, upon innate factors. In so fagrray of external events (SS,,...) impinge upon the animal,
as information can be said to be encoded in the link betweeghown as one set of inputg to Box C. As another aspect, there
stimulus and response, it is of a procedural kind (45), angre: (a) cognitions, e.g., goals and expectations (Box A); and
therefore can be described as more or less adaptive (in th®) physiological states, e.g., hunger (Box B). The cogni-
ethological sense) to the existing circumstances. tions activated depend to some extent upon the sensory
Behaviour is also a function of cognitive processes. Thes@vents, but of course convey information that goes beyond
are defined as processes that encode knowledge of the worldat carried by these events.
in a form not tied directly to a particular behaviour A subset of stimuli, e.g., Sand S, tend relatively
(225,230). Information stored cognitively can be described
as right or wrong with respect to the world (68). Cognitions
do not prescribe behaviour but can be called upon in
behavioural production. An animal might dither at a
choice point in calling up cognitions and making an assess-
ment of options (120). Cognition is shown in Fig. 1a as a
top-down influence upon the links between S and R. It is
difficult to see how cognitive factors might be translated
into behaviour other than by exerting an influence over a *
motor pathway at least some of which must be shared in oG
common with S—R processes. Mon
The evidence to be reviewed will show that the relative
weightings of S—R and cognitive links of Fig. la vary
according to circumstances. There can be a strong S—-R
linkage present, and the cognitive factors might exert a rela-
tively weak effect (Fig. 1b). This would represent a strong Sz~
habit being performed in an automatic way. In Fig. 1c there
is a strong S—R linkage and a strong cognitive factor. This
could represent the situation where the animal is acting Sy
against the response-producing tendency of the stimulus,
e.g., overcoming a strong habit. In Fig. 1d there is only a
weak S—R link and consequently a strong cognitive link isFIG. 2. Model of the control of behaviour. A series of stimuli, S,.. have

. . o tendency to evoke responses, R,,.... The strength of association
needed in order to generate behaviour, e.g., negotiating g~ =Y 2 €O ¢ apresponsezis ermad S B (a0 By, The

nove_l environment. ) ) ) ~ strength of S—R links is modulated by both cognitive (COG) and motiva-
It is suggested that: (i) behaviour will always be a joint tional (MOT,) processes. A motivational factor (physiological state) influ-

function of S—R and cognitive processes: and (ii) the changences goals, represented by link MOBox A represents the computation
in relative Weightings reflects adaptive considerationé)f cognitions, expectations and goals. Box B represents the contribution to

. . ._motivation from such physiological states as testosterone and nutrient
(43,225). It will be argued that where a behaviour IS levels. There are proprioceptive consequences of responding (e.g., PROP)

repeatedly performed under identical conditions it canand other internal consequences such as nutrient assimilation or desensiti-
most efficiently be mediated by a strong S—R link. S—Rsation with ejaculation (e.g., feedback loop 3). External consequences of

links cannot cope with sudden change, but are modifiedpehaviour change the stimuli impinging, e.g., loop 1. For example, a rival

; e ight flee as a result of an aggressive display or food become available as a
gradua"y over repeated experiences. Cognition engagér%sult of gnawing. External information (via link 2) is compared with inter-

limited capacity processes, which are costly and oftenqjinformation. MO represents the link from one set of efferent stimulation
relatively slow but have the advantage of flexibility and to another.

MoT,

PROP

Ry

Ry
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directly to produce a particular component of behaviour R (155). Feedback via route PROP represents proprioceptive
In some cases, ‘behaviour’ might imply a link to a neural information (2).
outflow to a gland or muscle but in general such rigid spe- Within Box A there is a comparison of incoming stimuli
cificity is not suggested. Rather, | mean a range of possibland expectations on the basis of past experience. Depending
behaviour within a certain functional class, e.g., turn left at aupon the outcome of this comparison and via COG, specific
choice point using various muscle fibres (197). The type ofS—R links are sensitised and others desensitised, so that
link that lies between S and R is termed an S—R procesappropriate responses are primed for production. These
These processes can correspond to spinal links, but also tesponse ‘possibilities’ are given a bias but triggered only
links involving the brain, even the cortex (discussed later)if and when the anticipated stimuli appear. Behaviour can
Figure 2 shows that the strength of an S—R process igither run its course, with a series of stimuli coming in
modulated by other processes: (1) motivational (physiosequence as expected, or the unexpected can occur. The
logical state); and (2) cognitive. Such control can haveunexpected will be detected by the comparison and the
both the advantages of: (a) high speed of response to stimudinimal will then need to do a search from its possible actions
by means of relatively direct S—R processes; and (b) théor an appropriate response (cf. (82,83)). Behavioural
facility for complex and often slow processing. The latter inhibition can be exerted until a response is found. Internal
is based upon physiological states, goals, prevailing coneonsequences of behaviour (e.g., nutrient absorption) affect
ditions and prior expectancies, as mediated by cognitivehysiological state (e.g., nutrient gain, gastrointestinal
processes modulating the efficacy of stimuli to producellness), hence feedback loop 3.
behaviour in accordance with goals. Link M@fepresents As a cognitive process, goals, e.g., to reach a goal-box in
a direct modulation of S—R links by physiological states.a maze, modulate the capacity of particular stimuli (e.g.,
Physiological state can also play a role in goal selection andhaze choice point) to evoke such behaviour (e.g., turn
hence the generation of flexible behaviour via link MOT left) that in the past has been associated with meeting the
and then COG. That is to say, physiological states can biagoal (cf. (151)). For normal adaptive behaviour, the cogni-
goal selection towards appropriate targets and then linkive processes would depend upon goals being modulated by
COG plays a role in producing behaviour. physiological states, e.g., hunger sensitises a goal represent-
The model points to some similarities between so-calledng food and thereby modulates the efficacy of stimuli in the
reflex and non-reflex behaviour. First, both are modulatednaze to evoke behaviour directed to the food-related goal
by cognitive and motivational processes, comparable t@l18).
contextual supports in Tolman’s ((230) p. 329) analysis. Stimuli can owe their capacity to generate behaviour
Thus a tactile stimulus can evoke a stronger response #ither to innate organisation, e.g., sign stimuli, or to learn-
accompanied by central electrical stimulation (193). Salivaing, e.g., S—R connections as a result of repeated reinforce-
tion depends upon motivational and cognitive processement, or a combination of both. Thus the strength of links
such as state of nutrient deficit and attractiveness of fooduch as $-R; varies as a function of processes intrinsic to
(18). A nutrient deficit potentiates both the capacity of foodthe link and by modulation from higher levels, e.g., via link
to elicit approach, involving instrumentally learned behav-COG. In the terms of Hirsh (96), an S—R process represents
iour (links MOT, and COG), and ingestion (link MQJ  a ‘performance line’ link between stimuli and behaviour,
(17). Sensitisation by oestrogen facilitates both instrumentalvhereas cognitive processes are ‘off-line’. If, with repeti-
activity towards a mate (links MOjJand COG) and the tion, the strength of particular S—R links increases, then a
lordosis reflex (MOT) in female rats (160). Electrical given stimulus will have a tendency to produce the same
stimulation of certain brain regions can enhance the capaclass of behaviour within a wider range of different cogni-
ity of tactile stimuli to elicit attack (MOT) (64). Following tive sets, i.e., a certain autonomy from cognition will be
brain lesions, motivation might be high as indexed by aattained.
consummatory measure such as lordosis or ingestion of Certain stimuli have privileged access to the control of
nutrients placed on the tongue, but absent as indexed Ryehaviour (147) for a wide variety of both (a) other sensory
appetitive behaviour (149,189). Survival of intrinsically events and (b) cognitions and physiological states also being
strong S—R links in the face of weakened cognitive linkspresent. An example is the orientation shown to calling out
would predict this situation. one’s own name or the sign stimuli that elicit attack or
The model makes the site of feedback explicit andfleeing in certain animals. For some stimuli, the strength of
thereby extends Gallistel’s (72) model. Feedback can b¢he behaviour-eliciting tendency can be so strong that
exerted through route 1 (i.e., changing the external worldpehaviour is triggered in the absence of any facilitating
and, in addition, through route 2 (the animal’s perception ofmodulation or even where the behaviour is at odds with the
these changes). External consequences of behaviour fegdals set.
back and modify the stimulus array ((195) p. 182; (197) Well-practised responses of animals running mazes are
p. 32). Thus, for example, the pupil light reflex alters thesaid to become ‘ballistic’ in the sense of developing some
amount of light falling on the eye and the quantity of salivaindependence from conditioned incentive stimuli in the
produced depends in part upon the dryness of the oral cavitpmaze ((19) cf. (202)). As one way to account for this,
which then corrects dryness (56). Route 1 plus 2 represenfwoprioceptive feedback (2,31) is represented in the model
part of the feedback that is involved in varying cognitive (Fig. 2) by a link from response to input (PROP). In this
links as a result of a comparison between sensory informaway, there is the possibility of responses being organised in
tion and goals, expectancies etc. (127). Through the changesains with § evoking R, the feedback from which then
in the world caused by behaviour, e.g., tq, &xternal serves as part of the cue fog,Re., serial order in behaviour
consequences of behaviour are fed back and compard®,118), p. 136. Such a sequence of events might well occur
with expectations in an iterative fashion (7,82,92) p. 260where there is not a rapid sequence of responses (31), but it
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is not obvious that we can tease apart:fé@dbackarising  presumably by changing the strength of an S—R pathway
from the response (PROP) triggering;Rnd (b) triggering  (6). Anthony ((6) p. 168) writes:
at the level of response production, with thetputtrigger-

ng one response aiso tending to rigger the subsequery LSPOSSIIE e Soron ol ehex plestel. Suoudt
response, i.e., RR,. Feedback triggering might occur at psychophy gists, 9

the early stages of learning a task but Lashley (118)some because of the involuntary and innate characteristics
articulated why a time sequence of the kind: (1) proprio-Of such cireutts. Such properties suggest a.”g'd and stereo-
ceptive feedback from R and then (2) response,Ri.e., typed action, controlled only by the properties of the elicit-

PROP-R, cannot explain well-established and routiniseding.StimUIus' However, although a reflex response may be
! qpllgatory, the characteristics of the response (magnitude,

fast skilled behaviour; a sequence of responses occurs tqatency duration) may be markedly altered by concurrent
rapidly for there to be sufficient time. Contiguity alone can 'nfluenées from a number of levels of the nervous system”.

permit the firing of one neuron to influence another (79,91)I
p. 65; cf. (195) p. 176). This leads to a model in which a
motor programme for prearranged sequences of responses isFor ingestive reactions, Berridge (17) argues that a sharp
stored (a point argued by Alfred ', as discussed by dichotomy between ‘mere’ brainstem reflexes and affective
Lorenz (124), p. 317). In human performance studies, this iprocesses of the forebrain as determinants of behaviour can
termed phasing (78). be misleading in that the latter modulate the former.

To accommodate the motor input component, the strength That reflexes such as the sucking reflex stameommo-
of tendency to perform a response (e.gs) R assumed to  dationis a central feature of Piaget's (161) theory of child
depend not only upon external stimuli (modulated by cog-development. This involves flexibility, coordination,
nitive set) and proprioceptive stimuli that are linked tg R generalisation to new situations and modulation by feed-
but also upon any habitually preceding response(#®).  back from consequences.

This is represented by link MO. Although not shown,
information within link MO would also be expected to _— .

travel upwards to the cognitive box, thereby representingh-2- The orienting reaction

the efference copy (72). Certain stimuli evoke orientation (155). Stimuli are said

The application of the model will now be described, firstto be compared against an internal model held in a working
in the area of neuroscience and psychology and then in theemory store and disparity evokes orientation. This implies
area of ethology. It is intended that common principles ofa joint S—R and cognitive control. In terms of Fig. 2, a
control will be shown. stimulus S has a certain strength of linkage to the orienting
response R This strength depends upon such things as the
stimulus intensity and modality. However, the tendency will
be modulated by cognitions including whether the current
stimulus input matches internal representations. Some
stimuli are voluntarily primed for attention, and then a
match rather than a mismatch with expectation would

The literature contains frequent references to a distinctiorncrease the strength of the-R, link.
between reflexes and non-reflexes, the latter described in
such apparently exclusive terms as ‘motivational’ (58), 4.3. Coanit i
‘purposive’ system or ‘servomechanism’ (73). However, =" ognitive se
Fig. 2, which is applicable to both classes of process Consider an animal given a history of reinforcement in
suggests that reflexes and non-reflexes lie at differenthe presence of certain discriminative stimuli. Following
points on a continuum of weighting between S—R andsuch training, stimuli § Sg,... can tend to produce behav-
cognitive processes. On the one hand, reflexes are modisur Rs, only given a certain narrow cognitive setnd R,
lated by higher levels and, on the other hand, goal-directefbr a different cognitive set (cf. (91), p. 107). For example, a
behaviour is effected by the exploitation of S—R links. green light given a few seconds beforg Sg onset signals
Certain authors have attempted to delineate what is and that one reaction Rwould achieve an end-point whereas a
not a reflex, based upon such things as the absence ced light signals that another gRwould do so. A more
presence, respectively, of feedback (58). Consideration afomplex situation would be where the cognitive set varies
the proposed model makes somewhat grey any such negdpidly as a result of changing circumstances and with it the
distinctions. modulation of S—R links.

A closer look at so-called simple reflexes suggests joint In the literature on human performance, S—R links are
control, and hence the model represents the assumptions séid to be gated by controls at higher levels (114). Gating
Dewey (46) and Sherrington (195) that the isolated reflex iseems to correspond to a form of what is termed modulation
something of a fiction. Both the intensity and direction of here. The gate would increase the strength of certain S—-R
reflexes depend upon context (14). Lashley ((118) p. 163¢onnections and decrease the strength of others. An experi-
wrote: “I am coming to doubt the validity of the reflex-arc ment by Evarts and Tanji (60) illustrates this (114). A
hypothesis, even as applied to spinal reflexes. There amonkey was trained to either push or pull a lever when
many indications that the spinal reflexes are no morehe lever was disturbed. A cue given prior to the disturbance
dependent upon isolated conduction paths than are cerebriadicated whether a pull or a push should be given. For both
functions”. Yet we must reconcile the speed of reflexes withresponses, the reaction became so rapid that it took the
the role of context, which the model can do. properties of a reflex (114). Thus two different S—R links

Attention modifies the strength of the blink reflex, were gated by two arbitrary prior cues.

4. APPLICATION OF THE MODEL TO RESULTS IN NEUROSCIENCE AND
PSYCHOLOGY

4.1. Modulation of reflexes
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The experiment of Wickens (245) might be interpreted inambivalence, rats typically poke their noses into one arm
these terms, though the cues would not be arbitrary one®f a maze and then the next before making a choice and
Wickens trained subjects to lift a finger from an electrode inLewis (120) suggests that in so doing they are activating
response to a warning cue, something for which a ratheparticular memories. In the absence of stimuli that have
fixed motor response served well. However, most subjectstrong links to behaviour then weight will be given to high-
transferred to the opposite motor response when the hardvel processing in order to establish cognitive maps, goals,
was turned over. Thus the response was one of end-poimxpectations and extrapolations in terms of such sensory
achieved, i.e., finger removed, rather than specific musclaput as there is (146). The model predicts that, where there
employed. In terms of the present model, effective function-are only relatively weak S—R links, a strong potentiation
ing could only happen as a result of a combination of fasfrom a cognitive link would be needed to effect behaviour.
reflexes gated by a cognitive assessment of the situations
involving goals to be achieved.

A similar logic can be applied to well-trained animals
performing a discriminative operant task in a Skinner box. Behaviour suggested on the basis of stimuli (i.e., through
The discriminative stimulus might, via cognitive links, relatively strong S—R links) might be at odds with the goals
modulate S—R connections between, say, the key and theet. For example, suppose that a rat is trainedraaze to
response of pecking. The expression ‘occasion-settingfun from the south end to the north (with a block applied to
(176) for stimuli that modulate other associations, such agrevent it going straight ahead at the middle) and is rein-
an S—R link, seems to mean much the same as Skinnerferced for turning west at the choice-point (225,230) (See
‘discriminative stimulus’ (197). That pigeons make an Fig. 3). It forms both a left turn S—R link and a cognition
operant response, the form of which depends upon whethéhat food is to the west. In a case such as this where both the
they are hungry and working for food or thirsty and working S—R link and the goal lead the animal in the same direction,
for water (143), might similarly be seen as modulating ofthen there is an additivity of their effects (177). However,
particular species-typical responses via the M@Orik. suppose that after learning this the rat is then started from
the north end. The goal representation would still be to the
west, but the S—R links formed in the original position still
suggest a left turn, which would now take it east and away

The model avoids the pitfall of defining S and R too from the food. There would be competition (177,231), the
narrowly, which would invite immediate falsification. If a winner depending upon the relative strengths of the intrin-
learned S—R process exploits the consistent feature of thgcally strong but depotentiated S—R (left turn) link and the
situation from ftrial to trial, then this cannot usually involve intrinsically weak but potentiated S—R (right turn) link.
either the stimulus as defined in terms of, say, exact retinal
stimulation nor the response as defined by particular motor,
neuron/muscular activity (197). For example, the actual leg™
movements involved in turning leftin a maze will vary from  The evidence to be reviewed suggests that, with experi-
trial to trial depending upon circumstances, i.e., motorence under constant conditions, the weight attributed to (a)
equivalence (91,118). Tilting a maze slightly will alter the external stimuli acting through S—R links, increases relative
exact stimuli that impinge upon the rat and the necessarto (b) cognitions. Thus the same behaviour can be exhibited
motor reactions, but the rat can still successfully negotiatdor a wider range of cognitive sets including even those
the maze. Even flooding a maze will not disrupt a rat undulyinvolving goals at odds with the behaviour produced. How-
The way that even a well-trained rat achieves the end poin¢ver, in some cases the importance of motor programmes
of lever-pressing is different from response-to-responsée.g., link MO) and local proprioceptive feedback (PROP)
(49,197), and one can assume that the lever does not triggarcreases relative to both (a) and (b). In other cases,
identical sensory messages on each occasion (197). Rathaithough the weighting clearly changes, at present it is
if we apply an S—R interpretation to a well-establishedunclear as to which component is increasing in strength.
habit, what is constant over a number of trials is: (a) theFor instance, the behaviour of rats studied by Carr and
perception of a certain feature in the stimulus situation; andVatson (31), which bumped into the end wall of a maze
(b) a motor command above the level of the motor neuronsywhose arm was changed in length, might be explained by
e.g., lower lever, project body through“a® the left. Thus increased weighting being attributed to proprioceptive sti-
the model subsumes a range of individual S’s and R’smuli and/or motor programmes. However, it might have
having common features, under the generic term S or R (chbeen based in part upon the rat responding on the basis of an
(297)).

4.6. Collaboration and competition

4.4, Stimulus equivalence and response equivalence

7. Motor programmes and proprioceptive feedback

4.5. When there are no S—R links available to exploit

Suppose that amongst the sensory events there are no @
stimuli having privileged links to behaviour. The animal is
in a relative?ypnove? situation. A behavioural inhibition LG°a] ' [Goal] |
system might be switched in, to give time for scanning of
cues or exploration (82,83). Alternatively, behaviour can §
involve ‘dummy runs’, vicarious simulations of the outcome (@
of possible actions ((96,230) p. 206; (109)), which
Tolman associates with consciousness. In a situation ofiG. 3. Cross maze with rat negotiating: (a) from south; and (b) from north.

(®)
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established cognitive map ((72,230) p. 78) and not takindHumans chew, swallow and yawn with the help of them.
the changed sensory matrix into account, or by a combina¥hey are also evident in the stereotyped behaviour of human
tion of all these factors. infants (see Section 5.4) and either become less evident with

development or become adapted to normal rhythmic activ-

ities such as walking. An integrative model suggests that
5. APPLICATION TO ETHOLOGY FAPs can be generated at least in part from processes that

There are a number of phenomena in the ethologicafre also employed for non-FAP behaviour. o
literature to which the model can be applied, and this section Early ethologists liked their behaviour to come in discrete
looks at a few of these. Although the phenomena havéackets, but on closer examination, FAPs are only relatively
traditionally been studied by ethologists, it is clear that thestereotyped and some (13,63) prefer the term modal action
explanatory model needed to explain them is one equallpattern (MAP), which is employed here. However, the

applicable to neuroscience and psychology. sequence of components is usually fixed, R, Rs,...,
and rarely starts with anything but; RL03). Occasionally a

. - . component, R can be triggered by a different stimulus or

5.1. Sign stimuli and cognitions form part of a different MAP. Once performed the tendency

A building block of classical ethology was the sign to show the MAP decreases, but the tendency increases as a
stimulus, a stimulus that reliably triggers a particularfunction of time since last performance (13). MAPs might
species-typical behaviour (216). For example, a red bellype interpreted in terms of an addition to Fig. 2 of a process
or, according to anecdote, even a passing red Leiden po#tvolving timing and patterning, as shown in Fig. 4. In this
van, elicits attack in sticklebacks. In becoming cognitivised,way the MAP’s interaction with other factors in the control
contemporary ethology has largely turned its back on sigrof behaviour might be better understood (cf. (72,92) p.227).
stimuli. This tends to create an unfortunate schism: the A trigger stimulus $, termed a releaser (103), normally
controls of behaviour can become dichotomised accordingets off response R The addition to the model is that
to the tastes of the investigator. In emphasising the joinectivation of link S—R; tends to both excite, and be excited
control of behaviour by stimuli and cognitions, the presentby, activity in the MAP generator. Responsg €ould be
model might start to bridge this divide. Although the triggered by a combination of MAP generator activity
stickleback responds to sign stimuli, it is also a creature of MAP;), motor links of the kind MO, proprioceptive feed-
cognition in so far as, to quote Baerends (10), it is under théack (PROP) and new stimul,&at are present throughout
control of, for example, “discrepancies between the feed-or which arise as a result of the performance of R this
back stimulation from the clutch and the optimal or case, the R-R; link (MO) would be innate rather than the
expected values”. Thus, we need to explain how behaviouresult of experience.
is caused and terminated by a combination of factors Figure 4 added to Fig. 2 might account for some of the
including the performance of species-typical behaviourspecial properties of MAPs, as well as the properties that
and cognition in the form of changes in the environmentthey share with other behaviour. Thus, behaviour can some-
(15). The proposed model suggests a framework. times be a compound of MAPs and reflexes (103). Also,

Archer (7) proposed a cognitive theory in which aggres-feedback is sometimes evident in MAPs, such that they can
sion and fear are triggered by disparity between the actudle adapted to the environment (13,32); the exact form of ‘R’
state of the world and some inner model of how the worldcan involve some local feedback. Although for some MAPs,
should be. However, he is left with the problem of explain-sensory and proprioceptive feedback modify the response,
ing how certain stimuli are particularly effective in trigger- in other cases the output seems to be largely predetermined
ing these states even on first appearance, whereas othey central factors (13). This would seem to fit adaptive
stimuli, presumably no less likely to create a disparity withconsiderations: in some cases, e.g., swallowing, a fixed
expectation, leave the animal unaffected. A joint control
could give the sign stimuli privileged access to the control
of behaviour. Other external events would owe their effi-
cacy in gaining control of behaviour to a comparison with

expectation. \[, /|\

The phenomenon of supernormal stimuli (11), i.e., the MAP
capacity of exaggerated stimuli to evoke a particularly GENERATOR
powerful response, remains a curiosity from classical ethol-

ogy rather than a feature of behaviour that might be
integrated into contemporary theory. In the present model
this phenomenon would be represented by innately strong
links between supernormal sign stimulig,Sand particular
species-typical responses;.R

5.2. Modal (‘fixed’) action patterns

‘Fixed action pattern’ (FAP) (124) refers to a rather fixed
sequence of species-typical behaviour that is triggered by a
sign stimulus and then tends to run a fixed course. IQér[hq'—rlG.4. Suggested addition to the model in order to account for modal action

than being an etho")gic'al curiosi_ty applicable' only to birdSpatterns (MAPs). The thicker line linking:Snd R, indicates a strong
and insects, FAPs exist also in higher primates (204)connection here.
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sequence can suffice. MAPs sometimes have some motproprioceptive stimuli from the performance of one part of
equivalence: the same endpoint of a given behaviour can bihe stereotypy might promote a second part.

achieved by various motor patterns (103), implying negative The bases of stereotypies vary with experience (112,136),
feedback. Sometimes a MAP, once triggered, carries on tthere being three developmental stages of acquisition (154):

completion even in the face of altered environmentall Behaviour is goal directed, e.g., an animal will attempt to
circumstances (i.e., whethen,Ss;,..., are present or not), 9 1ed, e.g., p
escape from a frustrating situation.

suggesting weak SR, links (13). An unexpected stimulus ; o S - .
can cause interruption of a MAP (13), possibly via top-down?: Behaviour becomes ‘fixated’ or ‘automatic’, but is only
evident in the original situation.

modulation. Motivational factors can facilitate or block 3. Behaviour shows some emancipation from the original
rodent grooming patterns (62). A strong @.g., an irritant stimulus; it is performed even if the situation is changed.

on the back of a mouse) can result in a responseoRck (Only in stage 1 can it be inhibited by anxiolytics.) For

scratc_hing) that norma_llly comes second in_a segquence example, caged hens sometimes continue to pace against
usurping control and displacing;Rface grooming) (13), a door even after the door has been opened (136).

which fits the assumption of joint control by an intrinsic
MAP generator and external stimuli, as shown. Parts of a similar sequence of stages are apparent in
amphetamine-induced stereotypies. Initially stereotypies
tend to develop out of the behaviour that the animal is
exhibiting at the time that the injection is made, involving
A displacement activity is behaviour seen at a time ofinteraction with a particular object, e.g., sniffing or explor-
ambivalence, conflict or frustration and which seems irreleing (57). However, with time the behaviour becomes
vant to the animal’s principal activity (216). Their timing divorced from such objects and similar to “the objectless
(e.g., breaking off a fight to preen) often appears bizarrefingering and mouthing stereotypies in schizophrenics”
Suppose that there are stimuli present that would normallyp. 12) (see Section 15.3). Ellinwood and Kilbey (57)
be sufficient to trigger the displaced activity, but thatreport that stereotypies develop out of prepotent responses.
inhibition is exerted upon their tendency to do so. RemovaRelatively strong S—R processes might normally form the
of such inhibition is termed disinhibition. Adapting the idea basis of the behaviour, and these would get still stronger as a
that disinhibition is involved (127), the model suggests arresult of amphetamine, i.e., a reinforcement process
explanatory approach. Displacement activities are sensitivgr9,239). This represents a transition in which the weight
to the strength of causal factor for the intruding activity attached to external stimuli increases and finally the weight
(127). For example, the tendency to show displacemendttached to proprioceptive and motor factors increases
grooming is increased if there is a prior disturbance to theelative to that of external stimuli. The opioid antagonist
fur (63). Displacement activities correspond to behavioumaloxone has a greater effect on reducing stereotypies
that is simple, organised at a brainstem level, frequentlyearlier rather than later in their history of acquisition
seen in the animal’s normal life, and which appear early in(37,112,187); naloxone insensitivity might well correspond
development, e.g., grooming, pecking (63). The cortex igo the switch to automaticity.
attributed a role in the timing of such behaviour, not in its  Something similar to the stereotypies of domestic animals
form (see later). Displacement activities commonly occur ais observed in human infants (212). Normal infants go
times when goal-directed behaviour is disrupted (e.g.through a developmental sequence of acquisition and loss
fatigue, thwarting, omission of goal object, ambivalenceof a variety of stereotypies in their first year. Children raised
between two incompatible goals) (127), i.e., when top-dowrin social isolation show an exaggerated and more protracted
inhibition (via cognitive links) on behaviour might be display of such behaviour. Thelen (212) suggests that such
relatively ineffective. A large disparity between expectationpatterns are organised at lower brain centres and normal
and actual state of the world represents a failure of currentaturation brings them under a restraining control.
goal-directed behaviour and could disrupt cognitive control This section and the last have shown that a number of
and allow an S—R process to seize control. There could beesults, in neuroscience, psychology and ethology might be
adaptive value in ‘falling back onto’ a more S—R mode of better understood with the help of a single model with which
control when goal-directed strategies fail (cf. (127)). greater theoretical integration becomes possible. The next
section continues this theme, specifically in the context of
motivation.

5.3. Displacement activities

5.4. Stereotypies

Stereotypies represent ritualised behaviour that appears to
lack any obvious function or purpose (135), e.g., rocking
and shaking by humans, tongue playing by calves and
chewing by pigs. They are particularly evident in intensive Motivation has been a topic of great concern to behav-
agricultural systems, and are of welfare, ethical and ecoioural scientists taking various approaches, but fragmenta-
nomic importance. They appear to represent behavioution has often characterized the literature that has emerged.
normally organised at a low level in a hierarchy (see later)mplicit within the model proposed here, there is both
gaining some autonomy from its original eliciting con- flexibility of behaviour in enabling goals to be reached by
ditions (38,112,223). In terms of the present model, theywarious routes and more fixed, species-typical aspects of
represent a shift in weighting away from cognitive control. behaviour (19,219). Motivation plays a role in both aspects
In Fig. 2, repetition might be due to the motor output for oneof control, the model indicating outputs from motivation
bit of behaviour R triggering another R which then going both to S—R links and to the goal-setting part of the
reciprocally triggers Rand so on indefinitely. Additionally, system. This section focuses upon the relationship between

6. MOTIVATION
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motivation and the S—R links. The goal-setting part will be  Unlike models in psychology, that of classical ethology
discussed later. involved a build-up of ‘action-specific energy’ with the
passage of time, energy being dissipated in the performance
of species-typical behaviour (124,216). With some notable
exceptions (e.g., (103)), subsequent ethologists tended to
Feeding and drinking are controlled by external (e.g.ignore this model, to reject it (8,39) or to consign it to the
taste, sight of food) and internal (e.g., nutrient state) factorscategory of ‘historical interest only’ (51) preferring the
Internal state modulates the efficacy with which externalpsychologists’ models. One problem with the energy
stimuli trigger ingestion (17,183,218,219,247). That is tomodel is the ease with which the notion of energy can be
say, feeding and drinking are organised by neural circuitglismissed as a viable component of the nervous system, in
triggered by external stimuli (234,248) and modulated fromspite of appeals to itas if explanatory status. However,
higher-level controls concerned with tissue needs and preadentical predictions arise if one is allowed to speculate that
dicted consequences of ingestion. An analogous joint conin some cases neurons within the link-&, in Figs. 1 and 2
trol can be proposed for sexual behaviour (219). At timesgcan show both some spontaneous activity and increasing
both rats and humans ingest highly palatable substances s@nsitivity over time since the stimulus was last applied.
excess (106,217,247), it would seemspite ofa nutrient  There is evidence for the existence of neurons (28,181) and
surfeit rather than because of potentiation from a nutrientircuits of neurons (26) with such properties though whether
homeostatic deficit signal. The links between taste andhey are located as in pathway;-SR; remains to be
ingestion, though modulated by nutrient state, are not theletermined. Alternatively, changes in the activity of the
slaves of it. The rat has a lexicon of stereotyped acceptanddAP generator as a function of time (Fig. 4) might increase
and rejection reactions to nutrients placed on the tonguéhe strength of $-R;.
(17). However, the reaction is not triggered by the physical Some behaviour still stubbornly fits the predictions of the
property of the substance on its own. Rather the taste ikorenz model (102,228), including play in human infants
processed in terms of past associations and current nutrief45), though of course some does not (51). A viable model
needs etc., which modulate a subset of available reactionshould assimilate those features of both classical ethology
The means by which nutrients are gained is importantand contemporary theory that fit the data, whilst rejecting
When animals are presented with an operant task for intrathose that do not. The proposed model can do this, with its
venous or intragastric nutrients or water, if they succeedissumption that a determinant of behaviour arises from the
they do so by chewing and licking the lever at the time ofstrength of certain stimuli. Thus, such things as cognitions
pressing (148). This suggests that they are recruiting somand nutrient depletion increase theneraltendency to seek
fairly hard-wired lower-level controls underlying consum- food and to feed, involving broad classes of behaviour. In
matory behaviour, exploiting prepotent S—R links (cf. (79)). addition, the tendency to engagparticular species-typical
Similarly, rats performing an operant task for the reward offood-seeking behaviour increases as a function of the time
drug infusion, gnaw and chew the cue light that predictssince it was last performed. Even very weak stimuli might
reward (232). Such observations offer some commorthen be able to trigger behaviour (124).
ground with the classical ethological model of motivation, The idea of species-typical behaviour with its own moti-
which emphasises the motivational significance of performvational potential might dovetail with the argument of some
ing species-typical behaviour. Similarly, the fact that it is psychologists and ethologists that the performance of cer-
difficult to switch off ingestive behaviour by infusions that tain behavioursper se has some intrinsic reinforcement
bypass the oral route (148,218) points in the same direction(57,79,93,98,104,144,219,228,239), self-stimulation (81),
to the importance of performing at intervals such MAP-like self maintenance (e.g., ‘sucks for the sake of sucking’)
behaviour which can bmodulated bybut not simplydriven ~ ((161) p. 48) and/or satiety ((54) p. 53) value.
by, motivational factors. Behaviour is activated and switched off by events at var-
Modulation by nutrient state might be relevant to theious levels (cf. (63)). Such things as restoration of nutrient
phenomenon of resistance to satiation (144,145). If behawstate affect the overall direction of behaviour, to make any
iour such as lever-pressing for food is determined only by a&ort of food-directed behaviour less likely (as in psycho-
goal such as nutrient repletion, behaviour would belogical models), but performance of species-typical feeding
expected to reflect faithfully the state of satiety. However,patterns could act at a lower level to reduce their own
in many cases, animals that appear to be satiated by thtendency to occur.
criterion of not ingesting food, nonetheless continue to show
operant behaviour that leads to food gain. If behaviour
reflects the modulation of well-established patterns by
motivation, it might develop some autonomy from these
states. Whereas a number of mammalian species seem similar in
their ability to use S—R processes, differences are evident in
their ability to perform tasks that require cognitive processes
(142). Passingham (159) compared rats and rhesus monkeys
The classical model of ethology involved particular sti- (Macac