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”As long as we use technical models in biology without being fully aware that by applying these models we just imply that nature performs according to the projected human requirements and guidelines, we are "blind for the significance (bedeutungsblind)” as Jakob von Uexküll expressed it. We are incapable of putting up questions about the origin and legitimacy of our own needs nor are we capable of asking for the origin and legitimacy of the needs of other living beings. We cannot investigate either, in which ways the needs of the different living beings on this planet are dependent on each other.” (transl. from Thure von Uexküll,1980 : 42)
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Introduction

The biologist Jakob von Uexküll (1864-1944) developed a theory of biology, which decisively contradicted the mainstream of biological thought in the 20th century. His main concepts summarized in his Theoretische Biologie (1920a, 1928a) aimed at the re-introduction of the autonomous organism as subject into the focus of the life-sciences and at the same time at making subjectivity the object of the scientific method. Uexküll was interpreted as vitalist, anti-evolutionist and mystic (Goldschmidt 1956). But scholars in different scientific and artistic fields like psychology, anthropology, philosophy, linguistics, architecture and literature, recognized the significance of his challenge. 

Uexküll's approach became influential on the development of the Organismic Biology and System Theory of Ludwig von Bertalanffy (1901-1972) and the ethology of Konrad Lorenz (1903-1989) and Nico Tinbergen (1907-1988). Uexküll’s concepts were mainly based on neuro-physiological studies of the movements of invertebrate animals and developed under the influence of Kant's philosophy. Already at the beginning of the 20th century Uexküll recognized the important role of negative feedback and reafferent control in organisms. He used the concept of the Funktionskreis (functional cycle) to illustrate behavior as a regulated process. Uexküll’s models can be seen as predecessors of cybernetic models. Recently Uexküll has been discussed as a pioneer of cybernetics and Artificial Intelligence. (Lagerspetz 2001, Emmeche 2001, Roepstorf 2001). 

Interest in Uexküll revived, when he was internationally discovered as a pioneer of the semiotic approach in biology. Already in 1977 the hungaro-american linguist Thomas A Sebeok (1920-2001) discovered Uexküll to be a ”neglected figure in the history of semiotics” and celebrated Uexküll as one of the ”Masters of the sign” (Sebeok 1979). Accordingly Uexküll already at the beginning of the 20th century had recognized that the fascinating abilities and behavior of animals are based on sign processes –perception and transmission of signs to which meaning is marked on according to their significance. He had therefore introduced terms like Merkzeichen, Wirkzeichen, Lokalzeichen, Momentzeichen, Merk – und Wirkmal.
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The actuality and interdisciplinarity of Uexküll’s ideas was demonstrated on several conferences during the last decade. A special issue of the journal Semiotica (134/2001) compiled the contributions of scholars from linguistics to cybernetics and molecular biology, who explored the legacy of Uexküll in their fields of research. Alongside the ”semiotic turn” the renewed interest in Uexküll’s works was explained to coincide with a trend from temporal (evolutionary, genetic, ”vertical”) biology towards spatial (organismic, genomic, ”horizontal”) biology (Kull 2001 : 4). Uexküll’s agenda is seen as ”a main contribution to the ‘developmental' or ‘epigenetic' trend in the biology of the recent centuries; a lineage involving scholars like Karl Ernst von Baer, d'Arcy Thompson, Hans Spemann, Hans Driesch, Conrad Hal Waddington, Brian Goodwin, René Thom, Robert Rosen and Stuart Kauffman.” (Stjernfelt 2001:79) 

In conclusion; acknowledging the contribution of Uexküll may help to fill a gap in the history of theoretical biology and ”provides a link between Baer and Rosen.” (Kull 2001 : 4)

The life of an imaginative thinker
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Jakob von Uexküll was born on the manor of Keblas in Estonia on the 8th of September in 1864. He was the fifth child in an aristocratic German-Baltic family. The mother Sophie von Hahn was from Kurland. The father Alexander von Uexküll, who within his young years as a geologist had made journeys to explore the natural history of the Ural, was later appointed honorary mayor of Reval (today Tallin). 1875-77 Uexküll attended the Gymnasium in Coburg (Germany). 1877 his family went back to the city of Reval (now Tallin). He was sent to the Domschule, whose rector was at that time the father of the future Gestalt-psychologist Wolfgang Köhler. 1884, on completing his Abitur, Uexküll studied zoology in Dorpat (now Tartu). He graduated with the academic degree "Kandidat der Zoologie” (candidate of zoology) and during his life never went through another academic examination. At first attracted by the materialistic and deterministic world view, Uexküll became critical to the simplistic explanations of the Darwinists. One of his teachers in Dorpat was Julius von Kennel (1852-1939), whose speculations about the ancestral lines of animals left Uexküll dissatisfied with the science of Biology. (Uexküll 1964 :35ff.)

As a ”deserter” from biology Uexküll went to the University of Heidelberg in 1890 to study physiology in the laboratory of Wilhelm Kühne (1837-1900). Uexküll thought that physiology had stayed away from speculations and that it’s developed experimental methods could serve to renew biology. He specialized himself in the field of muscle- and neuro-physiology and from 1892 to 1903 he regularly spent many months of the year in the famous Zoological Station of Anton Dohrn in Naples. 

Uexküll adapted the methods developed by Kühne for frogs to marine animals. He aimed at revealing principles underlying the muscular movements and reflexes of sea-urchins, brittle-stars, peanut-worms and octopuses. He designed several devices for the observation and recording of the physiology and behavior of animals (Mislin 1978). In 1899 he went to Paris to study in the laboratory of the physiologist Etienne Jules Marey (1830-1904), the master of the ”graphical method” for the recording of body-movements and one of the pioneers of the cinema. Marey had constructed a camera for chronophotography, that produced the first short ”movies” of moving animals. Uexküll bought one of them and used the chronophotographic method for studying the details of the movements e.g. of starfish and the flight of butterflies. Together with his colleagues in Naples, Albrecht Bethe and Theodor Beer, Uexküll produced an influential paper (Beer, Bethe, Uexküll 1999), that attacked the use of anthropomorphic terminology in sensory physiology and proposed a new more ”objective” terminology, substituting e.g. seeing by photoreception or smelling with stiboreception. This paper turned out to have a broad impact on the development of behaviorism in the US and on the reflex concepts of Pavlov and Behterev in Russia. (Harrington 1996 : 42)

After a conflict with Dohrn in 1903, Uexküll went to marine research laboratories in Berck sur mer, Monaco, Roscoff and Biarritz. He married Gudrun von Schwerin, their daughter Dana and the sons Thure and Gösta were born in 1904, 1908 and 1909. 

In 1907 Uexküll was given the honorary doctorate by the University of Heidelberg for his studies in the field of muscular physiology, especially his discovery, that excitation is facilitated to flow towards the stretched muscle (Uexküll 1904a, 1904b).This finding, known as Uexkülls law, became useful in orthopedics (Kull 2001 : 5). In 1913 Uexküll applied for the post as head of the newly founded Kaiser- Wilhelm-Institute for Biology, but he was rejected by most of the biologists (Sucker 2002 : 136-151).
Only at the age of sixty Uexküll got his first paid position and headed his own laboratory. He was employed as ”wissenschaftlicher Hilfsarbeiter” at the young University of Hamburg and became ”Honorarprofessor” in 1926. Starting with a laboratory in the old aquarium, Uexküll managed to found the Institut für Umweltforschung. The institute flourished into a vital research center and within the first 10 years produced more than 100 papers under the direct supervision of it’s head.(Kühl 1965, Hünemörder 1979). Konrad Lorenz visited the institute in the 1930ies and dedicated his monograph ”Der Kumpan in der Umwelt des Vogels” (Lorenz 1935) to Uexküll. Uexküll stayed director of the institute until 1940. He spent the evening of his life on the island of Capri, where he died in 1944.

From Physiology to a theoretically renewed Biology

Already in his first monograph Uexküll (1905a) assigned different roles to physiology and biology. Physiology should organize the knowledge about organic systems by looking for causalities. Having preserved the advantage of the experimental method, physiology should help to renew biology. In distinction to physiology, biology has to use the scientific method to go beyond the investigation of causalities by exploring the laws that ensure the purposefulness (Zweckmässigkeit) of living matter. Therefore biology should study organisms not as objects, but as active subjects, thus focusing on the organism’s purposeful abilities that provide for the active integration into a complex environment. Biology therefore had to deal with holistic units and to maintain a broader scope than physiology in order to grasp the interactive unity of the organism and the world sensed by it. For describing this unity Uexküll introduced the term Umwelt (Uexküll 1909).

Umweltforschung – exploring subjective worlds

Umwelt is the concept for which Uexküll is most frequently cited in the contemporary literature (Sutrop 2001). Central to Uexküll's work was the problem of how organisms subjectively perceive their environment and how this perception determines their behavior. In the book Umwelt und Innenwelt der Tiere (1909) he introduced the term Umwelt to denote the subjective world of an organism. For him Umwelt was the unique phenomenal world embracing each individual like a ”soap bubble”. He stressed, that that the individual organism is always actively creating it’s Umwelt, but that this process is determined by the animal’s design, it’s activity, needs, etc. These interrelated factors that determine the process of the creation of Umwelt were the subjects of the scientific investigation of Umweltforschung.
Sensory physiology – basics for ”Umweltforschung”

As Thure von Uexküll put it: “The approach of Umweltforschung aims to reconstruct creative nature’s process of creation”. It can be described as ‘participatory observation’. “This method of observation, in the sense of Uexküll… means first of all ascertaining, which of those signs registered by the observer are also received by the living being under observation”(Uexküll 1987:149). Sensory physiology had to pave the ground for further research into the problem, how the Umwelt of animals might look like. This basic research could reveal and illustrate the outline of the possible Umwelt of the animal. By investigating the animal’s ability to perceive and discriminate different physical stimuli, one should get first indications of their significance to the animal’s behavior - first ideas about the possible signs that constitute for the animal’s Umwelt. For Uexküll this was basic methodology to analyze the “subjective space” (der subjektive Raum) of the animal (Uexküll und Brock 1927, Uexküll und Kriszat 1934/56).

Early ideas and schemes of negative feedback 

In 1904 Uexküll formulated a law of neuro-motor regulation (1904a, 1904b, 1905a). Uexküll’s law: ‘nervous excitation always flows towards the stretched muscles’, was widely acknowledged. It helped to explain muscular tone and position maintenance in animals and was useful in orthopedics (Haupt 1913; Wieser 1959). The finding that the activity of the nervous system facilitates the contraction of stretched muscle and thereby counteracts and regulates the stretching of muscles can be considered as a first formulation of the principle of negative feedback inside living organisms. In his Theoretische Biologie Uexküll developed these ‘cybernetic’ ideas and used little diagrams to illustrate them (Uexküll 1920: 201; 1928: 209). 
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These figures already show the now familiar outline of feedback loops and may be seen as early graphical representation before the science of cybernetics had been developed. However, Norbert Wiener developed his ideas in the 1940ies, when he was working on servomechanisms for anti-airplane guns and compared problems of automatic-steering mechanisms to problems of neuro-psychiatry to explain failures in goal directed movements which Arturo Rosenblueth had presented to him (Rosenblueth, Wiener, Bigelow 1943; Wiener 1948), (Lagerspetz 2001).
As one can read in the text of Fig.3 Uexküll postulated that there are two ways that information of muscle movements is fed back into the afferent side of the nervous system: 1. from receptors for the movement of the muscles (hypothetical movement- or stretch-receptors) 2. from central receptors (“das zentrale Sinnesorgan” von Helmholtz) that take up a part of the excitation sent to the efferent nerves and make it available to information processing in the afferent net of nerve cells. This second control principle was inaugurated by von Holst and Mittelstaedt at the end of the 1940ies as “Reafferenzprinzip” (Holst und Mittelstaedt 1950).

Functional cycles and reafferent feedback control
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In the years after 1904 Uexküll had worked out a more general feedback concept introduced as functional cycle ”Funktionskreis”(Uexküll 1920/28). By developing the functional cycle Uexküll tried to extend the concept of the reflex arc. In the second edition of Umwelt und Innenwelt der Tiere, Uexküll replaced the chapter on reflexes written in 1909 with a chapter on the functional cycle (Uexküll 1921). A section about ”Die Funktionskreise” had already been included in the first edition of Theoretische Biologie (Uexküll 1920). Here we find the first schemes of functional cycles (Uexküll 1920: 116-117, Fig. 3, 4.) Interestingly in these early schemes Uexküll also included and graphically represented (Fig. 4) the principle of reafferent control. A second cycle, “Neuer Kreis”, stands for a connection within the nervous system, which ensures the direct flow of information from the Handlungsorgan, which generates the impulses for the effectors to the Merkorgan, which is processing it together with information from the sensory system . According to Uexküll this embodied mechanisms not only serves to control movements, but is a central prerequisite for a coherent perception of the world (Uexküll 1920 : 117). This idea has proven actuality in current concepts of cognition (Kelso 1995).

According to Uexküll the illustration of the functional cycle should help understanding all capacities of the central nervous system and the instinctive behavior of animals. It represents an animal organism as a subject integrating an object into its Umwelt: This process is depicted as a closed loop of interactions. A modern description of the ongoing process in English terms was tried by Figge (2001). The following attempt uses his terms and terminology introduced by Urmas Sutrop in Fig.5: 

The organism’s nervous system is equipped with receptors and sense nets (Merkorgane), effectors and effect nets (Wirkorgane). The sense net is able to discriminate and represent particular features of the organism's Umwelt. The representation produced by a distinct receptor unit is called Merkzeichen, which is hardly to be translated as feature-sign. The effect net is tuned to produce muscle impulse patterns and stimulate effector cells producing an effector sign (Wirkzeichen). If a particular quality of an object in the organism's Umwelt stimulates the cells of the peripheral receptors, the corresponding sense net produces a feature cue (Merkmal) for the object, which is assigned to its original feature display on the object (Merkmal-Träger). The sensation e.g. of a green shade in the sense net is processed together with simultaneously produced feature-signs indicating space and time (Lokalzeichen, Momentzeichen) and recognized as a perceptual cue, which is assigned to a plant or meadow outside. The effect net is connected with specific peripheral effectors. The activation of specific cells of the effect net orchestrates the cells of peripheral effectors, and when this effector acts upon an object, then the effect sign (Wirkmal ) as a functional cue is displayed on or by the object (Wirkmal-Träger). The functional cue effected on the object transforms the state of perception of this opposite structure, thus erasing the original cue. This change leads to the perception of a new cue which starts a new cycle of sign production, which is attuned according to feedback and reafferent or other signs within the internal world of the organism.

Uexküll used the interaction of the female tick with a mammal to exemplify the description of behavior as a predesigned chain of interconnected functional cycles (Uexküll 1936:7). The glands on the skin of mammals are carriers of the feature (Merkmalsträger), butyric acid, which stimulates the receptor-cells. The corresponding sense net produces a feature-sign (Merkzeichen), which is used as a cue (Merkmal), assigned to the mammal. The central processing in the sense net induces (and Uexküll stressed that it was not known how) the corresponding structures of the effect net, innervating the muscles of the tick's legs: The tick detaches herself from the twig she hang on and lands on the mammal, thereby putting an effector cue onto the hairs she is touching and that are thus carrying the feature for the next cue recepted and turned into the feature cue of hairiness, which is assigned to the mammal and at the same time has erased the olfactory sign, so that a new cycle has started. The cue of hairiness induces the effect web to orchestrate the movements for crawling through the mammal's hair until the tick reaches bare skin, which erases the cue of hairiness and leads to the perception of the thermic cue of body temperature which induces the movements of drilling into the skin, where blood is the cue for the next cycle of sucking. Internal receptors produce signs of saturation that induce the tick to leave the skin, to drop, and to lay her eggs. 

The example of the tick was chosen because just a few cycles are needed to describe the ticks behavior and because experiments had revealed that the cues butyric acid, hair, and body temperature were sufficient to induce the corresponding behavior and link one cycle to another. Uexküll said that the Umwelt of the tick was simple or “poor” in comparison with the Umwelt of mammals, but “poverty” of the Umwelt is a condition for the safety of the success of the ticks behavior (Uexküll 1934 :8).

An early model for pattern recognition

In order to describe the design of the nervous system as unity and prerequisite for coordinated cognition and behavior within the functional cycle, Uexküll presented a model of recognition and coordination that can be compared to models used for the construction of artificial neural networks much later. In a scheme in the second edition of Theoretische Biologie”(Uexküll 1928 : 106), he depicts interconnected networks of neural elements. Lagerspetz (2000) identified in this figure an early model of the conditions of pattern recognition in biological systems, which ”clearly shows the idea of parallel elements with interconnections”. He remarked that ”it took thirty years before Rosenblatt (1958) used the same idea in his design of `perceptron', which has been throwing light on the problem of pattern recognition. Pperceptron is a practical example of the use of cybernetics in the modeling of mechanisms used by living organisms. It took yet another thirty years before these ideas were used in computers in the 1980s” (Lagerspetz (2000 : 650).

Machine metaphors and semiotics

In his attempt to substantiate Kant's philosophy in biology, Uexküll preceded the cybernetic approach, the biosemiotic explanation and later conceptions of cognitive psychology. Uexküll had developed his ideas directly from research in the physiology of movements and the observation of behavior. His agenda had been to demonstrate the difference between the living organism’s autonomous organization and the predetermined mechanisms of machines of his age. In contrast to Norbert Wiener who was fascinated to describe biological functions in mathematical terms, Uexküll avoided mathematics and discovered a semiotic language appropriate to embody Kantian philosophy with observations in biology. So Uexküll’s approach preceded the cybernetic approach and, since it was developed to explain the fantastic regulation of animal movement and behavior, it was fruitful in ethology. It prepared Uexküll and his readers to envision a multitude of different functional cycles corresponding and suspending the animal within its Umwelt, relating it to prey organisms, to enemies, to sexual partners, to different objects and media. But it also paved the way for a cybernetic view. With new techniques of computing and the wonderful automatic machines the acceptance of technical metaphors in biology increased. The emerging image of multiple types of different and interrelated closed-control-loops could explain body movements and also induced new ways of imagining, illustrating and calculating the complexity of interrelations of organisms and their environment in modern ethology and ecology (Lagerspetz 2001). But it seems that thereby a main aspect and advantage of Uexkülls theoretical thinking was left behind – the semiotic description and analyses of life.

Uexküll – the first biosemiotician

A special issue of the journal Semiotica dedicated to Jakob von Uexküll in 2001 termed Uexküll “a starter and pioneer of the semiotic approach in biology in the twentieth century” (Kull 2001 : 1). The editor stressed the fact that decades before semiotics was applied to biology Uexküll had commenced studying organisms as subjects in the center of sign processes (Kull 2001, 1999). Uexküll was recognized by Semioticians after his death. Thomas A. Sebeok from Bloomington University called Jakob von Uexküll a ”crypto-semiotician” (Sebeok 1979). After meeting with Sebeok, Uexküll’s son Thure von Uexküll, a famous physician, who had inaugurated psycho-somatic medicine in Germany, started to explain his fathers biology in a semiotic conception (Uexküll 1979, 1980, 1981). He stated, that ”one can truly understand his (Jakob’s) terms only, if one sees them on the background of a theory of sign-processes and makes clear to oneself, that Umweltlehre is a science of signs sent and received by living beings” (Uexküll 1980 : 292). The recognition of the semiotic character of Uexküll’s approach implies the fact that a biologist, who was not familiar with linguistics, Peircean, Saussurian or any other semiotic approach, was able to develop an elaborated terminology and conception for studying sign systems in the animal world. The historical perspective considers that Uexküll developed his approach as an alternative to the mechanistic and reductionistic trends in biology at the beginning of the 20th century (Uexkküll 1913).

Uexküll’s significance today

According to Uexküll, biology should focus on the organisms abilities to integrate itself into a complex environment, of which it is a part and which is constantly created by it. The study of the communicative unity of the organism and the world sensed by it, he called ”Umweltforschung”. His ideas, terms and models became influential and innovative in the development of modern ethology, ecology, psychology, philosophy, etc. Thure von Uexküll’s (Uexküll 1980) interpretation of Uexküll in semiotic terms shows convincingly how the new concept could make biology a meaningful (bedeutungsvolle) science, able to serve as a unifying paradigm for other sciences, like medicine, psychology, economy, ecology and sociology. The significance of Uexküll’s quest for an alternative to reductionism in all approaches to life is appreciated today. 
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Fig. 4. Functional cycle with reafferent cycle. (Uexküll 1920 : 117.)





Fig.3: Little diagrams in the text illustrating a description of feedback and reafferent control (Uexküll 1920 : 201)





Fig. 1 Jakob von Uexküll in 1934





Fig. 2 Frontpage of the first edition of Theoretische Biologie printed in 1920





Fig. 5 Funktionskreis or functional cycle with German and English terms (Uexküll 1921 and Kull 2001, translated terms by Urmas Sutrop)





Fig. 6: Scheme of networks of neurons (Uexküll 1928 : 106)
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