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Abstract

Ecology is said by many to suffer for want of a central theory, such as Newton's laws of motion provide for classical mechanics or
Schroedinger’s wave equation provides for quantum physics. From among a plurality of contending laws to govern ecosystem behavior, the
principle of increasing ascendency shows some early promise of being able to address the major questions asked of a theory of ecosystems
including, “How do organisms come to be distributed in time and space?, what accounts for the log-normal distribution of species numbers?,
and how is the diversity of ecosystems related to their stability, resilience and persistence?” While some progress has been made in applying
the concept of ascendency to the first issue, more work is needed to articulate exactly how it relates to the latter two. Accordingly, seven
theoretical tasks are suggested that could help to establish these connections and to promote further consideration of the ascendency principls
as the kernel of a theory of ecosystems.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction (1955)see ecosystems as unfolding so as always to capture
energy at the maximum rate possible. Finallllanowicz
Conventional wisdom holds that ecology has no central (1980, 1997)maintains that ecosystems, during the course
law or principle like those that characterize the “hard” of their development, exhibit a propensity to increase their
sciences. Classical mechanics, for example, is built uponsystem ascendency. Ascendency is a single index that is
the laws of Isaac Newton. In somewhat derivative fashion, the product of two factors, each of which quantifies (see
electricity and magnetism is constructed around the for- Section 2 a core attribute of networks of trophic exchanges:
mulae of Maxwell, while quantum physics derives from One factor gauges the extent of system activity, and the sec-
Schroedinger’s wave equation. More than a century after it ond indicates the level of constraint or organization inherent
first appeared on the scene, ecology today still appears toamong the trophic exchanges.
many to be too diverse and conflicted to be able to coalesce The usual progression in science isiducefrom a mul-
around any one coherent theory. titude of inchoate observations a candidate law, which then
Despite the consensus regarding the weak status of the-achieves a degree of plausibility insofar as one is abtieto
oretical ecology, there is no scarcity of candidate laws that ducefrom it results that pertain to the universe of particular
have been suggested as governing ecosystem dynamicssituations found in that domain and to answer the fundamen-
Jorgensen (1992for example, suggests that ecosystems tal questions that define the field of study. An example of this
develop so as to maximize their storageegérgy or avail- deductive process is how Newton's second law of motion,
able thermodynamic workSchneider and Kay (1994)y in the form of vector field equations in the Navier—Stokes
contrast believe that ecosystems evolve to degrade exergyformat, can be applied along with particular boundary and
gradients as thoroughly as possib@dum and Pinkerton initial conditions to quantify almost any problem in fluid
mechanics. A central principle becomes even more robust
 Tel: +1-410-326-7266: fax:1-410-326-7378, when it can be shown to encompass or predict what hitherto
E-mail addressulan@cbl.umces.edu (R.E. Ulanowicz). had seemed a separate body of phenomenology, or when a
1 seeAppendix A for a lexicon of ecological terms used in the text.  previously recognized law suddenly appears as a corollary
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of a more over-arching principle. An example would be the nitrogen) from preyi to predatorj. The aggregate extent of
discovery by Oersted that magnetism results from a moving system trophic activity then becomes
electrical field.
As regards the deductive power of candidate laws per- T= Z Tj.
taining to ecosystems, it now appears that the principle of L

increasing ascendency is expanding in the range of its ap-The organization inherent in the system transfers is mea-
plications to various ecosystem behavidsanowicz and  syred using information theory. In information theory one
Baird (1999) for example, have demonstrated analytically pegins first by assessing an a priori indeterminacy concern-
that Liebig's law of the minimum, familiar to every begin-  ing events and then defines information as the amount by
ning ecologist, is a corollary of the ascendency hypothesis. hich that indeterminacy decreases as the system evolves
Furthermore, ever sincklay (1973)cast doubts upon the  (additional constraints appear). If one knows, for example,
intense efforts during the decade of the 1960s to estab-that the amount of biomass in compartmei B;, and the

lish a theoretical connection between ecosystem diversity total biomass of the system & = Y, B;, then the a pri-
and any attendant system stability, the worldwide efforts orj probability that a quantum being transferred is leaving
to preserve biodiversity have transpired largely in the ab- compartmeni becomesB;/B, and that it is entering com-
sence of any theoretical justification. By way of exception, partmentj, B;/B. If these two events are considered to be
ascendency theory provides a direct connection betweenyncoupled, then the joint probability that a flow both leaves
the diversity of ecologicaprocessesand system persis-  j and enters becomes the produ@;B;/B?. Once the flow
tence Ulanowicz, 2000p In addition, the hottest new issue  has occurred, one may assess the a posteriori probability of
in Complexity Theory recently has been the re-discovery the same transfer as beifig/T. According to Boltzmann,
that the magnitudes of the processes constituting manythe indeterminacy of an event is proportional to the log-
self-organizing systems are arrayed statistically according arithm of the probability of that event. Taking the differ-
to power-laws, rather than exhibiting more well-behaved ence between the a priori and a posteriori indeterminacies
exponential distributiondJlanowicz and Wolff (1991had and weighting them by the a posteriori probabilities, one
demonstrated exactly this point more than a decade ago byarrives at the “Kullback—Leibler” information measut¢,

applying the ascendency measure to a catalog of ecosystemuylanowicz and Abarca-Arenas, 199ds:
networks.

Finally, Ulanowicz (1999)has shown how the principle Tjj Tj B?

. . : K=kY (- )log :
of increasing ascendency represents an extension of Newto- —\T B;B;T
nian laws (but not the accompanying fundamental assump- -
tions) into the realm of complex, living systems, in much the wherekis a scalar constant. One may kde impart dimen-
same way that Schroedinger extended Newton’s second lawsions toK. In this instance, ikis set equal to the throughput,
to formulate quantum physics. In brief, the connections be- T, the result becomes the system ascendehgy,
tween ascendency and the larger corpus of ecosystem stud- ( o

1) )

ies are growing both in number and in depth. These initial 4 _ Z Ti log
L ij

leads open up the possibility that the concept of ascendency

(and its related indices) might provide the kernel for a uni-

fied, centralized and robust ecosystems theory. Accordingly, EugeneOdum (1969)cataloged 24 attributes of more ma-

in the interest of establishing a foundation for future re- ture (better developed) ecosystems. All other things being

search in theoretical ecology, it may be worthwhile to seek equal, increases in almost all of Odum’s attributes translate

formal connections between the hypothesis of increasing as-into corresponding increases in the ecosystem’s ascendency.

cendency and the fundamental questions that are being askedNis correspondence led to the induction of #seendency

in the pursuit of ecosystem studies. principle:

In the absence of major perturbations, ecosystems exhibit
a propensity to increase in ascendency.

— BiB,T
LJ :

2. Ascendency theory
Ascendency readily can be extended into multiple dimen-

Ascendency is a measure derived from networks of trophic Sions, such as those pertaining to space, time or chemical
interactions. It refers to the combined effects of mutualism SPecies. If the new dimension is partitioned into segments
occurring among the networks of transfers. In the absenceNumbered by the indei thenT;; would represent the flow
of major destructive influences, mutualism, or strict positive from taxoni to taxonj within segmenk, andB;; would rep-
feedback, causes the magnitudes of constituent processekesent the biomass efpresent in segmerit The extended
to grow and eventually dominate those of non-participating @scendencyle, would then look like:

rocesses.
P Tijk B2
BikBixT ’

To quantify ascendency, one begins by definligas the Ae = Z Tij log
transfer of some conserved medium (like energy, carbon or ik
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where T is now reckoned ad;; summed over all three  processl,,,, yields the amazingly simple result:
indices Pahl-Wostl, 199h )
It is a straightforward exercise to exter into even dAe ( TxyzB )

higher dimensions (for example, both space and time), d7xyz - ByzBy,T
simply by adding the appropriate indices to tfies
and B's and then modifying the last equation accord-
ingly.

The foregoing definitions may now be applied to address 54, (T Y iTxz+ Zj ijz>

Similarly, the sensitivities with respect to the biomass stocks
are calculated to be:

three major questions commonly posed in ecosystems re-38,, “\B 2B,,
search:
This last expression says that the sensitivity of the per-
formance of the whole system (ascendency) to any par-
ticular stock varies negatively as the turnover rate of
that stock. In other words, that biomass is held longest
in storage which exerts the greatest influence upon sys-
Usually, this question is approached in the particular, tem behavior.Ulanowicz and Baird (1999proved how
i.e. “Why does speciex appear at particular times and this statement is equivalent to Liebig’s “law of minimum
in specific places?” It can be approached from an en- proportions”, i.e. the nutrient most limiting to growth is
tirely different perspective, however, from the level of the the one that is taken up in least proportion. That Liebig’s
whole system. The higher level information indice, familiar dictum should appear as a deductive corollary of
like the original two-dimensional form, were intended to the ascendency principle is the first hint that ascendency
measure coherencies in the added dimensions. For exammight play a central role in describing ecosystem be-
ple, if the added dimension is time, temporal periodicities havior.
in the biomasses or flows will contribute to the magni-  To demonstrate the utility of this enticing theoretical re-
tude of Ae. Similarly, if the third index represents one or sult, Ulanowicz and Baird estimated seasonal networks of
more spatial dimensions, then patterns over space will con-carbon, nitrogen and phosphorus exchanges in the Chesa-
tribute to the value ofe. The generic answer to Question peake ecosystem and were indeed able to use the sensitiv-
1, therefore, can be stated as, “Populations of organismsities of the ascendency to identify which element is most
tend to distribute themselves over time and space accord-likely to limit the activity of each taxon during each sea-
ing to patterns that contribute to a higher spatio-temporal son. They found, as anticipateRifyther and Dunstan, 1971;
ascendency.” D’Elia, 1988, that nitrogen limits primary production dur-
Unfortunately, this answer applies only to the whole ing the summertime. Unexpectedly, however, the analysis
system when it is considered over the entire domains of revealed that phosphorus plays the controlling role in the
time and space. It cannot be used, for example, to predictactivities of bacteria and fish during the same season. Fol-
how much of a certain species will appear at a given time |owing the same logic they had just applied to the biomass
and place. This constraint on prediction is akin to being sensitivities, they reasoned that the sensitivities of the as-
able to say that the entropy of a particular physical system cendency to the various flows should signify which source
will increase over time without being able to specify which of the limiting element exerts most control on the receiver
changes in molecular configurations will bring about that (a task notably beyond the scope of Liebig’s law). Among
increase. This restriction notwithstanding, if one has data their predictions for controlling sources were some that were
on the distributions of organisms, one can use the ascen-not the donors of the largest supplies of the limiting ele-
dency measure to determine the most probable locationsment. For example, although the mesozooplankton received
of the “bottlenecks” or processes that are limiting system most of their limiting element, nitrogen from the phyto-
dynamics. Such limiting processes can be identified by plankton, it was the supply of N from the slower pool of
comparing the sensitivities of the ascendency to changes inmicrozooplankton that was most critical to mesozooplank-
each constituent process. Because the sensitivity of a mathton activities. Although this prediction has yet to be tested
ematical function to an infinitesimal change in one of its experimentally, it is encouraging to discover that the ascen-
variables is usually calculated by taking the partial deriva- dency principle is capable of generating falsifiable hypo-
tive of the function with respect to the variable in question, theses.
the process with the highest such derivative should be the Ulanowicz (2000bexamined how wheA. was extended
one that is exerting the greatest relative control on systemover spatial dimensions, it could be invoked to quantify the
dynamics. movements of populations over a landscape. In particular,
Because of its particular form, the mathematical formula he showed how various constraints to movements could be
for the ascendency is particularly amenable to sensitivity quantified usingAe and how the index could be used to
analysis. To be exact, the ascendency is a Euler function, sopinpoint migratory bottleneck¥ikawada (1998)met with
that taking its partial derivative with respect tosome arbitrary limited success in trying to combine Ulanowicz’s treatment

Question 1. How do populations of organisms distribute
themselves over time and space?
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of spatial migration with simultaneous trophic interactions. tribution lies at the interface between the well-behaved
Although he was unable to formulate simultaneous migra- negative exponentials and the power-law family of distri-
tion and trophic interaction, he was able to portray them as butions. Hence, there will always remain some ambiguity
sequential activities. Kikawada'’s difficulty suggests as a re- as to which side of this divide some actual data sets may
search task: fall, for it is always possible to calculate a mean and higher
moments for anyinite data set. That is, it is sometimes not
Task 1.1. To study ways of expressing in matrix form si- €asy to decide whether some data represent a log-normal

multaneous but distinct activities that vary over a spatial distribution or whether they might better portray a closely
landscape or along a temporal interval. related, but more poorly behaved, power-law formula. To
help clarify this ambiguity, it would be helpful

This is a rather subtle problem that affects how one appor- 154 2 1. To revisit the data on species number distributions

tions the magnitudes of activities over a multi-dimensional 4 see if a clear distinction can be made as to whether they

array. It is related to the problem of how such simultane- ¢qonform better to the log-normal distribution or to some
ous activities can be approximated using cellular automatac|ose|y related power-law alternative.

(Krivov et al., 2003.

Kikawada’'s progress was also slowed by the lack of a
generic algorithm to calculate higher dimensional ascenden- A key instrument in Ulanowicz and Wolff's analysis
cies. Whence the need of ecosystem flow magnitudes was the mutual informa-

tion of the flows (a particular form of the more general
Task 1.2. To write a generic algorithm that calculates Kullback-Leibler information and one of two factors com-
higher dimensional ascendencies from large arrays of data. PriSing the ascendency). The mutual information of the
flows, I,,, can be calculated in terms of the trophic transfers

as
This task is more straightforward than the first. Existing

subroutines for calculating higher-dimensional ascendencies; _— kZ ﬂmg (L) .
are cumbersome and exist only in FORTRAN IV code. If i T 2m Tmi2_p Tip

one seeks to display various contractions of the ascendency . ) ) )
(partial sums over particular indices), one must rewrite sec- = 1S & non-negative component of the overall diversity of
tions of the source code to create the desired output. MorefloWs, H (Ulanowicz and Norden, 199@efined as

flexible codes, written either in-€+ or Visual Basic (with T T

appropriate graphical user interfaces), are needed to streamf! = _kZ 7'09 (7) ’

line the input—output and give the user greater flexibility in i

choosing the partial contractions that are to appear in theand the differencep, between this upper bound ahgturns
output. out to be

Question 2. What is behind the frequency distribution of & = —kZ iog <+> .
species numbers? T > om Tmi2_, Tip

@ is related to the effective number of connections per node,
It has long been assumed that species numbers are dise, which can be calculated as

tributed in log-normal fashion. Robeay (1990) among P2
others, saw the explanation of this phenomenon as one‘ =
of the major challenges to theoretical ecologists. There is whereb is the base of the logarithms. In particular, Ulanow-
reason, however, to suspect that this issue may have beeicz and Wolff discovered that the quantity,(+®/2) was the
poorly-posed. Over a decade agtlanowicz and Wolff crucial metric for determining whether the flows in a particu-
(1991)discovered that the magnitudes of trophic exchanges lar system could be best described by a negative exponential
are distributed more according to Cauchy or power-law distribution or by a power-law decay. Because the product
functions than in the fashion of more well-behaved nega- T x I, constitutes a part (but not all) of the biomass-inclusive
tive exponentials. (Although power-law distributions can be ascendency, one strongly suspects that the principle of in-
normalized, they do not possess the well-defined means orcreasing ascendency may lie behind the power-law distribu-
higher moments that attend negative exponentials.) Recentlytion of ecosystem flows, but a formal connection has never
the relevance of power-law distributions to self-organizing been articulated. Thus, it may prove fruitful
phenomena has been independently rediscovered by the
Santa Fe school of complex systervgatt, 1999 and cur- Task 2.2. To search for a formal connection between the as-
rently is the object of much popular interest (eJghnson, cendency principle and the power-law distribution observed
2000. As Ulanowicz and Wolff noted, the log-normal dis- among trophic flow magnitudes.

’
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The search would be an algebraic exercise in the manipu- The information index is, however, only one of two factors
lation of the above definitions with the goal of establishing in the ascendency—the other being the total system activ-
an exact functional relationship between the parameters ofity, T. Hence, a high ascendency could as well derive from a
power-law functions and the value of ascendency. very high value ofT. In fact, the possibility exists for the as-

cendency to rise because new resources allow an explosion
Question 3. What relationships, if any, exist between the di- in system activity that overrides a concomitant decrease in
versity of ecosystems and their homeostasis or persistence?he information factorUlanowicz (1986has used this con-

figuration of changes among the factors of the ascendency to

During the decade of the 1960s ecology was preoccupiedgive quantitative definition to the process of eutrophication.
with finding a relationship between the stability of an ecosys- The definition has already proven helpful in distinguishing
tem and its attendant diversity. Over time this issue devolved true eutrophication from processes that closely resemble it
into a search for a connection between biodiversity, as mea-(Almunia et al., 1999 Thus, although it is clear that too
sured by the diversity of species numbers or biomasses, i.emuch activity can jeopardize internal stability, the reasons

B B (at the system level) why more activity eventually degrades

D= —kZ (-’) log <—l) ; system organization are not well understood. To shed light

—~ \ B B L o

i on this important transition, it would be helpful
and the stability of the predator—prey dynamics as defined . o
by linear stability analysis. Most of these efforts came to Task 3.1. To employ comparative data on similar mesotro-
a rather abrupt and ignominious end whifay (1973) phic and eutrophic habitats to see if the degradation of
showed how the problem was poorly-posed. That is, how system organization by increased activity can be described
more diverse systems had a greater probability of being un-using the sensitivities of the system ascendency to the vari-
stable in the linear dynamical sense. The ensuing embarrassQUS System components and processes
ment among ecologists engendered a widespread and deep
skepticism on their part as to the value of information the-  Of particular interest is how the various processes of a
ory in ecology. Unfortunately, this prevailing attitude per- mesotrophic system fare after enrichment? Following the
sists today, as most ecologists would rather not be botheredogic developed under Question 1 above, one might expect
with reconsidering the possible utilities of newly formulated those processes and taxa to which the overall system as-
information-theoretic concepts in ecology. As a consequencecendency is most sensitive would be the first to succumb to
of this attitude, popular worldwide efforts to preserve global enrichment. To what extent do existing data bear out this
biodiversity are largely lacking in theoretical support. conjecture? If the hypothesis holds, the sensitivities of the

This sequence of events was most unfortunate, especiallyascendency to each process could be used to ordinate the pro-
in light of the fact that the emphasis upon diversity of ecolog- cesses into a triage of the vulnerabilities to over-enrichment.
ical stockgepresented a diversion froltacArthur’s (1955) The second type of system stability refers to how the sys-
original application of Shannon’s diversity index to trophic tem reacts to novel or unexpected perturbations. Such “type
processesRutledge et al. (1976ere able to return to  B” stability is the subject of most discussions on the sub-
MacArthur's original viewpoint and apply new concepts in ject by ecologists. AOdum (1953)suggested long ago, a
information theory that made use of Bayesian or conditional system with many connections between components is less
probabilities to networks of ecosystdtows Their work led likely to be vulnerable to disruptions among any particular
directly to the formulation of the ascendency and related in- subset of links. Because reveals the degree of connec-
dicies, as described abovdlanowicz, 1980. It may prove tivity per node, one reasons that some correlation between
fruitful, therefore, to revisit the question of ecological sta- this measure and the system'’s ability to adapt to unexpected
bility in the subsequent light of ascendency theory. disturbances should exist. The relationship is decidedly sta-

In addressing the relationship between ascendency vari-tistical, however. The environment of every system includes
ables and system stability, it is necessary first to distinguish at least some disordered, incoherent events (quantifiable in
between two types of stability. The first type concerns the principle by the same information measures that are used to
internal stability of a system. How likely is it to fly apart characterize the system itself). The larger the valué af
spontaneously? How well does it harmonize with the spec- the system, the greater the probability that some of the dys-
trum of predictable variations in its environment? This “type functional elements that contribute #ocan be used by the
A’ stability is rarely considered under most ecological dis- system in an emergency to counter the effects of the distur-
cussions on the subject, but it should be noted that it is re- bance. That isp represents a system’s “strength in reserve.”
lated almost tautologically to the information factor in the It should be noted, however, that is the margin be-
ascendency: A system with a high internal stability by def- tween the system’s organizatioh,§ and the upper bound
inition is one with sufficient internal constraints to bind it on that organizationH). Hence, in an algebraic, as well as
into a highly organized structure. That is, systems with high a very real sense® depicts the encumbrance on system as-
mutual information among their flows almost always pos- cendency. That is why whea is scaled byT, the result is
sess high internal stability. called the system “overhead.” Overhead represents all those
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aspects about the system that, under predictable conditionsFrom this expression one notes that the components of
detract from system organization and performance. Disor- A,, represent the deviations between the logarithm of the
ganized, stochastic, inefficient and incoherent aspects of aoverall system turnover rate and those of its individual
system’s activity all contribute to its overhead. In the absence components. Experimenting with various distributions of
of perturbations, system ascendency tends to increase at theompartmental throughflows, it may prove useful to inves-
expense of this overhead, and the ultimate result would betigate what corresponding distributions of biomass would
a highly organized, tightly constrained, brittle system—one yield high ascendencies? What do the diversities of these
ready to collapse at the next disturbance. In summary, thebiomass distributions look like? Can any formal connection
answer to the question, “What is necessary to have a stablébe established between biodiversity ang,? While find-
system?” appears to be: Sufficient amounts of two mutually ing such a link is a long shot, uncovering one would have
exclusive attributes—system organization and overhead. enormous payoffs for the global effort to preserve diverse
Although network investigators have begun to address the biotic ecosystems.
sensitivities of the ascendency to various components, no
parallel exploration of the sensitivities of the overhead to sys-
tem components has been initiated. This suggests the need3. Conclusion

Task 3.2. To employ available data on the trophic flow |t should be apparent that the formal measure of ecosys-
networks of perturbed and unperturbed ecosystems to see item ascendency can be linked to various aspects of the most
there is any correlation between the a priori sensitivities of jyportant topical questions in theoretical ecology. The tasks

the overhead to changes in various system components angjefined above beg the efforts of talented and interested the-
processes and the a posteriori response of those element$ eticians.

to disturbance.
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networks exist for comparison. One is of a tidal marsh gut Appendix A. A lexicon of terms used in the text
ecosystem that was subjected to thermal strieganpwicz,
1984, and another now being created is of comparable Ascendencyor system ascendency): A measure of how
eutrophic and mesotrophic estuarine ecosystems in thewell (efficiently) a system is performing. It is based on a
Mondego estuary in Portugal (Patricio et al., submitted to quantification of the constraints that serve to channel net-
Estuarine and Coastal Shelf Sciejice work flows (by the mutual information inherent in the pat-
Finally, approximately 30 years of cataloging system bio- tern of system flowsRutledge et al., 199% and is scaled
diversities have elapsed since May’s work shut down most py the total system activity (see below).
theoretical speculation on the relationship between biodiver-  Bjodiversity A measure of the diversity of types (taxa) in
sity and stability. The time has come to reconsider a biological community. Biodiversity is a function of both
the number of types and the evenness with which the tokens
are distributed among those types. It is commonly reckoned
using the familiar Shannon—Wiener formula for the potential
information inherent in a given statistical distribution.
Biomass The amount of material of biological origin as
Mmeasured in some appropriate units of mass.
Diversity (of flows or species): A measure of the richness
of identifiable types of flows (processes) or species stocks in

Task 3.3. Can ascendency theory, which is slanted towards
flows or processes, say anything about biodiversity, predi-
cated as that notion is upon stocks alone?

Here it is useful to note that the difference between the
(biomass-inclusive) system ascendency and the flow ascen
dency (call this difference\,,) can be quantified by sub-

traction as . .
an ecosystem network. Usually quantified by applying the
B 1 B; Shannon-Wiener formula to the distribution of those flows
Ap=21Tlog— — = Timlo
" { 9 ZXI,: [; m gzp Tip or stocks.

EcosystemThe combination of a living community of
Tl Bi organisms, acting with the non-living elements of their en-
+ mil0g . . . )
— > Tpi vironment as a functional unit.
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Eutrophication(eutrophic): The dysfunctional status of a Trophic interaction A feeding interaction. The act of a
system resulting from too much input of nutrients. predator ingesting a prey.

Exergy The amount of total energy in a system that is  Turnover rate The overall rate at which a population or
available for doing useful work. (The second law of ther- the whole system is replacing its stocks (usually reckoned
modynamics states that not all of the energy possessed by an units of inverse time).
system can be converted into useful work.)

Extended ascendenchhe ascendency expanded to mea-
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