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PERSPECTIVES IN HIERARCHY AND SCALE 141

up e -emarkable convergence of the ecological community on the need to
L

| le | . of scale and hierarchy. Realizat - ¢ need is reflected i

\ | oblems O y. Realization of this need 1s reflected n

A NI) C()U PLI I\I(I i L slﬁd{-‘:’réﬁ on s01l processes (Sullins, S_.pychf:r,,, and Topik 1983), vegetation analysis

SCALE i AL SYSTI’_‘,MS | rtﬁﬁi’*court, Delcourt, and Webb 1983), and aquatic ecosystems (Bainbridge 1957;

I ‘ / IN EC()L()(TIC | g:;le 1978; I,wass:::ur, Therriault, and Legendre 1984). In terrestrial systems,
McIDmSh (1985) points out that current trends reemphasize an interest 1n pattern

| . scale that dates bz?ck at ]_cast to Watt (1925, 1947) and the work of early

: 10 e eographﬂfs (O'Neill et al. 1.986).'[n aquatic systems, the interest in scale
Chapre b 1. 1975; Cox, Haury, and Simpson 1982) is driven by a recognition of

|l et 2 _ i 2
.erarchy and Scale | gzﬁjﬁhysical constraints that shape aquatic hierarchies (Gower, Denman, and

1980; Legendre and Demers 1984) and by a desire to explain control

, -chanisms operating across temporal scale§ (Carpenter, in press). Such un-

R.V.O NEILL | i lleled convergence may representa maturing of our science and unquestion-
pate for the continued development and testing of hierarchy concepts.

ably calls

PARALLEL LINES OF DEVELOPMENT

cent vitality of hierarchy considerations is indicated by four separate lines
of development that are occurring simultaneously. By choosing only four, I do not
n to minimize other efforts but rather to tease out some trends in a rapidly

mecd
- f ecological probl . developing field. Sl
The past two decades have seen 2 f2p id change in the sca fceslogica proviems: ' The first line of development, which I will characterize as the Empirical
In 1969, the National Environmental Policy A:::t required ecol.oglcalhassessment ; Approach, is actually a continuation of a longstanding interest among ecologists
of impacts on surrounding ecosysterm Frc;mft;ls locafl peir('jspe:;;e :j ::ti Oa;e ::;Tid | . detecting scales and pattern in ecological data (McIntosh 1985). Terrestrial
to IHIHdS‘:HPFS CCTIOE}? w e TOE;II:;:;O; cji:tlsin; j;d flimai)e chan!ge Thz | studies that have lf;ocused En scai\e :f'irlc:lh[;)atte;rI;1 are exemplihed by Bormann and
roblems of nuclear winter, glo ) e | | 1979). These authors show that, although a dlot
: blems demand that we accelerate our ability to translate small-scale ecological , L1kf:1}$ ( ) : SRS reacb
PRPNERAS T equilibrium, a landscape of sufficient scale can converge to an equilibrium mosaic
principles to higher levels. | with relative constancy in the fraction of the area occupied by various successional
It is fortunate that the demand for answers at higher levels has been accom- | : ; . ;
L e desclomment of new tools for the investigation of scale, The states. Increasingly, terrestrial studies are focusing on problems of scale (e.g.,
panicd Dy p Addicott et al., in press; Maurer 1985; Wiens 1986; Wiens, Crawford, and Gosz

combination of geographic information systems and remote-sensing capabilities

permits us to work with large spatial data bases (c.g., Krummel et al. 1987), 1985). The interest in scale 1s particularly evident in new hields of emphasis such

as landscape ecology (Risser, Karr, and Forman 1984; Forman and Godron 1986).

Aquatic ecologists have developed tools for rapid sampling of fine spatial scales | :
pite b Pielou (1977), Ripley (1981), and Clift et al. (1975) provide good points of entry

(Auclair et al. 1982; Boyd 1973; Haury 1976) and remote sensing of ocean gyres. .
Statistical tools such as time-series analysis provide for analysis of pattern and 1ntol tl}e theory and methodology that have developed for pattern and scale
analysts,

scale (Fasham 1978; Mackas and Boyd 1979; Platt and Denman 1975). The

statistical tools are augmented by models that attempt to explain pattern (Dubois A similar interest in scale is evident in geosciences and geomorphology.

(1) 9‘2:: (;L;HI; 732[;(1 Szglgl *1?56; Sc’avie} 1980). Final‘ly, from the early explorations of '* E;?:ummf(l%i and in‘press)‘ has pointed auk that physical forces shaping the
bt tﬁl}::aSEBONCll]ll, and Hams (1?75), the tleanisi aalBanis Tk : Stz; of a l‘;ver are disruptive at a fine time scale, continuously moving the
i (1985)pE]drede:n( 1\;';5 estabhs’hed'w,th texts by Allen and Starr iE Jle 5 avifi';ly rom its current state. At largfar scales, the forces act to equilibrate
TR j?uxt.a- os'gt i ), and O’Neill et al. (1986). | . rall course of the river, which remains constant for long periods of time.
position ol new problems and new techniques that has i ommel (1963) has made similar observations for oceanographic processes and
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142 £ interest change as the scale of observation
_rintere:

.d in aquatic ecology and oftep

that impose constraints on the

| Platt 1981). The implicationg

e is widespre:

Jrodynamics,

dre 1984; Carpenter and Kitchell 1987)
ok at larger-scale processes. Steele
o scales of variability in terrestrial and
lications for long-term changes in
ommunity Structure. ‘hat it may appear to be all there is to
RS - Ji )pmﬂ(‘
[his hmplrltdl Al ; lf:\’f]
the hierarchy concept However, | will
current line

.S 50 }Cr\fﬂs.l\rlc | : R -
h1s sO | op the premise that this 1s but one of 3

Thus, for example, there is a second

~umber of con h occurring in evolutionary biology,

- g  inde yendent line ¢ - 5 Pt S )
e tOmPJ‘-‘[Cl? :lnmiun'wﬂ Salthe (1985) and Eldredge (1985) develop a hier-
110 : Sy : ; ' 3 » 5
lll.l c;ul“nP*j' £ a new and broader view of biological evolution. Their work,
archical Dasis

which I will characterize as the Evo!utionul‘y {\‘}z_pru;‘lc:h‘,' f{Jfl:l.S‘E; or: (:(l)rnicr.ete

bicﬂogic::l entities, that s, organisms. '1 he?f use Ehlb ocus as ;1 )L;?lial aiod ?“m“’_lg

biological change at all levels of organization. They are particularly interested in

biological change at higher levels, bey?nd the lcnca‘l populauon‘ dllld l‘;eyond the
explanatory power of population genetics. They point to la.rgt:—sca ¢ phenomena
cuch as stasis and mass extinction as part of the ewlutxo::mr?f history ::)f the
biosphere. One of their major points 1S that hierarchical prmcxples provide an
tellectual framework for dealing with change on all scales. This theme 1s also
developed by Conrad (1983), who presents a mathematical theory for trade-ofts in
adaptability on different hierarchical levels. These authors see the hierarchical
framework as essential for broadening the base of explanatory tools available to
deal with evolutionary phenomena. The emphasis is on developing a philosoph-
ical base for evolution rather than on making specific testable predictions.

The mathematical development of Network Theory by Patten and his col-
leagues (1976; Hannon 1979; Patten 1982; Ulanowicz 1986) stands in marked
;.;antrast to t.'he philjﬁsophical tone of Salthe (1985) and Eldredge (1985). This third
: ; ;{IT:TQ; t:f(;archncfxll thmkf:‘]{; focuses on a gcqcra‘al mathematical foundation for
tﬂlitii: (g UT::;::J (0 this '*PPI:UEICh s the insight that interactions between
‘(Pm A 1982!). 'llzhis ;];'p‘;:afipll;t:so?;) d::ell']mllile thc‘dynamics of higher levels
interactions. The approach generates 1§ Ph theoretic an‘aly§cs of component

s, for example, new indices of functional

complexity (Ulanowicz 1983), I addition,
nfluences that

the theory argues for the importance

of indirect causality, that js ;
i 80 beyond one-on-one competition or

145
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cactions rather than component behavior. [n general, Network

& nte
understanding rather

cmph;lﬁi'/-ill _ , ob |
* lups a set of conceplts for organizing t'cn\uglc:l\

Theory deve
- generating testable hypotheses.
{lm*][]"lj:g fourth line of development emphasizes the juxtaposition of theory and
[cstiﬂi-‘,'; Formalized by Al?cn and Starr (1982), it shares w‘ith Hw;l};}itmary and
Network Elp}')['():,lcl'lt:!‘f a direct (i.le;:-cmlcm:c on (}(ftl{:‘rill b{ystﬁ.cms ['heory (c.g.,
Gimon 1962) but differs in seeking empirical tests of predictions. It shaun:s with
;hﬁ E.n'lpiricul Approach a commitment to ecological data and analyms ;_mcrl the
© of testable hypotheses (Allen, O'Neill, and Hoekstra 1984) but differs
1 developing 2 cmnprc:hc'nﬁsiw conce Ptunl framework. En‘}ph:-.lsis has been placed
on beginning with a specific ()bscwum‘m set (A\l‘cn, ()’Nclll, m.u'l Hoekstra 1984
O)'Neill et al. 1986) and taking advantage OE. the hlt‘:l‘;lr(ihlc-:ll struct:urtf tbat
emerges. 1S fourth approach has been particularly useful in :-.1pplymg hier-
| implications at larger scales such as the landscape (U rban, O'Neill, and

and biosphere (O’Neill, in press).

gcn-‘: rat1ol

archical 1
Shugart 1987)

SOME PRINCIPLES OF HIERARCHY

At the core of the four lines of development is a body of principles begun in the
1960s (Stmon 1962; Whyte, Wilson, and Wilson 1969; Pattee 1973) as an approach
to analyzing complex systems. The chief insight was that systems often contain an
endogenous organization, a hierarchy of levels. The investigator can take advan-

tage of this organization to isolate behavior that can be studied by classic
approaches.

Hierarchical organization results from differences in process rates. Complex
systems, such as ecosystems, operate over a wide spectrum of rates. Behaviors can
be grouped into classes with similar rates that constitute levels in the hierarchy.
Phenomena on a given level will be relatively isolated from lower and higher
levels. Lower levels have relatively rapid rates and appear as background static or
variability that is filtered or averaged out at the level of interest. Higher-level
behavior is relatively slow and appears as constant from the level of interest, that
is, as a set of constraints or boundary conditions on the phenomenon of interest.
The hierarchical organization permits one to dissect phenomena out of the total
complexity of the system. Studied on the appropriate time and space scale, the
phenomenon can be viewed as the behavior of a relatively simple system and
approached with traditional scientific methods.

Thcre 1s a clear analogy between this conceptual framework and a controlled
Expcn‘ment, say, at the population level. Here we would “control” higher-level
lehavmrs such as temperature and light by keeping them constant. We handle
‘Owcr-leve‘l "noise” by averaging across many individuals. In this way we try to
solate a single level and a simple set of phenomena.
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structure is that behavior must pe ex

(O’ Neill 1966; Koestler 1967). The focal leve] is
levels { _The focal level changes as the resey, ch

the level of interest 101 & pa e Population in one s;udy ar}d the la“dscape i
a s - .
problem changes and ma) e focal level is identified, dynamics are explaineg b

appropr! f we are focusing on a po ‘
another. Once the app level. For example, if w - p pulatmm

e interactions of its components, thz e
3

ot lower level. The significance of behavior, Lts
AR is explicable by reference to a higher-Jeyg
¢ on the individual level, sexual behavior finds its

system. Thu_Sa B s itihe population. Tcird*at? all of the h(i:‘lellrchical
significance 1n il insight in this Triadic structure en and
n ecology have

. Salthe 1985). .
1982; lsaar t]ejel are structured by what happens at higher a9

Dynamics at a palrtlcu | straints or boundary conditions, for exam.
lower levels. Higher le pitation The level of interest is constrained to operage
ecl -

Or r . . . s s 3
ple, temperature Or P the system of which it is a part. An intuitive example

. 1 - s set b - <o
Wlthmbthe boundmer w}imse growth 1s constrained by the productivity of the
mlght e a consu

CCOSYSICI, onal limitations, termed “initiating conditions” by

' addits n

Iioi?gégeiﬁgfjim example is the flight speed of a.ﬂock of 'blll'dS that is
IS_a Ft:d by th;": speed of individual birds in the flock. Initiating conditions repre.-
imi

t a type of constraint that 1s imposed on a higher level by. Its components. A
lsenl caginly display behavior that is the feasible resultant of its components. An
eve

- nitrogen if there are no nitrogen fixers within
ecosystem cannot fix atmospheric nitrog

that ecosystem. | 1 5 ‘
Current theories vary in the extent to which they rely on the concept of

constraint. But constraint appears to be a useful concept in expla‘ining ecological
dynamics. Developments in aquatic ecology clearly reflect a growing awareness ('?f
how hydrodynamics impose scaled constraints on the planktonic level of organi-
zation (Denman and Platt 1976; Harris 1980). Similarly, Carpenter (in press)
shows that food-web dynamics are constrained by time scales imposed by top

carnivores.
Current developments in hierarchy share this sparse set of philosophic con-

cepts. The hierarchical concepts themselves are nothing new. They are Neo-
platonic and can be found in Plotinus (ca. 250 a.p.) and Proclus (546 a.p.). They
have been rediscovered periodically throughout the history of Western culture. It
Is interesting to note that, although the theories share these concepts, they differ
on the reality of hierarchical structure. Salthe (1985) stands at one extreme with a
stated commitment to concrete reality. He is talking about zhe hierarchy of life.
Other authors (Webster 1979; MacMahon et al 1978, 1981) seem to agree with the

concrcjreness of hierarchical levels, at least implicitly, Network Theory seems
neutral on the point, beginning its analysis with an existing network of interac-

*ERSPEC ' Q
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G ons mthcr];?;[; C‘”"‘}“:‘;;\‘Jﬂg th.ti‘ rc;llity of the defined network. Allen (in Allen
and Starr 1702) and eill (in O'Nejl et al. 1986) share the ‘k'llt“s\".l}‘l it the

: 3 e 15 . ) ': r - = | ‘
On[ologltdl i _“( 115 2 Mmoot point for the scientist. We ht“ﬁll‘l with phenomen:
viewed 10 a particular observation set [ a iersiehs | phe ena

then the system can be treated as hierarchic
be ﬁ‘xpﬁ‘.ctcd to apply.

BFFECTS OF THE NEW AWARENESS OF SCAS B

The shared set of philumpl}ic concepts has an intuitive appeal but is thin on
hypotheses. It 1s a new way of looking at Systems rather than a set of u u';tium and
theorems. In fact, for many ecologists, hierarchical considerations ap l&ctw m ‘w -Lf
a conceptual framework than as a predictive theory. e g
derivative mathematical theories yielding spe
of new field and laboratory investigations,

h [t 1s in the development of
cific predictions, in the stimulation
and in the generations of testable
hypotheses that the current concern for scale will find its fruition.
already becoming clear that the conceptual tramework itself will |

. _ _ rove valuable
to ecology, and I would like to review some of the more notable applications

The first and simplest application has been an Increased
extent to which our models and measurements

However, it is

consciousness of the

. are scale dependent. It is easy to
view hierarchy as nothing more than insightful experiment

_ _ s al design. But this
becomes increasingly hard to maintain as more

| > and more scale problems are
identified even 1n the work of insighttul experimentalists. The archetypic exam-
ple involves aquatic ecologists who towed their nets in random transects trying to
measure plankton that were lined up in turbulence cells like be
(Abbott, Powell, and Richardson 1979), Only with the development of fine-scaled
measurement and spectral analysis did the effect of scale on their measurements
become apparent (Levasseur, Therriault, and Legendre 1984),

A similar story occurred in stream ecology. Streams were analyzed for nu-
trient efhiciency, comparing inputs and outputs for a reach of stream. Only with
the development of the scale-free measures of nutrient spiraling (Newbold et al.
1983) did it become apparent that the existing measures of efficiency were inade-
quate, being critically dependent on the dimensions of the reach being measured.

Yet another instance is recounted by Gingerich (1983). He reviews paleon-
to!ogical studies comparing rates of morphological change in darwins (change by
a factor of ¢ per million years, where e is the base of the natural logorithm), Recent
mammal assemblages are abundant, allowing observations every few thousand
years. Many minor changes are observed at a rate of about 4 darwins. Older
invertebrate assemblages are rare, permitting observation only every million
ycur.ﬁ‘, Most minor changes are not observed and the rate is given as 0,1 darwins.
But in fact the mammals did not evolve more rapidly, and when the data are
corrected for the scale bias, the invertebrates probably evolved more rapidly.

ads on a string
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Nagemen,
1986) provic led on one scale as a single

Yopulat;

“he resource iIs mode > Population Over
(4 e S0t herman operate at much longer time scale
The fisherins

Walters
SOMENmMes fails

; beciluse
several generations.

.+ discounted capitalization of ships and CQuipment. The
Wil dIdOt S, RO oSN T he rec e
1els do not do a good job of predicting the resource, and h,
els ;

“Jogically” as the model says they should to optimje yield,
jo not act as  10gILELE

2 new conceptual framework is its ability to resolye

S emerge(
ersies over the mechanisms that control aquatic food webs.

o ent CONUFOVETNITS 3 s ™ % o . o ;

from rf:un'J ¢ for “top-down control showing that fish, at the top of

There 15 evidence

ood web. Other evidence indicates a b(')tml'n-up
ain the food web. C
constrain the fo

[ht‘i“k' are con Cel fl(‘:‘d

result 1s that the mox
fshermen ¢

: g tacte of :
' o . . K‘-hl [E‘b[h { L 2 1 . Y 4 - Bt - Y o
One of the l\ xample of the utility of hierarchical concepts h
wersies. AN eXalyg
CONLroversIcy. 4

the food

CoOntro]

web, toplankton, at the bottom of the food web, control productivity
showing that Ph.’f“ﬁ "mh H','(:mrchical principles have been found to provide 5
I_hf ““?ht]l’; thr.r:: ﬁ:?ht.‘ conflicting data (Carpenter, in press). Phytoplunkton
::Ejri‘ii}:l‘:j;[umf scales and represent a lower bit’-m I‘Cllit‘;lﬁl lc:\ftj‘*l. They cop-
strain the food web over short time scales and t":'xlelFl much of the Intraseasona]
;unﬁaifitr in the system. Fish operate on longer time scales .'.1[1‘d represent g
' r time scales and
expiain much of the interseasonal variability in the system. Thus, both
down" and “bottom-up” controls exist but operate on diffe
predicted from their hierarchical position,

mgher hierarchical level. They constrain the food web over lon ge

“top-
rent titme scales, as

T'he examples could be expanded almost indefinitely. In most fields of ecology,
the new awareness of scale has led to new

insights, new concepts, and proposed
solutions to old and scale-naive dilemm

as. The case can be made, even on existing
Iiterature, that the concepts of scale and hierarchy have proven their value.
Investigators are beginning to take easurements across several scales (Perez et
al., in press), to consider how simultane
levels can influence commur

ributions (Neilson and Wull
aCt

Ous constraints from several hierarchical
1LY Structure (Ricklefs 1987) and geographic dis-
stein 1983, ]985- Neilson 1986
ctive development of hierarchic] concepts, |
ip of [hf: Ectherg. To convey the trye prm.

). However, given the
believe that we have only seen the

nise of the hierarchical approach, I
- developments, emphasizing how the
and testable hypotheses.

grouped into distinct levels.

COmponents operate at simi]
lower Jeyels th
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[f a species, under a particular €nvironmental reg

Ime, can win one-on-one
1tive interactions with other spec
competitive

les, a small-scaled strategy should be
lected for. A plant, for example, would tend to become a dominant. shading out
sele ' -

competitors and ;‘15i11g vechaltivc I‘CPI’(J(]LIC[i(}'I] tf} cstah_lish an.d maintain ilfs
spatial position. If an organism outcompetes 'ts immediate neighbors then it
ggrnins a selective advantage at FhIS small scale. *But 1f a sy
of every one hundred if]t.-emctmns, then selectiy
on a scale hundreds of times larger than the

ecies loses ninety-nine out
€ pressures might lead it to operate
dominant. If the species succeeds in
operating at a sufhiciently lalrger scale, i.t will ()[Teratt:: on a Lliﬁeferlt hi::rirarc}}ical
level, and hierarchical principles p[‘t“dlt‘t- that IP[ will thereby isolate itself, no
longer directly interacting with the dominant. I'he species would have to win

only on rare occasions and still persist in the civironment. This strategy would

lead to shorter life cycles, smaller stature. and widely dispersed seeds rather than

vegetative reproduction.

According to current ecological theory, plants oper:
be considered rare and classed as losers in the
the criterion, however, such plants are very successful A sim
scale might find a final resting place for St. Ros
interesting because it involves very simple

ple consideration of
alia’s goat bones. The Speculation is
and testable assumptions: the proba-
bility of success in competition experiments should be inversely related to the
scale at which a species operates and to life history characteristics such as dispersal
1ake little sense when comparing trees
asible in old field communities. S
dte competitive exclusion as a scaled
Interest in greenhouse pots and Ehrlenmeyer flasks. In
scaling strategies may

Consider also whether the thorny question of the distribution of the
of organisms is the simple consequence of the distribution of the P
competitive success combined with scaling strategies to ay

ability. While such an experiment might n
with ferns, it should be fe

uch experiments may
permit us to reevalu

phenomenon of greatest
the field, competition plus
be more relevant for explaining community structure.
abundances
robability of
oid exclusion.

Spatial Scales on the Landscape

rarchical concept is that process rates should be
At a particular Spatiotemporal scale, Interacting

ar rates and are relatively isolated trom higher and
at operate at much slower or faster rates. For hiera rchical principles

i analyzing ecological systems, it is necessary to identify such levels
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' system
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distinct levels I]‘"lm o Jetected in land-use data for landscapes,
N 8 g i o2 2] 't-._' Strllc ¥ » ? e, e " .d‘r ;r '- i "l =wal o . 3 .
lelldr lf \(' ess) have examined the percentage of a map transect occupied
O'Neill et al. (1n press; ik

» B ' ;ting
- ¥ " [ :‘rc. h rel-]l!C} i - . =Y - r - = e

by a particular Lllnd ;J ;easuft‘ Adjacent sites along the transect are thenp
and-use s

are assigned to the land-use type occupying the
The aggregation Is repeated 50 that. the same lan(_.l~u_se data is
Jles and the variance is calculated at each scale,
at the sample variance in such pooled data
(i.e., aggregate size) increases. If land use

L:umplrx outhn

the transect it 18 possible to estimate the

variance on the
pooled and the aggregates
majority of the sites. '
amined at a set of increasing sc

Greig-Smith (1957) points out th
should decrease as the size of the sample

on adjacent sites 1S uncorrelate

—1.0. Correlations, imp _
1986), will lead to slopes lying between — 1.0 and 0.0.

found that the variance analysis revealed a hierarchical

structure in landscape data. Over some scales, the variance decreased with a slope

anach Leze than —1DH—D403 to. .27 for different landscapes).. At adjacent
scales, the slopes changed abruptly and approached —-I.Q. For fhﬂ“erent land-
scapes, the analysis showed as many as three distinct levels (1.e., regions of shallow
slope) separated by regions of slopes approaching —1.0. The implications of the
analysis are that processes determining land-use patterns on the landscape are
segregated into distinct spatiotemporal levels as predicted by hierarchical

cX

d, a plot of log variance against log scale will show
lying some process operating on the landscape

a slope of
(Levin and Buttel _
O’Neill et al. (in press)

considerations.

Ecosystem Models and Stiff Systems

Aquatic ecosystem models typically assume that consumers are moving through
a well-mixed soup of food organisms. Current scale studies invalidate this as-
sumption. Piscivorous fish must operate at large scales relative to planktivorous
fish that, in turn, must operate at larger scales than plankton. Hierarchical
considerations indicate that dealing with all of these scales in a homogeneous
volume of water may be the wrong approach. Fish may not interact with
plal_lkton, they may constrain them, The difference is that model formulation 1s
radically changed and requires stiff system models that explicitly consider more

PERSPECTIVES IN MIERARCHY AND SCALF | 4%

(han one time scale. Thus the growing concern for scale may result in radically
new models of aquatic ecosystems,

Concern for modeling multiple scales leads us to some of the theoretical work
lone in hierarchy. If a model explicitly considers two time scales. then a

being ¢ .
mon scenario shows the slower time scale establishing a manifold, that is, a

cOIl
slowly changing lr;tit*tflfrry, to which the faster dynamics are asymptotically
:-;l:lh['ﬂ-- However, the trajectory may move the system toward ulnt;*lhlt* rrgium;...

As the system moves toward a major instability, it is a reasonable conjecture
‘hat the rate of return to the manifold will decrease as the point of instability is
“Pl)muchcd. This pnsmb_llity Suggests a way of monitoring large-scale ch;mgca,
even at the global level (O'Neill, in press). Large-scale changes are difhcult to
measure directly, and it may not be possible to determine whether a change is
good or bad. However, it may b}' possible to detect whether slow changes are
leading the system to a point of instability by monitoring short-term recovery
experiments. If recovery time increases, it may indicate that the total system is
moving toward instability and remedial action is called for. We are moving
toward testing the feasibility of this approach in microcosms. We will look for a
pattern in recovery from small perturbations as the system 1s moved along a
temperature/light trajectory toward a known point of instability determined in
preliminary experiments.

Nonequilibrium Thermodynamics

A related result is derived from our explorations of nonequilibrium ther-
modynamics. The theory states that, far from equilibrium, a system will tend
toward a state of minimum entropy production. It will approach this state along a
manifold described by a potential function. For present purposes, the most
interesting aspect of the theory is what happens as a bifurcation point is ap-
proached. Far from a bifurcation point, the potential function increases rapidly
with deviations from minimum entropy production. Thus, specific exemplars of
the system, tending to minimize entropy production, will lie close to the mini-
mum entropy state and close to each other. Near a bifurcation point, the potential
tunction increases slowly and the manifold “fattens.” Therefore, a random
sample of systems would show greater deviations from the minimum entropy
state.

These c_onsiderations lead to the conjecture that the variance measured among
systems‘wnh similar perturbation regimes should be greater for systems near a
btfurcatw:n poin-t. Further, the variance should increase through time for systems
a?proachlng a b;furcz}tion point. For example, African grasslands close to the line
Ot progressive desertification in the Sahel should show greater variability than

Sim" | . . . - . . -_—r
llar grasslands with similar climatic variability further to the south. Aspects of
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11 be tested in aquatic microcosms where replication is possib]e

1 | K o :

o of em‘ironmental conditions that determine the state of the
n .

S ERSPECTIVES ON FUTURE DEVELOPMENTS

-urrent hectic pace of developments in hierarchy and scale, j;
 will remain an active and fruitful field for some time to come

- dimensions of the field, it is impossible to chart the
. 's interesting to speculate on the possibilities and the
precise € :

. t.llenges facing hierarchy thearists._
ma];}iecmﬂst f‘ibvious challenge is the continued development of methods for

measuring and analyzing spatial and temporal patterns. We can expect continued
developménts in quantifying scales with indices such as fractal dimension (Bur-

rough 1981; I evin and Buttell 1986; K rummel et al. 1987). In terrestrial ecology

we can expect continued emphasis on landscape and global scales. In aquartic
ecology, we can expect new approaches to modeling and continued insight on the

implications of hvdrodynamic and food-web constraints. I am particularly anx-
ious to see an explicit wedding of empirical insights with theoretical develop-

ments in hierarchy. | |
Understanding scaled ecological systems will require translation of informa-

tion between scales (O'Neill 1979) and methods to relate findings at different
scales (O’ Neill, in press). Considerable effort has already gone 1nto understand-
ing scale translations (e.g., Allen, O'Neill, and Hoekstra 1934), but much work

remains to be done. Important aspects will be the effects of aggregating dynamic
behavior at finer scales (Gardner, Cale, and O’'Neill 1982; Cale, O’Neill, and

Gardner 1983) to higher levels, the use of scale functions to translate across scales
(Milne et al., in press), and the explicit use of hierarchical principles for extrapola-
tion (King 1986).

We can expect active development of the Network Approach to hierarchy. At
present, I am aware of four books in preparation that provide a comprehensive
and forceful presentation of this approach. We can look forward to this approach
providing significant new insights into the way populations interact to causc
ecosystem dynamics.

At present, hierarchical principles constitute a loosely integrated set of insights
on ‘Scale phenomena. The conceptual framework is based on the inductive obser-
i camples i i show e suctin O Fe I

i ot rccong?in ‘;W it g;?flﬂt UUl}ty in synthesizing available mfarm:;
tllustrated By nmﬁcmﬁs ciian;c?t : ﬂt:ll;llas hefh theory and mcasurcn‘{cnf» l
valuable in investi N d A lll t S Papefamany workers find the p[’lﬂClp €s
galing and explaining ecological systems. Others find the con-

Given the _
apparent that thi ‘ .
Because of the kale1d.oscop1

<ense of systematic principles and methods. This progress will be most useful if it

PERSPECTIVES IN HIERARCHY AND SCALE 151

ceptual framexn;ork difticult to apply and call for development of mathematical
‘heories that will allow precise and objective derivation of predictions.

. | : 1 : z |
The challenge 1s to progress from the present generalizations to theory in the

-

;s accompanied Dy mathematical theory that permits rigorous derivation of test-
able hypotheses. As a result, we can expect to see mam-ﬁ;gpectg, of the conceptual
cramework developed into specific theories. Such a dﬂﬁ"ft‘bpmem il arceika
—xtend the influence of the hierarchical concept. ; 3 :

The most important challenge facing hierarchy theorists is the tumely develop-

ment of testable hypotheses. However, even before a systematic theory is achieved.

we can expect the strong empirical interest in scale to result in a ra‘pid develop-

ment of field and laboratory testing of the implications of current concepts. \’:'e

will see the development of large-scale measuring instruments such as FTIR
(Fourier Transform InfraRed) being used to test hierarchical concepts in the held
(Gosz, pers. comm.). In short, I think we are entering a period of great excitement
and activity that will permanently alter the way we conceptualize and study
ecological systems. We can remain opumistic that the current interest in ques-
tions of scale will sumulate efforts to develop a more precise mathematical theory
that will facilitate even more rapid progress in the future.
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Chapter 11
Physical and Biological Scales of
Variability in Lakes, Estuaries, and
the Coastal Ocean

THOMAS M. POWELL

What is meant by “scale”? Why is it an important concept in ecology? Why does
scale play a particularly prominent role when one speaks of “coupling”? Can one
make nontrivial, general statements, if phrased in terms of scale alone, that apply
to several seemingly different systems? Can other generalizations that highlight
“scale” and “coupling” help us understand why some ecological systems differ so
greatly from others? | shall address aspects of these questions here, with particu-
lar emphasis on results from lakes, estuaries, and the coastal ocean. I begin with
some elementary notions, then review how scale considerations enter the cou-
pling between physical and biological systems in the size scale regime between
100 m and 100 km—a regime of great ecological interest and the scale of most
lakes, estuaries, and the coastal ocean. Other papers in this volume focus on, for
example, terrestrial systems and the general question of how large, complex
systems are structured; [ end, then, by advancing some speculations about these
and other areas I have neglected. Finally, some publications on theory in biolog-
ical oceanography (and related disciplines) have recently appeared: one is nearly a
tutorial (Platt, Mann, and Ulanowicz 1981) and the other assays the use and
prospects for ecosystem theory (Ulanowicz and Platt 1985). I therefore largely
avoid the topics that these authors have addressed so well.

ELEMENTARY CONSIDERATIONS

[ntuitively, one speaks of the spatial scale of a problem as the distance one must
travel before some quantity of interest changes significantly. Two adjacent parcels
of water separated by 1 mm are likely to have very similar concentrations of
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