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1 Introduction

Studies of disturbance have a long tradition in vegetation ecology (Cooper
1926 Raup 1941 White 1979 and have increased dramatically during the
last 30years (Dayton 1971 Heinsdman 1973 Levin and Paine 1974
Borman and Likens 1979 Sousa 197%,b, 1984 Pickett 198Q Pickett and
White 1985 Van der Maad 1993 Bornette and Amoros 1996 Paine ¢ al.
1998 Frdich and Reich 1999 White ¢ al. 1999. We have learned a tre-
mendaus amount about the significance of disturbance as an ecological
factor in various habitats and communities (Knapp 1974 Grubb 1977
Miles 1979 Oliver 1981 Pickett and White 1985 Goldberg 1988 Frelich
and Lorimer 1991, Milton et al. 1997, about disturbance regimes (Romme
1982 Turner e al. 1993 White @ al. 1999, about functional adaptations
of plants (Garcia-Mora et al. 1999 Walker et al. 1999, about responses of
ecosystems (Bornette and Amoros 1996 Johrson et al. 1998 Engdmark et
al. 1999 and about restoring dsturbance as an ecosystem process (White
and Walker 1997 Covington et al. 1999. During this period, a few theories
and synthetic corncepts have been proposed, but we do notyet have an incl u-
sive general paradigm for thisimportant body d work.

In this chapter, we explore prospects for the development of generality in
disturbance eology. We discussthe neal to study dsturbance and to seek
generality. We review disturbance definitions and concepts that derive from
these definitions. We then dscuss the search for generality, focusing on
factors that hinder generality and approaches that allow the development of
generality acrossdiverse ecosystems and dsturbances.

2 Why Study Disturbances? Why See Generality?

Disturbances are ubiquitous, inherent and unavoidable, affecting all leves
of biologcal organization. Ecosystems are influenced by disturbances of
various kinds, such as fires, windstorms, landdlides, floodng, loggng,
grazing, burrowing animals and autbreaks of pathogens. Due to natural and

Progressin Botany, Vol. 62
© Springer-Verlag Berlin Heidelberg 2001




400 Ecology

anthropogenic disturbances, ecosystems undergo changes that are sudden o
gradual, dramatic or subtle. The presence of disturbances in all ecosystems,
their occurrence at a wide range of spatial and temporal scales, and their
continuity acrossall levels of ecologcal organization is the essence of ther
importance (Pickett and White 1985. In the following paragraphs, we fur-
ther develop the rationale for the importance of understanding dsturbances
by discussng eight reasons that the study of disturbancesis essential.

a) Patchinessand Heterogeneity

Disturbance is a primary cause of spatial heterogeneity in ecosystems (Platt
1975 Loucks et al. 1985 Callins and Glenn 1988 White & al. 2000. Asa
major shaping force for composition and structure in ecosystems, distur-
bance influences competition and environment, substrate and resource
avail ability. Because individuals take up space and use resources, deaths
and biomass destruction cause patchiness even when this is smply a ran-
dom processamongindviduals in the community. More often, disturbances
affect many indviduals at once and cause a coarse-grained patchiness
Disturbances are infrequent relative to the time between dsturbances and
are brief in reationship to the life span o species they affect. However, on
ecosystems, they have dfects that are out of proportion to their brief dura-
tion; thus, they often influence eosystem composition and structure long
after their ocaurrence. As a result, understanding ecosystems requires an
understandng d their disturbance history.

b) Biodversity, Adaptation and Ecosystem Response

Disturbances play a crucial role in maintaining biotic diversity (Darwin
1859 Conrdl 1978 Christensen et al. 1989. They have been evolutionary
forces, causing adaptations in the biota exposed to them. Such functioral
adaptations underlie two mechanisms of ecosystem response to dsturbance:
complementarity and redundancy. First, species have e/olved a diverse
spectrum of abilities rdlative to dsturbance. After a particular disturbance,
some species increase or invade, while others decrease or retreat (Vod
1974). Thus, ecosystem response is, in part, a result of niche complemen-
tarity. Second when daminant species are primarily the ones affected by
disturbances, other species may increase after a disturbance, even if ther
functional traits are similar to the previously daminant species. This has
been expressed by the resili ence hypothesis (Walker et al. 1999. Dominant
and minor species in same functional groups are similar with respect to the
contribution to ecosystem function, but they differ in their environmental
requirements and tolerances and, thus, in their ability to respondto dstur-
bances. Dominant and less dominant species switch in abundance under
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changng environmental condtions allowing functional stability. Thus,
functional redundancy is important in ensuring the persistence of ecosystem
function under changing environmental condtions and in ensuring resili ence
in response to a disturbance. Moreover, apparently redundant species may
operate on dfferent spatial and temporal scales (Peterson e al. 1998,
thereby reinforcing function across sales. Both complementarity and re-
dundancy can be mechanisms that contribute to overall ecosystem stabili ty.
For example, Marks (1974 showed that fast-growing early-successonal
trees are able to take up disolved nitrogen after a disturbance, thus pre-
venting ritrogen export to groundwater and streams. Vitousek's (1984 gen-
eral theory of forest nutrient dynamics suggested that early-successonal
species immobili ze limiting rutrients quickly after a disturbance.

¢) Human Effects on Natural Disturbance Regimes

Alteration, suppresson and even enforcement of natural disturbance re-
gimes by human activities are current isaues in science and palitics. A major
way humans affect biological diversity is through drect influences on the
disturbance rate and intensity. Changes in fire and hydology, including the
dynamics of floodng, are nearly universal influences caused by people. For
the purpose of econamic exploitation a the protection d civili zation, hu-
mans often strive to diminate natural disturbances. We thereby allow suc-
cesson and lengthen the return intervals of disturbance esents. However,
this may result in increased magnitudes and severities of subsequent distur-
bances, because ecosystem susceptibility to dsturbances may be enhanced.
Fire cortrol, for example, often leads to increased fire severity due to re-
duced landscape heterogeneity (Minnich and Chou 1997. Therefore, it is
critical that we understand dsturbance dynamics and build predictive mod-
s that will allow us to forecast future changes and better manage eosys-
tems for nature conservation and for human neels. In a broad sense, human
management consists of managing dsturbances and successon and includes
creating, replacing a suppressng dsturbances.

d) Novd Human Disturbances

Humans also introduce nowd disturbances. For example, large clear cuts
cannd entirdy mimic the dfects of wildfire on the landscape age mosaic
(Hansen et al. 1997). Although some wildfires may be large in terms of the
boundaries of the fire, they leave behind heterogeneous patches of mortality
and survival patterns within the area burned. Treeregeneration can proceed
from these areas via either sead o sprout sources (Johrson e al. 1998.
Understandng hav ecosystems react to netural disturbances and to what
extent human dsturbances resemble natural effects is a prerequisite for



402 Ecology

evaluating hav to manage the interplay between civili zation and the natural
environment. It is important to understand dssmilarities between ratural
and human disturbances in arder to predict an ecosystem's abili ty to respond
to human impact. Furthermore, in many cases of interaction and synergism,
it isimposdble to dff erentiate between human and retural causes of distur-
bance. Thus, information regarding dsturbance characteristics and the criti-
cal limits of persistence and resili ence to specific disturbances is crucial.

€) Habitat Fragmentation

Humans aff ect disturbance regimes by altering the spatial pattern o eco-
systems through hebitat fragmentation. Habitat fragmentation can both
increase and decrease the disturbance rate (Franklin and Forman 1987,
Baker 19923). For example, disturbances like fires and insect outbreaks,
which spread contagiously through a landscape, are critically dependent on
the nature of the eosystems through which they spread (Turner et al.
1989. Frost (1993 has argued that habitat fragmentation has produced
smaller fire compartment sizes in the londeaf pine savannas of the south-
eastern United States. As a result, fire frequency has decreased, because a
singe lightning ignition canna burn as large an area. Bergeron and Brison
(1990 showed that the fire regime is very different on lake islands than in
surroundng mainland areas in the boreal forest, simply because fire sizes
could belarger in larger blocks of forest. By cortrast, habitat fragmentation
can also increase the disturbance rate. Increased wind dsturbance on rewly
created forest edgesis a frequent example. In addtion, landsli de magnitudes
can be increased by patchy agricultural ecosystems in sensitive high
mountain regions, and floodng intensity increases with the increase in im-
pervious surfaces due to urban expansion.

f) Traditional Land Uses as Disturbance Regimes

Many landscapes were created by human-induced dsturbance regimes,
some of which have been in place for centuries. Burning, loggng, grazing
and mowing constitute major influences on cultivated landscapes. Many
grasdands, fields and forests are exposed to regular, human-induced dstur-
bances. Especially in Europe, many endangered species now persist only
where traditional land-management practices continue (Grebe @ al. 1999.
In the southern Appalachians of North America, a similar situation acaurs,
with a number of rare plants occurring onmountain meadows called gassy
balds, which were maintained by settlers as grazing pastures (White and
Sutter 1998. Traditional human dsturbances may have generally main-
tained early successonal habitats and species in ecosystems whose natural
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dynamics no longer occur or are unknavn (White 1984). Among the most
important influences was the frequent use of fire and gazing.

Traditional cultures with low leves of techndogy and relatively low hu-
man-population sizes caused great variety in species and ecosystems as a
result of functional adaptation to human disturbances or the replacement of
natural disturbances by human-cortrolled ores. Thus, the dimination o
disturbances as ecological factors or the alteration d such dsturbance re-
gimes may cause dramatic successonal changes in these ecosystems. The
disruption d landscape-level dynamic processes and dsturbance regimes,
such as floods, fire or traditional land use, can be a threat to the mainte-
nance of biotic diversity and may result in changes of the abundances of
many species (Tilman 1996 Beierkuhniein 1998. It is wel known that the
heterogeneity of landscapes and the diversity of species and ecological proc-
esss are lost through either successon a through land-use intensification
as cultures change (Sukopp 1976 Kaule 1986 Jedicke 1994 Hagen 1996
Lux 1999. Ecologsts and reture conservationists no longer consider dis-
turbance as extraordinary and merely destructive forces; they acknowledge
the generality of the occurrence of disturbances and the significance of their
influence (White and Bratton 198Q Sprugd 1991). Natural and human
disturbances overlay each aher. We must study the impact of disturbances
on both ratural and cultivated landscapes and take into acoount the syner-
gistic effects of both natural and human-induced dsturbance regimes.

g) Climate Change

Climate change will cortribute to aterations in dsturbance regime, eg. a
change of fire frequency due to variations in weather condtions, or an in-
creased floodng intensity due to atered precipitation patterns (Richter
1993. Moreover, disturbances can remove the inertia represented by exist-
ing ecosystems, thus resulting in a relatively sudden response (or adjust-
ment) to previous climate changes. Thus, successoral pathways are con-
tinuously altered in composition and velocity when exposed to varying envi-
ronmental conditions.

h) Exotic-Species Invasions

Exotic invasions can accur more quickly after disturbances to ecosystems
(if only because disturbances remove competitive dominants and increase
the rate of establishment of new indviduals, exotic or nat). Exotic species
can also alter the disturbance rate. For example, introduced grasses in west-
ern North America (Billi ngs 1990 and invasive trees in the Florida Ever-
glades have increased fire frequency and intensity (Bode d al. 1994). Be-
cause exctic-species invasions are one of the most important global envi-
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ronmental problems, these add to the rationale for studying dsturbance
itsdlf.

i) Why Seek Generality?

Disturbance regimes and vegetation dyramics encompassa diverse array of
cases. Disturbance can have a varigty of quantitative and qualitative causes
and effects. Disturbance may result in stability or change, may have purdy
local effects or wide-reaching influences, may be exogenous or endogenous
to the eosystem, and may be encouraged o resisted by nature conserva-
tionists and ecosystem managers. Ecosystem responses to dsturbances are
also dverse.

Thefirst step towards developing generality in dsturbance eology is to
find patterns in these diverse cases. Such patterns will reduce complexity
and hep us devdop further hypotheses. It is important to identify which
factors are most important under which circumstances (Sheil 1999. Thus,
complexity should be structured and incorporated into hypotheses rather
than avoided. Scientific progress can orly occur through exploring incon-
sistencies regarding current hypotheses, revising dd assumptions and com-
municating and criticizing theories (Kuhn 1962 Feyerabend 1981). In the
end, the importance of scientific findngs depends on their endurance (their
retention through time). What endures is the identity of the pattern (White-
head 1925. Thus, patterns on dverse scales, for diverse disturbances and
in dverse eosystems are the foci of interest in the search for generalities in
disturbance eology.

3 Disturbancesand Disturbance Regimes

During the twentieth century, much attention has been focused onresearch
concerning vegetation dyramics. Much o the attention has focused on
changes after disturbances, including the development of the concepts of
successon (Cowles 1899 Lidi 1919, gap dynamics and pattern and proc-
ess (Watt 1947, cyclic micro-successons (Churchill and Hanson 1958,
patch dyramics (Pickett and Thompson 1978 Pickett and White 1985,
mosaic cycles (Remmert 1991) and carousd dynamics (Van da Maad
1993. Starting during the 197G, ecologsts have increasingy viewed the
disturbance processitsdf as fundamental to understandng vegetation. The
study o disturbances, their effects on ecosystems and the condtions they
create for successon have become equally important to the study of succes-
sion subsequent to a disturbance (White 1979. Before we go further, we
must answer the question: what is considered a disturbance?

In defining dsturbance, we are immediatdy faced with an important
choice between relative and absolute definitions. At ore levd, this is a se-
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mantic issue, but it also raises conceptual isales in the understandng o
spatial andtemporal variations in ecosystems.

The relative definition d disturbance seeks to define disturbances as
causing ceviation from the narmal dynamics of an ecosystem. Thus, de-
structive events like fires in gasdands or treefalls in dd-growth forests,
which characterize these eosystems, are nat considered dsturbances. Dis-
turbances are events that change the characteristic ecosystem processes
(dimination d fire from a grasdand, or introduction d fire to mesic old-
growth forests that had no hstory of this disturbance type). White and
Pickett (1985 reserved the term "perturbation” for departure from normal
dynamics. Perturbations cause alteration from what is usual or expected, a
relative "deviation from any naminal stage in structure or function at any
levd of organization' (Odum et al. 1979, including expected variance.
Although the narmal functioning d an ecosystem is hard to determine and
depends on the scale of observation, other authars have also defined "dis-
turbance' as an event causing departure from the normal range of cond-
tions (Forman and Godron 1986 Van Andd and Van den Bergh 1987).

In contrast, the absolute definition d disturbance is based on physical
and measurable changes in variables [changes in biomass (Grime 1979 or
in the disposal of resources (Sousa 1984 Tilman 1985], whether or nat
these changes are recurrent, expected o narmal. Van da Maad (1988
1993 1996 distinguishes between dsturbance and periodcity and fluctua-
tion, the "stochastic and patchy cccurrence of environmental events, both
abiotic and biatic, leading to lossin biomass' but neverthdessall owing for
recovery and stability. Alongwith Grime (1979, he rdlates the term distur-
bance to effect (loss of biomass, while Rykid (1985 views "disturbance"
as we use "perturbation’ (Jax 1999. While we adhere to an absolute defi-
nition d disturbance itsdf, incorporating both cause and effect, the validity
of making dsturbance characteristics rdative in arder to compare eosys-
tems (and thereby develop generality) is an important topic later in aur es-
say.

a) Problemswith the Relative Definition

The rdative definition d disturbance is problematic for two reasors: first,
the underlying assumption d normal dynamicsis usually invalid o untested
and, second even when the underlying assumption is valid, the approach
compares disturbances nat on the grounds of effects and responses but on
the grounds of statistical precedence. We eplore these problems below.

The underlying assumptionin the relative definition d disturbanceis that
we can define the normal dynamics of ecosystems. This is equivalent to the
asaumption that the statistical distribution d disturbance events in time and
space has two key properties: stability and dscontinuity. Stability ensures
that the dynamic pattern continues; discontinuity ensures that the ecosystem
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fluctuates within defined bounds. According to the relative definition, events
within the normal domain would na be disturbances, no matter how de-
structive, events outside the domain would be disturbances, no matter how
mild. Thus, the absence of fire in a grasdand has been called a "distur-
bance', with fire considered namal.

We challenge statistical stability and dscontinuity on several grounds.
First, because climate varies, disturbances vary; we can seethisin year-to-
year climate differences, semi-periodic variations, such as that caused by
the Southern Oscill ation, and longterm climate changes (Swetnam and
Betancourt 1990. This challenges the nation d dynamic stability and intro-
duces a scale dependence; at what temporal scale do we analyze the statisti-
cal distribution? A second problem in defining the normal dynamics of eco-
systems gems from variation in the intensity of a given dsturbance through
space. This variation, combined with the spatial variation in the ecosystem
itsdlf, produces spatial patchinessin the efiects of adisturbance. Even when
that patchinessis in a statistical dynamic equili brium (White & al. 1999,
the relative definition d disturbance causes problems; the normal (norn
disturbance) ecosystem now contains patches of cortrasting age, biomass
and dyramics. As with the temporal axis, we have a scale dependence
problem: at what spatial scale do we define the statistical properties of an
ecosystem?

Although we regject the relative definition d disturbance, the statistical
distributions of disturbance events are important. Indeed, the nation d the
statistical distribution hes been raised explicitly in two recent contexts.
First, the idea of large, infrequent disturbances (Turner et al. 1998 is based
on the common findng that the frequency and magnitude of a disturbance
are inversdy rdated (Fig. 1); smal magnitude evets are frequent, large
ones arerare. This raises the question d whether the statistical distribution
allows the clear separation d rare and nonrare e/ents, but it is clear we can
investigate this question without using the statistical distribution to define
disturbance. Second the concept of the historic range of variation is based
on the idea that ecosystems are neither constant nor unbounded in ther
variation (Swetnam 1993 Landres et al. 1999. This implies discontinuity
and stability; the bounds of variation in the last several generations of
dominant plants are presumed to be definable and useful in setting reture
conservation gals. Again, regardless of whether stability and dscortinuity
exist for particular time periods, we can investigate the historic range of
variation without using the bounds of historic variation to define distur-
bance in a relative sense. We can use this information to ask whether cur-
rent human management results in ecosystems that are within o outside the
bounds of historical variation (Landres et al. 1999.
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Fig. 1. Frequency and magnitude of disturbance ae often inversely related. Events must
med a minimum meagnitude to be considered a disturbance & a particular scale for a
particular ecosystem. Large, infrequent disturbances have been dscussed as a specia case
of disturbance. (Turner et al. 1998

b) The Absolute Definition

The broadest absolute definition d disturbance is that puldished by White
and Pickett (1989: disturbance is a reatively discrete event in time that
disrupts the ecosystem, community or population structure and changes the
resources, substrate availability or physical environment. A disturbance, in
this sense, changes the state of structural and physical variables in the eo-
system, although these changes also influence ecosystem functions and pro-
cesss. The White and Pickett definition is an absolute definition because it
requires measurement of the disruption in structure and the changes in re-
sources, substrates and environments, regardless of the statistical distribu-
tion d these disturbance properties. All fires in grasdands are disturbances,
regardiessof how recurrent or expected and regardless of how intense. The
absolute definition d disturbance thus focuses our attention on the real
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changes that have taken place and the mechanisms of response to those
changes.

Althoughthis definitionis straightforward compared with the demandsof
the reative definition, it does raise several conceptual and pragmatic issues,
because it poses questions regarding the relative discretenessof disturbance
events, the nature and magnitude of the ecosystem property that is disrupted
or changed, and the scale dependence of disturbance dfects. We discuss
these below.

The concept of disturbance as a rdatively discrete event suggests that
these events are brief and abrupt rdative to the longevity, reproduction,
growth rate and successon d the ecosystems in which they occur. Thus,
there are two important tests in the temporal occurrence of disturbance
duration and abruptness For example, in many ecosystems, the duration o
disturbances is measured in a few weeks or less By cortrast, other changes
in ecosystem properties act over longe time scales (years and longger). Dis-
turbances must also be abrupt, rather than continuous. In this view, a con-
tinuous disruption d structure (cortinuous, low-level herbivory) is nat a
disturbance for the eosystem as a whde. However, scale dependence oc-
curs here; herbivory measured at small spatial scales and short temporal
intervals might be defined as a disturbance to part of the ecosystem.

The absolute definition also invdves ecification d the nature and
magnitude of the ecosystem property that is disrupted o changed. Grime
(1979 proposed a simple and easily measured subset of the White and
Pickett (1985 definition: disturbance as the destruction d biomass While
most of the disturbances discussed by White and Pickett (1985 invadve the
destruction d biomass na all do. For example, a terrestria fire that in-
creases edimentation in nearby streams would be a rdatively abrupt
changein substrate without, necessarily, an immediate lossor destruction o
stream biomass

Having proposed that disturbances cause changes in biomass or some
other ecosystem parameter (resources, substrate), we must then address a
secondisaue: how much change must occur in arder to use the term distur-
bance? As White and Pickett (1985 were quick to point out, flood scour
(i.e., a disturbance to a streamside moss community) is nat necessarily a
disturbance to the forest above. As this example suggests, the key isue is
the change rdative to the ecosystem studied. For example, using the Grime
definition, the questionis: how much biomasshas been destroyed reative to
pre-disturbance biomass? Like the nation d duration and abruptness the
answer to this question dgpends on the absolute properties of the ecosystem.

In sum, the absolute definition d disturbance suggests that the tests of
disturbance are abruptness duration and magnitude, but these are rdative
to the dimensions of the eosystem studied (Fig. 2). Relativizing to he d i-
mensions of the ecosystem studied is one path to developing generality, as
we discuss beow. Processs that effect function without a direct abrupt
influence on ecosystem structure are stressors rather than disturbances.
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Processes that act over long time periods, lack abruptnessand do no dis-
rupt biomassor other physical variables are also excluded from the concept
of disturbance.

c) Diffuseand Discrete Disturbances

The absolute definition d disturbance allows us to recogrize that the dis-
tinction between dscrete and dffuse disturbances depends on the scale of
observation (Fig. 3). Diffuse disturbances are those inwhich reatively
small patches of change are distributed over a large area; discrete distur-
bances are those in which the change is aggregated into large patches. How-
ever, viewed at a small spatial scale, diffuse disturbances are made of
patches of discrete disturbances. Similarly, at very large spatial scales, dis-
crete disturbances can become diff use.

d) SitePotential and Class| and Class|l Disturbances

Some disturbances lead to changes in site resources and in owerall site po-
tential. For example, a debris avalanche may erode sail s to bedrock, thereby
initiating a primary successon. Similarly, soil nutrients may become vul-
nerable to leaching from a site, and repeat disturbances at close intervals
may lead to the sustained export of these nutrients. Also, fire may volatili ze
nitrogen and carbon reld in arganic matter; as a result, these are lost from
the site. Disturbances can also increase site resources — flood and avalanche
depositional zones receive the nutrients and aganic matter from elsewhere

in the landscape.
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Diffuse vs. Discrete Disturbance
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Fig. 3. Discrete and dffuse disturbances can only be defined with reference to scale.
Disturbance magnitude is the same (10% of crown areg in the two cases. When this
amount of damage is gread among trees (left-hand example), the disturbance only ap-
peas to be discrete & small scales (quadrat or grain size). When the damage is concen-
trated in individual trees (right-hand example), the disturbance dfect is discrete & both
scales

In contrast to these examples, many dsturbances, although they may
temporarily increase resources (space, light, nutrients and water), leave the
overal site potential unchanged and result in straightforward secondary
successors that lead back to the pre-disturbance composition, resource
levels and structure (or at least back to a trajectory towards mature, late
successonal vegetation if the time between disturbances is nat long enough
for the successon to be completed). White and Pickett (1985 distinguished
two cases of disturbance-induced secondary successon. Class! distur-
bances are rdatively fine-scale dynamics usually considered as intra-
community phenomena. Classc cases are wave regeneration in fir forests
(Sprugd 1976 and cyclic regeneration on small patches in shrublands
(Watt 1947 Churchill and Hansen 1958 other cases are reviewed in White
1979. These small, patchwise dynamics have also bee called fine-scale
gap dynamics (Glenn-Lewin and Van der Maad 1992 or smply gap dy-
namics (in forests and aher communities where open space is created), gap-
dynamics regeneration mode, micro-successons and cyclic successons (if
they lead to iterative alternation among canopy daminants; Churchill and
Hansen 1958 Forcier 1975. Classll disturbances are larger-scale distur-
bances that initiate straightforward secondary sucoessons in which species
not dominant in the mature forest become the first generation d dominants
followed by successon to mature-phase species. Classll disturbances are
usually considered to be between (rather than within) community dyramics.
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Fig. 4. Vegetation dynamics have been clasdfied acoording to the magnitude of the dis-
turbance event (here relative to 100% of pre-disturbance biomass. Fine-scale dynamics
ocaurs after low-magnitude disturbance, patch or gap dynamics at moderate magnitudes,
and regeneration successon at large megnitudes. (Vander Maael 1996

Classl| disturbances have also been call ed stand-initiating dsturbances and
lethal disturbances (because they cause widespread plant mortality). They
are said to produce regeneration successon and catastrophic regeneration
mode (Fig. 4). In both class| and classll, the disturbance leaves the orig i-
nal site potential unchanged, and successon re-creates the pre-disturbance
composition and structure. Recogrition d class| and class|l disturbances
and the separation d disturbances that do and do no alter the site potential
areisaues that will reappear as we discussapproaches to generality.

€) Other Definitionsaues

The absolute definition d disturbance does nat require further specification
of several other proposed dsturbance attributes, such as the exogenous—
endogenous cortinuum, the evolutionary or ecological precedence of distur-
bance, or the human/natural cause. Exogenous disturbances are those in
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which the force originates outside the eosystem; endogenous disturbances
are those in which the force (often plant mortality and senescence) origi-
nates within o as a product of successona development. White (1979 and
others have argued that these are the end points of a continuum. The abso-
lute definition dass nat require that disturbances be defined with reference
to historical precedence. For example, among dsturbances, Harper (1977)
defined as disasters thase events that occur frequently enough to be sdective
agents in evolution and dfined as catastrophes those events © infrequent
that they do nd play a role in sdection. Our definition is moat regarding
this distinction. The absolute definition d disturbance can also be applied to
human and retural disturbances and dsturbances that have both human and
natural influences.

f) Heterogeneity, Homogeneity and Scale

The absolute definition daes nat assume that disturbed patches in a par-
ticular ecosystem are spatially or temporally aggregated or that they have
any particular distribution. Hence, the absolute definition suggests the
analysis of disturbance dfects within patches. As with the definition o
diffuse and dscrete disturbances just discussed, the observed heterogeneity
or homogeneity will be a function d the scale of observation rdative to the
scale of these patches. As the scale of observation becomes small reative to
the disturbance patches, indvidual patches will appear to be homogeneous,
but there may be a great range of values if nearby patches experienced df-
ferent disturbance magnitudes. At larger scales of observation, the variation
from one patch to another may be average, producing hanogeneity again.

g) From Disturbance Event to Disturbance Regime
with Spatio-Temporal Dimensions

The sum of all disturbances affecting an ecosystem is its disturbance re-
gime. Although the study o indvidual disturbance events plays a critical
role, understandng the full significance of disturbances in both an evolu-
tionary and ecological sense will require investigations of disturbance re-
gimes. Elements of disturbance regimes are the kind d disturbance, spatial
characteristics, temporal characteristics, magnitude, specificity and syner-
gisms (Sousa 1984 White and Pickett 1985 White and Harrod 1997
White & al. 1999. Spatial characteristics include the area, shape and spa-
tial distribution. Temporal characteristics include the duration, frequency,
return interval and rotation period. Magnitude includes the intensity or
physical force of the disturbance itsdf and the severity of impacts to the
ecosystem. Specificity describes the corrdation d the disturbance with the
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species, size classor successonal state. Synergisms include the interactions
among dff erent kinds of disturbance.

Describing a disturbance regime with these descriptors allows us to ex-
amine disturbance dfects in a way that cortributes to aur understandng o
the mechanisms of the response. However, just as the absolute definition o
disturbance yields parameters that must be reativized to the eosystem
under study (biomass disturbed as a function d pre-disturbance biomass),
the parameters of the disturbance regime must be relativized to the ecosys-
tem studied to produce generality. For example, expressng the frequency of
disturbance rdative to the life span and gowth rates of the organisms dis-
turbed allows comparison among ecosystems and the detection d general
patterns. On rdativization, spatial and temporal patterns of disturbance and
regeneration are similar at various sales (Fig. 5), a fact we return to in a
later section d this paper.
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4 What Hindersthe Development of Generality
in Disturbance Ecobgy?

Deveoping generalizations about disturbance is challenging, because these
generalizations must consider diverse disturbances and ecosystems. Some
disturbances affect large areas and remove all soil and biota, thereby initi-
ating primary successons, while others merely crop the aboveground bio-
mass without causing mortality, and initiate only the re-growth o existing
indviduals. Between these extremes are disturbances that cause the deaths
of indviduals but leave soil and biota otherwise intact, thereby initiating
secondary successons. Most ecosystems are subject to more than ore kind
of disturbance, which varies in intensity and in the spatial patterns of its
effects. These disturbances interact with ather forces of vegetation change
(sea levd rise, climate change; White 1994).

To devdop basic concepts regarding the role of disturbance in ecosys-
tems, we must be able to arganize this diversity. However, the problem is
degoer than the shee diversity of cases. In this sction, in arder to arganize
and dscusswhat we seeas the key obstacles to the devel opment of general-
ity, we review major findngs that have developed during the last 30 years
regarding dsturbance. Discusdng these obstacles will allow us to describe
approaches to generality inthe final section d this chapter.

Below, we outline challenges in the development of generality under four
headings:

1. Variationin dsturbance esents.

2. Variationin dsturbance df ects within ecosystems.

3. Variation in ecosystem response underlain by differences in the biota
present and in the physical environment.

4. Influences of the scale of observation and measurement. Because distur-
bances are gpisodc in time and create patchinessin space, the scale of
observation can aff ect findings and conclusions.

a) Spatial and Temporal Variationin Disturbance Events

Disturbance occurrence and characteristics vary na only with ecosystem
type but also with topography, climate, soil development and the history of
past disturbances in the ecosystem. This variation makes disturbance re-
gimes variable in time and space (even for one kind d ecosystem) and con-
tributes to the difficulty of generalization.
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o) Disturbances Interact with a Unique Topography Template

Regardless of ecosystem type, the surface of the erth forms a unique
physical template for each ratural or cultivated landscape. This template is
the result of past events and generally slow-acting forces in the present.
Although dsturbances themsdves can alter topography (avalanches, allu-
vial erosion and deposition, dune movement and vdcanic eruptions), topog-
raphy is often a "given" for scientists and conservationists — a condtion that
exists and that canna be manipulated.

The outplay of disturbances will be influenced by both the force of the
disturbance and the physical template over which it occurs. Topography is
important, because it creates gradients, patterns of adjacency between eco-
systems and island-like df ects of size and isolation. Disturbance character-
istics vary along environmental gradients (Harmon et al. 1983 White 1987,
Veblen e al. 1994 Richter 1998. For example, slope exposure and incli-
nation impedes or promotes fire spread and determines whether crown o
ground fires occur. Topographic gradients are also corrdated with produc-
tivity and rates of successon, thus altering the consequences of disturbance
andthetiming d a subsequent disturbanceif that timing is dependent onthe
successonal state (Romme and Knight 1981).

Landscape patterns control the adjacency and isolation d ecosystems
and thus influence the disturbance regime. Some disturbances, like fire and
insects, spread contagiously and affect one site as a function d the sur-
roundng context of that site. Rdatively lessvulnerable ecosystems can have
a higher disturbance rate, because they are surrounded by more vulnerable
ecosystems or because the disturbance rate varies at ecosystem edges or
ecotones, particularly when the ecotone separates ecosystems with dfferent
dominant growth forms (grasses and trees; White & al. in presg. Fires af-
fecting montane Sequoia forests in Sequoia—Kings Canyon National Park in
California may owe their origin (in part) to fires that start in lower-devation
chaparral vegetation (McKdvey e al. 1996. Unfortunately, the national
park does nat protect much o the chaparral, suggesting that management
ignitions may haveto play a compensatingrole.

Conwersdly, sites can escape disturbance because they are surrounded by
less vulnerable eosystems. For example, natural firebreaks impede fire
spreading. Human fragmentation d landscapes reduces the size of fire
compartments (in londeaf pineforestsinthe US; Frost 1993. Bergeronand
Brison (1990 showed that the fire regimes of lake islands in the boreal
forest were very different than thase on the mainland. Each island required
its own ignition, whereas snge ignitions could burn large areas in the
mainland landscape. |solation also aff ects response through its influence on
the distance to colonization sources.

Topography also creates island size dfects. Small, isolated patches may
be attirdy disturbed by a singe disturbance event or may entirdy escape
disturbance for longe than the average time for the ecosystem. Small, iso-
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lated areas that are aetirdly disturbed in a singe esent may lose disturbance-
sensitive species for which the nearest populations are too far away for re-
colonization. Small areas that escape disturbance for long periods may lose
disturbance-dependent species; the absence of these species may cause the
ecosystem to respond dff erently to a subsequent disturbance.

B) Disturbances Vary with Climate

A singe kind d disturbance within a singe ecosystem can also have vari-
able dfects at different times. For example, fire burns at a higher intensity
during parts of the year that have low humidity. Recent research has also
convincingy demonstrated the link between dsturbance rates and year-to-
year, interdecadal and longer-term climate variations (Johrson and Larsen
1991 Johrson and Wowchuck 1993. For example, fire frequency in North
America has bee shown to track climatic changes snce the Pleistocene
(Clark 1988 Swetnam 1993, to vary with the Southern Oscill ation in sea-
surface temperatures at roughly decadal time scales (Swetnam and Betan-
court 1990 and to vary with aher continental climate fluctuations (Nash
and Johrson 1996.

y) Disturbances Vary with Soil Development

Longterm soil development can create changes within an ecosystem that
influence the eosystem response. For example, Walker and Syers (1976
showed that phasphorous becomes increasingy unavail able in successon on
sand dunes. A disturbance occurring during the erly part of this succes-
sioral sequencewill have very different eff ects than a disturbance late in the
sequence.

0) Disturbances Vary with Feadback and Interactions

Disturbances vary na only with contemporary environment and the kind d
ecosystem present but also with successoral age, the patchinessof the pre-
disturbance ecosystem and the history of disturbance. Often, the probabili ty
of disturbance increases with successonal age, as when dder trees of late-
successon forests are more vulnerable to windfall and create larger gaps
than younger trees of early-successon forests. It is frequently asserted that
the probability of fire and fire intensity increases as fues build within the
ecosystem as a function d the time since the previous fire (Agee and Huff
1987). Past fire events influence the amount of fud build-up as a historical
factor (McCune 1982 and, therefore, they influence the likeihood d igni-
tion. Situations sich as these represent feadback between the community's
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state and the disturbance regime, so the dfect of a given physical force
(wind, lightning ignition) is dependent on the community's date and, thus,
the history of the ecosystem. Such feadback tends to lengthen the time be-
tween dsturbances and causes them to be spaced at semi-regular intervals
cortrolled by the time since the disturbance and the rate of successon. In
general, the dfects of a given dsturbance at different points in time vary
with the successoral state and the prior history of the ecosystem.

Acting in the opposite direction, disturbance interactions can promote
further disturbance. For example, wind damage can lead to insect and fun-
gal attack; this may cause treedeath, or it can simply increase the vulner-
ability of thetrees to further windstorms. Trees on gap edges are often more
vulnerable to wind, leading to gap expansion (Runkle and Yetter 1987).
Some fires can create more fuds than they consume if they kill trees that
then break apart andfall, increasing fud loads after the fire and creating the
condtions for a subsequent fire that is more intense than the original fire.
Insect outbreaks can also cause heavy fud loads and areas of high fire in-
tensity. Disturbance interactions generally mean that a prior disturbance
attracts a subsequent disturbance (repeat disturbances are likdy), but some
disturbances may decrease the probabili ty of anather disturbance (Veblen et
al. 1999.

Interactions and feadback both suggest that the probability and charac-
teristics of current disturbances can orly be understoodwith reference to the
history of disturbance. The history of disturbance is often expressed as cur-
rent patchiness in the distribution d living things and aganic matter.
Variations in pre-disturbance vegetation influence the severity, type of dam-
age and character of post-disturbance vegetation (Foster et al. 1998. Inter-
actions among dfferent kinds of disturbance add to the complexity of ap-
proaching an understanding d disturbance impacts on vegetation dyramics.
The interaction d disturbances that have varying tempora rhythms and
spatial extensions and are subject to varying positive or negative feadback is
amajor challenge. Data on many biotic and abiotic parameters and records
of historical events and processes are often missng a are difficult to ac-
quire.
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b) Spatial and Temporal Variationin the Effects
of Disturbance and Ecosystem Responses to Disturbance

Disturbance dfects vary in heterogeneity, patch size, resource levels and
legacy. These post-disturbance characteristics influence the mode and spead
of ecosystem recovery towards pre-disturbance condtions or alteration
towards qualitatively diff erent ecosystems.

o) Disturbances Vary in the Heterogeneity They Create

While some disturbances have a narrow range of intensities throughaut
large areas, thus creating rdatively uniform and hamogeneous condtions
throughaut that area, most disturbances have patchy effects. Even when
disturbances occur with rdatively uniform intensity throughaut large areas,
they are likely to encounter a heterogeneous ecosystem whase characteris-
tics are determined by variable topography and patchy prior disturbances.
In some cases, however, the eosystem itsdf may be relatively homogene-
ous, and the disturbance may then create relatively hamogeneous eff ects.
For example, in rdativey flat topography and in stands of homogeneous
age, a fire can swee through a savanna, cropping the aboveground herba-
ceous hiomass but otherwise leaving the ecosystem rdatively intact. Such
cases are rare, however, because fire breaks, heterogeneous fuds and prior
human and ratural disturbances almost always create variable condtions.
Thereis also a scale isaue in the measurement of heterogeneity: ore fire in
the savanna may cause homogeneous eff ects within the burned patch but,
unlessthefireis as large as the savanm itsdf, it will cause heterogeneity at
a larger scale (the scale at which both hanogeneous burned and unburned
patches exist together).

Most disturbances cause patchy effects. Large, infrequent disturbances
like fires, hurricanes, floods or sand quarries comprise areas affected by
different disturbance intensities and leave behind heterogeneous environ-
ments. At the other end d the size spectrum, small, frequent soil distur-
bances like cryoturbation (Béhmer 1999 or ant activities (Dean et al. 1997
generate zones of varying mechanical stress and dfferential reaction pat-
terns.

These examples indicate that it is the scale of disturbance patches rda-
tive to the size of the landscape that controls the level of patchiness pro-
duced. The smaller the landscape reative to dsturbance patches, the more
likely it is that it will be etirdy disturbed by a sinde disturbance and the
more likdy it is that the post-disturbance ecosystem will be reatively ho-
mogeneous. This has consequences for dynamic equili brium because, if a
natural areaisall in ore age state (whether that is recently disturbed a long
undsturbed), it will 1ose species nat competitive under those condtions
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(Pickett and Thampson 1978. As a result, responses to subsequent distur-
bances will be altered.

B) Disturbances Vary in Patch Size

The area dfected varies among dsturbances. Patch size affects the envi-
ronmental characteristics of the disturbed patch, such as light, humidity,
soil moisture and temperature. These variables affect the decomposition d
organic matter and microbial processs that affect the nutrient supgy rate
in the soil. However, direct measurements of the environment within patches
are rardly made. The patch size may be analyzed and reported, but the sig-
nificance of a given patch size for environmental condtions varies with the
size of the surrounding plants (tree height) and the latitude. Canham et al.
(1990 suggested that the northern, southern, eastern and western edges of a
gap have different environments and that the sun ange in gaps varies with
latitude (Fig. 6). The ratio of gap diameter to surrounding tree eights leads
to the rule of thumb that the diameter of a patch has to be twice the height
of the surrounding trees in arder for the center of the gap na to be influ-
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Fig. 6. The amount of light within a gap is affected by gap depth, gap width, topography,
latitude and te reight of the surrounding trees. (Canhamet d. 1990
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enced by thase trees. This is a coarse index, however, because the penetra-
tion d the influence of surrounding trees on light varies with the compass
ande, latitude and slope stegoness Furthermore, the trees have other influ-
ences on the gap; for example, the influence of their roat systems and leaf
litter may extend to a different distance than the dfect of their shade. Simi-
larly, there is an edge dfect from the gap inward to the intact forest; the
penetration d the df ect varies with the size of the gap and the latitude (Ryd

and Beyschlag 2000. The size of the patch also affects modes of species
response. For example, the patch size aff ects distances to sead sources and
therefore affects colonization, because species have different dispersal

abilities.

y) Disturbances Differ in Intensity and Severity
and, Hence, in Ecosystem Legacy

Whether an ecosystem can respond in a particular way is also determined

Successions:
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Fig. 7. The continuum from primary to secondary successon, based on ecosystem legacy
and the effects of disturbance. The x-axis is agradient of increasing ecosystem legacy and
decreasing disturbance magnitude, and the y-axis represents the influence of the pre-
disturbance ecosystem on recovery, from low (0%) to high (100%). The smaller diagram
at the upper right presents the historical and overly simplified definition of primary (no
influence of the pre-disturbance ecosystem) and secondary (100% influence) successon
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by its history and the intensity of the disturbance. Natural and anthropo-
genic disturbances produce a continuum of condtions between extremes
termed primary and secondary successon, which dffer in the legacies that
remain from the pre-disturbance ecosystem (Fig. 7). The amount and dstri-
bution d organic matter, the presence and life histories of living aganisms,
and soil properties all affect the recovery mode and rate (Swanson and
Franklin 1992. For example, mild fires may allow perennial plant parts to
survive in the soil, moderate fires may diminate these but allow the seal
bank to survive, and very intense fires may diminate all li ving plants < that
recovery must occur from external colonization (Schimme and Granstrom
1994). Disturbances can also create new structures (for example, pits,
mounds and woody dris in forests after a windstorm). Such structures
may play a role in recovery. Pits are moist but must be colonized from
nearby seead sources; mounds are rdatively dry but have isting perennial
plant parts and sead banks intact. Tanged branch piles may reduce the her-
bivory of large mammals (Peterson and Pickett 1995.

¢) Rates of Response and Species Adaptations Vary among Ecosystems

Absolute values of processes that control ecosystem dynamics (such as
productivity, the intensity of competition, and rates of growth, establish-
ment, mortality and succesgon) vary among ecosystems because of differ-
ences in the physical environment, including dfferences in temperature,
water avail ability and soil resources. This affects the speal o response to
disturbance. This, in turn, may influence important ecosystem characteris-
tics, such as the retention d nutrients through accumulation d biomass
Any gap in atropical forest experiences canapy closure much faster than a
gap of same size in a boreal forest, due to the lower growth rate in the bo-
real forest. The number of species or functional groups present for recovery
also greatly differs.

Within these ecosystems, species vary. For example, within any forest,
tropical or boreal, species differ in their growth and survival as a function
of their positionin a gap or intact forest patch. Thus, each ecosystem has a
different range of absolute values, with indvidual species varying within
thase absolute bounds. Finally, species responses can be defined na only by
their optimum condtions, but also by the breadth o their tolerance and the
shape of their curves of responseto a particular factor. Indeed, most species
have plastic responses to the environment, and their role in post-disturbance
recovery is a function na only of their optima but also o the competitive
environment they encounter. For example, even shade-tolerant, Slow-
growing species respond to added light with acoderated growth — but at a
dower rate than light-demanding species (Brokaw 1985 White d a. 1985.

The problem is more complex: the species of a particular ecosystem, and
thus the range of responses to a disturbance in that ecosystem, have adapta-
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tions that were shaped by past exposures to dsturbances. Thus, there is a
twofold historical contingency in ecosystem responses. First, in ecological
time, only those species with accessto the site can participate in recovery
(this acoess can be influenced by prior disturbance) and, second in evolu-
tionary time, species adaptations are functions of previous evolution. Both
determine the diversity of functional responses within an ecosystem. One
kind d disturbancein a particular climatic setting can encounter ecosystems
with dfferent inherent diversities of species and functional responses.

Historical and evolutionary contingency makes the idea of the intermedi-
ate-disturbance hypothesis circular: intermediate frequencies maintain a
range of species in an ecosystem that would nd have «isted in that eco-
system without prior exposure to those disturbances. Intermediacy na only
maintains the species, it was responsible for their evolution. It is even pos-
sible that higher levels of diversity could evolve in the longterm absence of
disturbances, thereby challengng the nation that disturbances are needed for
diversity. For example, if a disturbance results in a greater niche width (or
plasticity) for a species, it may limit specialization and, ultimately, diver-
sity.

Species are also idiosyncratic in ther effects on dsturbance regimes.
Some species are keystone species that greatly influence disturbance re-
gimes. For example, the fud provided by a dominant understory grassis
critical to the fire regime, species diversity and pine regeneration in londeaf
pine forests in the southeastern United States (Christensen 1981). That indi-
vidual species can affect a disturbance is also ill ustrated by exotic-species
invasions that have altered dsturbance regimes in the western grasdands
and the southern Florida everglades in the United States.

An important form of species influence on dsturbance regimes is the in-
fluence assciated with the dfects of variation in characteristic growth
forms. Dominant growth forms (trees, shrubs, forbs and gasss) are aswo-
ciated with dfferent environments but also influence disturbance character-
istics. The combination d changes in environmental condtions and dstur-
bance can sharpen ecotones and produce feadback on dsturbance rates
acrossthe ecotone. Generalizations will have to take into account the influ-
ence of species and gowth forms on dsturbance regimes and eff ects.

d) Methods of Sampling and Analysis

Because disturbances are gpisodc in time and produce patchinessin space,
the observational scale will i nfluence our findings. In addtion, the direct
effect of a disturbance on resources and environment is rarely measured; we
usually have to use a surrogate variable, such as patch size. Finally, the
difficulty of collecting data for every factor that influences a disturbance
means that potentially explainable variations among dsturbances are
treated as stochastic naise. The role of stochastic versus deterministic forces
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in ecosystems is a fundamental issue and is central in understandng dstur-
bances.

o) The Scale of Observation Aff ects Conclusions
Because Disturbances Are Episodc and Patchy

Regardless of the level of heterogeneity produced, the observational scale
will be critical. Depending onthe size and dstribution d disturbed patches,
the scale of observation will i nfluence the findings. A plot size large rdative
to the patch size may average across patches and produce apparent homo-
genety (i.e., spatial similarity amongplots). A plot size small rdative to the
patch size will produce apparent heterogeneity (i.e., variability amongplots,
although each individual plot may be internally hamogeneous).

When changng the temporal scale of reference, an assessament of system
response ranges from overall stabili ty with cyclic regeneration (the period d
observation encompasss the recovery interval) to qualitative change (the
period d observationis dhorter than length o the recovery interval). A for-
est community in regeneration successon 3 years after burning certainly has
species and degrees of complexity other than those of the prior community.
It has qualitatively changed. In 300years, it might undergo several regen-
eration cycles but may till exhibit species compositions and degrees of
complexity similar to thase exhibited in the pre-disturbed state.

Whil e the scale of observation daes nat matter in extreme cases in which
the condtions produced by disturbance are hamogeneous throughaut large
areas, the scale of observation is critical when dsturbance dfects are
patchy and the ecosystem is heterogeneous. For example, patches in a forest
after a windstorm have between 0 and 100% of their canogpy biomass re-
moved. Viewed at a small scale, the disturbance has variable dfects; at
larger scales, the patch variation is averaged. In large areas, biomass and
composition can be constant despite fluctuating biomassand composition in
local patches; this results from disturbance and recovery. The scale of
measurement becomes an issaue both in recogrizing whether a disturbance
has occurred and in comparing the magnitude of one disturbance to anather
or in comparing ore eosystem to anather. We return to the issue of scale
and stability in the last section d this paper, because a major area in the
discusdon d generality has been whether disturbance produces dynamic
equili brium at large scales.

The focus of interest and the level of resolution aso influence conclu-
sions regarding the ecosystem response to dsturbance. Various categaries
of ecosystem components, e.qg., floral or structural ements, may operate at
different spatial and temporal scales, and these do nd need to be independ-
ent from each aher (Lux and Bemmerlen-Lux 1998 Beerkuhrlen, in
press. Various perspectives on the ecosystems under study may thus result
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in dfferent assssaments of the disturbance dfects, rates of change and
overal patch dyramics with varying component selections and resol utions.

B) Surrogate Variables Are Often the Only Ones Measured

An absolute definition d disturbance suggests that resources, the physical
environment and space are aff ected. Other than the measurement of space,
however, we rardy have direct measurements of these dfects; often, char-
acteristics like patch size are assumed to be corrdated with the dfects of
disturbance. In addtion to the simple observation that this makes our analy-
sisindrect, it introduces severa other kindsof problems. For example,even

if above- and bdow-ground eff ects are correlated with the patch size, they
may have ther own unique patch sizes. Furthermore, although the patch
size is important, given patch sizes have different significances in dfferent
ecosystems. The size of a gap, for example, affects the light environment,
but this effect is itsdf a function d the height of the surrounding trees,
dope inclination and latitude (Canham et al. 1990. Patch sizes should be
relative to characteristic dimensions of a particular ecosystem. For example,
it has been suggested that, when the patch dameter is twice the height of
surroundng trees or greater, direct sunlight will reach the soil surface. This
suggests that patch sizes be measured rdative to the tree height; however,
the light environment will also be aff ected by latitude and slope inclination.
Thus, we suggest that the ideal method is to measure disturbance parame-
ters reative to real, physiologically important physical variables. For ex-
ample, one should measure forest gaps reative to the dfects of these gaps
onlight leves rather than measuring the size of gaps rdative to treeheights
(though the latter is a goodstarting point).

y) Disturbances Vary Both Stochastically and Deterministically

In principle, al of the complexities of disturbance regimes and ecosystem
responses discussed above could be treated as explanations in the under-
standng d disturbance. However, the number of variables and the prob-
lems of data collection (particularly for past disturbances;, White and
Walker 1997 and experimentation mean that the task is difficult. Whether
all residual variation can in principle be explained is a fundamental issue in
practice, there is always variation among events and among places, even for
one eosystem type affected by ore kind d disturbance. Thus, there is al-
ways variationthat is treated as stochastic for a particul ar ecosystem.
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5 Approachesto Generality in Disturbance Ecobgy

The many challenges to generality constitute both real and methoddogical
sources of variationin dsturbance events, effects and responses. The meth-
ods of research, including the scale of observation, are beyond the scope of
this review. How shall wetreat variations in events, eff ects and responses in
pursuit of generality?

Ideally, general theories hdd for all ecosystems and dsturbances, for dif-
ferent kinds or instances of disturbance within ore eosystem, and for the
varying €ff ects created by a singe disturbance within asinge ecosystem. In
addtion to this ideal case, some generalities may be restricted to a certain
set of condtions or may have to be developed separatdy for ecosystems
dominated by different growth forms. However, the gaal of all generalities
is to show that diverse cases are the products of the interactions of a few
fundamental variables. Generality does nat seek to doscure the diversity of
ecosystems or disturbances, but rather to arganize and explain the simil ari-
ties and dfferences that ocaur. As a consequence, the search for generality
must begin with a discusson d the ways in which dverse eosystems and
disturbances can be compared.

The generalities that we seek typically focus on two scales. First, we are
interested in understanding veriation in disturbances and responses at the
patch levd. Condtions within indvidual patches, such as resource avail-
ability and the legacy of the pre-disturbance eosystem, influence the
mechanism, rate and autcome of the eosystem response. However, we are
also interested in scales that aggregate acrossall patches, disturbed and nd,
within a larger study area. At this sale, we are interested in understandng
how disturbances aff ect communities and landscapes; we are also interested
in dsturbance regimes, the interactions between patches and the sum of
disturbance dfects on all patches. This multiple-patch scale is often the
appropriate scale of observation for such questions as the influence of dis-
turbances on species richness and whether disturbance mosaics exhibit dy-
namic equili brium or are sustainable (White @ al. 1999. The scales inter-
act: what happens within a patch can depend onthe nature of surrounding
patches, and what happens in the aggregate depends on the individual
patches. However, we organize our discusson into issues at the patch scale
and isaues at the multiple-patch scale.

Because species have evolved under the influence of disturbances, be-
cause species aff ect disturbance and produce recovery, and because species
richnessis one the foci of generalization, we present a third approach to
generality: the clasdfication o species by ther adaptations and behaviors
before and after disturbance. Species composition and dyramics are often
thefoci of our research and policy interests.

In esence, we propose that the hindrances to the development of gener-
ality can best be treated if we measure absolute and relative condtions
(space, environmental condtions, resource avail ability) at the patch scale,
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consider aggregate dfects and dyramics at the multi-patch scale, and ex-
amine adaptations and responses of the biota present and the influence of
species and gowth forms on dsturbance regimes. Our approach is essen-
tially mechanistic. It asaumes that chall enges to the development of general-
ity can be treated if we reduce the problem to variationin the physical envi-
ronment (absolute and reative), variation in the interaction among patches
at larger spatial scales and exploration d the physiological abilities and
niche characteristics of the species present.

a) Approachesto Generality at the Patch Scale

The gaal of generality at the patch scale is investigation d the way cond-
tionsin a patch influence response. What characteristics hould we measure
in order to compare diverse patches within and between dsturbances and

ecosystems?

o) Absolute Ecosystem Characteristics and Disturbance Effects

Ecosystems vary in resource supgdy — i.e,, in water, nutrients and light —
and hence vary in properties that affect rates of establishment, growth and
survival. Disturbances often make resources more avail able, because they
cause the mortality of dominant plants, leading to less uptake of resources
and increased availability through the decomposition d organic matter or
through the mixing d soil layers. However, disturbances may also result in
the eport of resources (such as nutrients) through dainage water or
through the volatili zation d nutrient lements by fire. We often index dis-
turbance dfects through surrogate variables like patch size but, ultimately,
basic ecosystem processes (such as photosynthesis and decomposition), and
hence the response to dsturbances, are better corrdated with actual re-
source avail ability.

Site productivity and resource availability cortrol the rate of return to
pre-disturbance condtions on a patch. For example, the dfect of a large
blowdown varies on a gradient between productive and unproductive for-
ests. At productive sites, colonization and gowth are rapid, so the leaf area
is re-established and canopy closure is achieved rdatively quickly compared
with closure at an unproductive site. Colonization d the unproductive site
may take longer, resulting in a less evenly aged stand. If it takes long
enough, the stand may even avoid the high densities and sdf-thinning that
ocaurs in more productive sites. Establishment in large patches may also
take years, with edges colonized before patch centers; the result is that high
density and sdf-thinning are likewise unimportant. If the age and density of
the canopy onrecovering gaps controls susceptibili ty to (and tus the timing
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of) subsequent disturbances, site productivity will also influence the distur-
bance rate itself.

This discusdon argues that we nedd, at a minimum, two axes to arganize
the diversity of disturbance cases. site productivity and dsturbance fre-
guency or magnitude. Huston (1979 produced a two-dimensional fied pre-
dicting species richness from disturbance frequency (corrdated with mor-
tality rate) and site productivity (corrdated with the rate of species re-
placement after disturbance). Huston et al. (1999 predict that intermediate
disturbance rates produce maximum diversity only when the population
growth rate (site resource leve) is moderate. At high population-growth
rates, diversity peaks at high dsturbance rates and, at low populatior+
growth rates, diversity is highest at low disturbance rates (Fig. 8). This, in
turn, suggests that the development of generality should include compara-
tive studies of similar disturbances (gaps in forests) across s$te gradients
(gradients of moisture as a function d topography).

Frequency or Intensity of
Disturbances

L
High
Rate of Population Growth
and
Competitive Displacement

Low

a) Low Growth Rate d) High Disturbance Rate

%‘ b) Intermediate Growth e) Intermediate Disturbance
= Rate Rate
(0]
2
(22}
Q0
O
[0
C% c) High Growth Rate f) Low Disturbance Rate
Fig. 8. The dfect of the disturbance re-
gime on species richness depends on
the frequency/intensity of disturbance
and the rate of population growth/ com-
: petiti ve displacement of the community.
Disturbance Growth Intermediate  disturbances maximize
Frequency Rate

species richness only at intermediate
From Huston 1994  Population growth rates. (Huston 1994
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Not only do patches differ in size, disturbance intensity and resource
availability, they may also dffer in internal heterogeneity. Thus, patches
could be compared nd just based onaverage condtions but on the range of
condtions present.

B) Legacies Produced by Disturbance

Patches also dffer in the legacies remaining from the previous ecosystems
andinthekind d structures (for example, the distribution d organic matter
and dkbris of the plants disturbed) produced by the disturbance. These are
often correlated with the disturbance intensity onthe patch.

V) Rdativizing Patch Condtions to Ecosystem Characteristics

While absolute values create the overall frame of reference, ecosystems
should also be compared by rdativizing dsturbance parameter to the char-
acteristics of the ecosystem disturbed. For example, the frequency, size and
resources of disturbed patches hould be expressed relative to the life span,
time for successoral recovery, plant height and size, and pre-disturbance
resource levels. Conrdl and Slayter (1977) related the frequency of distur-
bance to the life spans of affected arganisms. The corrdation between the
time of the disturbance esent and life-history traits has also been specified
by Pavlovic (1994): "discordant disturbances" are those that interrupt life
cycles, while "concordant disturbances" are less disruptive or are those to
which plants are adapted.

Relative epressons are epecially important for surrogate measure-
ments of disturbance dfects, such as patch size. For example, the dfect of
gap size on light varies with the heights of the surrounding trees, latitude
and slope stegness (Canham et al. 1990. Despite the importance of the
relationship of gap size to treeheight, we know of only one paper that has
analyzed data in this way (Qinghongand Hytteborn 1991).

0) Comparing Disturbances with Historic Precedence

Disturbances that have historic precedence or that produce condtions that
are within the historic bounds of variation for an ecosystem may produce
different responses than dsturbances that are novd or create condtions that
are outside those bounds. The simple hypothesis is that disturbances with
precedence are more likely to be responded to by an adapted biota than are
nowd disturbances. If the disturbance occurred before at ecological time
scales (and depending on haev longago it occurred), adapted biota from that
previous disturbance may remain in the landscape and, therefore, may par-
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ticipate in the response to a subsequent disturbance. At evolutionary time
scales, precedence would ultimately be responsible for the range of life his-
tories present and the occurrence of species adapted to the disturbance.

Comparing dsturbances to historic precedence will establish the relative
nowvdty of condtions. However, the absolute nature of those condtions will
determine both ecological and evolutionary responses. The absolute cond-
tions may range from mild to harsh, regardiessof precedence. The rdation-
ship of absolute condtions to the physiological tolerances of the species
present produce the response in ecological time. The relationship of absolute
condtions to genetic variation will determine whether species adapt in evo-
[utionary time.

Related to the isaue of historic precedence is whether large, infrequent
disturbances produce qualitatively different responses than more frequent
and small er-scale disturbances. This questionis based onthe general obser-
vation that the disturbance magnitude is inversdy correlated to frequency.
In the extreme, "large' means that the disturbance exceads historic varia-
tion, and "infrequent" means "without precedence". Species would nd have
a chance to adapt to these disturbances and, even if disturbance-dependent
species were present, they would decline to extinction because of the rarity
of the disturbance (Noble and Slatyer 1980. However, the concept of large,
infrequent disturbances was developed for rare disturbances that are within
the bounds of historic variation and have historic precedence at the 100- to
500-year time scale.

€) Disturbance Effects on Site Quality and Ecosystem Trajectory

Some disturbances result in straightforward secondary successons that re-
establi sh the pre-disturbance composition, structure and resources, whereas
others affect site quality through longterm decreases or increases in re-
source leves, leading to successonal trajectories that do nd establish pre-
disturbance condtions. Distinguishing these cases and establi shing the con-
ditions that lead to each cutcome will assst the development of generality.
Within dsturbance types that lead to the re-establishment of pre-
disturbance condtions through seconcary successon, classl and classll
disturbances smply depend onthe scale of disturbance relative to the pre-
disturbance structure (class| disturbances are fine grained, classll distur-
bances are coarse grained). Relating patch characteristics to the ecosystem
structure will aid in the development of generality with regard to these two
classs.
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b) Approachesto Generality at the Multiple-Patch Scale

The goal of generality at the multiple-patch scale is to investigate how
communities and landscapes have properties that are the result of aggrega-
tion across patches or interactions between them. What characteristics
should we measure in arder to compare diverse ecosystems and dsturbances
at the community and landscape scales?

o) Patch Dynamics and Dynamic Equili brium

Patch dyramics sudies the dynamics of individual patches and the interac-
tions between patches within larger study areas. One of the major questions
addressd at this cale is whether patches produce a dynamic equili brium at
larger scales (White @ al. 1999. This question has implications for the
design d nature reserves, because conservationists would like to plan for a
sustainable mosaic of all age states and species (Pickett and Thompson
1978for an early discusdon d this issue, Baker 1989 1992bfor applica-
tionto conservationin boreal forests).

Several ecologsts have scaled dsturbance df ects to the spatial and tem-
poral characteristics of ecosystems and landscapes. An early attempt was
Shugart's 1:50 rule, which suggested that, when the landscape size sur-
passs 50 times the size of the average patch size, the biomassthroughaut a
landscapeis in dyramic equili brium (Shugart 1984). Shugart developed this
perspective from gap-simulation modds; he found that the average biomass
in the patches is rdatively stable if there are 50 or more independent
patches. This findng asaumes that disturbances in patches are indegpendent
in space and are cortrolled by feadback between the ecosystem state and the
susceptibility to dsturbances within patches. Shugart made several other
interesting doservations: the distribution d patches in succesdonal states is
more stable and the overall habitat diversity is higher and more stable for
high ratios of landscape area to patch size. Examining stabili ty and equili b-
rium as functions of this ratio allows the comparison d ecosystems with
diverse disturbance types and patch sizes.

A further step towards generality based on scaling to ecosystem and
landscape characteristics was taken by Turner et al. (1993 with the concept
of landscape auili brium caused by various kinds of disturbance regimes
(Fig. 9). They predicted both the presence and absence of equilibrium and
variance in ecosystem states as functions of two ratios: the ratio o the dis-
turbed area to the landscape area and the ratio o the disturbance frequency
to the time neaded for successoral recovery. The smaller the patch relative
to the landscape size and the lower the disturbance frequency rdative to the
recovery time, the greater the chance for dynamic equili briumin all patches.

The least stringent form of dynamic equili brium is qualitative or persis-
tence ayuili brium (White @ al. 1999. In this equili brium, there is bounded
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Fig. 9. Stability and variance & a function of two ratios: the relationship of disturbance
patch size to landscape aea(x-axis) and dsturbance interval to recovery interval (y-axis;
Turner et a. 1993. When the disturbance extent is small relative to the landscape aea
stability is promoted. When the disturbance interval (the time between dsturbances) is
long relative to the recovery interval (the time needed for recovery to the pre-disturbance
state), stability is promoted

variation: no species or successonal states become etinct in a study land-
scape, but they can fluctuate in abundance. This corresponds to the Turner
et al. (1993 equili brium with variance and hes been inferred for ecosystem
dynamics in Yéelowstone National Park (Romme and Despain 1989. Ulti-
mately, conservation managers ek qualitative or persistence eyuili brium
because it suggests sustainability of species and communities but allows
fluctuation compatible with that sustainabili ty.

Steady-state equili brium is more stringent, because variance must be
small, and average values of parameters of interest must be essntially con-
stant when measured at the appropriate scale. In the Turner & al. (1993
diagram, an equilibrium steady state is predicted when the disturbance
patch size and dsturbance extent are small rdative to the size of the land-
scape or study area. As Romne d al. (1998 argued, quantitative eyuili b-
rium is rare, especially for ecosystems aff ected by large, infrequent distur-
bances.

Two aher forms of equili brium were reviewed by White ¢ al. (1999:
statistical equili brium (in which dsturbance characteristics can be described
by a statistical distribution like the Weibull modd; Johrson and Van Wag-
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ner 1985 and stable-tragjectory or stationary/dynamic equili brium (the sta-
ble recurrence of a successoral trajectory regardiess of whether there is
statistical or quantitative euili brium; Loucks 1970).

Key approaches to generalization among ecosystems are the rdativiza-
tion d disturbance patch size to the landscape area, reativization d the
disturbance interval to the recovery interval (Turner et a. 1993 and the
assesanent of various forms of patch-dynamic equili brium, relative stabili ty
(in a dynamic sense) and \variance.

Disturbance-caused patchinessin the eosystem structure and age also
has implications for spatial variation measured at a singe point in time.
Busing and White (1993 showed that the coefficient of variation for struc-
ture and composition in an dd-growth temperate forest generally decreases
as quadrat sizeincreases from 0.01to 1 ha. Coefficients of variationin total
density and basal area achieve a lower boundary at quadrat sizes of ap-
proximatdly 0.4 hain these big-treeforests, but coefficients of variation for
indvidual species were high even at the 1-ha quadrat size. Busing and
White hypothesized that late-successonal, shade-tolerant trees would ex-
hibit lower variation at a given quadrat size than early-successonal trees,
because the former would be present in all size and age classes at smaller
spatial scales, whereas the latter are patchy in dstribution even at the 1-ha
scale because of the distribution d large disturbance patches. Busing et al.
(1993 showed that spatial patchiness has consequences for estimates of
biomassin these forests. Historically, ecologists have studied orly the older,
closed canopy patches of large trees, thereby overestimating the biomass of
stands and landscapes as awhde.

A further consequence of spatial variation is the concept of the oldest
patch in a landscape (Johrson et al. 1995. Under a given dsturbance fre-
guency, some patches may be disturbed more and ahers lessthan the aver-
age. If the landscape is large rdative to the disturbance patches, there is a
higher probability that individual patches will escape several disturbances
and reach dder ages than average. Thus, the larger the landscape, the older
the characteristic oldest patch (Johrson &t al. 1995. This has consequences
for the definition d old growth and the expected structure and composition
of undisturbed reference sites.

The size and isolation d patches affect their environmental characteris-
tics, probability of disturbance, interaction with aher patches, and the col o-
nization rate and propagule sources available to them. In the etreme,
patches behave like islands in the theory of island biogeography, and their
congtituent populations exhibit meta-population characteristics. Coloniza-
tion rates may be limited onlarge, disturbed patches sich that establi shment
may take a decade or more. The resulting community exhibits a greater
range of ages and sizes than a smaller patch with lesseffect of colonization
rate.
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B) Disturbance Architecture

Moloney and Levin (1996 suggest that disturbance regimes be organized
(Mclintyre @ al. 1995 accordingto a threeleve architecture:

1. Non-spatial components: rate and intensity of disturbance

2. Spatial components: size and shape of individual disturbances

3. Spatio-temporal components of groups of disturbances. spatial and tem-
poral auto-corrdation amongindvidual disturbances

The disturbance rate determines the immediate impact of a disturbance re-
gime on the plant community or ecological landscape (the proportion o
space changed to a diff erent successonal state), whil e the disturbance inten-
sity determines how the disturbance interacts with species' life-history at-
tributes (which defines the new successonal state after disturbance). The
size, shape and corrdation structures among indvidual disturbances deter-
mine the rate at which dsturbed sites can be re-colonized (depending onthe
species life-history characteristics); they also eventualy determine the
structure of the landscape mosaic. For semi-arid shrubland, Wiegand et al.
(1997 showed that the first organization leve of disturbance (rate and in-
tensity) determines most of the longterm dynamics of the plant community.
The general decrease of overall plant density with increasing owverall distur-
bance rate is an effect that invdves the trade-off between dsturbance-
induced mortality and the ability to re-colonize new disturbance-created
sites. The disturbance intensity determines the functional groups to which a
disturbance provides addtional establishment sites (this is also dependent
on competitive ability and sead avail abili ty).

y) Classfying Disturbance Regimes

The disturbance regime is a product of the history of disturbances and the
distribution d disturbance characteristics in space. Characterization d a
disturbance regime should include the means and variances associated with
such parameters as the return intervals and the disturbance size, shape and
intensity. We can then ask whether different kinds of disturbance regime
produce different kinds of responses. For example, the inverse corrdation
between the disturbance frequency and magnitude has been used to ask
whether large, infrequent disturbances produce qualitatively different re-
sponses than small, frequent disturbances (Romme & al. 1998 Turner et al.
1998. Threegeneral kinds of system response to dsturbances were identi-
fied: threshdd responses, scale-independent responses and cortinuous re-
SPOnses.
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c) Approachesto Generality Throughthe Clasdfication d Species Roles
o) Successoral Roles and the Intermediate-Disturbance Hypothesis

Species can be clasdfied by successona role, tolerance to dsturbance,
response to dsturbance and tolerance to competition. The intermediate-
disturbance hypothesis (Conrdl 1978 proposes that species richness rises
then falls along an axis of disturbance frequency, with intermediate distur-
bance frequencies producing the highest richness This is because competi-
tiorrintolerant species are lost if disturbance frequencies are very low, and
disturbance-dependent species are the only species present if disturbance
frequencies are very high. Conrdll's formulation dd na explicitly define the
measurement of frequency. Huston's (1979 formulation was based on no d-
s and proposed that the disturbance rate and the rate of competitive exclu-
sion are the two axes cortralli ng species richness

As Hubbd et al. (1999 nae, the intermediate-disturbance hypothesis
suggests that niche partitioning a gap partitioning explains gecies coexis-
tence. If this partitioning cccurred then ore might find species adapted to
different parts of the gradient in gap condtions; the gradient from gap cen-
tersto edges, and from small gaps to large gaps, would show varying dami-
nance of species with dfferent adaptations. In cortrast, if species did na
partition these condtions, replacement patterns in gaps and dstribution
along gadientsin gap condtions would be randam. Based ona large survey
of tropical forest gaps, Hubbd found that there is no gap-to-gap predict-
ability of species richnessin gaps or of the composition d any regeneration
niche guild, including pioneas, due to strong recruitment limitations. Thus,
there is no reationship between gap-disturbance regimes and treespecies
richness The topic of niche partitioning in forest gaps is an area of active
research (Busing and White 1997 Brokaw and Busing 2000, with most
investigators findng noevidence or weak evidence for gap partitioning in
relatively small gaps. However, they find more evidence of specialization as
the gap size increases and condtions within the gap contrast more with
those in the forest matrix.

The lack of physical gap partitioning daes nat preclude variation in spe-
cies adaptations to gap disturbances. For example, White & al. (1985
found that, in small gaps in dd-growth Picea abies forests in the southern
Appalachian mountains, three species competed for canopy positions in
different ways. Two species were shade tolerant; therefore, at the time of
gap creation, they had understory stems that were of higher density, older
age and larger size than those of the shade-intolerant species, which had
much higher growth rates in gaps than the shade-tolerant species. The latter
did show increased growth rates in gaps than in forest understories, but
thase growth rates were an arder of magnitude lower than those of the
shade-intolerant species. The shade-intolerant species were also able to
grow on fallen logs and tip-up mounds. The two shade-tolerant species dif-
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fered in longgevity — the one that was denser in the understory also held orto
canopy positions only half as long as the other shade-tolerant species. Al-
though the three species had dfferent life-history strategies, they were so
nearly balanced that there was no evidence of partitioning by gap size in
these forests.

Marks (1974 made an interesting suggestion regarding the growth rates
of trees in gap dynamics (Fig. 10). He observed that species differ in the
minimum gap size required for survival (net growth Fig. 10) and that their
maximum growth rates (in full sunlight) are corrdated with the gap size
required. Thus, shade-tolerant species that can survive in small gaps have
relatively low growth rates in full sun (though they do show reease com-
pared with plants growing in the shade), whereas thase that require large
gaps for survival also have the highest growth rates in full sun. This is
similar to the findings of Brokaw (1989 for tropica forests and White & al.
(1985 for montane conifer forests, though absolute rates of growth dffer
among these eosystems. Light-demanding trees nead large gaps for sur-
vival but also grow faster in these gaps than shade-tolerant species.

Adapted from Marks 1974
High
Growth

Rate in
Full Sun

Low
Small Large

Min. Gap Size

for Net Growth

Fig. 10. The correlation between the minimum gap size needed for survival (or net
growth) and the maximum growth rate in full sunlight. Shade-tolerant trees urvive better
in shade and small gaps (though they can grow at al gap sizes and show their highest
growth rates in full sunlight). Shade-intolerant trees cannot survive long in shade and in
small gaps but, in large gaps, they grow much faster than shade-tolerant species. (Marks
1974
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We have generalized the responses to forest wind dsturbance in Fig. 11.
Asaming no effects of latitude or topography, environmental factors in
gaps vary with tree height, crown width and the number of trees down.
Mechanisms of response, expected age structures, compositional predict-
ability and the kinds of vegetation dyramics vary with gap size. In the mid-
die range of disturbance sizes, we hypothesize that any strategy has a
chance to be succes<ul, and composition shauld be stochastic. As above,
we argue that species can have different strategies even when there is no
obvious gap partitioning. Different strategiesmay be more clearly important
in the absence of disturbances (left-hand part of the gradient in Fig. 11) or
in large disturbance patches (right-hand part, Fig. 11). For age structure,
we nate that low productivity or large patch size can slow colonization,
resulting in awindow of tree atablishment and, thus, a broad range of ages
after stand-initiating dsturbances.

B) Response of Functional Groups to Disturbance

The dfects of disturbance partially depend onthe interaction between the
disturbance type and the life-history characteristics of the component spe-
cies. Functional approaches for characterizing species adaptations to ds-
turbances were presented by Colli ns and Glenn (1988 in the context of life-
history attributes of species and by Grime's (1979 moadd of the three pri-
mary plant strategies. These approaches suggest tha the abundance of

Fig. 11 A-D. Forest dynamics as a function of disturbance magnitude relative to ecosys-
tem structure. The number of trees down (lessthan 1, 1, 2-1Q more than 10 and more
than 100, along with crown width and tree height, determine relative conditions in a gap
and, therefore, the response of the seedlings and saplings in forest dynamics. The figure
suggests that various aspects of forest dynamics are different in small and large distur-
bances. A Mechanisms of response: crown extension, established stems and shade toler-
ance ae more important in small patches; height growth, the birth of new individuals and
shade intolerance ae more important in large patches. There is a zone of overlap where
both strategies are successul. B Age structure: Shaded patches have old trees and sup-
presed sedllings; small patches allow greaer survival in the understory and a greaer
range of ages; large patches produce even-aged stands on mesic sites, but limits to pro-
ductivity and col onization can produce many yeasof re-establishment andawide range of
ages. C Compositional predictability: shaded patches are dominated by shade-tolerant
species; large disturbed patches are dominated by intolerant species. Both strategies are
successul in intermediate patches. D Vegetation-dynamics terminology: small patches
have fine-scale gap dynamics that are considered to be cyclic successons and stochastic
replacements within communities; large patches have regeneration successon and are
considered to exist between community successons. Seetext for further discusson. For
simplicity, it is assumed that latitude and topography do not contribute to the patterns
creaed by gap size reldive to tree feight
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species in functional groups nat favored by disturbances will decrease with
increasing dsturbance rate. In the sequence of dominant species within
functional groups, Wiegand et al. (1997 observed the anergence of distinct
patterns with increasing dsturbance rate. Such a sequence can be predicted
using knawledge regarding a species' life-history attributes and the distur-
bance intensity. Information regarding the longgvity of species is crucial in
determining the df ects of a disturbance onthe community's structure.

y) Resili enceto Disturbance

The purpose of functional diversity and functional similarity within ecosys-
tems has been dscussd in a community-based approach by Walker et al.
(1999. This paper proposed that persistence in ecosystem function under
changing environmental condtions and resilience against disturbance are
ensured by functional similarities among daminant and minar species. Ac-
cording to the resilience hypothesis, major and minor species switch in
abundance during times of stress or disturbance, thus maintaining ecosys-
tem function. Consistent with the insurance hypothesis (Main 1982 Walker
1995 Naem and Li 1997, abundant species cortribute to ecosystem per-
formance at any particular time (and are functiorally dissmilar from each
other). However, minor species cortribute to ecosystem resili ence during
times of stress or disturbance (and are functionally similar to daminant
species and could increase in abundance to maintain function if dominant
species decline or disappear). Peterson et al. (1998 indicated that appar-
ently redundant species operate at different scales and thus reinforce func-
tion acrossscales.

0) Dominant Growth Forms

A special case of the approach to generality through the clasdfication d
species' roles is the importance of dominant growth forms. Dominance by
trees, shrubs and gasses may affect the magnitude, frequency and pattern
of disturbances. It is obvious that generality must be sought both within and
acrossecosystem types.

6 Conclusons

Despite the many dbstacles that hinder the development of theory in distur-
bance eology, there are ways to explore generality among dsturbances and
ecosystems. There is a common language used to state premises and to de-
scribe mechanisms of disturbance causes and effects. There are means of



The Search for Generality in Studies of Disturbance and Ecosystem Dynamics 439

addressng the challenge of scaling in arder to synthesize the results of fied
studies to compare diff erent disturbance regimes and hebitats.

Thefirst group of obstacles to generalization consists of variation in the
distribution, timing and intensity of disturbance esents. This variation is
caused by the ecosystem type, topography, climate, soil development, his-
tory of past disturbances, feadback of successonal states, and degrees of
isolation and adjacency. The pursuit of generality consists of identifying
these sources of variation when dacumenting and describing the disturbance
regimes. This will allow the discovery of systematic variations in dstur-
bance regimes; these variations can be used to arganize research on the
disturbance df ects, recovery and recurrence.

The second goup of obstacles corsists of the spatial and temporal
variations in dsturbance dfects and system response caused by variations
in heterogeneity, patch size, resource levels and ecosystem legacies. These
sources of variation cause differences in absolute and relative resource
availability after disturbance and, through drect disturbance dfects on
residual biota and through spatial processes, constrain the availability of
species for response to disturbances. Thus, the first task in seeking gereral-
ity is to recogrize that this variation exists and to seek to dscover and
measure the fundamental mechanisms at work. Both absolute and reative
measures of disturbance dfects are important. For example, the frequency,
magnitude and patch size of a disturbance should be scaled to the ecosystem
and landscape studied.

The third goup of obstacles is reated to variation in the rates of re-
sponses and species adaptations among ecosystems. These include varying
productivity, growth-rates, establishment, mortality, succesgon, intensity of
competition, history of adaptation and evolution. It is clear that an owerall
gradient of ecosystem productivity or site quality must be established in
order to examine the df ects of disturbance.

The fourth goup of obstacles to generality derives from challenges in
observation, sampling, and analysis, including the research focus, observa-
tional scale and use of surrogate variables. A prerequisite for the compari-
son d data is ecification d the spatio-temporal observational scale and
the level of resolution reative to the dimensions of the disturbance, compo-
nents and system under study. An appropriate but difficult and expensive
way to avoid problems with derived data is to measure the real environment
(light leves) versus the surrogate variables (patch size). Based onthis dis-
cusson, the devdopment of generality in studies of the impact of distur-
bances on \egetation dyramics requires that we address a series of ques-
tions under four headings.
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a) Choasing a Focus of Interest, Levdl of Resolution and Degree
of Abstraction

These three specifications are necessary for comparing dita and communi-
cating hypotheses, among dher reasons (Pickett et al. 1989 Jax et al.
1998. Which dbjects (organisms, species, life forms, age structures) or
processs (burning, establi shment, species turnover, persistence of function)
are studied? Under which levd of resolution (indviduals, categories and
their boundaries) are components (populations, successora states, func-
tional groups, structures, map units) chasen to describe the observed sys-
tem? The components chosen — and specified at any desired scale, level of
resolution and cegreeof abstraction — reflect the particular methods of par-
titioning and describing the observed system (Bernstein and Goldfarb 1995.
In aher words, what kind d information do ar observations provide re-
garding the disturbance and ecological units gudied? Ecological units are
"all those units subject of ecologcal research, chasen by an doserver in a
way that they may be characterized as new reevant objects’ (Jax et al.
1998. These specifications determine criteria for what to consider "alike"
when looking for patterns or processssin aher places or at other times.

b) Establishingthe Spatial and Temporal Frame of Reference

The spatial and temporal boundaries of scientific observations constitute the
frame of reference. The decision to focus on a particular time frame or spa-
tial extent is a chaice regarding haw to view the world and is usually based
on experience and presupposition (Wittgenstein 1953 Kuhn 1962 Sokal
1985. To compare different data sets, the frame of reference neals to be
specified in two ways:

1. Length o time (days) and amount of space (square kilometers) aff ected
by disturbance

2. Length o time (years) and amount of space (square meters) investigated
in the study

The specification d the temporal and spatial frames of reference requires
that we document how the observations are made (whether the observations
were made in dscrete blocks or continuously in space and time, whether
data ae reported as point samples or have been derived through the inte-
gration d observations over space or time).

¢) Describing Disturbance

We strive to compare various disturbances on the basis of comnon &
scriptors. An gperational method for describing dsturbance qualities, their
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ranges and spatio-temporal variables is provided by a limited set of distur-
bance descriptors. These allow a leve of abstraction appropriate for appli-
cationto any kind d disturbance. They characterize the kind d disturbance,
intensity, duration d the discrete event, frequency in time, patch size, shape,
distribution in space and sdlectivity to, for example, functional groups or
age classss. These descriptors are suitable for generally categorizing and
differentiating dsturbances whether of natural or anthropogenic origin,
whether observed in a historical context or introduced experimentally,
whether covering intermediate or extreme ranges of temporal and spatial
dimensions. Disturbance descriptors should be presented as absolute values
and should be relative to the ecosystem studied. The pursuit of generality
requires that one search for transferable descriptive parameters of distur-
bance that are indvidually related to the scale of the ecological system be-
ing investigated. One way to doso is to describe the dimensions of distur-
bance regimes relative to the spatial and temporal dimensions of the eo-
logcal units gudied (Platt 1975 Paine and Levin 1981, Allen and Starr
1982 White @ al. in presy:

— The disturbance duration and frequency rdative to the life span or re-
covery time of the affected arganisms

— The disturbance intensity reative to the sensitivity of the successonal
stages

— The disturbance patch size relative to the population size or landscape
extent

— The disturbance shape and dstribution relative to the system heteroge-
neity

— The disturbance specificity relative to the species, age classess or land-
forms present

Firein aforest or drought in grasdand both act at the scale of whde plant
communities, while gaps in the forest canopy or rabhit burrows in the
grasdand accur at smaller patch sizes and with higher frequency (Van der
Maad 1993. The size of indvidual small-scale disturbances may orly
affect community dynamics if it exceads the dispersal distance of colonizer
species s0 that re-colonization processs are involved (Wiegand et a. 1997).

Reativization can also include dfects on resources like light and rutri-
ents. In those cases, and for the spatial and temporal dimensions, ratios are
the key to detecting pattern resemblances on proportionate scales. "Quantity
alone does nat determine pattern. It is impossble, in principle, to explain
any pattern by invoking a singe quantity. But a ratio between two quanti-
ties is already the beginning d pattern” (Bateson 1979. The description d
disturbance must also include the historical, spatial, and biological cortexts.
The rate and impact of a disturbance may be corntingent on the history of
past disturbances in the eosystem. The description must specify spatial
patterns and processes. Disturbance responses may be contingent on the
interactions of patches and the colonization d species from surroundng
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places in the landscape. The avail able biota — including the avail able range
of physiological traits, redundancies and complementarities — is critical to
the understandng d the eosystem effects of disturbances. The avail able
biota ae contingent on both past evolution (including exposure to dstur-
bances) and past disturbances at ecological time scales, because this history
aff ects what species are present when a subsequent disturbance occurs.

d) Determining Patterns in Disturbance Regimes —
Corrdation d Spatial and Temporal Parameters

To phrase general hypotheses, we neal means of inter-reating patterns at
several different scales in order to detect similarities among dsturbance
regimes and ecosystems. Accordindy, we propose that an important step
towards generali zations regarding dsturbance regimes and ecosystem proc-
esss will emerge due to the rdative scaling d their spatial and temporal
patterns.

Generality seeks to establish an understanding d disturbance ecology in
diverse ecosystems based ona few fundamental variables. According to cur
discusdgon, the fundamental variables required to understand dsturbance
eff ects and ecosystem responses at patch and multi-patch scales include:

— Disturbance df ects on absolute resource levels

— Resource levds rdative to the pre-disturbance ecosystem (including the
alteration d the overall site quality, the ability to restore pre-disturbance
condtions and the historic precedence of condtions created)

— The size and landscape arrangement of patches (which aff ects coloniza-
tion rates)

— The interaction among patches as a result of the distribution d distur-
bance esents in time and space (which cortrols the nature of the dynamic
equili brium, the persistence of succesdoral states and species, the
sustainabili ty of the dynamics, and resili ence)

— Theoveral productivity andrecovery rates of ecosystems

— Theinfluence of growth forms and species traits on dsturbance charac-
teristics

In addtion to these variables, we must also characterize disturbance re-
gimes with rdativized descriptors in arder to compare disturbance regimes
in dfferent ecosystems and landscapes. The final challenge is to rdate fun-
damental variables of disturbance regimes with fundamental variables of
ecosystem dynamics and dsturbance df ects.
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