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Loig-teri ecological research is particularly valuable for understanding disturbance dynamics over long time periods and placing those dy-
namics in a regional context. We highlighted three case studies from Lang Term Ecological Research (LTER) Network sites that have con-
tributed to understanding the causes and consequences of disturbance in ecological systems. The LTER Network significantly enthances the abil-
ity to study disturbance by (a) encompassing ecosystems subject te a wide range of disturbances, (b} providing a long-tern baseline against
which to detect change and measure ecosystem responses to disturbance, (¢) permitting observation of slow or infrequent events. (d) facilitating
the use of multiple research approaches, (e) providing a focus for modeling disturbance dynamics, and (f) contributing to land and resource
management. Long-term research is crucial to understanding past, present, and future disturbance dynamics;, and the LTER Network is poised
to make continuing contribitions to the understanding of disturbance.
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he important role of disturbances in shaping land-

scapes and influencing ecosystems is now well recog-
nized in ecology. Fires, storms, floods, pest outbreaks, species
invasions, and resource extraction, to name but a few types
of disturbance, affect many ecosystems over a range of spa-
tial and temporal scales. Disturbance is defined as “any rela-
tively discrete event in time that disrupts ecosystem, com-
munity, or population structure and changes resource pools,
substrate availability, or the physical environment” ( White and
Pickett 1985); it may be natural or anthropogenic in origin.
This general but flexible definition requires that the spatial and
temporal scales of the system and disturbance be specified.
Disturbances span a broad range of sizes and frequencies
and can be characterized by their extent, spatial distribu-
tion, frequency or return interval, predictability, and magni-
tude, including both intensity and severity (White and Pick-
ett 1983).

[ncreased understanding of disturbance has contributed to
several important conceptual developments in ecology. Ac-
ceptance of the nonequilibrial state of many ecosystems
means recognizing that ecological systems are often in some
state of recovery from prior disturbance (Wu and Loucks
1995). Spatial heterogeneity is recognized as a central struc-
turing force in ecosystems; because disturbances both create
and respond to spatial heterogeneity, much understanding of
ecological mosaics has resulted from research in disturbance-

46 BioScience * January 2003 / Vol. 53 No. |

prone ecosystems. Recognition of scale-dependent dynamics,
and of the importance of understanding the regional context
of disturbance regimes as they influence the structure and
function of local ecosystems, has also been enhanced by our
understanding of natural and human-induced disturbances.
The importance of natural disturbance regimes in deter-
mining the historic range of variability in ecosystems (e.g.,
Landres et al. 1999) and making ecologically informed man-
agement decisions has been catalyzed by our improved uin-
derstanding of disturbance. The influence of human so-
ciopolitical structures on landscape structure has been
elucidated in part by studies of disturbance dynamics on
lands under different ownerships or management (e.g., Spies
et al. 1994}, Disturbance continues to have a central role in

ecological studies.
¢
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Studying disturbance is challenging. Disturbances are un-
predictable and usually unplanned; they vary across a wide
range of spatial and temporal scales; they may leave persis-
tent legacies; and there may be interactions between multi-
ple disturbances. Ecosystem responses to disturbance are
similarly complex. The Long Term Ecological Research (LTER)
Network offers an excellent setting for studying such episodic
events in ecosystems (Hobbie et al. 2003). The sustained,
multidecade, multisite character of the LTER program per-
mits gradual, thoughtful development of complementary
lines of inquiry on the problem of understanding ecological
consequences of disturbance processes. The duration and
nature of this program increase the prospects for observing
effects of a major, infrequent disturbance where predistur-
bance conditions are well known and the infrastructure to sup-
port postdisturbance measurements is largely in place.

Research at LTER sites has contributed substantively to our
improved understanding of the causes and consequences of
disturbance in ecological systems at a variety of spatial and
temporal scales. In this article, we first highlight three case
studies from LTER sites that have contributed to under-
standing disturbances and their ecological effects. These ex-
amples are not exhaustive, but rather illustrate a range of dis-
turbance types and scales in an array of different ecosystems.
We then discuss the unique ways in which the LI'ER Network
contributes to studies of disturbance. Finally, we conclude by
discussing the opportunities for future research within or in
collaboration with the LTER Network on causes and conse-
quences of disturbance.

LTER contributions to understanding disturbance
The LTER Network encompasses ecosystems that experience
awide array of disturbances across a range of spatial and tem-
poral scales. Many studies of disturbance at LTER sites have
taken advantage of natural events and studied them from an
experimental perspective using varied methods. Under-
standing has often been enhanced by the existence of pre-
disturbance data, and some events have been detected because
of the regular long-term measurements made in the sys-
tems. White and Jentsch (2001) recently implored ecologists
to seek generality in studies of disturbance. They emphasized
the need for choosing a focus of interest and level of resolu-
tion for study; for establishing the spatial and temporal frame
of reference; for documenting disturbance duration, inten-
sity, and magnitude; and for determining patterns of distur-
bance regimes. The LTER program is uniquely positioned to
address these needs and contribute to our general under-
standing of disturbance dynamics. Here we illustrate the
contributions of long-term research to general understand-
ing of disturbance by highlighting examples from three LI'ER
sites: a temperate lake ecosystem that experienced invasion of
exotic species, a tropical forest affected by a hurricane, and a
temperate grassland influenced by fire.

Long-term research can detect, monitor, and understand
unanticipated events. Long-term measurement of ecosys-
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tem and community structure makes possible the detection
and analysis of infrequent events that produce long-term
ecological changes. For example, the introduction of an ex-
otic species or a new but systemic stressor like acid rain may
lead to fundamental and persistent, rather than episodic,
changes in system structure and function. The disturbance and
its initial effects may be subtle, local, and difficult to detect,
vet its long-term influence may be profound and extensive
(Hrabik and Magnuson 1999, Lodge et al. 2000).

The LTER program provides a framework designed to de-
tect, understand, and generalize from infrequent and unex-
pected events using site-based research. Long-term research
at the North Temperate Lakes ITER site in northern Wisconsin
detected the initial invasion of the exotic rainbow smelt (Os-
merus mordax) in Crystal and Sparkling Lakes and the early
colonization of the exotic rusty crayfish (Orconectes rusticus)
in Trout Lake (figure 1). The LTER program allowed obser-
vation and analysis of the time course of changes in ecosys-
tem structure and function following these two invasions. Em-
bodied in these studies of changing biodiversity were
fundamental ecological questions about disturbance; dis-
persal; ecosystem transformation, resistance, and resilience;
and the restoration of ecosystem structure and function.

Smielt were not found in Crystal and Sparkling Lakes, and
the rusty crayfish had just colonized the littoral zone of Trout
Lake, when the North Temperate Lakes LTER site was estab-
lished in 1981 (Hrabik et al. 1998, Lodge et al. 1986). Intro-
ducing species was not part of designed research; rather, re-
search took advantage of the unanticipated arrival of new
species in the LTER lakes. Research at the North Temperate
Lakes LTER site documented the arrival, dispersal, and effects
of the exotics; the mechanisms by which the biotic commu-
nity was transformed; and the density thresholds for re-
sponse.

The invasions profoundly altered the LTER lake ecosystems.
After the rainbow smelt invaded Sparkling Lake in 1982, the
previously abundant cisco (Coregonus artedii) no longer suc-
cessfully repl'()d uced (McLain 1991, Hrabik et al. 1998). Cisco
continued to produce viable eggs, but virtually none of the
young-of-year cisco survived their first summer of life. Only
one large cisco was observed by 1998. In Crystal Lake, yellow
perch (Perca flavescens) declined in abundance and body
condition (an index of growth rate) following invasion of
smelt in 1985 (Hrabik et al. 1998). The young-of-year perch
grew more slowly, and decreasing numbers survived their first
summer. No young of year have been caught in late summer
during recent years, and the adult population numbers only
a few. In Trout Lake, rusty crayfish were first observed in
1979 near a popular boat landing (Lodge et al. 1986). The cray-
fish dispersed slowly along the inshore waters of the lake, and
18 years later in 1997 occupied the littoral zone of the entire
lake (Wilson 2001). As the crayfish dispersed, more than
80% of the aquatic macrophyte species disappeared at sam-
ple sites, two resident species of crayfish (O. virilus and O.
propinguus) nearly disappeared, and some fishes and benthic
invertebrate groups declined in abundance (Wilson 2001).
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Figure 1. Studies of the invasion of rusty crayfish and
rainbow smelt in the North Temperate Lakes LTER site
documented profound changes in lake ecosystems.
Photographs: John Magnuson.

Mechanisms of community change varied greatly among
lakes, depending on differences in the initial biotic commu-
nity and in the invading species. In Sparkling Lake, predation
by smelt on young-of-year cisco was the mechanism of change
(McLain 1991, Hrabik et al. 1998). Predation was so intense
that survival of young cisco declined essentially to zero. In olig-
otrophic Crystal Lake, intense competition for food between
smelt and perch was the agent of change. In Trout Lake, the
dispersing rusty crayfish eliminated their preferred foods
(macrophytes, fish eggs, and many benthic invertebrates)
while maintaining high population densities by using alter-
nate prey (Wilson 2001). Declines in the native crayfish
species resulted from complex mechanisms including com-
petition, predation, differences in abilities to evade predation,
and reproductive interference or hybridization (Lodge et al.
2000).
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These data have been used to enhance understanding of
what may happen in other lakes of the region if they are col-
onized by these exotic species. A model of smelt dispersal
among lakes in the Bear River Watershed near the Trout Lake
Station (Hrabik and Magnuson 1999) suggested that suitable
habitat for smelt is present only in some lakes, and only some
of those lakes are connected by surface waters allowing smelt
dispersal from adjacent lakes. Model simulations suggested that
only 25% of the inhabitable lakes would be invaded by smelt,
even after 1000 years, if invasion occurred only through con-
necting streams in this region with high proportions of land-
locked lakes (figure 2). However, if the observed rate of in-
vasion into isolated lakes via human transport, as people
inadvertently move organisms around in their boats and bait
buckets, was included in the model, then 50% of the lakes were
projected to be invaded after only 200 years, 75% after 300
vears, and almost all after 1000 years. This result has impor-
tant implications for the long-term use of biological reserves
and the significance of people in dispersal.

[nvasions of island-like environments such as lakes are a
unique type of disturbance. The dense populations of rain-
bow smelt and rusty crayfish originated from a small num-
ber of colonists, likely transported by well-intentioned or
uninformed humans. After such an invasion, the resulting dis-
turbance frequency becomes continuous or annual through
reproduction of the invader, making it a continuous stress. In
that sense, it is not like the more periodic disturbance of
prairie fires or flood pulses of large river systems, where the
disturbance is incorporated into system behavior. As a lake
ecosystem loses species, return to an original state is impos-
sible in a strict sense; the system has been transformed both
structurally and functionally. For the foreseeable future, any
resilience exhibited by a lake ecosystem would come from a
complex process involving human management response as
a part of the system behavior. Human reactions to undesir-
able invaders could include, and have included, the reduction
or elimination of the invaders and reintroduction of some of
the lost species. Such ideas are now being explored in Sparkling
Lake, where experimental removal of both the rusty crayfish
and the rainbow smelt will be conducted.

Long-term research has changed understanding of tropical
forest dynamics. Paradigms for understanding the structure
and function of tropical forests in the Luquillo LTER site,
Puerto Rico, had evolved from a long tradition of research that
spanned decades before the LTER program began. Hurricane
Hugo, a category 1V hurricane with sustained winds over
166 kilometers per hour, passed over the northeast corner of
the island of Puerto Rico on 18 September 1989, one year af-
ter LTER funding began. Hurricanes are an important force
influencing forest composition and structure on numerous
islands and coastal regions; 15 hurricanes have passed over the
island of Puerto Rico in the past 300 years (Scatena and
Larsen 1991). LTER studies of the effects of Hurricane Hugo
benefited tremendously from the extensive predisturbance data
for the site and resulted in dramatic changes to our under-
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Figure 2. Simulated percentage of lakes invaded by rain-
bow smelt in the Bear River watershed in North Central
Wisconsin under two conditions: (1) no further introduc-
tion by humans and (2) at the current rate of human in-
troduction (modified from Hrabik and Magnuson 1999).

standing of the role of disturbance in the Luquillo Forest. For
example:

e Ideas of fragility were replaced by ideas of resilience.
Although Connell proposed in 1978 that rain forests
were resilient, the prevailing view of these ecosystems
remained one of fragility, as reflected in the book by
Farnsworth and Golley (1974) entitled Fragile Ecosys-
tems. The LI'ER study in Luquillo after Hurricane Hugo
was the first to provide empirical evidence for tropical
forest resilience (Walker et al. 1996).

o The rates of ecosystem processes were reassessed. Over a
period of more than 20 years, rates of litterfall in the
Lugquillo Forest did not deviate significantly from about
5 megagrams per hectare per year (Mg« ha' e yr'), and
aboveground biomass accumulation did not exceed 5
Mg o ha™! « yr=. The estimated net aboveground pri-
mary production (NAPP) ranged from 10 to 12 Mg e

ha!

« yr'. These results suggested that rate processes
were constant in these forests {Lugo and Scatena 1995).
However, in the five years after Hurricane Hugo, Scate-
na and colleagues (1996) observed a wide fluctuation in
these rates, and average rates of NPP that exceeded any
measured before in mature natural forests (21.6 Mg e
ha ' eyr ),

e The characteristics of ecosystems that lead to resilience
were identified, including rapid turnover rate of nutri-
ents, mass, and populations; biotic control of Auxes;
high species richness at ecosystem interfaces (redun-
dancy); high nutrient and carbon storage in soils; nega-
tive feedback at all levels of biotic interaction; and high
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species turnover followed by self-organization of new
communities (Lugo and Scatena 1995).

e Successional changes after natural and anthropogenic
disturbances were documented and compared. These
studies demonstrated that succession was slower after
anthropogenic disturbances than after natural ones
(Aide et al. 2000, Zimmerman et al. 1995).

o Differences between ecological and geographic space
were identified. After the hurricane, a dramatic geo-
graphic restructuring of environmental gradients was
observed, resulting from the opening of the forest
canopy. Animal populations then shifted in space loca-
tion in response to changes in environmental condi-
tions (Waide 1991, Willig and Camilo 1991). Ecological
gradients are not spatially fixed, and organisms move in
response to the distribution of suitable conditions
regardless of geographical space.

Four new ways.of analyzing the forest at Luquillo emerged.
First, the relationship between turnover of biotic compart-
ments, including the length of succession and time required
to restore biomass, and the recurrence interval of distur-
bances was recognized. For example,a tabonuco (Dacryodes
excelsa) stand matures in 60 years, coinciding with the re-
currence interval of category IV-V hurricanes in the region
(Scatena 1995).

Second, researchers realized that Caribbean forests share
a common cadre of physiognomic and functional charac-
teristics that are hurricane-induced and occur regardless of
location. That is, dry, moist, wet, or rain forests share simi-
lar characteristics that are traceable to hurricane responses.
Examples of these are canopy structure, species dominance,
size class dominance, forest height (absence of emergent
trees), low biomass, and capacity to sprout. These character-
istics are associated with resistance and resilience to hurricanes.

Third, the complexity of the effects of a large-scale dis-
turbance such as a hurricane was recognized (Boose et al.
1994). Like other large, infrequent disturbances, hurricanes
produce a spatial mosaic of varying disturbance severities
across the landscape that affect different ecosystem compo-
nents {Turner et al. 1997, Foster et al. 1998). For example, a
hurricane has wind and rain components that change in
magnitude as they pass over the landscape and produce sub-
stantial heterogeneity in effects. Moreover, each of these
forces affects a different component of the forest. Wind in-
teracts mostly with the canopy, whereas rain largely aftects the
soil and stream ecosystemns. Ecosystem response depends on
the type of disturbance force that prevailed at the time of hur-
ricane passage. By isolating the disturbance force for the af-
fected ecosystem component, feedbacks operating at a land-
scape scale can be observed.

Fourth, in spite of recurrent hurricanes, ecological legacies
acquired through anthropogenic changes persisted. Forests re-
covering from prior land use usually developed a structure,
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physiognomy, and function similar to that of forests not in-
fluenced by human land use. However, species composition
and dominance were different between sites that had or had
not experienced land use. These differences, which change very
slowly, persisted even when hurricanes occurred (Zimmer-
man et al. 1995, Willig et al. 1996).

Hurricanes produce sudden, striking changes in forest
ecosystems, including massive tree mortality (Lugo and
Scatena 1996) and transfer of materials from the canopy to
the forest floor (Lodge et al. 1991). Hurricanes shape forest
structure and function and initiate a slow but continuous tra-
jectory of change in which return to any precise predisturbance
state is unlikely. Only through long-term ecological research
can such continuous but slow change in ecosystems be as-
sessed.

Long-term research provides understanding of disturbance
scale and heterogeneity. Disturbances occur at different spa-
tial and temporal scales, and many ecosystems experience a
variety of different disturbances. Consequently, analysis of a
single type of disturbance may be misleading because different
kinds of disturbance may interact in space and time. Rather
than focusing on a single disturbance type or event, long-term
research has the luxury of focusing on the disturbance regime,
the sum of all disturbances affecting an ecosystem in space and
time (White and Jentsch 2001). Grassland ecosystems, for ex-
ample, are subject to fire, periodic drought, and intense pe-
riods of herbivory by ungulates, invertebrates, and numerous
species of small mammals. Other common disturbances in
grasslands include soil mounds, fecal deposition, animal bur-
rows, and bison wallows. Together these disturbances create
spatial and temporal heterogeneity in resource availability,
comimunity structure, and ecosystem processes.

Research at grassland LTER sites has provided insight into
how different disturbances affect these ecosystems. At the
Konza Prairie LTER site, a tallgrass prairie in northeastern
Kansas, the interactive effects of fire and grazing have been
investigated experimentally (Knapp etal. 1998, 1999). Repli-
cate watersheds at Konza Prairie have been burned at 1-, 2-,
4-,and 20-yr frequencies since 1972, and a free-ranging herd
of bison was reintroduced to a subset of the area in 1987. Un-
like hurricanes or invasive species, fire and grazing create a dis-
turbance regime in which large- and small-scale disturbances
recur at intervals that are much shorter than the life span of
the dominant native species. These species thus exhibit nu-
merous adaptations that allow them to survive and thrive un-
der an intensive disturbance regime.

Early studies at Konza Prairie focused primarily on fire fre-
quency. Long-term research has shown that as fire frequency
increases in tallgrass prairie, plant species diversity, commu-
nity heterogeneity, and nitrogen (N) availability decline,
while annual net primary production increases. Burning re-
sults in N losses to the atmosphere; thus, N availability declines
as fire frequency increases. Nitrogen is a key limiting re-
source in tallgrass prairie, and the negative relationship be-
tween N availability and production is highly unusual (fig-
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Figure 3. Annual aboveground net primary production
(ANPP) as a function of cumulative nitrogen mineralized
(N,.,) in unfertilized and fertilized, burned and un-
burned tallgrass prairie, Konza Prairie LTER site. Unfer-
tilized: ANPP = 354.2 + 54.9/(N, . ), 1’ = 0.17, P = 0.047.
Fertilized: ANPP =~116.2 (N, ) + 767, v* = 0.49,

P = 0.012 (redrawn from Turner et al. 1997).

ure 3; Turner et al. 1997). At Konza Prairie, increases in pro-
duction following fire result from the removal of the litter layer,
which allows growth of the dominant C, grasses to begin ear-
lier in the growing season compared with unburned sites
(Knapp and Seastedt 1986). Work at the Cedar Creek LTER
site has shown that the dominant C, grasses are powerful com-
petitors under low-N conditions (Tilman and Wedin 1991).
This increase in production by the perennial grasses results
in development of a dense canopy and intense shading, lead-
ing to the competitive exclusion of many forbs and to a re-
duction in plant species diversity ( Tilman 1984, Collins et al.
1995).

Although spring burning results in relatively clear re-
sponses at Konza Prairie, these responses do not reflect the
full impact of the disturbance regime that now characterizes
natural or managed tallgrass ecosystemns. Further research at
Konza Prairie and elsewhere has shown that light to moder-
ate grazing by ungulates, either bison or domestic cattle, al-
ters many of the patterns produced by burning (Knapp et al.
1999). Nitrogen availability increases in grazed areas because
nutrient cycles are more rapid, and less aboveground pro-
duction is lost during fire in grazed areas than in ungrazed



areas. Grazing reduces the dominance and competitive abil-
ity of the C, grasses, which leads to higher plant species di-
versity and greater spatial heterogeneity (Collins et al. 1998).
[n addition, ungulates enhance spatial heterogeneity by wal-
lowing and by creating grazing lawns within areas of ungrazed
vegetation. These grazing lawns form around urine deposi-
tion sites, which are small patches of high productivity (Stein-
auer and Collins 1995, 2001). These small patches serve as fo-
cal sites for the formation of larger grazing lawns. Thus,
small nutrient-rich patches create larger-scale heterogeneity
in grazed landscapes.

The role of disturbances like fire and grazing varies re-
gionally. Although burning is common in eastern tallgrass
prairie, it is less common in western shortgrass steppe, where
less aboveground production limits fuel loads that can sus-
tain fire. Water constrains production in these systems more
than N availability (Lauenroth 1979). Moreover, in shortgrass
steppe, grazing seems to have little impact on ecosystem
structure and function (Milchunas and Lauenroth 1993,
Milchunas et al. 1998). Thus, shortgrass steppe is highly re-
sistant to disturbance, whereas tallgrass prairie is less resistant
but perhaps more resilient (i.e., better able to recover from a
given disturbance) (Coffin et al. 1996, Baer et al. 2000).

Resilience has been well demonstrated in efforts to reestab-
lish native vegetation through ecological restoration. The
Curtis Prairie at the University of Wisconsin Arboretum
serves as the prototype system for ecological restoration of
grasslands (Jordan et al. 1987). Many grassland restorations
have been conducted, but one difficulty has been the main-
tenance of native species diversity in restored prairie (Kind-
scher and Tieszen 1998). At Konza Prairie, an experiment was
initiated to determine whether resource heterogeneity en-
hances species diversity during ecological restoration. Re-
sults thus far show that native species have been more abun-
dant and diversity higher on restoration plots where N
availability was reduced by carbon (C) amendments. Thus,
long-term integrated research on grassland ecosystems has
provided fundamental understanding needed for the restora-
tion of biotic diversity as regional patterns of land use change
from production agriculture to conservation.

The value of long-term research for

understanding disturbance dynamics

The LTER Network enhances understanding of the impor-
tance and role of natural disturbances in ways that are qual-
itatively different from sites or programs that lack a long-term
perspective and funding base. The preceding examples il-
lustrated scientific contributions from site-based research to
general understanding. Here we discuss several key ways in
which the overall LTER program significantly enhances the
ability to study disturbance.

The LTER Network encompasses ecosystems subject to a wide
range of disturbances. Only a subset of sites is susceptible to
any particular disturbance type, but collectively many im-
portant ecological disturbances occur across the network of
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sites (table 1). For example, Luquillo, Harvard Forest, and
Coweeta are forested sites that have experienced hurricanes;
Konza Prairie, Jornada, Sevilleta, and Shortgrass Steppe are
all grazed by ungulates; Bonanza Creek experiences crown
fires; and H. J. Andrews, Hubbard Brook, and Coweeta have
all been subjected to forest harvest. Various sites experience
floods in forested streams, many sites have exotic species
present or likely to invade in the near future, and many bear
the legacies of prior human land use. The LTER Network en-
hances opportunities for sampling major disturbances, and
comparative studies across sites can sometimes even exam-
ine the same event in different ecosystems. For example,
Hurricane Hugo affected Luquillo, Harvard Forest, and North
Inlet (an estuarine site in South Carolina, formerly an LTER
site); LTER scientists engaged in productive collaborative
study of these disturbances (e.g., Boose et al. 1994).

Long-term data provide a valuable baseline against which to
detect change and measure ecosystem responses to distur-
bance. Even dramatic ecological changes might go unde-
tected without long-term studies. In many cases, extensive pre-
disturbance data on ecosystem structure or function are
lacking when a disturbance occurs (e.g., the 1988 Yellow-
stone fires, the Exxon Valdez oil spill). Long-term data have
been crucial to understanding the response of tropical and
temperate forests to hurricanes, floods, and droughts. Long-
term observations at Bonanza Creek have identified the im-
portance of annual sedimentation to floodplain successional
dynamics (Van Cleve et al. 1991, 1996} and the importance
of major flooding events (Yarie et al. 1998). Understanding
of the effects of the 1996 flood at H. |. Andrews was en-
hanced by preflood data on channel geometry, riparian veg-
etation, and aquatic biota (Swanson et al. 1998). Detection and
monitoring of the exotic species invading the North Temperate
Lakes emerged directly from long-term observations. Long-
term studies at the Shortgrass Steppe site documented plant
community changes in response to changing climate (Al-
ward et al. 1999). LTER data provide a rich resource for in-
terpretation of system response following a disturbance.

Long-term research permits observation of slow or infre-
quent events that are only apparent over longer time scales.
As the number of sites in the LTER Network has grown and
the duration of study has lengthened, the opportunity for di-
rect sampling of infrequent, major disturbance events has also
increased. For example, hurricanes only rarely affect inland
regions of the Appalachian Mountains. The center of Hurri-
cane Opal passed over southeastern Tennessee on 5 October
1995, however, causing high winds and heavy rainfall in
much of the southern Appalachians, including the Coweeta
LTER basin. The unusual size and strength of Opal produced
broad-scale tree damage to inland forests, followed by sub-
sequent salvage logging. Although forest disturbance has
been a main focus of research at Coweeta for decades, this was
the first opportunity to study the effects of catastrophic wind
damage on vegetation dynamics in the basin. The long-term
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Table 1. Examples of disturbance processes that are represented within the Long Term Ecological Research (LTER) Network

for selected ecosystem types.

Ecosystem type LTER site Fire  Flood or drought  Hurricane Insect pests  Exotic species Land use
Forest only HRV X X X A F
Forest and stream AND, BNZ, X X R R
CWT, HBR, LUQ X X X X FR

Forest and lake NTL X FR
Grassland, shrub, and tundra,  JRN X A, G
Grassland, shrub, tundra,

and stream KNZ X X G
Grassland, shrub, tundra,

and lake ARC 7
Lakes NTL X X

Notes: Site abbreviations are as follows: ARC, Arctic Tundra; AND, H. ]. Andrews; BNZ, Bonanza Creek: CWT, Coweeta; HBR, Hliibbard Broak: FIRV,

Harvard Forest: RN, Jornada; KNX. Konza Prairie; NTL, North Temperate Lakes.

Abbreviations used for land use effects are A, agriculture; ¥, forestry; R, roads: G, grazing.

predisturbance data on forest structure and function at
Coweeta provided a valuable baseline for tracking the re-
sponse of the ecosystem to Hurrican Opal. Insights gained
from the hurricane studies at Luquillo and Harvard Forest also
informed hypothesis testing at Coweeta.

As the period of study continues to grow across the LTER
Network, we can expect additional opportunities to detect and
study infrequent events. For example, fire is the key disturbance
that has shaped ecosystems of the Bonanza Creek LTER site
in the boreal forests of Alaska. With an increasing duration
of study, long-term ecological research will most likely pro-
vide the opportunity to observe and study an infrequent
large crown fire in that system. Similarly, the introduction of
invasive species is likely to be detected and studied at many
LTER sites. The LTER Network provides a range of sites in dif-
ferent ecosystems that are likely to sample large and infrequent
events.

The LTER structure facilitates the use of multiple research
approaches. Disturbance research at LTER sites benefits
from a wide variety of approaches, including field observa-
tions, manipulative experiments, historical reconstruction,
maodeling, and cross-site studies. This plurality of approaches
is fostered by focusing the attention of many investigators
with different perspectives on a given site, by creating long-
term databases and making them available online, and by
having a network of sites at which similar questions can be
addressed.

The diversity of approaches 1s nicely illustrated by the hur-
ricane research developed over more than a decade at the Har-
vard Forest LTER site in central Massachusetts. Harvard For-
est researchers began with retrospective analysis of effects of
the 1938 hurricane on forests of New England, compiling
records from archival sources and analyzing those data geo-
graphically. Further study led to development of two alter-
native models: a meteorological model that reconstructed
hurricane wind velocity and damage on a regional scale, and
a topographic exposure model that assessed terrain effects at
a landscape scale. The models were then tested against ob-
served effects and combined with extensive historical records
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to reconstruct hurricane impacts in both New England and
Puerto Rico since European settlement (Boose et al. 2001). In
addition to observation and modeling studies, experiments
were conducted to simulate hurricane damage by toppling
trees with winches, and the ecological responses were carefully
studied (Foster et al. 1997). The experimental hurricane re-
vealed that only a fraction of toppled trees died immedi-
ately, and there was significant continuity of cover by live trees
and shrubs through the postdisturbance period. Conse-
quently, despite dramatic alteration of forest structure, there
was little change of many ecosystem processes such as nitro-
gen cycling, nutrient availability, and soil respiration (Foster
etal. 1997). Thus, understanding of the disturbance regime
has been informed by observation, experiment; modeling, and
historical analysis.

Among the many approaches used to study disturbance,
the ability to conduct long-term landscape-scale experi-
ments is a hallmark of research at LI'ER sites. Several of the
forested LTER sites (e.g., Coweeta, Hubbard Brook, and H.
J. Andrews) had a history of experimental manipulation
(usually clearcutting) implemented by the US Forest Ser-
vice before the LTER program began. Tremendous in-
sights continue to be gained through the long-term mon-
itoring of these experiments (e.g., Swank and Crossley
1988, Likens and Barmann 1995, Elliott et al. 1997). An un-
derstanding of the characteristics and dynamics of canopy
gaps (small disturbances common in eastern deciduous for-
est) has emerged from experimental studies at Coweeta
{e.g., Clinton and Boring 1993). Landscape experiments are
also being conducted at Konza Prairie, where replicated sets
of small watersheds have been burned in the spring at
varying intervals since 1972 (Knapp et al. 1998). After 25
years, this burning regime has created a landscape of
patches subjected to different frequencies of disturbance
by fire. Understanding the response of tallgrass prairie
communities to different burning frequencies and the
mechanisms creating that response would not have been
possible without the long-term experimental approach
and the integrated research that is a general characteristic
of the LTER program.



Long-term research provides a focus for modeling disturbance
dynamics. Disturbance models have produced unique in-
sights into ecosystem and landscape dynamics at LTER sites.
For example, the hurricane exposure model developed for
Harvard Forest and Luguillo underscored the importance of
landscape position for predicting disturbance severity (Boose
et al. 1994). Spatial modeling of forest cutting alternatives in
the Cascades Mountains in Oregon identified significant
time lags in the response of landscape pattern to changes in
the disturbance regime (Wallin et al. 1994). Modeling of the
causes, patterns, and effects of disturbance is facilitated within
the LTER program because detailed long-term data sets ex-
ist for specific ecosystems and because a variety of investiga-
tors focus on the same site or group of sites. Research at the
Bonanza Creek LTER site in the boreal forest of Alaska illus-
trates how important modeling contributions can be facili-
tated through long-term research.

Fire is the major disturbance factor in the boreal forest
(Wright 1974, Payette 1992), and postfire succession domi-
nates vegetation dynamics (Zackrisson 1977, Payette 1992).
Succession varies widely across the region in response to sto-
chastic variability in disturbance and species recruitment
(Mann and Plug 1999). Research at the Bonanza Creek LTER
site, begun in 1987, has produced valuable insights about
disturbance and successional patterns and rates in the region.
Current research addresses how changes in climate and dis-
turbance regime might alter the function of the Alaskan bo-
real forest. For example, fire frequency influences patterns of
energy partitioning (Chapin et al. 2000) and carbon dy-
namics (Kasischke et al. 1995).

The relatively simple disturbance regime and well-studied
successional dynamics of the Alaskan boreal forest made it
ideal for computer simulations of climate-vegetation—fire
interactions at broad scales. A spatially explicit frame-based
model (ALERESCO) was developed to simulate the response
of subarctic and boreal ecosystems to a changing climate
and fire regime (Rupp et al. 2000a, 2000b). Model develop-
ment was based on the knowledge of successional dynamics
acquired and synthesized by a cadre of scientists studying the
boreal forest over the past 20 to 30 years. LTER data sets
served both to parameterize and to test ALFRESCO. Appli-
cation of ALFRESCO to the forest—tundra ecotone suggested
that long-term rates and patterns of vegetational change
could be influenced by specific events leading to legacies that
cannot be explained by current climate (Rupp et al. 2000b).
Model simulations also suggested that a warming climate in
Alaska would cause a steady increase in the proportion of early
successional deciduous forest across the landscape. In turn,
this increase might reduce the predicted decline in regional
albedo and thus moderate the positive feedback to climate
warming (Rupp et al. 2000b, 2001).

The Bonanza Creek modeling studies have generated some
surprising results regarding the response of terrestrial ecosys-
tems to predicted future climate. ALFRESCO was used to sim-
ulate an instantaneous 2-degree Celsius increase in growing-
season temperature from currently observed climate with

two different precipitation regimes (a 20% increase and 20%
decrease from current precipitation) to explore the influ-
ence of climate change on long-term boreal ecosystem dy-
namics. Both warming scenarios predicted an increase in
the total number of fires compared to current climate. How-
ever, the distribution of fire sizes was surprising (figure 4). As
expected, the warmer and drier scenario resulted in fewer small
fires (burning 0%—5% of total area) and an associated shift
towards larger fires (burning > 5% of total area). Also as ex-
pected, the warmer and wetter scenario resulted in fewer
large fires and an associated shift towards smaller fires. How-
ever, the distribution of very large fires (burning > 25% of to-
tal area) was unexpected (figure 4). The warmer and wetter
climate scenario produced more very large fires compared to
the warmer and dryer scenario. The warmer and dryer sce-
nario produced frequent medium-sized fires, which pre-
vented fuels from building up across the landscape and lim-
ited the number of large fires. In contrast, the warmer and
wetter climate scenario led to frequent small fires, which al-
lowed the development of well-connected, highly flammable
late-successional stands across the landscape. Interestingly,
similar results were obtained with a very different model for
the landscape of Yellowstone National Park, Wyoming (Gard-
ner et al. 1996). The regional implications of alternative cli-
mate warming scenarios for landscape structure and function
are significant.

With long-term research, the interplay between models and
data can be substantially enhanced. Model predictions can be
tested against observations of the system over an extended time
period. Models also serve as a research tool for scientists, al-
lowing for the generation and testing of alternative hy-
potheses. In addition, model parameterization and calibra-
tion are much more feasible when extensive data are available
and when there is a critical mass of investigators and collec-
tive knowledge available for the system.

Disturbance-related LTER studies contribute to land and
resource management. Long-term disturbance research is
making significant contributions to important issues in land
and resource management. There is substantial interest
among land managers in using natural disturbance regimes
to guide future management plans, with the implicit as-
sumption that maintenance of ecological processes will be
more likely under these regimes. For example, considerable
discussion has addressed whether the spatial patterns pro-
duced by natural disturbances can serve as a model for the
pattern and timing of human disturbances such as forest har-
vest (Hunter 1993, Attiwill 1994, Holling and Mefte 1996).
Clearly, this requires understanding historical disturbance pat-
terns and processes. The concepts considered under the
rubric of “range of natural variation” are especially impor-
tant in land management. Two of these concepts are (1)
that disturbance-driven spatial and temporal variability is a
vital attribute of nearly all ecological systems, and (2) that
past conditions and processes provide context and guid-
ance for managing ecological systems today (Landres et al.
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Figure 4. Histogram showing the size distribution of fires
under two different climate warming scenarios using a
simulation model developed for the Bonanza Creek LTER
site, Growing-season temperature was instantaneously
increased by 2 degrees Celsius in both scenarios. The dry
scenario (white bars) represents a precipitation regime
209% less than currently observed. The wet scenario (gray
bars) represents a precipitation regime 20% more than
currently observed. Results are for a 1000-year simula-
tion period, replicated 100 times.

1999). Natural variability is defined as spatial and temporal
variation in the ecological conditions that are relatively un-
affected by people, within a period of time and geographi-
cal area appropriate to an expressed goal (Landres et al.
1999). Improved understanding is needed of how natural dis-
turbance-generated landscape mosaics differ from human-
generated mosaics. The LTER program can contribute valu-
able insights to this discussion, as illustrated by contributions
from the H. |. Andrews LTER site in Oregon.

At the Andrews LTER site, wildfires during the period AD
1500-1900 strongly shaped the current landscape distribu-
tion of forest age classes. Regional synthesis of fire history stud-
ies in forest types characteristic of the Andrews Forest indi-
cates periods of high and low forest fire extent reflecting
century-scale climate variability and human influences. There
has been no stationary reference period against which to in-
dex future forest conditions, but land managers can still in-
corporate what is known about past disturbances into their
planning. For example, information on historic frequency,
severity, and spatial pattern of wildfire disturbance was in-
corporated into a new management plan for a 23,900 ha
area of the Willamette National Forest formally designated for
innovative adaptive management (Cissel et al. 1999). This
disturbance-based management plan was compared with a
plan that employed dispersed-patch clearcutting and a plan
that emphasized reserves and matrix prescriptions for mul-
tiple species. The disturbance-based plan produced more
old-growth habitat and more natural diversity of structure and
composition at stand and landscape scales, and appeared to
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be superior for sustaining native species and processes. The
data from LTER sites can be a valuable resource for managers
of sites within the same region.

Challenges and future directions

The LTER approach is particularly valuable for understand-
ing disturbance dynamics over long time periods and plac-
ing those dynamics in a regional context. The LTER Net-
work offers unique opportunities for time series observations
on a wide array of disturbances and ecosystems. What promis-
ing new research directions should be pursued? Opportuni-
ties abound within the LTER program for synthetic analyses
that compare disturbances and ecological responses at different
sites and across spatial and temporal scales. Because sites
differ so widely in the types of organisms present and the fre-
quency of disturbance, scaling by organism life histories (e.g.,
Addicott et al. 1989) and spatial and temporal attributes of
disturbance and succession (e.g., Turner et al. 1993) might be
especially useful for synthesis and integration. Many of the
large-scale, long-term experiments at LTER sites provide an
excellent context for understanding evolutionary processes in
response to disturbance frequency and intensity. In addi-
tion, comparisons could be expanded to non-LTER sites
characterized by a rich history of disturbance-related stud-
ies. For example, LTER sites have made important contribu-
tions to a synthetic treatment of large, infrequent distur-
bances (Foster et al. 1998, Turner et al. 1998), and further
collaborations and comparisons among sites should be
strongly encouraged. Non-LTER sites may also serve as valu-
able locations for independently testing hypotheses generated
by LTER.

Disturbance-related LTER studies should capitalize on the
diversity of ecosystems represented in the network (table 1)
to further understanding of the mechanisms and implications
of changes in natural and anthropogenic disturbances. Biotic
mixing has been identified as a major challenge in global
ecosystems research, and the LTER program should provide
valuable documentation of species invasions and effects by ask-
ing questions such as: Do aquatic and terrestrial systems re-
spond similarly to invasions by exotic species? Are invasions
by animal species similar or different to invasions by plants?
Enormous changes in species composition will continue in
the future in response to increasing human effects on the
planet. In addition, climate-induced changes in disturbance
regimes may profoundly affect ecosystem structure and func-
tion. Ecologists have a responsibility to anticipate the conse-
quences of these changes, and LTER sites are in a unique po-
sition to study these events effectively.

Disturbance regimes encompass an extremely wide range
of temporal and spatial scales. Understanding the spatial het-
erogeneity in disturbances, and how this is manifest at different
scales, is also a fruitful direction for continued work across the
LTER Network. Spatial variation in disturbance effects may
lead to important functional patterns across ecosystems, and
understanding such variation may be important to drive
complex system models. The ecosystem response to distur-



bance may influence future disturbance patterns and dy-
namics, and long-term studies could elucidate such feed-
backs. The LTER program’s traditional emphasis on under-
standing temporal variation can be augmented by an
increasing integration of spatial and temporal variation. Ad-
ditional cross-site studies are likely to yield important new in-
sights and should receive high priority. Long-term research
is crucial to gaining understanding of past, present, and fu-
ture disturbance dynamics and ecological responses, and the
LTER Network is poised to make continuing contributions
to this goal.
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