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Ecological restoration is among the most expen-

sive and extensive conservation actions worldwide. For ex-

ample, between 1986 and 1997, the US Army Corps of En-

gineers required that 17,500 hectares of wetlands be restored

as compensatory mitigation for destroyed wetlands (NRC

2001). The price tags on some high-profile restoration proj-

ects, such as the Kissimmee River in Florida and the San

Francisco Bay delta, range to billions of dollars. At the Golden

Gate National Recreation Area (GGNRA) in San Francisco,

more than 200,000 volunteer hours are spent annually on

restoration (Theresa Kreidler, volunteer manager, GGNRA,

personal communication, 2002), and smaller-scale volun-

teer restoration efforts are increasingly common worldwide.

Despite their vast spatial and economic extent, restoration

efforts have typically focused narrowly on how to restore a

given piece of land or waterway, and these efforts have not re-

ceived much attention from academic ecologists. It is widely

recognized that the long-term success of these efforts de-

pends on the landscape matrix in which the projects are em-

bedded (Hansson et al. 1995, Bell et al. 1997, Hobbs 2002).

Nonetheless, this recognition has rarely translated into 

specific recommendations that are put to use on the ground.

In part, this gap between general theory and application 

reflects the difficulty of investigating landscape-level 

patterns and processes, as landscape-level processes take place

at spatial and temporal scales that are not amenable to tra-

ditional methodologies of experimental design and inferential

statistics. Underutilization of large-scale restoration projects

as experiments to inform ecological theory also results from

other reasons, such as poor documentation of restoration

protocols and lack of monitoring after restoration projects

are in place.

We review ways in which large-scale, landscape-level pat-

terns and processes have been incorporated and tested in

past restoration studies, discussing the strengths and weak-

nesses of the different approaches.We suggest ways to use past

and ongoing restoration activities to test hypotheses about the

importance of landscape processes for ecosystem dynamics

in general and restoration success in particular. To make bet-

ter use of past restoration, we recommend the use of a num-

ber of alternative analytical approaches that have become

widely applied in conservation biology and wildlife man-

agement but have yet to be adopted in restoration ecology.

What do we mean by landscape restoration?
As an initial step, we systematically reviewed the existing lit-

erature for landscape restoration studies. We documented

methods that have been used to incorporate landscape

processes in restoration planning, and we analyzed the results

of past large-scale restoration when results were reported in

the ecological literature (box 1). Over the past 20 years, the

terms landscape and restoration have become increasingly

common in the literature (figure 1) and have been defined in

different ways. We use the inclusive definition of ecological

restoration from the Society for Ecological Restoration 
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Large-scale, landscape-level restoration actions are widely implemented but receive little attention from academic ecologists. We review the meth-
ods used to assess the role of these processes in past studies, and suggest ways to use past and ongoing restoration activities to increase our under-
standing of large-scale processes and improve restoration projects. To make better use of past restoration, we recommend the use of a number of
alternative analytical approaches that have become widely applied in conservation biology and wildlife management but have yet to be adopted in
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International:“assisting the recovery of an ecosystem that has

been degraded, damaged, or destroyed” (SER 2002). We de-

fine landscape patterns as the spatial relationships of ecosys-

tem types (Forman and Godron 1986). We define landscape-

level processes as the flow of genes, individuals, materials, and

energy across large areas. Box 2 illustrates the wide range of

large-scale processes that may influence recovery, using ri-

parian forest native plant communities as an example.

In our systematic review, we defined landscape restoration

studies first by compiling studies that included both words

(landscape and restoration) in their abstracts or titles and

then by screening those studies for examples that made con-

crete predictions or analyses of the importance of landscape-

level patterns or processes for dynamics of restored popula-

tions, communities, or ecosystems (box 1). Most commonly,

studies addressed restoration of fire  (Baker 1994, Boerner et

al. 2000), hydrology (Tockner et al. 1998, Curnutt et al. 2000),

or dispersal of animals or plants (Harvey 2000, Singer et al.

2000). Less commonly studied processes and patterns in-

cluded nutrient fluxes (Kronvang et al. 1999,Van der Peijl and

Verhoeven 2000), erosion (Harden and Mathews 2000), and

small-scale vegetation and nutrient distribution patterns

(Ludwig and Tongway 1996). Interestingly, although a num-

ber of studies have discussed the importance of local adap-

tation and gene flow in restoration (Knapp and Rice 1996,

Madsen et al. 1999, Montalvo and Ellstrand 2000a, 2000b), we

did not find any genetic studies with the keywords landscape

and restore. We suspect that this absence reflects a historic

bias; although population geneticists have studied spatial pat-

terns of adaptive evolution and drift for decades (Wright

1931), they have not adopted the term landscape to describe

such studies.
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We searched the Biosis bibliographic search engine for journal articles in English citing landscape and restoration (land-

scape* and restor*, with * indicating a “wild card” search variable) between 1985 and 2000. Not surprisingly, the number of

articles with these keywords increased dramatically in the late 1990s with the expansion of the fields of restoration ecology

and landscape ecology (figure 1). During this time period the number of annual citations in Biosis remained nearly con-

stant between 500,000 and 600,000, so increases in the number of citations in our survey are not an artifact of an increase in

overall citations. We reviewed 301 articles, which we divided into five broad categories (figure 2), only the last of which

attempted to link landscape-level processes with specific restoration projects.

Category 1: Not landscape restoration. We excluded 18% of the articles from further discussion because, although they

included the terms landscape and restoration, these articles used the term restore in another context, such as restoring soil

productivity in agriculture, or used landscape in the sense of landscaping for horticultural purposes.

Category 2: General reviews. The largest proportion (32%) of articles surveyed were review articles that highlighted the

importance of restoring at large scales, either in general or with reference to a specific ecosystem type. Although these arti-

cles offered few details about specific methodologies used to evaluate or prioritize landscape processes, they provide a start-

ing point from which to evaluate possibly important large-scale processes. Given the preponderance of literature reviewing

large-scale processes, we refer readers to other recent reviews (e.g., Forman and Godron 1986, Bell et al. 1997, Turner et al.

2001).

Category 3: Ecology/conservation. A substantial percentage of the articles (17%) described basic studies in landscape ecol-

ogy or the effects of human impacts on ecosystems. These articles usually briefly noted the need for restoration in the con-

clusions without offering specifics to guide these efforts. Common examples included studies of the effect of fragmentation

on faunal groups (e.g., Knick and Rotenberry 1995, Sisk et al. 1997) and surveys of vegetation affected by different types of

disturbance or abiotic gradients (e.g., Kirkman et al. 1998, Skartvedt 2000). These studies often provided background infor-

mation for restoration efforts, but they did not specifically address how these processes could be incorporated in restoration

planning or estimate the consequences of possible restoration strategies for populations, communities, or ecosystems of

interest.

Category 4: Historic landscapes. Twelve percent of the studies we reviewed documented historical landscapes and changes

in land cover over time with the aim of characterizing a specific reference system for restoration efforts. In general, descrip-

tions of reference systems help identify restoration goals with acceptable ranges of variability. Such well-defined goals are

essential for effective design and evaluation of project success. Egan and Howell (2001) provide a detailed review of the

techniques available for characterizing reference systems. Like basic ecological studies, however, these descriptions do not

provide specific information about how to incorporate large-scale processes into ecological restoration.

Category 5: Landscape restoration. Twenty-two percent of the studies we reviewed addressed concrete questions about how

to incorporate specific large-scale, landscape-level processes in ecological restoration or evaluated the importance of these

processes in past restoration. These studies provide the basis for most of our review.

Box 1. Survey of the existing literature



A large number of the authors in our survey recognized the

importance of a range of large-scale ecological patterns and

processes in influencing ecosystem recovery and restoration;

in fact, a third of the articles were review articles highlight-

ing this point (figure 2). In contrast, only 22% of the articles

reported on studies using specific restoration projects to pre-

dict or test the importance of landscape processes in restora-

tion outcomes. In the remainder of this article, we discuss

methods used in this subset of articles (figure 3). We recog-

nize that any keyword search has inherent biases due to the

selection of terms and that it is impossible to comprehensively

survey the gray literature through keyword searches. There-

fore, we draw on a few additional studies that illustrate use-

ful methodologies for analyzing large-scale patterns and

processes but did not come up in our systematic literature

search (Koebel 1995, Liermann and Hilborn 1997, Schultz and

Crone 1998, Montalvo and Ellstrand 2000a, 2000b, Arm-

strong and Ewen 2002, D’Antonio et al. 2002). Methods used

to link landscape patterns and processes in restoration gen-

erally fell into three broad categories: (1) comparisons across

sites, (2) large-scale manipulations, and (3) predictive mod-

els. We discuss each in turn, with emphasis on how restora-

tion projects could be better designed and analyzed to inform

future restoration efforts and ecological theory.

Comparisons across sites
In 18 studies reviewed, investigators compared similar restora-

tion techniques applied at numerous sites across a landscape

to determine whether similar restoration methods led to

consistent results: for example, revegetation after mining

(Allen 1989, Holl and Cairns 1994), tropical reforestation

(Haggar et al. 1997), and bottomland hardwood forest restora-

tion (King and Keeland 1999). These studies provide a po-

tentially powerful resource for testing relationships between
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Figure 1. Number of articles in the Biosis bibliographic

search engine between 1985 and 2000 citing the keywords

landscape* and restor*. (* indicates “wild card” search

variable.)

Figure 2. Categorization of articles citing the keywords

landscape* and restor*. See box 1 for further discussion

of categories.

Physical processes

• Water flow rate

• Water drawdown rate

• Flooding (frequency, timing, duration, magnitude)

• Scouring and erosion

• Sediment and nutrient deposition

• Chemical movement (fertilizers, pesticides)

• Fire

Population processes

• Dispersal and colonization of seeds

• Gene flow (seeds and pollen)

Community processes

• Movement of seed dispersers

• Movement of pollinators

• Movement of herbivores, seed predators, and parasites

• Movement of mutualists (e.g., mycorrhizal fungi) 

• Dispersal and colonization of exotic plant species

Human alterations to processes

• Dams

• Levees

• Groundwater pumping 

• Land-use changes (e.g., conversion of land uses,
farming practices, exotics control)

• Precipitation (climate change)

Box 2. Ecological processes operating at

large spatial scales that influence 

recovery and restoration of riparian 

forest native plant communities



the dynamics of restored communities and the characteris-

tics of the surrounding landscape.

Importantly, although not surprisingly, restoration success

often differed among sites compared in these studies (e.g.,

Allen 1989, Holl and Cairns 1994, Haggar et al. 1997).Authors

often speculated about causes of these results, such as 

hydrology, soil patterns, or distance to source populations, but

did not usually conduct analyses to separate out the impor-

tance of possible influences. For example, Allen (1989) 

studied the effect of mycorrhizal inoculum and seeding on 

vegetation establishment on reclaimed mines in arid shrub

steppes in Wyoming. She hypothesized that substantial 

differences among the five sites studied resulted from soil dif-

ferences and wind patterns, which are influenced by landscape

patterns; she encouraged systematic analyses of these factors

in future studies.

A limited number of studies that we reviewed compared

the results of small-scale experiments or restoration efforts

across the landscape as a function of landscape patterns or

processes. Scowcroft and Jeffrey (1999) studied the effect of

topographic position (ridge, side slope, or drainage bottom)

on survival and growth of Acacia koa seedlings planted to re-

store high-elevation Hawaiian forest. Their results showed that

A. koa survival was lowest on sites with prolonged freezing

temperatures, which would make use of frost protection 

devices at these sites more cost effective. In a comparative study,

Harvey (2000) determined that dispersal and proximity to seed

sources were important to establishment of tropical forest

seedlings in windbreaks in Costa Rica by measuring seedling

establishment in previously planted windbreaks that were

adjacent to or disconnected from primary forest. Similarly,

King and Keeland (1999) surveyed a range of government

agencies to synthesize information about bottomland hard-

wood forest restoration in the southeastern United States

and concluded that the primary factor limiting success was

lack of attention to hydrological restoration.

Although cross-site comparisons can be a valuable method

for gaining insight into the effects of landscape processes on

recovery, these comparisons are limited in that they generally

do not directly manipulate the landscape process of interest;

thus, it is impossible to test causality and there may be mul-

tiple potential explanations for observed patterns. In addition,

we suspect that the greatest limiting factor for cross-site com-

parisons is the difficulty of retracing the details of restoration

efforts, even when a single agency implements or coordi-

nates similar restoration projects. We reiterate the common

recommendation that managers should keep detailed docu-

mentation of restoration practices and use standardized

monitoring protocols to facilitate such comparisons in the fu-

ture (Holl and Cairns 2002). Nonetheless, lack of perfect

documentation need not prevent analysis of past restora-

tion efforts. Qualitative site histories (e.g., older versus newer

restoration sites, or mixed-species versus mostly grass plant-

ing treatments) can often be created by interviewing managers

and screening informal records.

Even when records are available, academic ecologists may

be hesitant to compare restoration efforts across multiple

sites, as these efforts encompass variation along numerous en-

vironmental gradients and management histories and do

not serve as true replicates in the classical statistical sense. Tra-

ditional experimental approaches attempt to minimize dif-

ferences among replicates in order to detect significant effects.

To compare multiple restored sites, we encourage scientists to

view site-to-site variability as an asset rather than a con-

straint. In comparing restored sites that have similar but not

identical histories, researchers can ask whether, in practical

terms, processes matter enough to substantially influence

ecosystem dynamics, given real-world heterogeneity. For ex-

ample, King and Keeland’s (1999) survey of bottomland

hardwood forest restoration concluded that hydrology most

limited restoration success, but that species composition,

planting method, and herbivory were also often important.

Through quantitative cross-site analysis (which King and

Keeland did not include in their paper), ecologists could par-

tition the relative importance of these factors for restoration

success.

To facilitate analysis of limited, noisy, and observational

data, ecologists in wildlife biology and fisheries management

increasingly use novel statistical approaches that have only

rarely been applied in restoration ecology (box 3; Hilborn and

Mangel 1997, Burnham and Anderson 1998). We encourage

scientists interested in restoration to explore possibilities for

using these methods for cross-site comparisons to strengthen

the inferences drawn in spite of site-to-site heterogeneity. In

particular, Bayesian methods estimate the plausible values of

parameters or processes of interest (i.e., distributions versus

means), emphasizing biological rather than statistical sig-

nificance. Information-theoretic analyses test the relative

support of multiple working hypotheses provided by obser-

vations or experiments. Both Bayesian and information-

theoretic methods allow researchers to test which of a suite

of different mechanistic models are most consistent with ob-

servational data, and both methods are more robust to small

sample size and environmental “noise”than classical statistics.

In a restoration-related example, Liermann and Hilborn

(1997) used a Bayesian analysis to compare the ability of fish

stocks to recover from low population sizes caused by over-

fishing. An earlier, classical analysis of the same data (Myers

et al. 1995) reported that there was no conclusive evidence that

fish stocks could not recover from low densities. Liermann and

Hilborn (1997) concluded there was a nearly 50% probabil-

ity that stocks could not recover and, therefore, recovery

should be a management concern. The contrasting conclu-

sions of these studies depended critically on how the 

researchers interpreted results of stocks with few data at low

densities, a common occurrence. Myers and colleagues

(1995) based their conclusions primarily on the stocks

with sufficient data to test the hypothesis of no recovery with

high statistical power, using only approximately 20% of

the stocks for which data were available. Liermann and

Hilborn (1997) included all stocks, which resulted in a
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Figure 3. Examples of approaches to landscape restoration. (a) Restoration of a rain forest corridor in Queensland,

Australia, to promote animal movement and seed dispersal among remnant patches. (b) Controlled burn in restored jarrah

forest near Perth, Western Australia. (c) Small-scale experiment to inform grazing regimes in coastal prairie in northern

California. (d) Geographic information system mapping and population modeling exercise to prioritize prairie sites to 

restore for Fender’s blue butterfly near Eugene, Oregon. (e) Fender’s blue butterfly. Photographs: Karen Holl (a), Carl Grant

(b), Grey Hayes (c), and Cheryl Schultz (e).

Historic Fender’s blue

butterfly habitat
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During the past decade, a number of statistical approaches have become widely applied in conservation biology and wildlife

management. These approaches have the potential to inform analysis of restoration efforts. We provide a brief description

of each statistical approach and refer readers to more detailed references.

Classical methods include all analyses taught in most introductory biostatistics classes (e.g., Sokal and Rohlf 1995, Zar

1999). They focus primarily on testing whether data differ significantly from a null hypothesis, and therefore they are most

applicable to yes-or-no questions about whether a process or pattern is detectable. Because the yes-or-no answer depends

on the magnitude of tested effects, on the sample size, and on the background variability, these methods are likely to be

adversely affected by small sample sizes and high environmental variation, which makes them poorly matched to most

restoration studies. They are, however, the methods with which people are most familiar and for which software packages

are most readily available.

Likelihood methods find parameters that best fit the observed data for a given model and error distribution. The emphasis

is on the values of the best fit parameters, although null hypothesis testing and confidence limits are straightforward to cal-

culate. The advantage of these methods is that they are extremely flexible and allow any kind of linear or nonlinear model

to be potentially fit to data, with a wide variety of parametric likelihood functions, including functions appropriate for

strongly skewed and nonnormal data. The primary disadvantages are that likelihood functions are therefore more compli-

cated to specify, and fewer software packages are able to fit such models to data. Likelihood methods most naturally match

cases in which researchers are interested in testing hypotheses but data do not meet the assumptions of classical statistics,

and cases in which the estimated magnitude of a process is of most interest, such as estimating parameters for input into

models. Likelihood methods provide the basis for Bayesian and information-theoretic analyses (see Edwards 1972, Hilborn

and Mangel 1997).

Information-theoretic approaches compare suites of models that are fit to data using likelihood methods; they assess

which models best extract the “signal” in the data without fitting the “noise.” These methods are particularly well matched

to many questions in restoration ecology, because they group hypotheses into three categories: (1) a single best model, (2)

models that are clearly worse than the best model and can be rejected, and (3) models that do not fit the data as well as the

best model but cannot be rejected on the basis of existing data. Given limited data and multiple working hypotheses about

how ecosystems function, we find these categories more informative than a single decision to accept or reject a null hypoth-

esis. Commonly reported statistics from information-theoretic approaches include Akaike’s information criterion, or AIC,

which ranks the ability of a suite of models to fit the data by penalizing models for their number of parameters, and Akaike

weights, which estimate the relative proportions of the total information captured from each model within a set of models.

Not only are information-theoretic analyses more complicated to design than classical analyses, there are no commonly

reported absolute statistics of model fit (e.g., analogs of r2 in linear regression) associated with information-theoretic

approaches. Akaike weights, for example, always sum to one across a set of models and can be highly sensitive to the set of

models being compared. Information-theoretic methods have been widely adopted to analyze mark–recapture wildlife stud-

ies and are only beginning to be applied in other ecological contexts (see Burnham and Anderson 1998).

Bayesian statistics estimate the probability that a hypothesis is true, given prior knowledge and current data. In this con-

text, a hypothesis typically refers to a specific value of a model parameter, as opposed to different sets of factors compared

in information-theoretic approaches. In other words, Bayesian analyses produce  a probability distribution for parameters

of interest, such as the relative difference in abundance or species diversity between sites with different restoration histories.

Because Bayesian statistics emphasize parameter distributions rather than point estimates, Bayesian methods are particular-

ly well suited to stochastic simulation models in which values are sampled from the estimated distributions. In addition,

Bayesian methods are designed to incorporate information from multiple sources, because they explicitly use results of past

studies as well as current experiments or observations to reach conclusions. This is particularly applicable to situations in

restoration, which include many unreplicated observations and manipulations. Like information-theoretic methods,

Bayesian analyses are more complicated to set up than classical analyses. However, the most controversial aspect of Bayesian

analysis is the need to explicitly specify prior knowledge about a system to formulate a hypothesis. If prior knowledge

reflects prior beliefs rather than prior data collection, this can bias results toward supporting prior beliefs. This problem is

easy to overcome by testing the consequences of making different prior assumptions or by using only quantitative data to

construct prior distributions. Moreover, regardless of the statistical analysis used, scientists and managers make prior

assumptions about the functioning of a system in choosing experimental questions or management actions; the Bayesian

approach simply incorporates these assumptions explicitly in analysis (see Gelman et al. 1995, Dixon and Ellison 1996).

Box 3. Alternative statistical approaches



much broader distribution of the probability that stocks

could not recover from low density. The risk of using the clas-

sical hypothesis-testing approach for management decisions

such as restoration is that a possible outcome may be ig-

nored because it is not statistically significant using available

data, although it is sufficiently probable to be a biological con-

cern to managers.

Large-scale manipulations
Direct manipulations of large-scale processes clearly overcome

many of the limitations of cross-site comparisons. A few

studies in our survey drew on field data from large-scale

replicated restoration manipulations. Boerner and colleagues

(2000) analyzed the effect of spatial patterns of moisture, soil

pH, and biomass on nutrient cycling

following fires in two 75- to 90-hectare

watersheds. They found that soil car-

bon and nitrogen dynamics were

strongly influenced by the intensity of

the fire and by the moisture index of

the site where the sampling plot was lo-

cated; as a result, fire increased the

heterogeneity in soil properties across

the landscape. Singer and colleagues

(2000) used data from 31 transloca-

tions of bighorn sheep (Ovis canaden-

sis) in the western United States to

analyze whether successful coloniza-

tion of new patches from translocated

populations was a function of a num-

ber of factors, such as population size,

habitat patch size, proximity of nearby

patches, and barriers to movement.

They found that the presence of large

rivers, continuous conifer forest, and

flat terrain between existing popula-

tions and potential habitat reduced

colonization rates more than the abso-

lute distance between sites. Popula-

tions translocated into larger suitable

habitat patches were also more likely to

colonize nearby patches.

A common problem in learning

from ongoing restoration efforts is

that when restoration explicitly in-

cludes manipulation of large-scale

processes through pilot projects or

management actions, such as con-

trolled release from dams or controlled

burns (e.g., Nolan and Guthrie 1998,

Tockner et al. 1998, Hardy et al. 1999),

there is no meaningful way to replicate

these actions  in space. Obviously, it is

impossible to replicate a specific flood-

ing regime along the Danube or Rhine

Rivers. Nonetheless, such actions can

be extremely informative, particularly when combined with

adaptive management (sensu Walters 1997), that is, with spe-

cific plans to use detailed monitoring of ongoing actions to

inform future decisions. For example, channel meandering

was restored along a 20-kilometer stretch of the Kissimmee

River in Florida and was followed by extensive monitoring of

water quality, fish, invertebrates, and birds. This information

was combined with hydraulic and hydrologic modeling to se-

lect among the restoration alternatives for the entire river

(Koebel 1995). Similarly, a large pilot project with monitor-

ing is under way on the Danube River to test the effects of

restoring river-floodplain connectivity and water quality on

aquatic flora and fauna (figure 4; Tockner et al. 1998). Un-

fortunately, although “adaptive management” is a widely
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Figure 4. Pilot project to restore channel movement along a side channel of the

Danube River, Austria. (a) Site before restoration. (b) Same location 1 year 

after restoration. Photographs: Christian Baumgartner.



used buzzword in restoration, examples in which monitor-

ing results inform future management plans are exceptions

among large-scale restoration projects. Plans rarely incor-

porate adequate monitoring and analysis of data to inform

future decisions (Walters 1997).

A number of statistical approaches are more robust than

classical hypothesis testing to assess unreplicated manipulations.

Information-theoretic analyses, which compare the ability of

multiple mechanisms to explain patterns, provide stronger

causal evidence than classical analyses. In these analyses, re-

searchers compare the quantitative match between multiple

models and observations, a more stringent test than simple

acceptance or rejection of a null hypothesis (box 3). In a re-

cent study, Armstrong and Ewen (2002) assessed the success

of reintroductions of New Zealand robins to an island com-

posed of remnant and regenerating restored forest patches.

They used an information-theoretic analysis to test factors in-

fluencing colonization of restored patches, including patch size,

isolation, and number of resident robins in each year. They

found that colonization of remnant forest patches was most

affected by patch size and by the number of resident robins

(competition), but that isolation of patches could plausibly

reduce colonization probability. The magnitude of the distance

effect, however, was so small that it was not ecologically sig-

nificant (8% reduction in colonization probability of the

most isolated patches relative to the most connected), even if

statistically detectable.

Single large-scale manipulations at different sites lend

themselves particularly well to meta-analysis, that is, to sta-

tistical comparison of results from different studies (e.g.,

Arnqvist and Wooster 1995, Osenberg et al. 1999). Like most

kinds of analyses, meta-analyses can be conducted using clas-

sical, Bayesian, or information-theoretic methods (box 3). Such

analyses are particularly powerful if applied to experimental

manipulations rather than to observational data or cross-site

and cross-population comparisons. Meta-analyses are in-

creasingly being used to compare results of basic ecological

and global change experiments (Arnqvist and Wooster 1995)

but have rarely been used in restoration. In a recent report,

D’Antonio and colleagues (2002) used meta-analysis to syn-

thesize the effects of many seemingly contradictory studies on

the use of fire to restore native species in California grasslands.

In contrast to most individual studies, this comparison

showed that fire did not have a straightforward positive or neg-

ative effect on the relative amounts of native and exotic

species. Rather, fire benefited both native and exotic forbs, had

minimal long-term effects on native and exotic grasses, and

interacted strongly with grazing and precipitation in influ-

encing plant community composition. We encourage further

use of meta-analysis because of its potential to make more

powerful predictions by drawing on the common use of sim-

ilar restoration methodologies at multiple sites.

Finally, methods have been developed in limnology to de-

tect alteration after unreplicated manipulations (Stewart-

Oaten and Murdoch 1986, Carpenter et al. 1989, Cottingham

and Carpenter 1998). In general, these methods focus on

testing whether single, treated lakes differ from multiple, un-

treated lakes, or whether single, treated lakes (or small groups

of treated lakes) changed more after manipulation than did

unmanipulated control lakes. Such analyses provide stronger

inferences about the likely effects of unreplicated manipula-

tions and could be used to estimate the effects of a variety of

large-scale restoration actions, such as restoring river chan-

nel geomorphology or reintroducing fire.

Predictive models 
In many cases, neither cross-site comparisons nor large-scale

manipulations are feasible. Cross-site comparisons are lim-

ited by the availability and distribution of past restoration ef-

forts. Manipulations are limited because restorationists often

can only implement one management option, so the question

arises as to how to decide which option to select. To this end,

many studies in our literature survey used models to priori-

tize sites to restore across the landscape or to predict the ef-

fects of landscape patterns or processes on recovery.

The most common application of models to landscape

restoration in the papers we reviewed was to construct fairly

straightforward rule-making models to prioritize sites to re-

store. These studies usually overlaid geographic information

system (GIS) layers, readily available for site and landscape fea-

tures, and developed ranking systems for sites based on these

features. These approaches commonly incorporated a range

of criteria into ranking systems, such as soil type, vegetation

type, presence of endangered species, connectivity with intact

habitats, rarity of ecosystem, potential for restoration, land

ownership, and property value (Smallwood et al. 1998, Clark

and Slusher 2000, Palik et al. 2000). The GIS models, which

combine large amounts of information in a systematic man-

ner, are useful in coordinating and prioritizing restoration ef-

forts. Developing the coverages and rules for prioritizing

sites often includes a stage of bringing together various in-

dividuals involved in restoration to agree on rankings. This

stage offers a systematic way to incorporate expert opinion and

forces groups to state their values explicitly. Clark and Slusher

(2000) describe a reserve design protocol for the heavily de-

graded Kankakee watershed in Indiana. The process started

with an expert workshop in which various government and

nonprofit agencies outlined their conservation goals and de-

limited geographic areas that met these goals. These focal 

areas were overlain with maps showing vegetation type, trans-

portation routes, soil moisture, land ownership, and location

of sensitive species. The  researchers used reserve design soft-

ware to prioritize areas for acquisition and restoration that

maximized specific conservation goals. This allowed com-

parison of maps produced using different conservation pri-

orities.

In addition to site-prioritization models, a number of

studies we reviewed used ecosystem models to simulate dif-

ferent restoration options and predict the effects of land-

scape patterns or processes on recovery. Such modeling tech-

niques include linking hydrologic and population dynamic

models to predict the effects of different hydrologic manip-
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ulations on bird and fish populations (DeAngelis et al. 1998,

Gaff et al. 2000), using GIS-based state transition models to

predict the effect of reinstating a fire regime on the vegeta-

tion mosaic and landscape patterns (Baker 1994), and com-

bining deterministic hydrological and biogeochemical mod-

els to predict the effects of floodplain reconnection on nutrient

cycling (Van der Peijl and Verhoeven 2000). Modeling ap-

proaches allow researchers to predict the effects of various

management actions over spatial and temporal scales that are

impossible to manipulate in the field. For example, DeAngelis

and colleagues (1998, Gaff et al. 2000) considered the effects

of different hydrologic management regimes on various fau-

nal species in the Everglades up to 50 years in the future. It

would be impossible to test all such regimes in the field, and

managers cannot wait 50 years to decide which management

decision to select. Such models allow comparison of alternative

management regimes. Also, the construction of such mod-

els often serves the important role of highlighting data gaps

and helping to prioritize future data collection.

Several challenges, however, limit the predictive ability of

ecosystem models. Such models usually require detailed data

that are not often available.Although researchers often assume

that more detailed models make more accurate predictions,

more detailed models are usually less well supported by field

data, leading to unspecified differences in accuracy (Walters

1997). Predictive models rarely include confidence limits of

parameter estimates or calculations of the extent to which

model predictions change as a parameter is moved to its up-

per and lower confidence limits (see Ruckelshaus et al. 1997).

Perhaps most importantly, all predictive models are based on

particular assumptions about how landscapes and ecosystems

function. Constructing a model entails so many assump-

tions that it is nearly impossible to state all of them explicitly.

Like uncertainty in parameter estimates, unstated assumptions

about ecosystem function make model predictions appear

more certain than they actually are. This uncertainty is more

difficult to quantify than parameter confidence limits and er-

ror propagation, because there are numerous possible alter-

native assumptions at each stage of the modeling process.

In a clear example of unstated model assumptions, DeAn-

gelis and colleagues (1998) argue that deer are important

interactors in Everglades ecosystems because they are both the

primary herbivores and the primary prey for endangered

panthers. They base their analyses on a model that does not

include effects of deer herbivory on plant communities, im-

plicitly assuming that deer only have positive effects on pan-

thers (i.e., increased food supply). At a minimum, their ver-

bal description of the system suggests that alternative models

for ecological relationships could include ones in which deer

herbivory plays a significant role in limiting tree seedlings, re-

sulting in reduced hunting cover for panthers. Had the re-

searchers considered this option, the range of plausible pre-

dictions would almost certainly be much larger, as deer could

have positive or negative effects depending on their abundance

relative to tree seedlings.

Although not all examples of unstated assumptions we

found in our survey were as striking, in our opinion the

problem is widespread throughout the spectrum of models

used in restoration planning. In GIS models, mapped features

such as water tables, soils, or plant communities potentially

relate to differences in habitat quality, but quantifying these

relationships accurately would take years (and possibly

decades) of careful study. Furthermore, little is known about

how genes, individuals, or disturbances such as fires and

floods move across heterogeneous landscapes. Thus, to eval-

uate possible differences in disturbance, connectivity, or habi-

tat quality, researchers typically guess or rely on expert opin-

ion about how the available GIS coverages or data for model

parameterization relate to these differences. Admittedly, it is

not practical to quantify all relevant relationships when

restoration planning occurs at a large scale and is aimed to

maximize the abundance of multiple species. In these cases,

we encourage restorationists to compare the predictions of

multiple models, representing a broad suite of assumptions

about how communities, landscapes, or ecosystems func-

tion. Because they explicitly link mechanistic models with sta-

tistical confidence, Bayesian and information-theoretic meth-

ods are more naturally suited to model selection and

parameter estimation uncertainty than are classical statistics.

In our review, only a small number of predictive models

appeared to be parameterized with data collected at the scale

and scope of the restoration question. These studies tended

to focus on restoration designed for a particular species or

process, in cases where researchers only needed to evaluate a

limited number of options. In an effort to prioritize actions

to restore grizzly bear (Ursus arctos) populations in western

Montana, Mace and colleagues (1999) developed a GIS model

with roads, human activity, elevation, and vegetation and

collected 7 years of radio telemetry data on grizzly bear lo-

cations in the region. They used logistic regression to iden-

tify which habitat variables best explained male and female

grizzly bear presence or absence during different seasons.

They found that bears use different habitats at different times

of the year, a finding that allowed them to make specific rec-

ommendations about when and where closing roads and 

restricting human access would most benefit these popula-

tions. We feel that parameterizing models with data collected

at an appropriate scale and including the variance in these 

parameters is critical to making predictions that accurately

portray the level of confidence that should be placed in model

outcomes.

Combining multiple methods
Many of the limitations of the previous approaches can be

overcome by using a combination of methods (De Mars and

Wassen 1993, Schultz and Crone 1998, Kronvang et al. 1999).

The practical constraints of conducting large-scale replicated

experiments necessitate creatively combining data from dif-

ferent sources. Current restoration projects often rely on sin-

gle methods of inference, using only experiments, modeling,

or field monitoring. By combining data from different sources,
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it is possible to increase predictive power. De Mars and Wassen

(1993) used regional hydrological models combined with

more localized field studies of vegetation, water depth, and 

water quality to make recommendations to restore 

hydrology in wetland nature reserves in the Laegieskamp

area of the Netherlands. They note the importance of the

larger-scale models to coordinate the various government

agencies with jurisdiction over different portions of the land.

Small-scale experiments can be particularly powerful in

combination with population or ecosystem models, though

care must be taken in extrapolating from smaller to larger

scales. Schultz and Crone (1998) used field data of butterfly

demography and small-scale experiments on different prairie-

burning frequencies to parameterize models that tested dif-

ferent burn strategies to restore habitat for the endangered

Fender’s blue butterfly (Icaricia icarioides fenderi) in Ore-

gon. Multiple burn strategies could not have been tested at

large scales because of the risk to this endangered species. This

study also illustrates the important issue of quantifying un-

certainty when combining data across scales. To provide an

estimate of the uncertainty in their outcome, Schultz and

Crone (1998) bounded model parameter estimates with con-

fidence limits in the field data. Not surprisingly, these confi-

dence limits were large, but the model still provided infor-

mation about the relative outcomes of a range of management

options. Most importantly, small-scale experiments or planned

large-scale manipulations can be used to test key aspects of

uncertainty about how ecosystems function and to develop

appropriate ecosystem models.

Combining small-scale experiments with other sources of

data allows testing of a wider range of hypotheses.Walters and

colleagues (1992) note that, even with little quantitative in-

formation about a particular system, researchers typically

hold qualitative beliefs about how the system works, which

point to a particular method of restoration as most likely to

succeed. Comparing restoration methods experimentally at

landscape scales means investing time and money to use

methods that researchers believe are not the best, as well as

those most likely to succeed. In some cases, risky strategies can

be tested using small-scale experiments. For example, restora-

tion provides an excellent opportunity to test the relative

importance of local adaptation versus  inbreeding depression

in plants by comparing establishment and success of sites

planted from local versus nonlocal seed sources (Montalvo and

Ellstrand 2000b). Large-scale restoration with nonlocal geno-

types, however, could lead to maladaptive genotypes spread-

ing into wild populations. Montalvo and Ellstrand (2000a,

2000b) tested this question for the southern California sub-

shrub Lotus scoparius using a combination of genetic analy-

ses, greenhouse studies, field plantings, and large-scale soil and

climate data. Their results demonstrated clear reduction in fit-

ness caused by outbreeding of local with nonlocal plants,

indicating that restricted gene flow should be maintained in

L. scoparius.

Conclusions
An increasing amount of money and volunteer labor is be-

ing spent on restoration efforts worldwide. A common con-

clusion of many of these restoration efforts is that success varies

substantially among sites. At least in part, this varying success

results from differences in hydrology, microclimate, and

movement of plants, animals, and disturbance regimes. Much

of the potential information from past and ongoing restora-

tion studies remains untapped. We see promising opportu-

nities for continuing to test the importance of these processes

in determining the dynamics of restored communities, par-

ticularly because the vast majority of restoration projects

have not been analyzed or interpreted in a broader ecologi-

cal context.

We advocate increased collaboration between managers and

researchers to conduct large-scale, replicated, manipulative

projects, as they can be powerful experiments (e.g., Boerner

et al. 2000, Singer et al. 2000). Although replicated experi-

mental manipulation is often not feasible because of social,

economic, and ecological constraints, this does not preclude

learning about landscape processes from restoration efforts.

Some of the best studies we have seen are not necessarily the

most logistically or computationally extensive. Rather, the crea-

tive use of past research and the combination of multiple

methods may increase understanding of processes at large

scales in space and time.We encourage comparison of the pre-

dictions of multiple models, representing a suite of possible

mechanisms about important factors, followed by subse-

quent empirical testing of the hypotheses generated from

the modeling exercises. Moreover, many statistical techniques

are widely used in other branches of ecology and ecosystem

management to address the common issue of lack of repli-

cation in individual studies; these techniques could also be em-

ployed in restoration.

Ecologists are increasingly asked to predict the effects of hu-

man intervention at large scales in space and time. Because

they involve manipulation or re-creation of entire ecosystems,

ecological restoration efforts provide potentially powerful

tests of the current understanding of large-scale processes. Past

lack of attention to restoration by ecologists must be corrected;

we encourage academic ecologists to explore opportunities for

working with past and ongoing restoration to test large-scale

processes in natural systems. One way to encourage such

collaborations is by targeting research funding to scientific

studies that are coupled with management actions. Many

government management agencies and nonprofit organiza-

tions fund implementation of restoration projects with a

minimal research budget, while governmental science fund-

ing agencies often support research on ecological principles

that could be applied to restoration but are unlikely to pro-

vide sufficient funding to conduct manipulations at the scale

at which many restoration projects are implemented.

In conclusion, we reiterate the call to managers to take

steps to make their efforts more useful to furthering ecolog-

ical understanding, such as collecting long-term monitoring

data using standardized methods and keeping detailed records

500 BioScience  •  May 2003 / Vol. 53 No. 5

Articles



of restoration protocols. We also encourage them to consult

with scientists in the early stages of restoration planning, as

even minor modifications to projects (e.g., selecting moni-

toring protocols, setting aside a small area of the site to be 

restored for manipulative plots) can vastly increase the abil-

ity to learn from restoration efforts. Capitalizing on existing

restoration efforts and expanding collaborations between

academic researchers and management personnel  offers

enormous potential to improve understanding of the im-

portance of landscape processes for ecosystem dynamics in

general and restoration success in particular.

Acknowledgments

This work was conducted as part of the Landscape Restora-

tion Working Group supported by the National Center for

Ecological Analysis and Synthesis, a center funded by the

National Science Foundation (grant DEB-0072909), the Uni-

versity of California, and the UC–Santa Barbara campus.

We appreciate helpful comments from the Mills/Crone lab

group at the University of Montana and from two anonymous

reviewers.

References cited
Allen EB. 1989. The restoration of disturbed arid landscapes with special ref-

erence to mycorrhizal fungi. Journal of Arid Environments 17: 279–286.

Armstrong DP, Ewen JG. 2002. Dynamics and viability of a New Zealand robin

population reintroduced to regenerating fragmented habitat. Conser-

vation Biology 16: 1074–1085.

Arnqvist G, Wooster D. 1995. Meta-analysis: Synthesizing research findings

in ecology and evolution. Trends in Ecology and Evolution 10: 236–240.

Baker WL. 1994. Restoration of landscape structure altered by fire suppres-

sion. Conservation Biology 8: 763–769.

Bell SS, Fonseca MS, Motten LB. 1997. Linking restoration and landscape ecol-

ogy. Restoration Ecology 5: 318–323.

Boerner REJ, Morris SJ, Sutherland EK, Hutchinson TF. 2000. Spatial vari-

ability in soil nitrogen dynamics after prescribed burning in Ohio mixed-

oak forests. Landscape Ecology 15: 425–439.

Burnham KP, Anderson DR. 1998. Model Selection and Inference. New

York: Springer.

Carpenter SR, Frost TM, Heisey D, Kratz TK. 1989. Randomized interven-

tion analysis and the interpretation of whole-ecosystem experiments. Ecol-

ogy 70: 1142–1152.

Clark FS, Slusher RB. 2000. Using spatial analysis to drive reserve design: A

case study of a national wildlife refuge in Indiana and Illinois (USA). Land-

scape Ecology 15: 75–84.

Cottingham KL, Carpenter SR. 1998. Population, community, and ecosys-

tem variates as ecological indicators: Phytoplankton responses to whole-

lake enrichment. Ecological Applications 8: 508–530.

Curnutt JL, Comiskey J, Nott MP, Gross LJ. 2000. Landscape-based spatially

explicit species index models for Everglades restoration. Ecological Ap-

plications 10: 1849–1860.

D’Antonio C, Bainbridge S, Kennedy C, Bartolome J, Reynolds S. 2002.

Ecology and restoration of California grasslands with special emphasis

on the influence of fire and grazing on native grassland species. Report

to the Packard Foundation.

DeAngelis DL, Gross LJ, Huston MA, Wolff WF, Fleming DM, Comiskey EJ,

Sylvester SM. 1998. Landscape modeling for Everglades ecosystem

restoration. Ecosystems 1: 64–75.

De Mars H, Wassen MJ. 1993. The impact of landscape-ecological research

on local and regional preservation and restoration strategies. Ekologia

12: 227–239.

Dixon P, Ellison AM. 1996. Introduction: Ecological applications of Bayesian

influence. Ecological Applications 6: 1034–1035.

Edwards AWF. 1972. Likelihood. Cambridge: Cambridge University Press.

Egan D, Howell EA. 2001. The Historical Ecology Handbook. Washington

(DC): Island Press.

Forman RTT, Godron M. 1986. Landscape Ecology. New York: Wiley.

Gaff H, DeAngelis DL, Gross LJ, Salinas R, Shorrosh M. 2000.A dynamic land-

scape model for fish in the Everglades and its application to restoration.

Ecological Modelling 127: 33–52.

Gelman A, Carlin JB, Stern HS, Rubin DB. 1995. Bayesian Data Analysis. Lon-

don: Chapman and Hall.

Haggar J, Wightman K, Fisher R. 1997. The potential of plantations to fos-

ter woody regeneration within a deforested landscape in lowland Costa

Rica. Forest Ecology and Management 99: 55–64.

Hansson L, Fahrig L, Merriam G, eds. 1995. Mosaic Landscapes and Ecological

Processes. London: Chapman and Hall.

Harden CP, Mathews L. 2000. Rainfall response of degraded soil following

reforestation in the Copper Basin, Tennessee, USA. Environmental Man-

agement 26: 163–174.

Hardy CC, Keane RE, Harrington MG. 1999. Restoration in northwest in-

terior forests. Transactions of the North American Wildlife and Natural

Resources Conference 64: 117–138.

Harvey CA. 2000. Colonization of agricultural windbreaks by forest trees:

Effects of connectivity and remnant trees. Ecological Applications 10:

1762–1773.

Hilborn R, Mangel MS. 1997. The Ecological Detective. Princeton (NJ):

Princeton University Press.

Hobbs RJ. 2002. The ecological context: A landscape perspective. Pages

24–45 in Perrow MR, Davy AJ, eds. Handbook of Ecological Restoration.

Cambridge (United Kingdom): Cambridge University Press.

Holl KD, Cairns J Jr. 1994.Vegetational community development on reclaimed

coal surface mines in Virginia. Bulletin of the Torrey Botanical Club 121:

327–337.

———. 2002. Monitoring and appraisal. Pages 411–432 in Perrow MR,

Davy AJ, eds. Handbook of Ecological Restoration. Cambridge (United

Kingdom): Cambridge University Press.

King SL, Keeland BD. 1999. Evaluation of reforestation in the lower Missis-

sippi River alluvial valley. Restoration Ecology 7: 348–359.

Kirkman LK, Drew MB, West LT, Blood ER. 1998. Ecotone characterization

between upland longleaf pine/wiregrass stands and seasonally-ponded

isolated wetlands. Wetlands 18: 346–364.

Knapp EE, Rice KJ. 1996. Genetic structure and gene flow in Elymus glau-

cus (blue wildrye): Implications for native grassland restoration. Restora-

tion Ecology 4: 1–10.

Knick ST, Rotenberry JT. 1995. Landscape characteristics of fragmented

shrubsteppe habitats and breeding passerine birds. Conservation Biol-

ogy 9: 1059–1071.

Koebel JW. 1995. An historical perspective on the Kissimmee River restora-

tion project. Restoration Ecology 3: 149–159.

Kronvang B, Hoffmann CC, Svendsen LM,Windolf J, Jensen JP, Dorge J. 1999.

Retention of nutrients in river basins. Aquatic Ecology 33: 29–40.

Liermann M, Hilborn R. 1997. Depensation in fish stocks: A hierarchic

Bayesian meta-analysis. Canadian Journal of Fisheries and Aquatic Sci-

ences 54: 1876–1984.

Ludwig JA, Tongway DJ. 1996. Rehabilitation of semiarid landscapes in

Australia, II: Restoring vegetation patches. Restoration Ecology 4:

398–406.

Mace RD, Waller JS, Manley TL, Ake K, Wittinger WT. 1999. Landscape eval-

uation of grizzly bear habitat in western Montana. Conservation Biol-

ogy 13: 367–377.

Madsen T, Shine R, Olsson M,Wittzell H. 1999. Restoration of an inbred adder

population. Nature 402: 34–35.

Montalvo A, Ellstrand N. 2000a. Transplantation of the subshrub Lotus sco-

parius: Testing the home-site advantage hypothesis. Conservation Biol-

ogy 14: 1034–1045.

May 2003 / Vol. 53 No. 5 •  BioScience 501

Articles



———. 2000b. Nonlocal transplantation and outbreeding depression in the

subshrub Lotus scoparius (Fabaceae).American Journal of Botany 88: 2001.

Myers RA, Barrowman NJ, Hutchings JA, Rosenberg AA. 1995. Population

dynamics of exploited fish stocks at low population levels. Science 269:

1106–1108.

Nolan PA, Guthrie N. 1998. River rehabilitation in an urban environment:

Examples from the Mersey Basin, North West England. Aquatic Con-

servation 8: 685–700.

[NRC] National Research Council. 2001. Compensating for Wetland Losses

under the Clean Water Act. Washington (DC): National Academy Press.

Osenberg CW, Sarnelle O, Cooper SD, Holt RD. 1999. Resolving ecological

questions through meta-analysis: Goals, metrics, and models. Ecology

80: 1105–1117.

Palik BJ, Goebel PC, Kirkman LK, West L. 2000. Using landscape hierarchies

to guide restoration of disturbed ecosystems. Ecological Applications 10:

189–202.

Ruckelshaus M, Hartway C, Kareiva P. 1997. Assessing the data require-

ments of spatially explicit dispersal models. Conservation Biology 11:

1298–1306.

Schultz CB, Crone EE. 1998. Burning prairie to restore butterfly habitat: A

modeling approach to management tradeoffs for the Fender’s blue.

Restoration Ecology 6: 244–252.

Scowcroft PG, Jeffrey J. 1999. Potential significance of frost, topographic re-

lief, and Acacia koa stands to restoration of mesic Hawaiian forests on

abandoned rangeland. Forest Ecology and Management 114: 447–458.

[SER] Society for Ecological Restoration Science and Policy Working Group.

2002. The SER primer on ecological restoration. (4 April 2003;

www.ser.org)

Singer FJ, Moses ME, Bellew S, Sloan W. 2000. Correlates to colonizations of

new patches by translocated populations of bighorn sheep. Restoration

Ecology 8: 66–74.

Sisk TD, Haddad NM, Ehrlich PR. 1997. Bird assemblages in patchy wood-

lands: Modeling the effects of edge and matrix habitats. Ecological 

Applications 7: 1170–1180.

Skartvedt PH. 2000. Woody riparian vegetation patterns in the Upper 

Mimbres watershed, southwestern New Mexico. Southwestern Natu-

ralist 45: 6–14.

Smallwood KS, Wilcox B, Leidy R, Yarris K. 1998. Indicators assessment for

habitat conservation plan of Yolo County, California, USA. Environmental

Management 22: 947–958.

Sokal RR, Rohlf FJ. 1995. Biometry. 3rd ed. New York: W. H. Freeman.

Stewart-Oaten A, Murdoch WW. 1986. Environmental impact assessment

pseudoreplication in time. Ecology 67: 929–940.

Tockner K, Schiemer F,Ward JV. 1998. Conservation by restoration: The man-

agement concept for a river-floodplain system on the Danube River in

Austria. Aquatic Conservation 8: 71–86.

Turner MG, Gardner RH, O’Neill RV. 2001. Landscape Ecology in Theory

and Practice: Pattern and Process. New York: Springer-Verlag.

Van der Peijl MJ, Verhoeven JTA. 2000. Carbon, nitrogen and phosphorus

cycling in river marginal wetlands: A model examination of landscape

geochemical flows. Biogeochemistry 50: 45–71.

Walters C. 1997. Challenges in adaptive management of riparian and coastal

ecosystems. Conservation Ecology 1. (4 April 2003; www.consecol.org/

vol1/iss2/art1)

Walters C, Gunderson L, Holling CS. 1992. Experimental policies for water

management in the Everglades. Ecological Applications 2: 189–202.

Wright S. 1931. Genetics in Mendelian populations. Genetics 16: 97–159.

Zar JH. 1999. Biostatistical Analysis. 4th ed. Upper Saddle River (NJ):

Prentice Hall.

502 BioScience  •  May 2003 / Vol. 53 No. 5

Articles


