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Invasive species significantly impact U.S. ecosystems and are 

one of the greatest threats to forest, rangeland, and urban forest 

health. They have contributed to increases in fire frequency 

and intensity; reduced water resources, forest growth, and 

timber; and negatively affected native species and their habitats 

throughout the United States. Global trade, climate change, 

and innovations in human transportation are just a few of 

the factors that have increased the rate of invasive species 

introduction and the costs associated with their prevention, 

quarantine, and management. Forest and rangeland managers 

urgently need effective management techniques to reduce 

invasive species’ effects. 

In 2006, the U.S. Department of Agriculture (USDA), Forest 

Service Research and Development Invasive Species Strategic 

Program Area (SPA) solicited programmatic feedback through 

a formal external peer review. The SPA used this information 

to guide long-term national planning for our research program. 

The National Research and Development Invasive Species 

Strategy was revised to reflect this guidance, and research 

efforts were prioritized to address the challenges managers will 

face in the future. Scientists developed 12 visionary papers that  

responded to our customers’ feedback. These visionary papers  

identify future invasive species research issues and priorities 

and provide the Forest Service and its partners with a frame

work for programming and budgeting for the next 20 years.

Introduction
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Invasive Species Overarching 
Priorities to 2029

Kerry O. Britton1, 2, Marilyn Buford3, Kelly Burnett4,  

Mary Ellen Dix5, Susan J. Frankel6, Melody Keena7,  

Mee-Sook Kim8, Ned B. Klopfenstein9, Michael E. Ostry10, 

and Carolyn Hull Sieg11

Executive Summary

Invasive species are one of the greatest threats to forest, 

range, aquatic, and urban forest ecosystem health. They 

contribute to the endangerment of native species and may 

lead to other severe ecological and financial consequences in 

our  Nation’s wildlands and urban forests. Costs the public 

pays for damage, losses, and control efforts are estimated 

at more than $138 billion per year. Severe infestations of 

cheatgrass have contributed to increased fire frequency and 

intensity in Western States, reducing property values in some 

areas by up to 80 percent. Asian long-horned beetles threaten 

more than $500 billion in urban tree losses in America, over 

time, if left unchecked. Recent regional invasions, such as 

Sudden Oak Death in California, Emerald Ash Borer in the 

Midwest, and Sirex noctilio in New York, have the potential 

to become national threats. Invasive species threaten Pacific 

Island ecosystems, riparian communities, and wetlands and 

are the second leading contributor of species endangerment in 

aquatic ecosystems. Expanding global trade is increasing the 

rate of invasive species introductions and the costs associated 

with preventing introductions and quarantining and managing 

new infestations. 

1 Authors listed in alphabetical order.
2 National Forest Pathology Program Leader, Forest Service, Research and Development, 1601 North Kent St., Arlington, VA 22209.
3 National Program Leader for Silviculture Research, Forest Service, Research and Development, 1601 North Kent St., Arlington, VA 22209.
4 Research Fisheries Biologist, Forest Service, Pacific Northwest Research Station, 3200 SW Jefferson Way, Corvallis, OR 97331.
5 National Invasive Species Research Program Lead, Forest Service, Research and Development, 1601 North Kent St., Arlington, VA 22209.
6 Sudden Oak Death Program Manager, Forest Service, Pacific Southwest Research Station, 800 Buchanon St., Albany, CA 94710.
7 Research Entomologist, Forest Service, Northern Research Station, 51 Mill Pond Rd., Hamden, CT, 06514.
8 Assistant Professor, Kookmin University, Department of Forest Resources, 861-1 Jeongneung-Dong Seongbuk-Gu, Seoul, Korea 136-702.
9 Research Plant Pathologist, Forest Service, Rocky Mountain Research Station, 1221 S. Main St., Moscow, ID 83843.
10 Research Plant Pathologist, Forest Service, Northern Research Station, 1561 Lindig Ave., St. Paul, MN 55108.
11 Research Plant Ecologist, Forest Service, Rocky Mountain Research Station, 2500 South Pine Knoll Dr., Flagstaff, AZ 86001.

Given the large number of nonnative invasive species present 

in the United States and projections for increasing numbers, 

U.S. Department of Agriculture (USDA), Forest Service 

Research and Development (R&D) must be strategic in 

allocating research resources to develop the science to manage 

invasive species and their effects. Forest owners and managers 

likewise need tools to help allocate resources across pests 

and ecosystems. A recent peer review panel recommended 

increased funding for two areas: (1) prevention and prediction 

and (2) early detection and rapid response. Therefore, 

quantitative risk analysis and pathway assessments will be 

key components of our research program. Our future strategy 

also recognizes the importance of maintaining research in 

two other areas: (1) control and management and (2) restoration 

and rehabilitation. We believe a holistic national strategy will 

improve sharing of expertise across research stations and 

encourage actions that prevent regional threats from expanding 

into national ones. Increased coordination with other agencies 

will help identify regulatory and research gaps and will 

improve the complementary use of resources. 

In response to the external peer review, Forest Service R&D 

identified research priorities for invasive species. Many of these 

priorities are described in the 12 papers that follow. Several 

overarching priorities, which are considered important for all 

invasive species, regardless of taxa, are discussed here.

1.	 Quantify Invasive Species Biology, Ecology,  

Interactions, and Effects

a. Quantify genetic, ecological, and evolutional relationships 

among high-priority invasive species and ecosystems 

where they occur. 
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b. Quantify ecological, social, and economic effects of 

invasive species.

c. Develop science-based protocols to prioritize invasive 

species to help managers assess action thresholds.

2.	 Predicting and Prioritizing Invasive Species 

a. Develop a methodology for predicting which species are 

likely to become invasive.

b. Develop science-based protocols to prioritize prevention 

activities.

3.	 Identifying and Detecting Invasive Species

a. Improve invasive species detection and diagnostics 

technology.

b. Quantify invasive patterns and processes across 

geographical and elevational gradients. 

4.	 Managing Invasive Species and Altered Systems

a. Develop more effective treatments and control or 

management methods for high-priority species.

b. Predict interactions between multiple invasive species and 

multiple disturbances under varying climatic scenarios.

This paper discusses the overarching research needs, 

anticipated products, outcomes, and skills needed to address 

these research priorities as part of the Forest Service R&D 

strategy for invasive species. The accompanying visionary 

papers identify priorities specific to individual taxa or issues 

closely linked with invasive species, such as prevention, 

disturbance, and economics. 

Introduction

Forest Service Research and Development (R&D) has 

developed a more holistic view of our invasive species 

research program as we implement the National Strategy 

and Implementation Plan for Invasive Species (USDA Forest 

Service 2003). This agencywide strategy, which tiers from 

the National Invasive Species Council’s Management Plan 

(National Invasive Species Council 2008) organizes our 

invasive species work in four broad activity areas: (1) prediction 

and prevention, (2) early detection and rapid response 

(EDRR), (3) control and management, and (4) rehabilitation 

and restoration. Forest Service R&D develops and provides 

scientific information and tools to help accomplish these 

activities. 

The scope of the Forest Service R&D invasive species 

research program is defined by research being conducted to 

predict, prevent, identify, detect, and mitigate the ecosystem 

effects of invasive species. Invasive species are defined in 

Executive Order 13112: “Invasive species are those species 

that are not native to the ecosystem under consideration and 

whose introduction causes or is likely to cause economic or 

environmental harm. Invasive species include: plants, animals, 

fish, insects, diseases, invertebrates, and others.” The Forest 

Service R&D invasive species research program includes 

research on species that are not native to the United States 

and those that are native but are advancing to invade other 

areas due to the increased connectivity of ecosystems and 

changing environmental conditions. Our research is conducted 

throughout the continental United States; in the tropical 

forests of Hawaii, the western Pacific, and Puerto Rico; and 

internationally. We conduct research at a variety of scales in 

wilderness, watersheds, old-growth forests, wetlands, aquatic 

systems, urban interface forests, grasslands, plantations, and 

utility corridors.

External Peer Review  
Panel Comments 

In October 2006, a panel of external experts reviewed our 

invasive species research program. A summary of the panel’s 

comments and suggestions in each of the four activity areas 

follows. 

Prevention
The USDA Animal and Plant Health Inspection Service (APHIS) 

has the primary responsibility for preventing the introduction 

of invasive species into the United States. Forest Service R&D 

supports APHIS by developing and providing the scientific 

information and tools needed by Federal and State agencies 

for risk analysis, detection, monitoring, and interception so 

that APHIS can minimize or eliminate the potential for the 

introduction of invasive species. In fiscal year (FY) 2005, 

approximately 34 percent of our invasive species program 
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nationwide focused on prevention. The external peer review 

panel recommended a proactive approach to prediction and 

prevention research by increasing interagency efforts especially 

in quantitative risk analysis, including pathway analysis, 

epidemiology, and socio-economic analysis. Because of long-

term economic and environmental benefits, we anticipate 

an increase in prevention and prediction research as well as 

improved coordination among agencies to reduce overlap, 

identify regulatory and research gaps, and improve the 

complementary use of resources.

Early Detection and Rapid Response
Forest Service R&D supports the EDRR activities of APHIS 

and management agencies by providing scientific information 

and tools needed for detecting, monitoring, enforcing, and 

eradicating invasive species to prevent economic loss and 

ecological damage to the  Nation’s forests and rangelands. In 

FY 2005, approximately 14 percent of our invasive species 

research program nationwide focused on this activity. 

The external peer review panel recommended proactively 

expanding our efforts in EDRR and also expanding interagency 

coordination. 

Control and Management
Forest Service R&D currently focuses approximately 36 percent 

of its invasive species research resources on reducing the 

extent and spread of established invasive species to minimize 

economic loss and ecological damage to the Nation’s forests, 

rangelands, and watersheds. This activity area includes 

developing or evaluating management and mitigation treatment 

guidelines, tools, and systems; assessing tools for long-term 

efficacy and secondary effects; quantifying indirect and 

direct effects of invasive species and control mechanisms on 

ecosystems; and developing risk and cost-benefit analysis 

systems and prioritization tools. The external peer review panel 

suggested that we consider research on biological, chemical, 

and mechanical control systems according to the severity of 

environmental and economic risks and effects. Forest Service 

R&D mitigation and control research is expected to remain 

constant as a result of increasingly effective collaboration with 

external partners who are well situated to address particular 

elements of this research.

Restoration and Rehabilitation
Forest Service R&D focuses approximately16 percent of 

invasive species resources on developing tools for restoring, 

rehabilitating, and sustaining forest and rangeland ecosystems 

by preventing reinvasion and for regaining long-term multiple 

uses and values. Recognizing the disciplinary and human power 

needs to conduct this research, the panel recommended that we 

consider increasing our capacity by enhancing collaboration 

with external partners. Assessing interactions amongst multiple 

economic and ecological impacts and disturbances at varying 

spatial and temporal scales is crucial to developing tools to 

guide land management decisions about where to spend scarce 

resources.   

Overarching Research Priorities

To provide responsive and critical science and technology 

in these activity areas, this paper outlines four overarching 

research priorities that Forest Service researchers developed:  

(1) quantifying invasive species biology, ecology, interactions, 

and effects; (2) predicting and prioritizing invasive species;  

(3) identifying and detecting invasive species; and (4) managing 

invasive species and altered systems. The research program 

guided by these priorities is relevant now, in the near future, and 

into the distant future and will produce key knowledge, tools, 

and management options.

Quantifying Invasive Species Biology, 
Ecology, Interactions, and Effects
Invasive species behavior depends on the genetic, ecological, 

and evolutionary relationships among interacting biological 

components and the physical environment. Quantifying these 

interactions forms the basis for developing prioritization tools, 

detection and control methods, and management options. 

The research must be conducted by highly interdisciplinary 

teams that include researchers from multiple research stations 

and external partners. Although site-level and short-term 

interactions among species will be of interest, the research will 

also address interactions over broader spatial and temporal 

extents. Primary areas of research include the following: 

•	 Quantify the genetic, ecological, and evolutional 

relationships among high-priority invasive species and 
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ecosystems where they occur and determine their biology 

and behavior.

•	 Quantify ecological, social, and economic effects of invasive 

species.

•	 Develop science-based protocols to prioritize invasive 

species to help managers assess action thresholds.

Anticipated Products
Over the next 20 years, we anticipate concentrated efforts to 

support management goals that will result in the following:

•	 Basic understanding of the biology and behavior of specific 

invasive species necessary for developing prioritization, 

identification, and detection tools and control and 

management options.

•	 A comprehensive database of potentially invasive species 

with associated distribution data and identified geographic 

areas (ecosystems) at risk.

•	 Expanded databases containing DNA sequence information 

from diverse organisms and international locations to allow 

for more thorough comparisons among biological organisms 

worldwide.

•	 Comprehensive impact assessments, including ecological, 

economic, and societal values that help prioritize invasive 

species for research, management, and restoration activities.

Outcomes
Expected outcomes have been divided into a rough timeline, 

with the following expectations:

Now
Molecular tools and analytical methods are available to examine 

genetic and evolutionary relationships among ecosystem 

components, and these tools continue to be improved.

Sophisticated animal survey methods are now available 

and improving exponentially for determining vital multiple 

population parameters, such as species diversity and spatial 

variation. The latter two factors are critical to determining 

population size, which is paramount in managing for 

sustainable populations and maintaining biodiversity.

Some databases, such as the National Center for Biotechnology 

Information GenBank, climate models, and soil maps, are 

widely available and widely used in invasive species research. 

Soon
We will maintain multidisciplinary taxonomic expertise and 

research on biological, genetic, and ecological attributes of species.

We will efficiently quantify genetic, ecological, and evolutionary 

relationships among the biological components of ecosystems 

through formalized broad-focus, collaborative efforts.

We will be able to project likely consequences of management 

actions on invasive species in a dynamic landscape.

We will be able to predict economic and ecological effects of 

key invasive species to help managers decide where to allocate 

resources.

Future
The Forest Service has a proud history of past excellence, and 

must strive to maintain our expert organization for long-term 

and global implications of invasive species in forest, rangeland, 

and associated aquatic ecosystems.

Integrated databases, advances in species and community 

ecology, monitoring, population and community genomics, 

and formalized collaborative efforts within and among diverse 

organizations will allow for a comprehensive understanding of 

genetic, ecological, and evolutionary relationships among the 

biological components of ecosystems.

Forest Service R&D will apply a holistic, multidisciplinary 

approach to studying invasive species at multiple ecological, 

spatial, and temporal scales that enhances our ability to 

provide synthesis for policymakers, communicate to diverse 

stakeholders, and use transparent processes to reduce conflicts.

Better understanding of interactions among multiple invasive 

species, native species, and disturbances will improve our 

ability to predict the establishment, spread, and effects 

of invasive species to more effectively mitigate negative 

socioeconomic and ecological outcomes or to capitalize on 

changed systems.

Predicting and Prioritizing  
Invasive Species
Forest Service R&D needs prioritization tools to focus research 

efforts on the most important invasive species. In addition, 

land owners and managers need decision support tools and 
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prioritization models that help determine if, when, and where 

to apply specific measures for invasive species that pose the 

greatest threats to ecosystem functions, value, and services. 

Such decisions must take into account conflicting resource 

values, dynamic landscape patterns under varying management 

scenarios, and climate projections. Increased rates of globaliza-

tion, the lack of strong networks across agencies and countries, 

and limited taxonomic expertise impede our ability to predict 

which species will be invasive and to detect, quickly identify, 

and respond to invasive species. Primary areas of research 

include the following:

•	 Developing science-based protocols to prioritize invasive 

species for research and management action.

•	 Developing a methodology for predicting which species are 

likely to become invasive.

Understanding the economic, ecological, and social effects of 

invasive species, which is incorporated in priority one, is also 

critical to prioritizing species and geographic areas for study 

and treatment.

Anticipated Products
Over the next 20 years, we anticipate concentrated efforts to 

support management goals that will result in the following:

•	 Models that provide a framework for ranking potential 

decisions across all taxa relative to their effect on resource 

values. 

•	 Syntheses of existing science for species of current concern 

useful for identifying thresholds, dispersal patterns and 

pathways, and potential impacts and for monitoring protocols. 

•	 Risk assessment models based on factors such as the 

probability of invasion and establishment and the effect on 

ecosystem goods, services, and values. Decision support 

tools for prioritizing management response and predicting 

outcome likelihoods.

•	 Tools and strategies to facilitate rapid communication of 

information on species occurrences and changing predicted 

invasiveness.

•	 Interactive Web interfaces to facilitate the delivery of 

models and tools.

•	 Models that identify new potential invaders based on 

knowledge of similar species and other variables such as 

climate and soils in the country of origin. 

•	 Decision support tools for determining when and where to 

most effectively apply or stop treatment and control and 

for selecting the most appropriate measures in a particular 

circumstance.

Outcomes
Expected outcomes have been divided into a rough timeline 

with the following expectations:

Now
Enhanced international networks along with synthesis and rapid 

dissemination of information will improve risk assessment 

accuracy and enhance prevention and EDRR activities.

Recognizing the importance of structuring decision support 

tools to account for conflicting values will contribute to the goal 

of reducing future appeals and litigation.

Soon
We will predict likely effects of natural and anthropogenic 

disturbance on potential of key invasive species to establish, 

spread, and affect native species and ecosystems.

Multidisciplinary and multiagency teams will work together 

to develop integrated prioritization tools that optimize use of 

limited resources.

Decisionmakers will have a better understanding of the efficacy 

and costs of available treatment and control measures and have 

decision support tools to begin prioritizing when, where, and 

how they treat invasive species.

Virtual centers of excellence will share expertise across 

stations. SWAT teams—special weapons and tactics teams—

that include Forest Service research will treat invasive species 

of the highest priority.

Future
Forest Service R&D will provide the science that enables 

multiagency collaborative efforts to address high-priority 

invasive species issues more quickly and vigorously. R&D has 

greater accountability for using science-based protocols for 

assessing high-priority issues and locations.

Tools that account for the role of disturbances, management 

actions, and climate scenarios will enhance the manager’s 
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ability to anticipate high-priority treatment areas of the future 

and, therefore, to make better use of limited resources to 

effectively manage and mitigate invasive species. A trans

parent and science-based process will enable managers to 

deal with conflicting values, reduce delay due to protracted 

disagreements, and enhance agency performance and 

accountability.

The Forest Service research results will improve credibility 

of management decisions because we will be better able to 

identify a number of species that are likely to be invasive, 

disseminate this information, and provide examples of how our 

assessment led to the curtailment of what could have been large 

invasive species outbreaks.

Identifying and Detecting Invasive Species
The capacity to detect, identify, and monitor species and vari-

ants of current and future invasive species from all taxa groups 

is critical. Prevention relies on rapid, reliable identification of 

potential or known invasive species entering North America or 

dispersing to new habitats within North America. Early detec-

tion of incipient invasions may make eradication economically 

feasible. Managers must be able to detect and delimit areas 

where invasive species are present to determine if, what, when, 

and where control measures should be applied. Primary areas 

of research include the following:

•	 Improving invasive species detection and diagnostics 

technology.

•	 Quantifying invasive patterns and processes across 

geographical and elevational gradients.

Taxonomy plays a major role in developing detection and 

diagnostic technologies. Understanding the phylogeographic 

relationships of current and potential invasive species can aid 

in identifying its country of origin, knowing what species to 

include in diagnostic keys and tests, and finding similar species 

that may help in developing management tools.

Anticipated Products
Over the next 20 years, we anticipate concentrated efforts to 

support management goals that will result in the following:

•	 Molecular markers developed to distinguish all stages 

of high-priority invasive pathogen and insect species or 

biotypes of concern and deployed in “high throughput” 

detection tools (e.g., microarrays, real-time polymerase 

chain reactions, monoclonal antibodies). 

•	 Models that identify new potential invaders based on 

knowledge of similar species and other variables such as 

climate and soils in the country of origin and United States, 

disturbance regimes, and other ecosystem characteristics.

•	 Synthesized scientific information for early detection 

protocols and survey methods.

•	 New and improved traps to detect presence and abundance 

of key species.

•	 Detection methods for organisms or their byproducts in 

wood or wood products. 

•	 Remote sensing techniques to detect invasive damage and 

stress over large areas. 

•	 Risk-based models to direct the search for invasive species 

to most likely habitats and locations. 

•	 New and improved monitoring tools to detect and quantify 

new invaders and determine primary routes of spread.

Outcomes
Expected outcomes have been divided into a rough timeline 

with the following expectations:

Now
Through improved interagency and international cooperation, 

we identify and confirm pathways and targets and we develop 

integrated and innovative detection and diagnostic tools to 

prevent the introduction of new invasive species and reduce the 

spread of established ones into new areas.

Improved access to regional quarantine facilities owned or 

maintained in partnership by the Forest Service, other Federal 

agencies, universities, and international agencies enhances our 

ability to manage and mitigate invasive species.

We use Experimental Forests and Ranges, as well as Research 

Natural Areas, to understand invasiveness and the effects of 

climate change on invasive species.

Soon
Interagency communication identifies areas in which agencies 

can help each other cover taxonomy of all taxa. Improved 

taxonomic coverage will improve our ability to predict and 

prevent the introduction of many invasive species.
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We will determine best methods for accumulating and 

disseminating a database of knowledge on key and high-

priority invasive species.

We will deploy a mechanism to automatically trigger rapid 

threat assessment for new introductions so that we can 

minimize response, control, and restoration time.

Future
We will predict likely effects of climate change on invasive 

species.

Through increased data sharing and international 

collaboration, we will know nearly all species that are 

introduced and will be able to distinguish them from species 

already present in the habitat.

Managing Invasive Species and Altered 
Systems
In the broad sense, our desired resource outcome is that forest 

and range ecosystems are healthy and productive and that 

they provide a sustainable supply of services, products, and 

values that enhance the quality of life for present and future 

generations. Societal needs related to managing forests and 

rangelands under the influence of invasive species can be met 

only through quantifying and projecting system behavior and 

value under different scenarios. To formulate effective manage-

ment policy at varying time and space scales, Forest Service 

R&D must provide probabilistic statements on the magnitude 

and direction of change; likely outcomes without intervention; 

options for rational action, including their costs; and systems 

and practices for accomplishing the rational actions. Research 

priorities in this area include the following:

•	 Developing more effective treatments, control measures, 

and management options for high-priority species and 

systems.

•	 Predicting interactions among multiple invasive species and 

multiple disturbances under varying climatic scenarios.

Anticipated Products
Over the next 20 years, we anticipate concentrated efforts to 

support management goals that will result in the following:

•	 Quantified efficacy and side effects of existing and new 

treatments and control measures.

•	 Expanded options for treatment and control that use 

biologically based technology for invasive species. 

•	 Management strategies, methods, and practices for managing 

altered systems to continue to deliver needed goods, 

services, and values.

•	 Science-based decision support systems to help choose 

effective management actions at species and system levels. 

•	 Decision support tools for determining when and where 

to most effectively apply or stop control efforts and for 

selecting the most appropriate measures in a particular 

circumstance. 

•	 Management options to increase ecosystem resiliency 

and resistance to invasive species and to enhance natural 

recovery of affected ecosystems.

Outcomes
Expected outcomes have been divided into a rough timeline 

with the following expectations: 

Now
Using existing and emerging information, we have developed 

and communicated options and costs for control and mitigation 

actions.

Forest Service R&D capitalizes on existing and newly 

established partnerships to synthesize existing knowledge 

regarding control measures for invasive species and to target 

research efforts at advancing control measures for the highest 

priority species.

Improved access to regional quarantine facilities owned or 

maintained in partnership by the Forest Service, other Federal 

agencies, universities, and international agencies enhances our 

ability to manage and mitigate invasive species.

Soon
Decision support tools will help managers identify thresholds 

that trigger specific management actions.

We will make science-based tools that provide tradeoff analyses 

of conflicting values and illustrate options and potential 

outcomes in probabilistic terms available to decisionmakers.

We will identify options for rehabilitating ecosystems or 

capitalizing on invaded systems.
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Decision support tools and management options enable 

functional restoration of economically and ecologically 

critical systems.

Future
Through improved control measures and decision support 

models, land managers will safely and effectively manage and 

mitigate newly arrived and established invasive species and 

minimize their spread.

Science-based decision support systems will be used to help 

ensure continued provision of goods, services, and values from 

altered systems.

We will be able to identify when to rehabilitate an ecosystem or 

when to capitalize on the invaded system.

Skills Needed
A broad range of knowledge and skills is necessary to success-

fully accomplish these high-priority research objectives. The 

ability to work in and coordinate interdisciplinary teams within 

and across agencies is critical for many aspects of this research. 

Needed knowledge and skills include the following: 

•	 Taxonomic expertise (insects, microorganisms, plants, fish, 

amphibians, reptiles)

•	 Systematics

•	 Phylogeography

•	 Genetics (classical, population, molecular)

•	 Ecology (chemical, population, invasion and disturbance, 

landscape)

•	 Conservation biology

•	 Basic biology (all taxonomic groups)

•	 Silviculture

•	 Forest operations

•	 Integrated pest management

•	 Statistics

•	 Toxicology and environmental fate

•	 Risk assessment and risk management

•	 Economics (ecosystem services, cost-benefit analysis, 

human values assessment)

•	 Sociology

•	 Geographic Information System mapping; modeling and 

analysis

•	 Computer database construction and mining

•	 Decisionmaking and conflict resolution

•	 Outreach; marketing and technology transfer

•	 Web and Internet programming

Process Check

Forest Service R&D periodically reviews and reevaluates its 

invasive species research to ensure responsive, timely, cost-

effective delivery of science and products. This review occurs 

approximately every 5 years. Key questions to address during 

this review include the following:

•	 Are we working on the most important targets?

•	 Have we identified any new avenues to shore up taxonomic 

skills?

•	 Have we enhanced funding to address the four priority 

areas?

•	 Have we enhanced efforts to synthesize and disseminate 

information on species that have a higher potential of being 

invasive? 

•	 Have we developed and tested a framework that enables us 

to assess across taxa what species and locations are priorities 

for research?

•	 Are we publishing research and synthesis papers in peer-

reviewed outlets?

•	 Are we synthesizing available understanding in decision-

support models?

•	 Are results being transferred to and applied by managers?

•	 Are we using our partnerships effectively?

•	 What new tools and technologies need to be incorporated 

into our approach? 
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Forest Service R&D—Invasive 
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Abstract

The Forest Service has identified invasive species as one of 

four significant threats to our Nation’s forest and rangeland 

ecosystems and likened the problem to a “catastrophic wildfire 

in slow motion.” Forest Service Research and Development 

(R&D) has a crucial role in providing insight and options 

to protect trees, forests, and ecosystems from the threat of 

invasive insects. Currently, Forest Service R&D, in close coop-

eration with Forest Health Protection, provides information 

crucial to the development of tools for studying, controlling, 

and mitigating several invasive insects in the United States, 

such as the Asian longhorned beetle, emerald ash borer, 

banded elm bark beetle, Mediterranean pine engraver, Sirex 

woodwasp, and hemlock woolly adelgid. Forest Service R&D 

also strives for a broad, principle-based framework applicable 

to current and future invasive insect problems. The historic 

breadth and depth of R&D charges this branch of the Forest 

Service with playing a leadership role in providing long-term, 

comprehensive, cross-cutting solutions. Clients and scientists 

have worked together to identify short- and long-term needs to 

enhance existing research. Examples of this vision are provided 

in this paper. 

This visionary white paper outlines several specific needs 

derived from a review of future needs and the strengths and 

weaknesses in existing programs. These issues are discussed 

and prioritized under four headings: (1) Prevention and 

Prediction, (2) Detection and Eradication, (3) Management and 

Mitigation, and (4) Restoration and Rehabilitation. A special 

concern has been raised that the Forest Service is losing its 

capacity to provide biologically based technologies, such as 

pheromones, biological controls, microbial pesticides, and other 

environmentally sound mitigation options, unless existing and 

anticipated gaps in expertise are filled. 

The Role of Forest Service Research 
and Development

Forest Service Research and Development (R&D) has the 

strategic capability to conduct research on the biology, ecology, 

and management of invasive insects on a national scale. The 

Forest Service National Strategy and Implementation Plan for 

Invasive Species Management (NSIPISM), developed by a 

multidisciplinary team of specialists, managers, and scientists, 

serves as one perspective on customer needs of any Forest 

Service invasive insects program. Specifically, this document 

states that “...the Forest Service is well positioned to be a leader 

nationwide and worldwide in the battle against invasive species. 

Our challenge is to learn to lead collaboratively.”

Specifically, Forest Service R&D has the following capabilities:

•	 Broad existing authorities and responsibilities assigned by 

the Chief of the Forest Service.

•	 Expertise in research on land management, entomology, 

pathology, ecology, and several other specialties.

•	 National and international presence.

•	 Relationships with every State and territorial agency with 

responsibility for invasive species.

1 Assistant Director, Forest Service, Southern Research Station, 200 W.T. Weaver Blvd., Asheville, NC 28804.
2 Research Entomologist, Forest Service, Northern Research Station, Stephen S. Nisbet Bldg., 1407 S. Harrison Rd., Room 220, East Lansing, MI 48823.
3 Research Entomologist, Forest Service, Pacific Southwest Research Station, 800 Buchanan St., West Annex Bldg., Albany, CA 94710–0011.
4 Research Entomologist, Forest Service, Northern Research Station, 51 Mill Pond Rd., Hamden, CT 06514.
5 Research Entomologist, Forest Service, Southern Research Station, 320 Green St., Athens, GA 30602–2044.
6 Research Entomologist, Forest Service, Pacific Southwest Research Station, 1731 Research Park Dr., Davis, CA 95618.
7 Research Entomologist, Forest Service, Northern Research Station, 180 Canfield St., Morgantown, WV 26505.
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Strengths and Weaknesses of Forest 
Service R&D
Forest Service R&D is positioned to address the challenges 

posed by invasive species to U.S. forest resources. Applicable 

overall strengths of Forest Service R&D include the following:

•	 Breadth of skill sets among scientist ranks.

•	 Molecular biology.

•	 Chemical ecology.

•	 Quantitative ecology.

•	 Risk assessment.

•	 Development of detection tools.

•	 Development of management techniques.

•	 Access to a network of long-term sites.

•	 Ability to conduct longer term research. 

•	 National presence and strategic plan.

•	 Ability of geographically dispersed units to address regional 

and national problems and coordinate across regions.

•	 Extensive infrastructure (labs, quarantine facilities, 

experimental forests).

•	 Ability to determine consequences and devise mitigation 

strategies for destructive invasive forest insects in advance 

of their establishment.

•	 Ability to discover and rear natural enemies, determine their 

nontarget effects, release them, get them established, and 

monitor their effect on the target pest and nontarget species.

•	 Unique partnerships with the National Forest System (NFS) 

and State and Private Forestry (S&PF), providing access to 

sites, technology transfer, and management expertise. 

•	 Focus on forest pests.

•	 Focus on research rather than regulatory aspects.

To adequately deal with future needs around invasive species 

research, Forest Service R&D must also attempt to address 

weaknesses, including the following:

•	 A need for research-quality taxonomic expertise, including 

morphology, chemotaxonomy, and molecular taxonomy. 

The cooperation between Forest Service R&D and the Forest 

Health Protection (FHP) program in training taxonomists for 

use in the Early Detection and Rapid Response Program is 

an example of preliminary efforts to address this need.

•	 The need to strenghten in-house capabilities in molecular 

genetics and epigenetics.

•	 The need to integrate skill sets within Forest Service R&D to 

better address complex, multidisciplinary problems.

The Identity and Needs of Our Customers
In invasive species research, existing (and potential) customers 

are diverse, including the USDA Animal and Plant Health 

Inspection Service (APHIS), NFS, FHP, State agencies, and 

all entities required to have published sources to support their 

decisions. For these customers, as well as the academic com-

munity, publications in peer-reviewed scientific journals remain 

the standard products. Peer-reviewed competitive requests for 

proposals have been successful in drawing these customers 

together into cooperative research on a targeted topic. Careful 

consideration (with comprehensive user group input) of critical 

Forest Service R&D needs, however, is essential to credibility, 

relevance, and buy-in from users and supporters of such a program. 

In addition, Forest Service R&D must respond to the technol-

ogy transfer needs of forest land owners and managers, urban 

foresters, arborists, nursery and timber industry representatives, 

nongovernmental organizations (NGOs), Timberland Invest-

ment Management Organizations, and Real Estate Investment 

Trusts. Traditional products (refereed publications, scientific 

meetings) may not be sufficient to meet their needs. Partner-

ships with the FHP program, universities, cooperative exten-

sion, and NGOs may be especially valuable in this outreach. 

Partnerships through Forest Service International Programs, as 

well as international grants, may be useful in cooperating with 

international collaborators dealing with similar pests. 

The development of true research partnerships (including joint  

study-plans, personnel sharing, sharing of administrative burdens, 

joint publication through Forest Service and external outlets, 

and joint presentations) is essential to success in this arena. 

Responding to the Invasive Species 
Strategic Program Area Peer Review Panel
The recent peer review of the Invasive Species Strategic 

Program Area (SPA) provides some insight for the future of 

invasive species research within the Forest Service. The spe-

cific suggestions for improvement, development, and growth 

are listed in the following text.
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Enhance External Partnerships
The need to focus more on interdisciplinary, cooperative 

research was clearly identified, although an overemphasis 

on outside cooperators could lead to Forest Service R&D 

becoming a funding organization with no ability to conduct 

research. Bilateral reciprocity agreements are one possible 

vehicle for addressing this need. The biggest problem in study-

ing nonindigenous insects is the paucity of populations at the 

beginning of an invasion. One solution would be for scientists 

in the United States to work on species that are of concern to 

other countries while their scientists work on species that are 

of concern to us. Scientists in each country would have a high 

likelihood of enhancing our knowledge and developing effec-

tive solutions. Restricting the number of participating countries 

(e.g., China, Korea, Sweden, Canada) would ensure balanced 

reciprocity. Scientists could then justify their work-in-country 

under the agreement. We also enjoy and employ a broad array 

of international contact networks (e.g., Chinese Academies of 

Science and Forestry, International Union of Forest Research 

Organizations, members of many international pest quarantine 

research groups). This network provides resources, contacts, 

and much-needed background information on new species.

Improve Integration Within Federal Agencies
As a Federal Government agency within USDA Forest Service  

R&D has close administrative and cultural ties with APHIS, the 

USDA Agricultural Research Service (ARS), the U.S. Department 

of Homeland Security (within Customs and Border Protection), 

and other Government agencies. These ties facilitate the sharing  

of resources and research sites (e.g., ports of entry). Neverthe-

less, interagency integration could be improved to include 

better communication, coordination, and definition of roles. 

In some cases, APHIS is the lead agency in regulating and 

managing invasive species, and Forest Service FHP has the 

lead in others; however, neither is a research organization. 

Forest Service R&D and ARS are research entities engaged to 

find scientific solutions to invasive species problems. Clearly 

defined roles and improved communication can lead to better 

coordination and less competition among Federal agencies.

Improve Communication of Research Results
Communication of research results could be improved by 

strengthening internal networks (with FHP, S&PF, and NFS), 

developing a team of communication experts to identify key 

users and evaluate the most effective methods to reach them, 

increasing effective use of university extension services, 

partnering with end users in Forest Service R&D projects, and 

increasing participation in technical programs. An especially 

important step will be to engage end users, as much as pos-

sible, in research programs from the start in order to facilitate 

technology transfer and ensure operational compatibility. This 

approach could include something as technical as systems 

engineering or even a formal process such as that used in ARS.

Maintain or Enhance Infrastructure
One strength of Forest Service R&D is our extensive infrastruc-

ture that provides the facilities and capability to lead a national 

invasive species research program. To deliver successful 

programs, it is imperative that this infrastructure—particularly 

experimental forests, quarantine and rearing facilities, and 

collections and databases for long-term studies—be maintained 

and enhanced. Taxonomic expertise is in short supply in many 

disciplines; this is especially critical for invasive species 

research. The need to strengthen the interface between molecu-

lar technology and invasive insect science can be enhanced 

inhouse and through partnerships between Forest Service scien-

tists and molecular biologists at universities. Past successes in 

documenting the source of invasions and connecting genetics to 

behavior have arisen from this model (e.g., Asian gypsy moth, 

hemlock woolly adelgid). 

Short- and Long-Term Goals

In addressing the recommendations of the SPA review, it is 

useful to identify achievable, quantifiable goals. By necessity, 

some of these goals will be realistically set for the short term. 

Larger strategic goals will capitalize on the ability of the Forest 

Service to conduct long-term research.

Prevention and Prediction

Prevention and Prediction—Short Term
This goal ties in with broader priorities (identified in the Inva-

sive Species SPA paper, “Overarching Priorities”): Predicting 

and Prioritizing, and Managing Invasive Species and Altered 

Systems. The NSIPISM also identifies the following short-term 

priority issues within the area of prevention: 

•	 Work with APHIS and other partners to conduct analyses on 

invasion pathways and species risk assessments so that we 

can identify priorities and develop regulatory response plans.



16	 A Dynamic Invasive Species Research Vision: Opportunities and Priorities 2009–29

•	 Build awareness of invasive species and their threat at all 

levels and jurisdictions.

•	 Complete a national research risk assessment to identify 

high-priority invasive species and continue working in their 

countries of origin to develop techniques to deal with these 

high-priority pests before they are introduced into the United 

States.

Other priority issues include the following:

•	 Need for more emphasis on developing background 

information on potential invasive species (e.g., forest insects 

of China) in English.

•	 Improved measures to reduce the risks of arrival through 

pathways such as solid-wood packing material, nursery 

stock, and other components of international trade and travel. 

•	 Significant advances in the efficacy of fumigation and heat 

treatments for control of invasive species in solid-wood packing 

materials that arrive in the United States by sea and air. 

•	 Development of new treatments in support of implementing 

higher standards for the bilateral shipment of these materials 

between North America and trading partners in Eurasia. 

We also need to develop database systems (both nationally 

and internationally) to facilitate the transfer of information for 

intercepted species and prospective invaders. These systems 

should provide easy online keys and photos of all the stages. 

We need clear guidelines on acceptable risks and interception 

thresholds. We need to gather information on known invasive 

species affecting forests in other world areas and develop 

quick and cost-effective tools to identify intercepted species, 

especially because systematic resources are limited. This 

approach could minimize costs associated with eradication and 

management and could mitigate impacts to our Nation’s forest 

and rangeland ecosystems.

To be able to create and manage resilient ecosystems, we must 

increase our understanding of the invasion potential of non-

indigenous insects (i.e., species invasiveness) and the habitat 

characteristics that increase or decrease the ability for a new 

invader to establish (i.e., habitat invasibility). Understanding 

invasiveness is critical for improving our ability to predict the 

threat of nonindigenous species rather than relying on pest 

status in their native habitat.

Prevention and Prediction—Long Term
Any attempt to understand longer term scenarios involving 

prevention (and for that matter all other aspects of long-term 

invasive species research and development) will require, of 

necessity, predictive models. Models simulating long-term 

dynamics of invasive species will likewise need to involve 

consideration of changing forest ecosystems. Climate change 

has the potential to exacerbate insect outbreak intensity, 

increase voltinism, and permit the colonization of new habitats 

previously not susceptible to invasion. Fragmentation and other 

anthropogenic forces have the potential to drastically alter the 

movement of distribution of invasive species. The need for 

these long-term models will likely highlight the need for basic 

biological and ecological information that will inform their 

accuracy and utility. 

Detection and Eradication

Detection and Eradication—Short Term
This goal ties in with Overarching Priorities 3 (Identifying 

and Detecting) and 4 (Managing Invasive Species and Altered 

Systems). NSIPISM also identifies the following short-term 

priorities for early detection:

•	 Establish a Forest Service-wide early detection and rapid 

response emergency fund. Develop guidelines to ensure 

that funds are immediately available to respond to newly 

discovered alien species.

•	 In partnership with the Forest Health Technology Enterprise 

Team, develop maps of priority ecosystems and habitats 

placed at risk from invasive species.

•	 Working with partners, develop rapid response incident 

teams that cross jurisdictional lines and respond quickly to 

newly established populations of invasive species.

•	 In partnership with the U.S. Departments of Homeland 

Security, the Interior, and Agriculture; State agencies; and 

others, develop high-speed, reliable, and robust technologies 

to detect and respond to introduced invasive species.

Other identified Detection and Eradication needs:

•	 Cooperative efforts with China and the European Union to 

develop a series of “sentinel forests” surrounding ports of 

entry to facilitate early detection.

•	 Development of improved cost estimates of impacts to 

inform decisions and regulations about international trade, 

eradication, and suppression efforts.
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•	 Enlistment of public support from birdwatchers, master 

gardeners, arborists, tree-care professionals, warehouse 

workers, and others to look for unusual evidence of insect 

activity. 

•	 Improved understanding of the relative efficacy of 

eradication tools for different types of invasive insects 

(e.g., Bt sprays for Lepidoptera [moths], tree removal for 

woodborers). 

•	 Decision models to provide guidance in implementing 

eradication measures.

•	 Development of survey and trapping programs for broad 

categories of insects. 

•	 Increased research and development involvement in the 

urban forests of the country.

•	 Seeking of opportunities to communicate with arborists, 

golf course managers, urban parks personnel, and city and 

county land managers about the invasive species problem. 

•	 Elevation of priority of urban areas for future survey and 

detection efforts. 

Detection and Eradication—Long Term
We need to develop new detection technologies, such as 

olfactory, acoustic, x-ray, ultrasound, thermal, and infrared. A 

critical component of detection programs is the development 

of cost-effective delimitation strategies employing lower cost 

detection tools that can be deployed at the landscape level. 

We need to develop new eradication techniques, such as the 

effective use of pheromones and other semiochemicals, to 

direct or target our eradication efforts in the future. We need to 

strengthen our collaborations with State agriculture officers and 

APHIS to facilitate eradication efforts. 

Management and Mitigation

Management and Mitigation—Short Term
This priority ties in with Overarching Priority 4 (Managing 

Invasive Species and Altered Systems). Short-term needs are 

also identified in the NSIPISM as “Control and Management”:

•	 Complete the comprehensive (all invasive species) 

inventory and mapping for all national forest land and water, 

including neighboring land, where appropriate.

•	 Conduct a comprehensive (all invasive species) risk assess

ment based on existing information for the specific purpose 

of identifying priority species and areas for program focus.

•	 Through research and other means, develop additional 

tools, such as biological, cultural, chemical, and physical 

controls, for priority species. Identify mechanisms involved 

in the arrival of these priority species and their successful 

establishment.

•	 Monitor long-term invasive species population trends and 

measures of treatment efficacy. Make this information 

readily available to all stakeholders, public and private.

Conducting research into new methods of controlling the spread 

of, or even the eradication of, isolated populations could yield 

significant advances. Economic analyses of impacts may aid in 

prioritizing investment in invasive species research, develop-

ment, and application. 

We need improved cost estimates on the type and extent of 

treatments that are needed in eradication and management. 

Chemical controls are often quick and inexpensive in the short 

run but may have undesirable and unintended nontarget effects. 

In the case of biological control agents, we must adequately 

evaluate their ability to establish and suppress populations of 

the targeted invasive insect. 

Management and Mitigation—Long Term
Expanding classical biological control research would require 

developing primary quarantine and rearing facilities and deliv-

ering necessary resources to the units that maintain them.

Restoration and Rehabilitation

Restoration and Rehabilitation—Short Term
This goal ties in with Overarching Priority 4 (Managing 

Invasive Species and Altered Systems). NSIPISM also identifies 

several short-term priorities:

•	 Prioritize and develop native plant stock that is resistant 

to invasive insects and pathogens. Although this goal is 

identified in the NSIPISM as short term, it is normally a 

long-term effort.

•	 Work internally and externally to identify budget and 

capacity for implementing the national strategy.

•	 Establish multidisciplinary invasive species management 

teams in each region/station to implement the national 

strategy and implementation plan.

•	 Update and enhance the Forest Service’s invasive species 

Web site to serve as a comprehensive communication tool.
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•	 Work with partners to (1) develop a targeted marketing 

strategy to achieve public awareness of invasive species and 

an understanding of the role citizens can play; (2) complete 

the invasive species best management practices video series 

and handbook; (3) expand quarantine facilities for plant, 

insect, and pathogen control research; and (4) increase the 

availability of taxonomists to identify new invasive species.

•	 Work with other agencies, such as the USDA Economic 

Research Service, to expand economic impact assessments 

for priority invasive species.

We need to develop prescriptions for habitats and landscapes 

(urban and natural) that are resistant or resilient to invasion. 

Restoration and Rehabilitation—Long Term
We must develop an understanding of mechanisms of tree 

resistance to invasive insects that are responsible for huge 

losses of specific tree species. In general, this research is very 

long term, requiring collaboration among entomologists, 

molecular geneticists, and tree physiologists. The development 

of transgenic trees resistant to invasive insects is also a long-

term possibility.

Opportunities and Lessons Learned

Opportunities for Increased Efficiency  
and Cooperation
Because limited resources currently are invested in the area 

of invasive species research, very little duplication exists 

among stations and especially within invasive insect research. 

Nevertheless, some duplication (with communication to ensure 

complementary efforts) is desirable as individual labs and 

scientists working on similar problems often use different 

techniques and approaches. In addition, because the impacts 

of many invasive insects are national in scope, the scientists 

working on them frequently conduct research at a broad geo-

graphic level. Connections among scientists working on similar 

problems already exist, but they could be strengthened. 

The core areas to maintain and enhance are basic biology, 

ecology (i.e., landscape, population, chemical), and biocontrol. 

We must consider Forest Service R&D’s current and projected 

capacity for work on invasive insects, especially our dimin-

ished capacity for taxonomy among the research science pro-

grams nationally. It would also be helpful to have a database or 

library of detection baits for invasive species, particularly bark 

beetles for which we have some chemical ecology background. 

It is especially important to increase our taxonomic capacity, 

which would provide long-term institutional memory and struc-

ture for detecting nonindigenous species and for understanding 

and distinguishing them from native ones.

The need for entomologists trained in developing biologically 

based technologies for use in control programs is acute. Cur-

rently entomologists who have little direct training or are near 

retirement are conducting most of this work. The expertise 

concentrated in the Northern and Southern research stations 

should help leverage dollars and maintain critical mass in this 

area of inquiry, but it is crucial to develop a more geographi-

cally effective distribution of resources to face this issue.

Forest Service R&D must think broadly and be flexible. The 

appropriate mix of basic and applied research will be especially 

crucial. Some highly specialized basic research is required to 

develop critically needed biological and ecological knowledge 

bases; however, a critical need also exists for research with 

broad applications and the ability to shift among taxa and 

ecosystems. In particular, mechanistic-based research may 

tend to have especially broad implications and applications. In 

most cases, by the time we detect new invasive species, they 

are already established. Because many invasive species in the 

United States are not economically important in their native 

habitat, very little previous research is available; hence, we 

often are faced with the need to answer even the most funda-

mental research questions. To be truly effective, Forest Service 

R&D must partner with FHP, NFS, USDA APHIS, State 

agencies, and universities. We also need a certain degree of 

hyperactivity in outreach, such as pest alerts and forest insect and 

disease leaflets, university cooperative extension publications, 

presentations at work conferences, and arborists meetings.

Emerging Opportunities in the  
Arena of Invasive Insects
Invasion pathways and risk assessments are emerging as crucial 

fields in the study and management of invasive species. Under-

standing pathways (wood material, plants for planting, other 

commodities) is being emphasized as a promising approach 

in preventing the establishment of new invasive species. For 



A Dynamic Invasive Species Research Vision: Opportunities and Priorities 2009–29			   19

example, recent studies have highlighted the applicability of 

gravity models to facilitate our understanding of the human-

mediated interactions between ports of egress and ports of 

entry that are critical in quantitatively assessing invasion 

pathways. Another emerging and increasingly rigorous field is 

that of risk assessment, which considers the risk of a specific 

invasive species, the magnitude of the potential loss from the 

risk, and the probability that such a risk will occur. Both of 

these areas are being emphasized in the creation and support of 

threat assessment centers. 

A particularly worrisome—and probably under addressed—

emerging problem is that of the acquisition of exotic fungi 

by native insects and the acquisition of native fungi by exotic 

insects and of the risks that these new relationships pose 

to native forests. The consequences are unforeseeable, but 

beetles are great disseminators of fungi. The need for DNA 

databases for fungal associates of beetles worldwide is thus 

paramount and would aid in our understanding of, for example, 

the impacts of ambrosia beetles and the mortality they may 

cause. Forest Service R&D should assume a leading role in 

ongoing international efforts to establish and coordinate global 

databases of molecular tools for species identification (e.g., 

Consortium for the Barcode of Life [CBOL] and GenBank®). 

Forest Service R&D should lead efforts to incorporate fungal 

associates of beetles and forest pests into the All-Fungi 

Initiative of CBOL. It is imperative that all new molecular 

sequences are linked with voucher specimens to ensure validity 

of the species name associated with the sequence. This effort 

requires the collaboration of taxonomists and molecular 

biologists. Forest Service R&D should lead the required phy-

logenetic work to support molecular databases. It is critical to 

develop molecular markers for species identification, especially 

for immature stages of native and commonly intercepted exotics. 

A real opportunity exists to research ways to manipulate the 

Allee effect (wherein, in smaller populations, the reproduc-

tion and survival of individuals decrease, with the effect 

usually disappearing as populations grow larger) to facilitate 

management. Certain processes may lead to a decline in the 

population of an invasive species with a decline in its density; 

for example, the use of tactics designed to disrupt mating (mass 

trapping, release of sterile insects). Research that focuses on 

the manipulation of Allee dynamics may be especially useful 

and needed.

At present, we have numerous species of nonindigenous insects 

in the United States, and many more likely are not yet known 

to us. Even for those insects that we have detected, however, 

we lack an understanding of their potential impacts in our 

forest ecosystems. We especially need to initiate long-term 

research projects on the impacts of exotic insects on our native 

ecosystems. Such work will give us a much better idea of the 

magnitude of their costs (and maybe benefits), thereby provid-

ing a comprehensive base to support future research efforts. 

Long-term studies that record the presence of invasive species 

across robust spatial and temporal scales can also facilitate the 

development of models of spread and of the factors and pro-

cesses that limit or enhance spread rates. This research would 

provide insight into climatic or biological factors affecting the 

spread of invasive species and would provide much needed data 

for risk analysis and policy decisions. Species-specific models 

could in turn be used to develop broader paradigms of spread 

applicable to other systems and invaders. 

Other opportunities/visions provided by cooperators and 

customers include the following:

•	 Establishing a Forest Service-wide emergency fund and 

technical advisory teams to provide rapid response to new 

threats of invasive species.

•	 Increasing the efficacy of research partnerships and 

collaboration through more stable funding and through the 

monitoring and measurement of results. 

•	 Establishing Forest Service-wide service centers funded by 

and overseen by two or more stations to provide mapping, 

quarantine facilities, molecular technology, etc.

•	 Increasing research efforts both internationally and 

nationally to identify ecosystem processes that provide 

resiliency to invasive species.

•	 Developing scientifically sound treatments for solid-wood 

packing material. 

•	 Increasing our ability to detect and predict ecosystem change 

by better integration of research plots and information with 

Forest Inventory and Analysis databases.

•	 Developing improved estimates of the socioeconomic 

impacts of invasive insects, incorporating improved 

estimates of the costs and benefits associated with invasive 

species prevention and control, and collaborating with other 

agencies such as the USDA Economic Research Service.
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Top Priorities

The direction from the U.S. Government Accountability Office 

and the Office of Management and Budget is that research 

has to be accountable and productive. With limited funds and 

people, the Forest Service R&D should maintain a balanced 

perspective in research endeavors. The effort should be high 

in short-term efforts that have a high likelihood of producing 

results. Therefore, efforts on any study should be based 

on the likelihood that such work will result in creating the 

science (adding to our knowledge base and developing new 

approaches), using the science (developing new/more effective 

tools), and furthering the science (increasing our understanding 

of risks and impacts). 

One possible approach may be provided by considering the 

different types of pestiferous invasive insects. In this case, it is 

hypothesized that the likelihood of research creating, developing, 

and furthering science varies with insect type and with the 

different strategies of the invasive species strategic plan (table 1). 

In detecting new invasive species, fast and reliable detection 

methods are needed. The sooner a new pest is detected, the 

sooner an eradication program can be initiated, in general, 

over a smaller area. The feasibility and costs of eradication 

are directly related to the degree and extent of establishment. 

For example, lepidopteran defoliator pheromone lures that are 

effective even at low population densities have been highly 

effective in detecting newly established populations of gypsy 

moth that can be cost-effectively eradicated. When introduced 

in the past, the Asian gypsy moth has been successfully 

eradicated through the use of aerial sprays, ground sprays, and 

egg mass surveys because of our ability to detect low-density 

populations. Therefore, a high priority should be research 

aimed at developing extremely sensitive pheromone-baited 

traps for other invasive species. Forest Service R&D scientists 

have the expertise to tackle this objective.

In contrast with the understanding of pheromones for moths 

(Lepidoptera) and beetles (Coleoptera), pheromones are poorly 

understood for woodwasps (Hymenoptera) and for aphids and 

scales and their allies (Hemiptera and Homoptera). An early 

detection system for these invasive insect groups will likely 

involve either visual inspections or some new technology yet 

to be developed as opposed to pheromone-baited traps. It might 

likely be some time before publishable results would arise from 

such efforts. Work on detection for aphids and scales should be 

“low.” Maintaining such work at a low level over a long period 

has a high likelihood of accomplishing some significant, but 

unpredictable, advances in the 25-to-30-year future, basically a 

“speculation” component to the investment strategy. At present, 

the best investments in dealing with introduced exotic aphids 

and scales are likely mitigation at a “medium” level with 

introductions of biological controls and restoration at a “high” 

level with a resistance breeding program. Another important 

component that is higher with aphids and scales would be 

prevention. Given the lack of ability to produce effective 

detection and eradication tools for these pests (in contrast with 

moth defoliators and bark beetles), it is better to find ways to 

minimize movement of such organisms from their country of 

origin. Certification programs at processing areas that ensure 

“Free of aphid or scale” would reduce the need to even deal 

with them. Similar approaches may be effective in prioritizing 

research and development regarding other invasive species.

Summary and Skills Needed

As stated in the Invasive Species SPA paper, “Overarching 

Priorities,” “a holistic national strategy will improve sharing of 

expertise across research Stations, and encourage actions that 

prevent regional threats from expanding into national ones.” 

We see the need for skills and skilled personnel to make these 

Strategic goal
Insect group

Defoliators Bark beetles Wood borers Aphids/scales

Prevention Low Medium Medium High
Prediction Medium High High Medium
Detection Very high High Medium Low
Eradication Very high High Medium Low
Mitigation Medium High High Medium
Restoration Low Medium Medium High
Education Medium Low High High

Table 1.—Research investment matrix: relative profitability of research for different groups of invasive insects and strategic goals.
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visions a reality. Among the skill sets identified in the “Over-

arching Priorities” paper, we see the following skills as being 

especially valuable in addressing Forest Service R&D needs in 

the area of invasive insects:

•	 Taxonomic expertise (especially insects and associated 

microorganisms).

•	 Systematics (morphological and molecular, insects and 

associated microorganisms).

•	 Genetics (classical, population, and molecular).

•	 Ecology (chemical, population, invasion/disturbance, and 

landscape).

•	 Basic biology (especially insects and associated 

microorganisms).

•	 Integrated pest management.

•	 Monitoring design.

•	 Toxicology and environmental fate (of pesticides).

•	 Risk assessment.

•	 Economics (impacts of outbreaks).

•	 Technology transfer (pest alerts, monitoring, and 

quarantines).
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Abstract 

Invasive pathogens have caused immeasurable ecological 

and economic damage to forest ecosystems. Damage will 

undoubtedly increase over time due to increased introductions 

and evolution of invasive pathogens in concert with complex 

environmental disturbances, such as climate change. Forest 

Service Research and Development must fulfill critical roles 

and responsibilities to address issues related to invasive forest 

pathogens. This paper identifies critical, long-term research 

needs in four key areas: (1) prediction and prevention, (2) early 

detection and rapid response, (3) management and mitigation, 

and (4) restoration and rehabilitation. The paper also addresses 

issues related to national and international collaboration, 

scientific applications, and communication. 

General Overview

In early 2007, diverse forestry professionals from the Forest 

Service and other institutions were surveyed to help determine 

the critical issues, needs, and top priorities of invasive pathogen 

research for Forest Service Research and Development (R&D). 

The consensus of the feedback received is reported in this sec-

tion. Synthesized information is reported in more detail in the 

paper’s subsequent sections. 

The Issues
Ecosystem damage caused by invasive forest pathogens is often 

severe, long term, widespread, and difficult to mitigate. These 

pathogens affect ecosystems across forest landscapes and own-

erships by reducing the viability of plant and animal species, 

decreasing forest productivity, and impairing carbon capture. 

Global climate change and increasing global trade and travel 

further escalate the threats from invasive forest pathogens. 

Continuing commitment and cooperation are critical to develop 

effective approaches for mitigating ecological, economic, and 

sociological effects and for managing healthy ecosystems that 

support human needs. Research to develop these approaches 

requires the integration of plant pathology with other multi-

disciplinary expertise, and frequently relies on long-term and/

or multiscale studies. Success depends on maintaining and 

building public support and collaboration among State, Federal, 

and international forest health specialists and natural resource 
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5 Supervisory Forest Entomologist, Forest Service, Pacific Northwest Research Station, Forest Health Protection program, 3301 C St., Suite 202, Anchorage, AK 99503.
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managers. The role of plant pathology research is to acquire 

new knowledge and to develop and test techniques useful to 

public agencies, especially the U.S. Department of Agriculture 

(USDA) Forest Service Forest Health Protection (FHP) pro-

gram and Forest Service National Forest System (NFS); USDA  

Animal and Plant Health Inspection Service (APHIS); and other 

State, national, and international management or advocacy 

groups. In response to the threats from invasive forest pathogens, 

a number of critical research needs are identified and several 

priorities are selected that describe gaps in information, analysis, 

synthesis, research scope, collaboration, and capacity. 

Critical Needs

•	 The capacity to recognize and identify species and 

variants of current and future invasive pathogens, hosts, 

microorganisms, and vectors through the use of classical 

and molecular taxonomy, fungal and plant systematics, and 

molecular diagnostic tools.

•	 Multidisciplinary studies that address and provide attainable 

solutions to complex forest health issues (e.g., interactions 

between climate change, atmospheric chemistry, forest 

fragmentation, land-use change, silviculture, and wildfire 

and/or insect disturbance on invasive pathogen behavior in 

the Nation’s rural and urban forests).

•	 Knowledge of ecological and genetic responses to determine 

the following:

	 Biophysical factors involved in pathogen spread, potential •	

transport pathways, and changes after establishment.

	•	 Mechanisms of defensive host response to 

pathogen challenge that are heritable, preformed, or 

environmentally inducible.

	 Host populations that respond similarly or are •	

ecologically valuable for genetic conservation efforts.

	 Relationships and coevolution among organisms •	 in their 

historical and geographical context using genomic and 

phenomic approaches.

	 Potential development of novel species, hybrids, and •	

subspecies with new ecological behavior.

•	 New tools and methods to predict, detect, and monitor 

potentially invasive forest pathogens, either prior to 

introduction or soon after establishment, through integrated 

collaboration with Forest Service FHP, Forest Service NFS, 

USDA APHIS, and national and international collaborators.

•	 Understanding the interactions of current or altered biotic 

and abiotic factors on the establishment, spread, and effects 

of invasive pathogens over time and space.

•	 Assessment and actionable knowledge of invasive pathogen 

costs to society through integrated economic and social 

science research with universities and other partners; such 

information is necessary to prioritize intervention responses 

(threat analysis and mitigation).

•	 Biological control and alternative-management techniques.

•	 Techniques to manage and rehabilitate forest ecosystems 

affected by pathogen invasions, and management practices 

that foster resilience in forest ecosystems before they are 

affected by invasive pathogens.

•	 Precise baseline information on worldwide distributions of 

forest pathogens (using molecular diagnostics), distribution 

of host populations, climate and niche data, and other 

environmental data through integrated collaboration with 

the Forest Service Forest Inventory and Analysis (FIA) 

program, Forest Health Monitoring (FHM) program, FHP, 

and international collaborators.

•	 Databases, Web sites, and better coordinated information 

sharing among forest health professionals as well as 

effective information exchange and educational outreach to 

other stakeholders.

Top Five Priorities
1.	 Obtain baseline information on worldwide geographic 

distributions and environmental responses of forest 

pathogens, strains, hosts, vectors, and associated 

microbes. This baseline information is critical to all invasive 

species program areas worldwide. Systematics expertise, 

supporting biological collections, and diagnostic tools 

developed by Forest Service R&D and university partners 

should be maintained and increased to support survey 

work (e.g., by FHM, USDA APHIS, and international 

collaborators). International collaborations are essential to 

predict, prevent, and detect invasive species introductions to 

the United States and other countries worldwide. Integrating 

Geographic Information System-based ground surveys, 

spatial modeling, and remote sensing can assess and predict 

organism distribution and environmental influences. 

Databases of collected information and technologies must be 

widely accessible for multiple purposes. 
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2.	 Conduct climate modeling, risk assessments, and 

pathway analyses for priority hosts and pathogens. 

Spatial biophysical data must be integrated at the appropriate 

scales for risk assessment of potential pathogen invasions or 

evolution of novel invasive pathogens. When combined with 

evaluations of host susceptibility to invasive pathogens, these 

assessments are fundamental for predicting and preventing 

future invasive pathogens, prioritizing the management of 

established invasive forest pathogens, rehabilitating affected 

ecosystems, and enhancing ecological resilience.

3.	 Determine interactions of invasive pathogens with 

other disturbances. Climate change, altered fire 

regimes, increases in insect damage, forest fragmentation, 

urbanization, floods, wind, and other human-natural 

ecosystem interactions will likely exacerbate effects of 

forest pathogens. Many forest diseases will become more 

widespread and damaging in changing environments.

4.	 Implement long-term, ecosystem-based research to 

determine appropriate, adaptive management to restore 

the function and structure of affected ecosystems, 

enhance endemic biological control agents, identify 

genetic-based disease resistance for breeding and 

regeneration programs, foster natural recovery, and 

improve the resiliency of ecosystems to unexpected 

future threats. Short-term research can provide much-

needed progress; however, invasive forest pathogens also 

present many long-term issues that can only be addressed 

through long-term research.

5.	 Build capacity for plant pathology research and 

associated collaborative efforts for responding to 

increasing effects of invasive forest pathogens. The scope 

and complexity of the identified priority research present a 

serious challenge to Forest Service R&D within its present 

internal capacity and ability to leverage collaboration. 

Although such research requires collaborative, 

multidisciplinary effort, plant pathologists provide subject 

expertise and methods of study that are a core need for 

investigations of invasive forest pathogens.

Introduction

Invasive fungal pathogens have caused large-scale ecological 

and economic damage to forests in the United States (Lovett 

et al. 2006). Damage caused by these pathogens has been 

more severe, long term, widespread, and difficult to mitigate 

than that caused by any other biological disturbance agent. 

In the last century, pathogens introduced into our native for-

ests have threatened the extinction of native tree species and 

critically degraded many diverse ecosystems across North 

America. Prominent forest diseases caused by invasive patho-

gens include chestnut blight (Anagnostakis 1987), Dutch elm 

disease (Brasier and Buck 2001), white pine blister rust (Geils 

et al. 2010), butternut canker (Furnier et al. 1999), dogwood 

anthracnose (Daughtrey et al. 1996), laurel wilt (Fraedrich et 

al. 2008), sudden oak death (Rizzo et al. 2005), pitch canker 

(Gordon et al. 2001), and Scleroderris canker (Hamelin et al. 

1998). Ecological effects of invasive pathogens extend well 

beyond the affected trees (e.g., white pines, chestnut, elms, dog-

wood, butternut, oaks, and pines) to include other ecosystem 

components, such as dependent forest flora and fauna. Forest 

trees include keystone species providing food and structure for 

animal species (e.g., grizzly bears, small mammals, birds, etc.) 

and other plants. Invasive pathogens have severely diminished 

the productivity, sustainability, and ecosystem service functions 

of many forests. Damage from pathogens can also alter forest 

succession and forest species composition.

Invasive forest pathogens can originate from intercontinental 

or intracontinental movement, range expansion due to climate 

change, the creation of novel pathogens via evolution or 

hybridization, or other means (Palm 2001). The likelihood for 

invasive pathogen introduction will increase, however, as inter-

national trade and travel increase. The potential for invasive 

pathogen establishment and spread will also increase as newly 

introduced pathogens interact with changing climate, native 

insect pests and pathogens, wildfire, forest fragmentation, and 

other natural or human-induced disturbances. Equally challeng-

ing are threats from native invasive pathogens (Otrosina 2005). 

Changing climate, forest management, disturbance regimes, and 

increased potential for genetic hybridization among existing 

(and introduced) pathogen populations can initiate or exacer-

bate disease problems. 
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Forest Service Research  
Roles and Responses to Invasive 
Forest Pathogens

Throughout its history, the Forest Service has played a 

prominent role in responding to invasive forest pathogens. The 

following information briefly reviews the roles and responsi-

bilities of the Forest Service R&D deputy area, as determined 

by congressional mandate, Executive order, institutional direc-

tives, and traditional practices.

Background Information
The R&D deputy area of the Forest Service has been mandated 

by Congress and by Executive order to conduct and facilitate 

research on invasive forest pathogens, to translate research 

results into actionable knowledge, and to communicate research 

results for application in management. In the United States, the 

Forest Service has a principal responsibility and capability to 

develop the necessary knowledge and tools for addressing inva-

sive forest pathogen issues across State and regional boundar-

ies. Furthermore, it builds and facilitates multidisciplinary, 

collaborative efforts among diverse research institutions and 

stakeholders to address national and international issues of 

invasive pathogens. It uses its unique and important leader-

ship role to acquire information for the public interest and 

coordinate research programs to protect or enhance public and 

private natural resources in rural and urban settings. Because 

invasive pathogens invariably represent long-term issues, the 

Forest Service R&D has maintained primary responsibility of 

long-term research studies (e.g., permanent plots, experimental 

forests, biological collections, host genetics materials, and data 

archives) to address long-term issues associated with invasive 

pathogens. In addition, Forest Service R&D implements its 

mandated charter to conduct research and study national and 

international issues of invasive forest pathogens as they relate 

to the United States, to provide knowledge needed for protect-

ing forests and other terrestrial ecosystems of the Nation.

Key Research Needs for Addressing 
Invasive Forest Pathogens
Several research needs must be addressed to maintain and 

enhance the Forest Service’s capacity for effective response to 

invasive forest pathogens.

A strong systematics capability is essential to identify biotic 

components of disease caused by invasive pathogens. This 

capability is essential to obtain baseline data on the distribution 

of invasive pathogens. Specific examples of the needs for 

systematics capabilities include the following:

•	 Classical and molecular taxonomic expertise for the 

identification of invasive pathogens, hosts, associated 

microorganisms, and vectors.

•	 Phylogenetics expertise for elucidating evolutionary 

relationships within hosts, pathogens, and associated 

microbes (e.g., potential biocontrol agents).

•	 Advanced molecular characterization and molecular 

diagnostic tools for diagnostics and monitoring activities.

•	 Maintenance and expansion of fundamental systematics 

resources, such as herbaria, survey and collection records, 

culture collections, and DNA sequence databases. 

Knowledge of ecological behavior and impacts of invasive 

pathogens worldwide is essential for assessing and predicting 

pathogen threats for specific regions. This information is needed 

to develop effective mitigation and rehabilitation programs. 

Research activities that address this need include the following:

•	 Integrate biological and ecological information of genetically 

based species groups at appropriate ecogeographic scales. 

•	 Determine genetic and coevolutionary relationships of host-

pathogen population structure and dynamics. 

•	 Apply systematics and molecular diagnostic techniques to 

ensure accurate pathogen identification for integration with 

ecological data.

•	 Elucidate pathogen life cycle (e.g., growth, reproduction, 

survival, host infection, and spread) and epidemiology.

•	 Evaluate pathogen response and adaptation to hosts, 

host resistance factors, and environmental factors (e.g., 

temperature, moisture, soil properties, etc.).

•	 Refine remote sensing, validated by “ground truthing,” to 

develop precise models of critical environmental factors at 

landscape, regional, and global scales.

•	 Delineate hosts and pathogen populations that behave similarly. 

•	 Determine interrelationships of biological behavior with 

abiotic and biotic environments.

•	 Develop methods to prioritize resource allocations for 

managing specific pathogens.
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•	 Provide scientific input to discussions and decisions 

concerning treatment measures.

•	 Provide science information and data for policymakers on 

quarantine and regulatory issues.

Impact assessment and valuation technologies are crucial 

for successful prioritization and management of invasive 

pathogens. Focused research objectives that will improve these 

technologies include the following:

•	 Understand the ecological, economic, and societal impacts 

of invasive pathogens.

•	 Increase the reliability of spatial models for projecting 

impacts at landscape, regional, and global scales.

•	 Refine procedures for cost-benefit analysis for management 

and remediation efforts. 

Various forest disturbances exacerbate or significantly interact 

with invasive forest pathogens. Knowledge of these interactions 

is needed to strategically manage invasive pathogens. Research 

objectives to address this need include the following: 

•	 Understand the influences of changes in climate, vegetation, 

and disturbance regimes (e.g., fire, insect outbreaks, 

endemic pathogens, forest fragmentation, urbanization, 

logging, flooding, wind, etc.) to predict distribution, 

ecological behavior, and effects of invasive pathogens.

•	 Integrate climate change models with information on the 

distributions of hosts and pathogens to assess their potential 

niches and migrational pathways.

•	 Understand declines and other complex diseases caused 

by interactions of multiple disturbances, insects, diseases, 

stress agents, etc., that will likely increase in changing 

environments at a landscape level. 

Many invasive forest pathogen issues require adaptive ap-

proaches for effective management. Research outputs that 

address this need include the following: 

•	 Methods that monitor and assess ecosystem function in 

areas affected by invasive pathogens.

•	 Approaches that foster resilience in forest ecosystems to 

minimize the impacts of future invasive pathogens.

•	 Techniques that enhance activities of endemic biological 

control agents and other natural processes to reduce the 

effects of invasive pathogens.

•	 Approaches to foster the adaptive capacity of ecosystems for 

recovery and renewal.

Knowledge of endemic forest pathogens and their hosts is 

requisite for sound assessment of threats posed by invasive 

pathogens. Research activities that address this need include 

the following: 

•	 Coordinate with cooperators to determine baseline 

information on the distributions of pathogens and 

strains, hosts, vectors, and associated microbes, their 

current environments, and likely responses to changing 

environments; integrate these findings with FIA, FHM, the 

National Plant Diagnostic Network, and other continuous 

monitoring data.

•	 Develop methods that provide reliable taxonomic 

identification, such as molecular diagnostic methods, for 

application in surveys of forest pathogen distributions in the 

United States and other countries. These methods will allow 

precise documentation of potentially invasive pathogens 

(with the cooperation of APHIS, FHM, and international 

organizations).

•	 Develop and apply genetic and ecophysiological methods 

to determine the geographic distributions of host, pathogen, 

and microbe populations, races, and/or hybrids that display 

distinct ecological behavior and identify ecologically 

valuable host populations for conservation. 

•	 Conduct phylogenetic and phylogeographic assessments 

of evolutionary and genetic relationships among hosts and 

pathogens worldwide.

Extensive collaborations among Forest Service deputy areas 

and other Federal, regional, tribal, and State governments 

are essential for managing invasive pathogens across large 

landscapes. Research input and collaboration are needed to 

accomplish the following:

•	 Implement regulations, monitoring, education, and 

treatments for invasive pathogens.

•	 Incorporate DNA-based diagnostics into strategies for the 

detection and monitoring of forest pathogens at ports of 

entry, at points of distribution, and across forest landscapes. 

•	 Implement regional invasive species plans and coordinate 

these activities among agencies (e.g., via the emerging 

Regional Invasive Species Issue Teams).
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•	 Establish databases and other tools to consolidate distribution 

data and facilitate information sharing among the natural 

resources research and management communities.

Available and accessible information and data on invasive 

pathogens are important in the development and implementa-

tion of invasive species management projects or programs. 

Research activities are needed to accomplish the following:

•	 Provide current Web sites and synthesis papers that 

communicate key principles and new findings to 

stakeholders.

•	 Integrate local, regional, national, and international 

databases that characterize forest hosts, pathogens, and 

associated microbes with ecological information, such as 

geographic distribution, climate data, digital imaging, etc., 

for developing predictive models and technology transfer.

•	 Improve the effectiveness of information delivery to those 

affected by invasive pathogens and develop processes 

to integrate communities into monitoring and research 

processes.

•	 Integrate plant pathology R&D results into invasive 

pathogen management activities led by FHP, FHM, NFS, 

States, and other national and international organizations. 

Long-term research must be continued to develop management 

strategies for established invasive pathogens in long-lived 

forests, where reproductive maturity and ecological succession 

occur over long time periods. Research activities and research 

capacity are needed to accomplish the following:

•	 Improve the monitoring of long-term remediation effects in 

forest ecosystems affected by invasive pathogens. 

•	 Apply Forest Service R&D research expertise in plant 

pathology, genetics, and associated disciplines to address 

vast expanses of forests within the United States that are not 

recovering from the effects of invasive plant pathogens. 

•	 Maintain the historical role of Forest Service R&D as 

the primary entity responsible for conducting long-term 

research, maintaining data records and biological materials 

from established permanent field plots and supervising a 

network of experimental forests in the United States. 

The Future of Research on Invasive 
Forest Pathogens

Threats posed by invasive forest pathogens are predicted to con-

tinually increase in the future due to increased human-mediated 

movement of pathogens and climate change. Forest Service 

R&D must be well positioned and well prepared to address 

these increased threats. Successful research programs will likely 

be multidisciplinary and incorporate new technologies. These 

programs can be directed toward five focus areas, which are 

discussed under five subsequent headings; the first four areas are 

derived from program elements of the national strategy (USDA 

Forest Service 2004): (1) Prediction and Prevention, (2) Early 

Detection and Rapid Response, (3) Management and Mitigation, 

(4) Restoration and Rehabilitation, and (5) Scientific Applica-

tion and Communication. The following sections provide 

additional information on the future of research on invasive 

forest pathogens, based on the five focus areas.

Prediction and Prevention
Prediction and prevention is the most effective and economical 

strategy for managing invasive forest pathogens (Parker and 

Gilbert 2004). Furthermore, the value of improved methods 

for preventing and predicting invasive forest pathogens will 

increase in the future. Phylogenetic, phylogeographic, and 

population genetic analyses of forest hosts and pathogens on 

a global basis provide a novel approach for improving predic-

tions of potentially invasive pathogens (Gilbert and Webb 

2007). Such analyses determine genetic relatedness among taxa 

of hosts and pathogens to predict potential hosts of invasive 

pathogens and predict potentially invasive pathogens before 

they are introduced. In addition, the genetic relationships 

among pathogens can allow predictions of potential risks 

associated with the introduction of closely related species or 

hybridization and introgression with related endemic species 

(Brasier 2001, Garbelotto et al. 2004). 

Climate modeling, georeferencing the distribution ranges of 

species across regions and landscapes, and risk analysis can 

be combined with genetic analyses to identify areas where 

invasive species may originate and areas at risk for successful 

establishment, invasion, and/or hybridization of invasive patho-

gens (Venette and Cohen 2006). Such integrated analyses can 

also determine the effects of climate change on the ecological 

behavior of invasive pathogens, and prioritize target areas for 
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monitoring, in conjunction with risk analysis of commodity 

shipments from potential sources of invasive pathogens. A 

well-established, worldwide database, networking among 

involved parties (e.g., scientists, forest managers, policymak-

ers, etc.), international collaborative research, and worldwide 

surveys will provide a critical basis and research infrastructure 

for predicting potentially invasive forest pathogens for the 

United States and other countries. Close cooperation with 

Canada and Mexico would be especially useful. Effective 

predictions of potentially invasive pathogens are essential to 

improve the efficiency of early monitoring to detect invasive 

pathogens for specific regions.

The development of regulations to prevent the entry and 

establishment of new pathogens is trending away from species-

specific analyses and toward pathway approaches (Baker et al. 

2005). By international consensus, these approaches still require 

the identification of known pests that can move in the pathway 

or commodity and designing mitigations to reduce the risk 

of specific pathogen introductions. However, broad-specturm 

mitigation measures will also help prevent unknown pests that 

could be introduced via the identified pathways. Research is 

needed to identify potentially invasive pathogens and potential 

introduction pathways so that effective mitigation measures can 

be developed before they arrive. These research efforts should 

be conducted in collaboration with other national (e.g., APHIS, 

Agricultural Research Service) and international agencies that 

focus on high-risk, high-volume trade commodities, such as 

live plants, wood products and novelty items, forest seed, wood 

chips, and peeler cores (USDA Forest Service 2004).

Early Detection and Rapid Response
Based on past experience, improved monitoring is likely 

the primary activity for realistic, first detection of cryptic, 

invasive pathogens (Chornesky et al. 2005). Such pathogens 

are generally detected only after disease foci are identified 

in the landscape through regular monitoring efforts. Invasive 

forest pathogens may be eradicated or contained to a local 

area if detected and eradicated before widespread dispersal has 

occurred. For example, efforts to contain Phytophthora ramo-

rum appear to have reduced its spread in Curry County, OR; 

however, it is yet to be determined if these efforts will remain 

effective over the long term (Frankel 2008). During the 20th 

century, significant forest pathogens remained unrecognized, 

misdiagnosed, or cryptic until they caused widespread damage 

(e.g., oak wilt, sudden oak death, and butternut canker). In addi-

tion, invasive pathogens can arise by genetic change, evolution, 

or hybridization, such as what occurred in Europe with alder 

decline (Brasier 2001, Brasier et al. 2004).

Improved methods and tools to detect invasive forest pathogens 

and monitor eradication are growing needs (Chornesky et al. 

2005). Emerging technologies will foster the integration of 

genetic and evolutionary relationships with environmental 

factors and thereby allow for the advanced assessment of newly 

discovered species. The integration of remotely sensed data, 

geographical information systems, soils and landform maps, cli-

mate matching software, appropriate statistical sampling models, 

etc., will better define target areas for detection and monitoring 

surveys (risk maps, e.g., Frank et al. 2008). Collaboration among 

detection, monitoring, survey, and inventory efforts in urban and 

community forests will more readily detect nonnative pathogens 

that may have been introduced by humans (e.g., via planting of 

infected nursery stock). In addition, information from controlled 

laboratory studies can also help confirm the potential for inter-

specific or intraspecific hybridization of forest pathogens and 

determine environmental tolerances of invasive pathogens.

DNA-based diagnostics are needed to recognize pathogen 

species, races, and hybrids (Crous 2005). Races or strains of 

pathogenic microorganisms are often not distinguishable by 

classical morphological and biochemical methods. In addition, 

traditional diagnosis of pathogens requires time-consuming host 

inoculation trials. Furthermore, exotic and endemic organisms 

can be morphologically indistinguishable but differ greatly in 

their ability to cause disease; even within a species, strains can 

behave very differently. In addition, some recent invasive forest 

pathogens have been shown to be hybrid species—such as the 

causal agents of Dutch elm disease (Ophiostoma novo-ulmi; 

Et-Touil et al. 1999), bark disease of alder (Phytophthora alni; 

Brasier et al. 2004), leaf rust of hybrid poplar (Melampsora 

×columbiana; Newcombe et al. 2000), and a new variant of 

blister rust (Cronartium ribicola × C. comandrae; Joly et al. 

2006). Representative isolates of pathogens must be archived 

for future study if future DNA-based technology is to be widely 

applicable for managing invasive forest pathogens.

Nationwide and worldwide databases are needed to compile 

information about potential invasions of nonnative forest patho-

gens (Crous 2005). Compiled and archived data on geographic 

distributions of existing pathogens, along with accompanying 
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host and environmental information, are needed. ExFor (http://

spfnic.fs.fed.us/exfor/index.cfm) is one example of an existing 

database that could be expanded to include molecular diagnostics 

and precise geographic locations of forest pathogens worldwide. 

Analysis of data from systems tracking the movement of plants  

(e.g., by nurseries, plant hunters and traders, etc.) will provide 

greater insight and predictive ability about potential introduc-

tions. For example, nursery management records, such as 

importation of exotic plants, location and proximity of species 

within nurseries, and nursery cultural practices, would be valuable 

in predicting potential pathogen introduction and establishment. 

Forest Service R&D can coordinate with APHIS and FHM to 

develop molecular diagnostic tools (e.g., real-time polymerase 

chain reaction, microarrays, etc.) to quickly detect known and 

potentially invasive forest pathogens in surveys of international 

plant shipments, ornamental and forest nurseries, and urban and 

periurban forests (Chornesky et al. 2005). Alternative methods 

of plant material movement should be developed and/or consid-

ered. For example, tissue-culture-derived plantlets and certified 

seed or other propagules should be developed for plants that 

pose high risk for moving invasive pathogens.

Management and Mitigation
Despite prediction and prevention efforts, invasive forest 

pathogens often escape and remain undetected until they 

are well established and causing noticeable damage. Thus, 

methods to manage invasive pathogens and mitigate their 

effects are needed. Ideally, management methods should foster 

naturalization processes that render pathogens less aggressive, 

hosts more resistant, and biological control agents more active 

over time. Other management methods are needed to enhance 

resiliency in forest ecosystems so that they are less affected by 

unforeseen threats.

Tools to manage and mitigate diseases caused by invasive 

pathogens must be based on sound scientific knowledge of 

two general processes: (1) pathogen biology, dispersal, and 

conditions for infection and population increase and (2) genetic 

and evolutionary mechanisms that control pathogenicity and 

aggressiveness on different hosts and in different environments. 

Remotely sensed imagery can be incorporated to identify distri-

bution, effects, and spatial dynamics of invasive pathogens. 

Interactions among climate, forest species compositions, fire 

and fuels treatments, coexisting pests, vectors, biological 

control agents, and other components of a vulnerable ecosys-

tem must be understood to determine potential establishment, 

reproduction, and spread of invasive pathogens (Baker and 

Cook 1974, Broadbent and Baker 1974, Weste and Marks 

1987). Such knowledge will also aid the development of 

biological control and other management approaches that foster 

ecosystem recovery and pathogen naturalization processes. 

The incorporation of environmental factors (e.g., temperature, 

moisture, topography, soil properties, etc.) and genetic and bio-

logical information in a spatially relational context represents 

the most powerful approach to understanding the ecological 

behavior of invasive pathogens. Integrated, multidisciplinary 

approaches that foster an understanding of the basic biol-

ogy of each pathosystem and the interacting influences of 

environmental factors across spatial scales are requisite to any 

invasive species program. Such integrated information is used 

to develop stand, landscape, and regional models to aid man-

agement decisions and effectively target management efforts 

for maximum economic or ecological results (Chornesky et al. 

2005). These approaches also will contribute to cost-benefit 

analyses for control actions and prioritization of areas for 

disease suppression activities.

Forest Service R&D has primary responsibility for long-term 

research studies, including maintenance of permanent plots, 

management of experimental forests, preservation of data 

archives, and maintenance of biological collections (e.g., fungal 

cultures, herbarium specimens, seed collections, etc.), which 

are critical to addressing long-term issues associated with 

invasive pathogens. R&D involvement in long-term invasive 

species management programs is needed to select and breed 

for pathogen-resistant trees; develop biological, chemical, 

and mechanical treatments to manage disease; determine 

interactions with fire and other disturbances; and facilitate the 

regeneration and recovery of ecosystems affected by invasive 

pathogens. Long-term research is needed to develop effective 

treatments and strategies in an adaptive management context. 

Far-sighted and diverse approaches are needed to understand 

and mitigate effects of invasive pathogens on diverse aspects 

of forest and rangeland ecosystems. Because of potential large-

scale, extreme disturbances, such as drought, insect outbreak, 

fire, and invasive pathogens, the future regenerated forests 

may differ from the previous forest and may comprise multiple 

alternative states. The desired outcome of managing vulnerable 
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or invaded ecosystems is adaptation or change that tolerates 

the disturbance but retains essential ecological functions and 

character. Thus, long-term research is essential to address these 

long-term issues posed by invasive pathogens.

Restoration and Rehabilitation
Unfortunately, numerous examples have occurred where 

invasive forest pathogens became established, proliferated, 

and caused widespread damage to forest ecosystems across 

regions of the United States and elsewhere. In most of these 

cases, research efforts were abandoned or severely curtailed 

before affected ecosystems were on track toward recovery 

(Tainter 2003). Similar to many medical and environmental 

issues, many invasive forest pathogens cause long-term dam-

age to forest ecosystems that can only be effectively addressed 

through long-term restoration efforts supported with research 

and monitoring. Prioritization is needed to determine which 

damaged ecosystems justify the expenditure of funds for 

restoration and rehabilitation.

Because distinct pathogen populations respond differently 

to environmental influences, it is important to consider host 

and pathogen population structures when assessing threats 

posed by invasive pathogens before implementing restoration 

strategies (Burdon et al. 2006). Basic information needs for 

mitigating invasive pathogen effects include identification of 

sources of host resistance (e.g., through screening and selection 

programs); understanding of resistance mechanisms; increasing 

host resistance through breeding or regeneration programs; 

the development of rational deployment strategies for resistant 

plant materials; and identification of threatened, ecologically 

valuable host populations for conservation. Landscape-level, 

ecosystem-based research is also needed to develop techniques 

for restoring ecosystem function and structure, enhancing 

natural biological controls, fostering natural recovery and 

stabilization, and improving the resiliency of ecosystems to 

unexpected future threats (Drever et al. 2006). 

Scientific Application and Communication
The primary clients for new information and tools for manag-

ing invasive pathogens include natural resource managers, 

regulatory officials, policymakers, tribal governments, private 

industry entities, nongovernmental organizations, research 

scientists, educators, and the public at large (USDA Forest 

Service 2007). Thus, current and future issues regarding inva-

sive forest pathogens require effective communication through 

diverse venues (e.g., Web-based tools, workshops, online 

training, scientific/technical publications, etc.). It is essential 

that research is directed toward obtaining actionable knowledge 

regarding invasive pathogen management, and research 

scientists should be active participants in the communication 

processes that make research results available and applicable to 

the clients. Participation in international working groups, such 

as the International Union of Forest Research Organizations 

Working Party 7.03.12 (alien invasive species and international 

trade), is also essential for building international collaborations 

and exchanging information about invasive forest pathogens. 

Critical information regarding pathogen genetic identification, 

biology, hosts, geographic and ecological distribution (e.g., 

climate data, slope, aspect, habitat type, soil properties, and 

other environmental factors), available research literature, 

etc., should be readily accessible from online databases. Other 

Internet technology is needed to address specific invasive 

pathogen issues and connect professionals with different areas 

of expertise. To maintain quality, ensure accountability, and 

promote the appropriate use of information and models, the 

communication process needs to include standard features 

of the scientific process, such as replication and review. The 

hypertext capability of digital media should be used to augment 

information with metadata on sources and other supplemental 

or supporting documents. Given that uncertainty and 

complexity are inherent, it is imperative that research maintains 

credibility and science is responsibly applied.

Raising public awareness of invasive forest pathogen issues is 

also critical. Social science research is needed to develop effec-

tive methods that encourage the adoption of practices across 

ownerships. Within landscapes, this research is needed to avoid 

the spread of invasive pathogens and gain an understanding and 

acceptance of management practices that may be considered as 

an interference to the public’s daily life. The Forest Service also 

must strive to develop more diverse program delivery methods 

(e.g., social networking Web sites, podcasts, streaming video, 

cell phone-mediated information retrieval, television, radio, 

magazines, partnering with commercial franchise marketing, 

multilingual communication, etc.) and other integrated tools 

developed for diverse audiences. 
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Abstract 

In many of our Nation’s wildlands, invasive nonnative plants 

contribute to the endangerment of native species and lead to 

other severe ecological and financial consequences. Projected 

trends of increasing human populations and associated 

development and globalization will contribute to increases 

in the already high rates of introductions of nonnative plant 

species. Changes in climate are likely to alter species distribu-

tions, favoring the expansion of some nonnative species and 

contributing to the imperilment of additional native species. 

Declining oil supplies may also place pressure on wildlands 

for the production of sustainable supplies of small-diameter 

trees or other nonwoody biofuels. Given these trends, Forest 

Service Research and Development needs to be strategic in 

addressing invasive species issues in public and private forests 

and rangelands. We urgently need to prioritize both known 

and potential future invasive species and determine which 

ecosystems are most vulnerable to invasion. Quantitative risk 

analyses, assessment of critical pathways, plus data on effects 

of both the invaders and control methods on native biodiversity 

will aid in this prioritization process. Such lists will inform 

decisionmaking on potential preventative measures to keep 

potentially invasive plants out and also as a guide regarding 

which species to attempt to control and where to control them. 

Multidisciplinary research teams and quantitative monitoring 

protocols will facilitate the development of tools that both 

measure and minimize effects associated with invasive species  

and account for the stage of invasion. These tools will also need  

to address multiple stressors, including natural disturbances, 

current management practices such as livestock grazing 

and timber harvesting and thinning, and human-induced 

disturbances, such as exotic insect forest infestations and global 

climate change. Such knowledge will improve our ability to 

manage our forests and rangelands as ecosystems that are more 

resilient to future invasions and increase our success in restor-

ing degraded systems.

Introduction

The introduction and spread of nonnative plant species are natu-

ral colonization and migration processes that occurred prior to 

human evolution, and such invasions have been documented by 

several early researchers (Darwin 1859, Elton 1958). However, 

recorded invasions of exotic plants and other exotic species 

since 1800 have increased at an accelerated rate, presumably 

due to increased intercontinental mobility (Liebhold et al. 1995).  

In the United States, plant introductions are currently allowed 

without prior risk assessments. While many nonnative plant 

species provide food and fiber, adorn our civilization, and 

facilitate habitat restoration and land management, some will 

spread widely and possibly alter ecosystem structure and pro-

cesses in undesirable ways. These invasive species incur high 

costs in altered ecosystem services and in investments in their 

management and control. Invasive exotic plants constitute 8 to 

47 percent of the total flora of most States in the United States 

(Rejmanek and Randall 1994). There are approximately 4,500 

exotic species in the United States that have established natural-

ized populations and at least 15 percent of these cause severe 

harm (U.S. Congress, Office of Technology Assessment 1993). 

Examples of negative ecosystem effects caused by invasive 

plants include alteration of food webs (Bailey et al. 2001, 

Kourtev et al. 1999), degradation of wildlife habitat (Schmidt 

and Whelan 1999), changes in fire (Brooks et al. 2004) and 

hydrological regimes (Gordon 1998), increases in erosion rates 
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2 Scientist Emerita, Forest Service, Institute of Pacific Island Forestry, 60 Nowelo Street, Hilo, HI 96720.
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(Shafroth et al. 2002), and modifications of nutrient cycling 

(Ehrenfeld et al. 2001, Sperry et al. 2006). Nonnative plant 

species can also reduce biological and genetic diversity by 

hybridizing with native plants (White and Bowden 1947). It 

is estimated that the United States spends approximately $145 

million annually in its attempt to control nonnative invasive 

plants in natural areas (Pimentel et al. 2000).

Forest Service Research and Development (R&D) plays an 

important role in meeting research needs involving invasive 

nonnative species in the Nation’s forests and rangelands. 

Nevertheless, scarce resources mandate that the Forest Service 

focus its efforts strategically. This document outlines priority 

Forest Service R&D needs relating to invasive plant species 

threatening these wildlands. 

Effective prioritization of research resources entails recognition 

of the wide variation in invasive effects, ecosystem vulnerabili-

ties, and ecological and economic consequences of the spread 

of a nonnative species. In many second-growth, closed-canopy 

forests, some populations of nonnative species are small or 

confined to forest edges or canopy gaps; such species may be 

controlled. Without such efforts, areas only lightly invaded 

may become more severely affected in response to forest man-

agement, new disturbances, and/or a proliferation of invasive 

species (especially those that are shade-tolerant) propagules, 

threatening ecosystem structure and processes and the eco-

nomic, environmental, and societal benefits derived from them. 

In other cases, nonnative species posing considerable risk to 

ecosystem integrity have spread widely and reached high densi-

ties, thus altering forest management priorities, and requiring 

long-term investments to mitigate effects. The Forest Service, 

with guidance from local, State, and Federal governments, must 

balance the relative value of wildland ecosystems, the potential 

magnitude of invasive effects, and the costs to society in its 

decisions to invest research resources into understanding these 

processes and developing tools to address them.

Multiple pathways for introductions and increasingly frag-

mented landscapes mean that Forest Service lands cannot be 

effectively managed without consideration of the landscapes 

in which they occur. Landscape and regional perspectives on 

invasion processes encourage cooperation with adjacent land-

owners, municipalities, and other agencies to address invasive 

species issues on national forest lands.

Strengths of Forest Service Research 
and Development

The Forest Service role results from its unique ability to 

make a difference nationally. The Forest Service has broad 

existing authorities and responsibilities, assigned to the Chief 

of the Forest Service; research expertise in land management, 

forestry, entomology, pathology, botany, ecology, and numer-

ous other specialties; presence across the country and around 

the world; and relationships with every State and territorial 

agency with responsibility for invasive species. Few other 

agencies, universities, and organizations have such a long-term 

perspective on land management and research directions or 

such valuable assets for attracting partners (including long-term 

data sets, experimental forests, research natural areas, and 

quarantine facilities).

Forest Service researchers have a long history of collaboration 

with other agencies and research partners, facilitating effective 

management of invasive plants and identification of priority 

research issues and needs addressed at appropriate regional and 

landscape scales. Close associations with partners in universi-

ties, industry, and other Federal agencies facilitate collabora-

tions to supplement Forest Service expertise. The geographic 

distribution of Forest Service research stations and broad land 

base that encompasses a wide variety of forests, woodlands, 

shrublands, and grasslands provide excellent opportunities to 

test research hypotheses and models at multiple geographic 

and temporal scales. The Forest Inventory and Analysis 

system within Forest Service R&D houses long-term national, 

regional, and local data sets that have recently been extended 

to collect data on some nonnative plant species in monitored 

plots. The broad research expertise among Forest Service 

scientists facilitates a multidisciplinary approach to the study of 

invasive species, development of tools for their management, 

and protocols for forest and rangeland restoration. 

Key Future Issues 

The 2000 Renewable Resources Planning Act (RPA) 

assessment (RPA 2000) projects growing U.S. populations 

(50-percent increase by 2050), especially in the southern and 

western regions. Population increases are expected to increase 

demand for forest services (especially recreational uses) and 
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increase the conversion of forests and rangelands to developed 

use, resulting in further subdivision and fragmentation. The 

forest land base is expected to remain relatively stable. The 

2000 RPA projects aging forests in many parts of the country, 

changing their vulnerability to invasive species, insect and 

disease outbreaks, and fire. Projected changes in climate 

and atmospheric inputs such as nitrogen will affect species 

distributions and nutrient cycles and the duration, frequency, 

and intensity of forest disturbances such as fire, insects, 

diseases, drought, and storms. These scenarios, in combination 

with growing global trade, suggest that threats and effects of 

invasive plant species are likely to increase in the next 20 to 

50 years, challenging the Forest Service research community 

to address landscape, regional, and national issues of invasive 

species management and mitigation.

Our ability to manage nonnative plant species invasions is 

linked with past, current, and future human values and associ-

ated land management activities as well as with sometimes 

conflicting priorities over the use of wildlands. For example, 

larger, more frequent, and more intense wildfires in dense and 

infrequently burned forests may enhance the spread of some 

disturbance-dependent invasive species. The spread of invasive 

nonnative plants associated with recreation, roads, habitat 

fragmentation, grazing, harvesting, tree thinning, prescribed 

fires, and fuel reduction activities may enhance populations of 

invasive species. The cultivation of potentially invasive plant 

species as biofuels could facilitate the spread of invasive spe-

cies into the Nation’s forests and natural areas. Furthermore, 

the use of forest lands to provide sustainable supplies of 

small-diameter trees to support biomass power could have the 

unintended consequence of introducing invasive plants into 

managed forests at unprecedented rates.

Priority setting for invasive species research should reflect 

societal values with respect to species, ecosystems, and eco-

logical services. Is our highest priority to preserve ecosystem 

processes that are dynamic or to preserve a static ecosystem 

structure (Botkin 2001)? How do we address the needs of 

imperiled species against a landscape undergoing dramatic 

changes? How do we address changing priorities for ecosystem 

services given dramatic shifts in human population sizes, eth-

nic diversity, and age structure? How do we focus research on 

target species when confronted with rising rates of invasion?

Prevention and Prediction

Preventing the widespread establishment of nonnative spe-

cies may be more cost effective than attempting to control 

full-blown infestations, which may not be economically 

feasible. Quantitative analyses are needed to better understand 

the distribution and abundance patterns of nonnative species 

populations, pathways of introduction, and habitats most at risk. 

The development of predictive models that identify areas likely 

to be negatively affected by nonnative species and accounting 

for sampling effort, climate, physiography, human population 

density, and other variables that reflect land use intensity is 

an important step in developing a national invasive species 

strategy. The concurrent development of improved pathway 

analytical methods that identify probable entry points and 

means and modes of introduction, establishment, and spread 

will support the development of stronger prevention programs. 

Research that addresses the social aspects of nonnative plant 

use will enhance our ability to institute prevention guidelines 

suitable to different cultural conditions.

Our poor understanding of factors that make plant communities 

susceptible to invasion limits our ability to provide management 

guidelines for preventing the introduction and spread of nonna-

tive plant species. Ecosystem attributes, disturbances, and plant 

characteristics can all influence invasion rates. A better under-

standing of the role of stand structural attributes and altered 

disturbance regimes is needed, as is plant-focused research. 

High rates of pollen and seed rain from invasive plants and the 

long-term viability of seed in the soil may overwhelm the biotic 

resistance of even the most nonfragmented and native plant-

dominated ecosystems. We need to better understand the roles 

of propagule pressure and the numbers, sizes, and distributions 

of invasive plant populations to better predict the dynamics 

of spread. Pathway analyses and models of spread should 

incorporate estimates of dispersal distances and predictions of 

safe establishment sites, both of which require a detailed under-

standing of each plant’s reproductive strategies and physiology 

at various stages of development. 

For both large-scale models of invasive species patterns 

and local-scale studies of the role of stand-level attributes, 

high-quality data sets are needed. Forest Service researchers 

will need to collaborate with universities and States to ensure 

that data on nonnative species are collected, verified, and 
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made available in Web-accessible databases. Ready access 

to taxonomic experts is critical for detecting and responding 

to populations of invasive species when they are small and 

manageable. Likewise, investments in forest monitoring plots, 

such as the Forest Inventory and Analysis system, may provide 

information on invasions relative to stand structural attributes 

and assist in predicting invasion trajectories and potential 

effects of invasions on community productivity and diversity. 

Early Detection and Rapid Response

There is a need for a centralized, rapid, effective procedure 

for identifying potential new plant invaders. A user-friendly 

database of information on potential invaders and management 

methods would facilitate early response. Effective survey 

strategies and techniques are needed for detecting very small, 

isolated populations of newly established nonnative species 

and for predicting invasible habitats, perhaps based on habitat 

risk and vector assessments. Research is needed to determine 

the best tools for land-based, regional surveys of nonnative 

invasive species that are rapid, quantifiable, and repeatable. 

We need to expand our proactive research role that will 

promote early and rapid management of plant invasions by 

Federal, State, and local entities when such invasions are small 

and controllable. Risk assessments at this stage should be based 

on plant population ecology and metapopulation models, espe-

cially dispersal rates, pathways, and distances. There is a need 

to develop tools to identify potentially invasive species, priori-

tize species for management attention, identify priority areas 

for treatment, and more successfully eradicate high-priority 

invaders with minimal nontarget effects. Spread models and 

forest growth and regeneration models that use various sce-

narios to predict species compositional changes (and associated 

economic losses in property values) over time and under differ-

ent levels of control and management (including the do-nothing 

alternative) will provide scientific- and economic-based incen-

tives to respond early and rapidly. There is a need for social 

science research focused on understanding the human behavior 

of those responding to the invasions, because the success of any 

new rapid response tool is dependent on the cooperation of a 

number of different people, including scientists, land managers, 

and amateur botanists, as well as public response.

Management and Mitigation

Rising rates of introduction coupled with the spread of 

increasing numbers of invasive plant species on forests 

and rangelands will challenge land managers to determine 

priorities for control and mitigation. Research quantifying 

ecological and socioeconomic effects of nonnative invasive 

plant species is critically needed to aid decisionmaking, focus 

management efforts, and develop a better understanding of the 

behavior of different species and ecosystems under different 

environmental circumstances. What are the likely long-term 

consequences of no management for a newly invasive plant 

species? Forest Service research into tool development 

should seek to maximize effects on target organisms and to 

minimize nontarget effects. In most cases, knowledge of the 

basic biology, population genetics, and population ecology 

of high-priority target species will be necessary to design 

protocols to mitigate their effects. Managers may also seek 

lessons learned from similar species and ecosystems to develop 

general protocols. Genetic changes in populations due to 

selection, hybridization, and the introduction of new genotypes 

may increase invasiveness; there is a need to understand the 

contribution of genetic variation in driving plant invasions. 

Invasive plant managers will be able to take advantage of new 

tools, including remote sensing, genetic evaluation, landscape 

analysis, epidemiological modeling, and statistics. Integrated 

pest management using mechanical and chemical treatments, 

biological control agents, and vegetation management via 

prescribed fire and grazing will continue to play an important 

role in the mitigation of invasive plant effects. Research into 

the application, integration, and effects of a broad spectrum 

of tools is needed to improve efficacy, expand our ability to 

treat different ecosystem types, reduce undesirable effects, 

and address emerging invasive species. There is also a need 

for greater emphasis on the development of cost-effective and 

sensitive quantitative monitoring protocols to better assess the 

effectiveness of various control strategies.

Restoration and Rehabilitation 

Mitigation of invasive effects and increasing resistance to 

future invasions are accomplished through restoration and 

rehabilitation activities. We need research to develop vegeta-
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tion management protocols to restore ecosystem processes and 

reduce the effects of invasives, also recognizing those situa-

tions where restoration is neither feasible nor desirable (Lugo 

and Helmer 2004). There is a need to develop ecologically 

sound restoration methods that consider the contributions of 

genetics, population and community structure, and ecosystem 

processes to invasion resistance. Disturbance, high-propagule 

pressures, legacy effects such as seed banks, and changes in 

disturbance regimes and nutrient supply may impede long-term 

restoration success. 

Land managers lack many basic tools for reducing the effects 

of invasive species on severely infested lands. Forest Service 

research can develop propagation techniques and reestablish-

ment tools (Mahalovich and McArthur 2004, Monsen et al. 

2004), address the consequences of using nonnative plants in 

rehabilitation, reduce seed contamination, and guide managers 

in decisionmaking. Forest Service researchers can develop 

guidelines on appropriate species and genotypes for rehabilita-

tion projects. 

Application and Communication 

Effective communication and application of invasive species 

research will benefit from associated sociological research. 

There is a need to know how best to educate forest workers, 

landowners, agencies, public land users, nurseries, and 

highway departments on the importance of preventing the 

introduction of nonnative species, eradicating priority species, 

and restoring areas degraded by nonnative species invasions. 

Invasive plant management guidelines that have been carefully 

researched should be incorporated into existing forest manage-

ment models and tools. 

Web-based databases and networks on invasives are main-

tained by the U.S. Department of Agriculture (USDA) Natural 

Resources Conservation Service’s PLANTS database (http://

plants.usda.gov), National Invasive Species Information Cen-

ter’s Web site (http://www.invasivespeciesinfo.gov), National 

Park Service’s WeedUS database (http://www.nps.gov/plants/

alien/), regional and State Exotic Pest Plant Councils, Invasive 

Plant Councils, national heritage programs, and conservation 

data centers, e.g., Natureserve’s http://www.natureserve.org/

aboutUs/network.jsp. Forest Service research should contribute 

to these resources by providing science findings, syntheses, 

and guides. Nonetheless, traditional scientific publications will 

continue to provide the foundation of peer-reviewed knowledge 

about invasive plant species. 

Timely and effective application of Forest Service research will 

require increased science delivery, communication, and col-

laboration with managers and regulatory agencies, including the 

USDA Animal and Plant Health Inspection Service and State 

agricultural and natural resource departments. The development  

of multiagency networks may enhance timely science application.

Future Top Priorities 

•	 Quantitative risk analyses are needed to identify species 

that should not be brought into the United States or sold in 

nurseries and to prioritize research on individual species or 

species groups. 

•	 Pathway analysis is needed to identify key pathways for 

species’ introductions, vectors of species spread, probable 

points of entry for surveillance for early detection, education 

programs, and management planning.

•	 A better understanding of the shared characteristics, 

behaviors, and environmental thresholds of successful plant 

invaders is needed. 

•	 Researchers and managers need ready access to taxonomic 

expertise for reliable early detection and risk assessment.

•	 The timely application of research results requires active 

interaction of researchers and managers as well as other 

technology transfer vehicles such as workshops for 

landowners and up-to-date information on Web sites and 

other user-friendly formats.

•	 There is a critical need to better understand the effects 

of invasive plant species on native biodiversity and on 

ecosystem services and to develop protocols that assess and 

reduce the effects of multiple stressors such as disturbances, 

climate change, and invasive species on rare and endangered 

species. 

•	 Research is needed to aid in the recognition of habitats most 

vulnerable to invasions and to potential loss of biodiversity 

and alteration of ecosystem services.
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•	 Research is needed to develop management and restoration 

strategies for high-priority species and high-priority habitats.

•	 We need a better understanding of the effects of different 

tools used to manage invasive species, their nontarget 

effects, and whether benefits are real.

•	 The development of “virtual” research teams that cut 

across regions and invasive species taxa should be used to 

better leverage Forest Service expertise in invasive species 

research. For example, Forest Service biological control 

efforts could be more synergistic, involving multiple 

areas of expertise and including Forest Service botanists, 

entomologists, ecologists, pathologists, sociologists, and 

people with expertise in monitoring plant population trends 

and nontarget effects. 
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Terrestrial Animals as Invasive 
Species and as Species at Risk 
From Invasions

Deborah M. Finch1, Dean Pearson2, Joseph Wunderle3, and 

Wayne Arendt3

Abstract

Including terrestrial animal species in the invasive species 

strategy plan is an important step in invasive species manage-

ment. Invasions by nonindigenous species threaten nearly 50 

percent of imperiled native species in the United States and are 

the Nation’s second leading cause of species endangerment. 

Invasion and conversion of native habitats by exotic species 

can have detrimental effects on animal species by reducing 

habitat quality through changes in habitat structure, shelter, 

food availability, and community interactions. Managers 

need information about invasive animals and native animal 

responses to invasions to prepare management plans. Regula-

tory laws such as the Endangered Species Act require that 

potential effects on animal populations be evaluated before 

taking action to alter or restore habitats. “Injurious” invasive 

animal species must also be regulated under the Lacey Act.

The Forest Service is well positioned to address problems 

caused by invasive animals and mitigate effects of invasive 

exotic species on native animals. National forests and grass-

lands provide diverse habitats for numerous wildlife species. 

The Forest Service has scientists, ongoing studies, networks, 

partnerships and experimental forests and ranges focused on 

understanding problems linking animal species, invaders, and 

habitat changes. 

Many of our customers are currently based in rural areas, but 

customer demand can be expected to shift over the next 50 

years to urban communities as rural areas become urbanized. 

Our range of customers will expand worldwide as invasive 

species problems become increasingly global. Preventing 

global homogenization, or the ecological replacement of native 

species with widespread exotics, will require global commu-

nication. It is imperative that the Forest Service take an active 

international role in communicating solutions about this topic to 

a global community.

Key future issues for terrestrial animals include the following:

•	 Protecting wildlife from endangerment by invasions.

•	 Rehabilitating invaded riparian habitats and conserving 

riparian-obligate species.

•	 Managing damage to wildlife habitats from introduced insect 

species.

•	 Restoring and rehabilitating invaded wildlife habitats prone 

to fire outbreaks.

•	 Conserving animal species affected by habitat conversion 

and fragmentation.

•	 Managing wildlife habitats in relation to invasions 

propagated by climate change.

•	 Managing urban-wildland areas invaded by high numbers of 

nonnative species.

•	 Mitigating and managing the effects of nonnative diseases 

and viruses spread by animals.

•	 Detecting and eradicating invasive species in areas of high 

wildlife diversity.

•	 Understanding patterns and movements of invasive 

organisms across landscapes.

The top five priorities for terrestrial animals are as follows:

1.	 Develop knowledge and tools to manage and mitigate the 

effects of invasions facilitated by globalization, urbanization, 

and climate change on distributions and abundances of 

native animal species.

2.	 Develop knowledge and tools to improve the effectiveness 

of invasive species management and minimize management 

side effects.

1 Research Wildlife Biologist, Forest Service, Rocky Mountain Research Station, 333 Broadway SE., Suite 115, Albuquerque, NM 87102.
2 Research Ecologist, Forest Service, Rocky Mountain Research Station, 790 East Beckwith Avenue, Missoula, MT 59801.
3 Research Wildlife Biologist, Forest Service, International Institute of Tropical Forestry, P.O. Box B, Palmer, PR 00721.
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3.	 Develop knowledge and tools for managing invaded 

woodland, desert, steppe, and grassland ecosystems to 

conserve native species.

4.	 Develop knowledge and tools to manage and rehabilitate 

invaded riparian ecosystems, recover native species, and 

conserve biological diversity.

5.	 Develop knowledge and tools to mitigate invader effects on 

native species and habitats in tropical island ecosystems.

Why Terrestrial Animals Need  
To Be Included in the Invasive  
Species Strategy Plan

Invasions by nonindigenous species threaten nearly 50 percent 

of imperiled native species in the United States and are the 

Nation’s second leading cause of species endangerment after 

habitat destruction and degradation (Wilcove et al. 2000, 

Wilson 2002). Population and ecosystem effects by invasive 

species include disease, predation, competition, parasitism, 

hybridization, alteration of disturbance regimes, alteration of 

nutrient cycles, and alteration of hydrologic cycles, all of which 

can affect terrestrial animal species (Mack et al. 2000).

Native animals are adapted to habitats composed of native 

plants. Invasion and conversion of native habitats by nonnative 

plant species can have detrimental effects on animal species by 

altering habitat quality through alterations in habitat structure, 

hiding and shading cover, food abundance, arthropod emergence 

cycles, nesting and denning substrates, animal species composi-

tion, predation rates, parasitism rates, and competitive interac-

tions. Animal population responses to invaded or converted 

habitats can include species population declines, reduced species 

productivity, behavioral changes, disruptions in breeding cycles, 

emigration, and endangerment of populations or species. 

We need to understand the relationships between changes in 

plant communities caused by invasions and animal populations 

to develop habitat restoration and management plans. Regula-

tory laws such as the Endangered Species Act, Migratory Bird 

Research and Management Act, and National Environmental 

Policy Act require that effects on animal populations be evalu-

ated before altering or restoring habitats through management 

actions. Thus, managers need research information about the 

status of animal populations before and during restoration and 

management of invaded habitats. In addition, many terrestrial 

animal species, such as the brushtail possum (Trichosurus 

vulpeculia) and the brown tree snake (Boiga irregularis), are 

known to be highly invasive once introduced and are identified 

as “injurious” by the U.S. Fish and Wildlife Service, requiring 

regulation under the Lacey Act.

Mobile animal species can carry and spread the etiological 

agents of emerging diseases such as West Nile virus and avian 

influenza virus. Knowledge of animal behavior, infection rates, 

and patterns of movement and migration of infected animals is 

needed to reduce animal mortality rates and prevent spread of 

diseases to humans. Mobile animal species also disperse seeds, 

thus potentially furthering the spread of nonnative plant spe-

cies. Development of knowledge of animal movement and seed 

dispersal patterns may help predict patterns of species invasion 

and prevent further spread. 

Some animal species may have adapted over time to the 

presence of nonnative species, and restoring habitats to their 

original condition can have negative consequences to the 

native animal species, particularly if it is endangered. We need 

to better understand the potential negative consequences of 

restoration to mitigate such effects.

What Is the Unique Role for the  
Forest Service Today?

•	 The Forest Service manages a wide network of national 

forests and grasslands for natural resources, ecosystem 

services, and recreation. These public lands provide diverse 

habitats for numerous animal species. The Forest Service 

must safeguard its wildlife resources as it has been entrusted 

to do by the public. Nonnative species are identified as the 

second greatest cause of species imperilment (Wilcove et al. 

2000). The Forest Service is mandated by regulatory law and 

by forest plans to manage wildlife and their habitats, prevent 

and reduce threats to wildlife, and avoid endangering species.

•	 Wildlife viewing is a leading recreational pastime on 

national forests and grasslands. Reductions in wildlife 

viewing opportunities caused by invasive species jeopardize 

the trust the public places in Forest Service stewards.
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•	 Forest Service research stations have scientists who have 

first-hand experience in developing knowledge focused 

on animal species and habitats, including the adverse 

relationships among invasive species, animal populations, 

and management practices. Scientists can readily adjust their 

research focus to accommodate emerging issues associated 

with invasive issues when funding is available.

•	 Forest Service researchers have an extensive network of 

partnerships and specialized agreements and collaborations 

with universities, other research organizations, and multiple  

Federal, State, and municipal management agencies. Through  

existing and future collaborations, Forest Service researchers 

can develop knowledge that is critical for solving invasive 

species problems relative to terrestrial animal species.

•	 The Forest Service manages numerous experimental forests 

and ranges and multiple research natural areas that are con

ducive to experimental studies of wildlife and invasive species.

•	 The Forest Service has formed partnerships with managers 

of Long-Term Ecological Research Sites and National 

Ecological Observatory Network (NEON) Core Sites, 

which have the infrastructure for monitoring long-term and 

broad-scale trends in native and nonnative plant and animal 

populations. Invasive species issues are a research challenge 

identified by NEON.

•	 Many invasive species/wildlife problems are situated in 

urban-wildland interfaces, where urban forest institutes and 

ecosystem management units managed by Forest Service 

Research and Development can readily address them. 

•	 Litigation over wildlife species issues produces gridlock 

for Forest Service managers as they attempt to implement 

forest and rangeland management actions. Failure to 

address invasive species/wildlife issues will likely lead to 

further gridlock.

Who Are Our Customers?

Customers seeking knowledge about the relationships between 

invasive species and terrestrial animal species include land 

managers and professionals from numerous land and natural 

resources agencies, including those from the National Forest 

System, State and Private Forestry, and International Forestry. 

In addition, agencies that regularly approach us to develop 

research studies, obtain information, or consult on best man-

agement practices include the Bureau of Land Management, 

USDA Agricultural Research Service and the Natural Resources 

Conservation Service, U.S. Fish and Wildlife Service, National 

Park Service, Bureau of Reclamation, Bureau of Indian Affairs, 

Native American Tribes, Army Corps of Engineers, Department 

of Defense, National Wildlife Refuges, State fish and wildlife 

agencies, State parks, conservation districts, city open space 

managers, and many more. 

We supply information directly and through extension services 

to assist private and research ranches, managers of leased 

allotments, irrigators, users of water rights, city planners, and 

extension service customers. We offer knowledge, funds, train-

ing, jobs, and internships to students at multiple educational 

levels. Numerous nongovernmental organizations, such as The 

Nature Conservancy, National Wildlife Federation, Defenders 

of Wildlife, Hawks Aloft, Partners in Flight, Ducks Unlimited, 

and the Rocky Mountain Elk Foundation, and recreational 

users, such as birdwatchers, comprise a significant portion of 

our customer base. Professional societies, such as The Wildlife 

Society, Ornithological Societies of North America, and 

Society for Conservation Biology, use our research information 

for publishing purposes and to develop science-related policy. 

Our scientists are invited to host society meetings, give keynote 

talks, and contribute scientific presentations. Our publications, 

ideas, and models are cited extensively in the scientific litera-

ture by other researchers. Conservationists use our information 

when making recommendations for managing wildlife, habitats, 

and ecosystem services.

Invasive species are a global problem aggravated by a global 

market. The Forest Service needs to greatly expand its role as 

an international steward by reaching out to international cus-

tomers and developing nations with research information about 

problems and solutions regarding invasive species. 

Key Future Issues

Many of our customers currently are based in rural areas. We 

will continue to have many of the same or similar agency cus-

tomers in the future, but customer demand for our research can 

be expected to shift from rural communities to urban popula-

tions as rural areas become urbanized and exurban populations 

expand into wild lands. 
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Advanced communication technologies and globalization of 

trade have rapidly expanded our range of customers, but we 

have not capitalized on or appropriately recognized our role as 

international stewards. Our Nation’s increased access to world 

markets is paralleled by a rapid increase in natural resource 

problems. One of the most significant problems associated 

with globalization is biotic homogenization (i.e., the ecological 

replacement of native species with widespread exotics) (Lock-

wood et al. 2000). Increases in human population growth are 

also increasing greenhouse gas emissions, resulting in global 

climate change (IPCC 2007) that has the potential to alter 

distributions of invasive and native species. 

In 15, 30, or 50 years, we may be focusing more of our time 

and funds on research directed toward the following: 

•	 Protecting wildlife species from endangerment in invaded 

urban and urban-wildland interfaces.

•	 Understanding and managing plant and animal species 

invasions and consequent habitat losses associated with 

climate change and global warming.

•	 Managing riparian habitats and riparian-obligate animal 

species affected by invasions linked to water management 

practices such as flood control, surface water diversions, and 

ground water pumping.

•	 Managing and preserving sensitive or vulnerable 

ecosystems that act as uninvaded islands having high 

biological diversity, endemic animal species, or endangered 

populations of native animal species.

•	 Restoring wildlife habitats damaged by introduced insect 

species, such as Africanized honeybees (Apis mellifera 

scutellata), or degraded by invasive plant species that alter 

nest substrates and habitat structures.

•	 Restoring wildlife habitats prone to outbreaks of fire 

associated with plant invasions.

•	 Recovering endangered species affected by conversion of 

native habitats to monotypic vegetation composed of an 

alien plant species.

•	 Managing animal populations in fragmented, suburbanized 

deserts and rangelands invaded by species such as buffelgrass 

(Pennisetum ciliare) and lovegrass (Eragrostis spp.).

•	 Managing urban-wildland interface corridors used by 

animals that spread the seeds of invasive plants.

•	 Managing land fragments and habitat remnants vulnerable to 

plant invasions and habitat conversions that result in loss of 

critical wildlife habitat.

•	 Mitigating the effects of fragmentation-induced invasions on 

animal and native plant populations.

•	 Detecting and managing the spread of diseases and viruses 

carried by, infecting, or killing wildlife species.

•	 Detecting and eradicating or intensively managing suites 

of invasive and affected native species based on advanced 

technologic capabilities for detecting “hotspots” and native/

invasive relationships (Hof et al. 2006, Stohlgren et al. 2006).

•	 Understanding how patterns and movement of genes 

and organisms across the landscape affect biodiversity, 

ecosystem function, and the spread of infectious diseases 

and invasive species.

•	 Understanding the role of outbreaks of insects, such as 

gypsy moth (Lymantria dispar), Africanized honey bee, 

and hemlock woolly adelgid (Adelges tsugae), in altering 

wildlife habitat.

The Future of Prevention and Prediction

•	 One of the single most important aspects of prediction 

and prevention is preventing new invasions in otherwise 

uninvaded areas, such as wilderness, national parks, and 

other refuges, followed by identifying other areas at high 

risk but currently low impact.

•	 Enhance our understanding of the mechanisms causing 

invasions that affect or involve terrestrial animal species 

to enable prediction of invasions and improve current risk 

assessments.

•	 Develop monitoring tools and methods for predicting 

and preventing the entry and emergence of harmful 

invasive animal species, such as Africanized honeybees, 

invasive rodents, brown tree snakes, java sparrows (Padda 

oryzivora), and others under the Lacey Act and listed on the 

Federal Register Notices.

•	 Develop strategies to predict and prevent the introduction 

and spread of animal species (e.g., rats, snakes, toads, birds) 

that are likely to be invasive based on knowledge of the 

invasive potential of introduced related species from similar 

climate zones. 
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•	 Likewise, develop strategies to predict and prevent the 

introduction and spread of invasive plants, insects, and 

diseases that negatively affect and endanger wildlife species 

and local populations based on what has been learned from 

earlier outbreaks of similar species.

•	 Enhance our understanding of attributes that make 

terrestrial animal communities or their natural habitats most 

susceptible to invasion and provide guidelines to reduce the 

vulnerability of communities to invasion.

•	 Develop treatment options to discourage nonnative species 

invasions following natural disturbances such as wildfires 

and fuel treatments.

•	 Model the influences of disturbance history, topography, 

geography, precipitation and temperature patterns, and 

climate change on the distributional relationships among 

invasions, biological diversity, and patterns of species 

endangerment.

•	 Develop models and knowledge to predict how drought, 

hurricanes, global warming, and fire influence outbreaks of 

invasive pests harmful to wildlife and their habitats.

•	 Communicate with the public about invasive species, such 

as feral pets, horticultural plants, and diseases dispersed 

by animals, and develop support and understanding of the 

importance of early prediction and prevention.

The Future of Detection and Eradication 

•	 Develop tools and methods for detecting, prioritizing, and 

eradicating invasive plant and insect species that have the 

potential to harm or endanger wildlife species either directly 

by increasing mortality rates, indirectly by reducing habitat 

quality or availability, or broadly by reducing overall 

biological diversity.

•	 Identify priority geographical areas for treatment of invasive 

species based on sensitivity of wildlife species to harmful 

invasions or based on numbers of wildlife species that could 

be negatively affected.

•	 Develop tools and methods for detecting and eradicating 

harmful invasive animal species such as Africanized 

honeybees, invasive rodents and snakes, nutria (Myocastor 

coypus), and barred owls (Strix varia) that colonize new 

areas, where they may decimate habitats or key habitat 

components, or parasitize, hybridize, weaken, compete with, 

prey upon, kill, or replace native species. 

•	 Develop spatial maps of occurrence of individual invasive 

species and concentrations of species and overlay these with 

maps of native animal species concentrations to determine 

priority locations for focusing eradication efforts.

•	 Develop tools, models, and protocols for detecting and 

monitoring new invasive species populations and their rates 

of spread in relation to wildlife population responses.

•	 Communicate and collaborate with local, State, national, 

and international networks to detect, monitor, manage, and 

mitigate invaders that have a harmful effect on threatened, 

endangered, and sensitive wildlife species.

The Future of Management and Mitigation

•	 Develop tools to prioritize invasive species for control based 

on the extent to which they damage habitats required by 

native terrestrial animal species; negatively affect native 

species richness and biological diversity; disrupt timing and 

availability of food supplies; damage trophic relationships; 

affect keystone species; and jeopardize sensitive, threatened, 

and endangered species.

•	 Develop, compare, or refine tools to more effectively 

manage invasive species populations for the purpose 

of restoring and improving habitats for affected native 

wildlife species, maintaining native biological diversity, re-

establishing ecosystem linkages, and recovering threatened 

and endangered species.

•	 Develop tools to prioritize invaded areas deemed as critical 

to the conservation and recovery of wildlife habitats, native 

plant communities, and animal species at risk of local 

extinctions.

•	 Develop and evaluate tools for timing treatments to 

maximize efficacy and minimize side effects on nontarget 

native wildlife species.

•	 Assess and describe the relationships among plant invasions, 

fire, wildlife habitat use, and habitat restoration to reduce 

fire risk in ecosystems in which plant invasions increase fire 

frequency (e.g., ecosystems invaded by saltcedar (Tamarix 

ramosissima), cheatgrass (Bromus tectorum), buffelgrass, and 

Lehmann lovegrass (Eragrostis lehmanniana) (Cox 1999). 

•	 Refine fundamental knowledge of population genetics and 

ecology of priority invasive species to reduce their effects on 

native animal populations. 
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•	 Communicate with the public about how invasive species 

are linked to the imperilment of native animal species and 

develop support for invasive species management and 

mitigation based on the public appeal for wildlife.

•	 Manage travel corridors and dispersal pathways to prevent 

the spread of animal diseases and facilitate the movement of 

animal vectors.

The Future of Restoration and 
Rehabilitation

•	 Develop ecologically sound restoration methods that consider 

genetics at population, community, and ecosystem levels of 

integrity and resistance to reinvasion.

•	 Evaluate the economic and nonmonetary costs and benefits 

to native species and biological diversity of restoring and 

rehabilitating invaded ecosystems (sensu Pimentel et al. 2000).

•	 Develop guidelines for prioritizing populations, 

communities, habitats, and ecosystems for restoration work 

to maximize efficacy and efficiency of the restoration efforts 

under limited resources. 

•	 Obtain public and political support for restoration work to 

enhance the recovery and maintenance of wildlife habitats 

and animal populations, especially when the invaded 

ecosystem may be seen as the attractive norm. 

•	 Develop a scientific basis for restoring and rehabilitating 

invaded ecosystems, considering the economic and value-

added benefits to wildlife populations, recreational animal 

species, endangered species, and biological diversity.

•	 Reduce or eliminate factors in restored wildlife habitats 

that increase risk of reinvasion and ensure that critical 

components, such as food supplies and nest substrates 

affected by invasions, are restored for use by animal 

populations. 

•	 Determine the relationships and interactions among natural 

disturbance regimes (e.g., fire, flooding, hurricanes, 

drought), species invasions, and animal survival 

requirements and restore disturbances found to be useful 

in suppressing invasions and sustaining native animals and 

their habitats.

The Future of Application and 
Communication
We need to improve our methods for disseminating research 

tools and information. Peer-reviewed publication of scientific 

results must be followed up with translation of research results 

into more generalized and user-friendly products. Tools should 

be translated into brief explanatory products that can be dis-

seminated through brochures, Internet Web sites, and other 

means that more effectively reach managers and the public. 

Scientists need to coordinate and collaborate with State and Pri-

vate Forestry and university extension services to exploit these 

infrastructures for more effective dissemination of important 

new findings and tools to a broader customer base.

We can expect increasing use and demand for our research 

information by multiple cultures as the ethnic composition of 

our Nation changes in response to growing and immigrating 

populations of Hispanic, Asian, and other people. Changes in 

human population demographics will cause shifts in our role 

over time. Our role will likely become increasingly oriented 

toward the needs and demands of urban, suburban, and exurban 

populations whose interests may be nontraditional, more 

diverse, and dictated by socioeconomic status. Differences in 

socioeconomic background may explain differences in how 

communities interact with their external environment. For 

example, compared with wealthier, racially mixed neighbor-

hoods, impoverished and ethnically segregated urban areas tend 

to have more impoverished bird communities dominated by 

exotic bird species (Melles 2005). This situation is related to 

the amount and types of vegetation planted in neighborhoods, 

including whether the planted species are native and whether 

community planting programs are available. 

We need to use advanced communication technologies to con-

vey information about invasive species to people in developing 

countries. We cannot afford to isolate ourselves by ignoring 

our role as international stewards. Our Nation’s problems with 

invasive species are global problems. The global spread of 

invasive species is leading to the worldwide impoverishment of 

biological diversity. 

It would behoove the Forest Service to direct communication, 

funding, and educational efforts toward global, urban, and 

underserved communities, enabling them to gain an increased 

appreciation of and concern for the natural world as well as an 

understanding of the harm associated with the introduction of 
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nonnative species. We can evolve to meet local community 

demands and global needs by (1) changing our workforce to 

match the types of customers we serve, (2) reaching out more 

effectively to convey information about invasive species to 

diverse communities and worldwide users, and (3) seeking 

to understand how diverse cultural, economic, immigrant, and 

international backgrounds can be used to guide program delivery 

about the economic and ecological costs of invasive species.

Top Five Priorities

1.	 Develop knowledge and tools to manage and mitigate 

effects of invasive species facilitated by globalization, 

urbanization, and climate change on distributions and 

abundances of native animal species.

Global change involves rising numbers of human immigrants 

and travelers, increased world trade, and advances in global 

communication and transportation (McNeeley 2000), all of 

which increase the probability that new alien pests, including 

plants, insects, rodents, reptiles, birds, predators, and viruses, 

will “hitchhike” or intentionally be released into the United 

States. Global change influences the scale and tempo of change 

in health risk pertaining to invasive viruses and diseases 

(McMichael and Bouma 2000). Perhaps the greatest hidden 

danger from invasive species is their contribution to “global 

homogenization,” a process linked to factors ranging from 

communication technology to consumer mentality (McNeeley 

2000). Biotic homogenization is the preferential loss of native 

species across taxons, or within taxonomic groups (e.g., global 

avifaunas), followed by ecological replacement with wide-

spread exotics (Lockwood et al. 2000). Homogenization affects 

the abundance and distribution of species and the functioning 

of ecosystems (Collins et al. 2002). To retard the rate of global 

homogenization of species, future research will need to devote 

more attention to developing tools and methods for (1) detect-

ing immigrating pests, viruses, and diseases that are known or 

have the potential to spread rapidly, jeopardizing or infecting 

not only humans but also native animals (including vulnerable 

species and disease vectors), and (2) preventing them from 

establishment in the United States. 

Increased human activity (e.g., development) is correlated 

with the ecological imperilment of species (Brown and Laband 

2006). Urbanization increases road density, air travel, bike 

and pedestrian travel, construction, and overall human activity 

in a given area, resulting in new pathways and wildland entry 

points available for dispersal of invasive species. Urbanization 

disturbs soil surfaces, introduces feral or escaped populations of 

domestic plants and animals, increases the frequency of human-

caused fire outbreaks, and fragments and converts habitats. 

Cumulative disturbance in urban and exurban environments 

facilitates introductions and rapid spread of new invasive spe-

cies, resulting in habitat fragmentation and reduced biological 

diversity (Hansen et al. 2005). Increased human population 

growth also accounts for increased urban warming and the 

development of urban “heat islands” that can attract invasive 

species. In addition, global rise in human activity increases the 

greenhouse effect, primarily through release of carbon dioxide 

(CO
2
) emissions. Recently observed global warming is believed 

by many to be caused by greenhouse gas emissions from indus-

try, transportation, and agriculture (IPCC 2007). 

Patterns of species richness of native and nonindigenous plants 

and animals are correlated with each other and with geographi-

cal patterns of precipitation and air temperature (Stohlgren et 

al. 2006). Consequently, changes in climate may cause changes 

in the geographical distributions and concentrations of invasive 

and native species and may alter the susceptibility of habitats 

to future invasions by new nonnative species. Increasing CO
2
 

emissions due to human population growth can be expected to 

induce distributional changes in native and nonnative species 

either through direct effects (e.g., on photosynthetic processes) 

(Dukes 2000) or through effects of global warming. Global 

warming in combination with escalating human use of surface 

and ground water supplies will likely warm soils and dry water- 

ways in some regions of the country, fostering the ability of  

xeric-adapted invasive species to colonize new areas and expand 

their ranges. The Forest Service needs to be proactive in predicting, 

detecting, and managing invasions and habitat losses related to 

changes in climate, water supply, and consumer use of water. 

2.	 Develop knowledge and tools to improve management 

effectiveness and minimize unintended side effects.

The effectiveness of invasive species management and 

management tools (e.g., herbicides, biological control agents, 

fuels management) needs to be assessed for their suitability in 

sustaining wildlife populations, protecting biodiversity, and 

restoring wildlife habitats and food supplies. Most manage-

ment tools cause disturbances that can facilitate invasions. All 
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management tools, including invasive species tools, inevitably 

have side effects. In general, these side effects decrease with 

increased specificity of the management tool, but even highly 

specific management tools can affect native species through 

complex interactions (Pearson and Callaway 2003). 

Invasive plant management can endanger threatened species, 

as in the case of the southwestern willow flycatcher, or even 

increase risk of human disease, as in the case of hantavirus, if 

not carefully applied (Dudley and Deloach 2004, Pearson and 

Callaway 2006). As noted by the Office of Management and 

Budget review of the Forest Service invasive species program, 

a foremost need in invasive species management now and in 

the future is better knowledge of our management tools and 

the systems we are working with to ensure that management 

actions improve conditions without creating more problems. 

3.	 Develop knowledge and tools for managing invaded 

woodland, desert, steppe, and grassland ecosystems to 

conserve native species. 

Old-world invasive grasses now dominate many Great Basin, 

Mojave, and Sonoran Deserts (Brooks and Pyke 2002), and 

old-world forbs are disrupting western grassland systems of 

the Columbia River Basin and Great Plains. Exotic grasses 

include the annuals cheatgrass, red brome (Bromus rubens), 

Mediterranean grass (Schismus barbatus), and medusahead 
(Taeniatherum caput-medusae) and the perennials buffelgrass, 

fountain grass (Pennisetum setaceum), natal grass (Melinis 

repens), and Lehmann lovegrass. These species have altered 

fire regimes, shortening the fire return interval. Exotic forbs 

include the knapweeds, leafy spurge (Euphorbia esula), St. 

Johnswort (Hypericum perforatum), and many others that 

affect wildlife populations by disrupting vegetation communi-

ties. All these invasive species thrive in post-fire landscapes. 

Greater sage grouse (Centrocercus urophasianus) once ranged 

through 13 Western States and 3 Canadian provinces, but 

populations have declined at an overall rate of 2 percent per 

year from 1965 to 2003, and only about 56 percent of grouse 

presettlement range is currently occupied (Connelly et al. 

2004). Invasive species, particularly cheatgrass and West 

Nile virus, pose threats to sage grouse and their habitats. Sage 

grouse are considered obligates of sagebrush (Artemesia spp.) 

and require large, connected landscapes of sagebrush, grasses, 

and forbs for their lekking, breeding, and feeding activities. Of 

the historical sagebrush habitat, 31 percent has been converted 

to other vegetative cover, including areas invaded by alien 

species (Connelly et al. 2004). Cheatgrass invasion shortens 

the fire-return internal, reducing or eliminating fire-sensitive 

sagebrush (Pyke 1999). Other sagebrush bird species are also 

threatened by alien plant invasions (Knick et al. 2003). West 

Nile virus, another alien invader, represents a significant new 

threat to sage grouse and other at-risk bird species (DeLach 

2006, Naugle et al. 2004). Research is required to develop 

tools and protocols for restoring and rehabilitating sage grouse 

habitats, reducing the amount of historic range now infested 

by cheatgrass, and developing measures for safeguarding sage 

grouse populations from infection by West Nile virus.

Spotted knapweed (Centaurea stoebe) and other exotic forbs 

have radically transformed large regions of western grasslands. 

Reductions in native plant abundance and diversity by these 

species have reduced forage for big game species and domestic 

livestock and eroded native food chains for songbirds by 

reducing invertebrate foods (Ortega et al. 2006, Trammell and 

Butler 1995). Buffelgrass and Lehmann lovegrass have spread 

throughout arid environments of Arizona. Buffelgrass chokes 

out native species and increases the frequency of fires in the 

Sonoran Desert. Fires kill native old-growth cactus, including 

endemic saguaro (Carnegiea gigantea), an important source 

for cavity nests of the endangered cactus ferruginous pygmy 

owl (Glaucidium brasilianum cactorum), and endemic palo 

verde (Cercidium floridum, C. microphyllum), which is used as 

a nest tree by many endemic bird species. Birdwatching is an 

important form of tourism in the Sonoran Desert environments 

near Tucson, where species richness of endemic and unusual 

bird species is remarkably high. Bock and Bock (1986) found 

that conversion to lovegrass communities at a Sonoran Desert 

site reduced numbers of species of birds, rodents, and grasshop-

pers. Desert tortoise (Gopherus agassizii) is both directly and 

indirectly affected by invasive plants and the fires that they 

cause (Brooks and Pyke 2002). In areas of recurrent fire, desert 

tortoise is completely absent. New studies are needed to deter-

mine the relationships among grass invasions, fire, and endemic 

wildlife species. 

Broadleaf herbicides can be used to effectively control invasive 

forbs over local areas, but there is a need to better understand 

how best to deploy these herbicides to maximize their effec-

tiveness at controlling target invaders and minimize their side 

effects on nontarget species. Some herbicides have been devel-

oped to suppress graminoids, but many are problematic due to 
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their lack of specificity to the target invasive grass, which can 

result in effects on desired native grasses. Moreover, many of 

the serious problem grasses have achieved a scale of invasion 

that far exceeds effective control using herbicides. Biological 

control has proven effective for numerous widespread invasive 

forbs but less so for grasses, and biological control successes 

are generally sporadic. More research would advance our 

understanding of efficacy in biocontrol, particularly as it relates 

to problematic grasses. The use of grazing and fire as effective 

management tools for some exotic grasses and forbs should be 

explored further. 

4.	 Develop knowledge and tools to manage and rehabilitate 

invaded riparian and wetland ecosystems, recover native 

species, and conserve biological diversity. 

Riparian and wetland habitats have disproportionately high 

species richness of terrestrial animals, especially birds, relative 

to the percent of land area they encompass. But in many areas, 

these habitats are now becoming havens for many invasive 

species (Stohlgren et al. 1998). Invasions have the potential to 

impoverish the fauna inhabiting riparian and wetland commu-

nities. Even though less than 6 percent of the Earth’s land mass 

is wetland, 24 percent of the world’s most invasive plants are 

wetland species (Zedler and Kercher 2004). Many riparian and 

wetland invaders form monotypes that alter habitat structure, 

lower biodiversity, change nutrient cycling and productivity 

(often increasing it), and modify food webs. Wetlands are 

landscape sinks that accumulate debris, sediments, water, and 

nutrients, all of which facilitate plant invasions by creating 

canopy gaps or accelerating the growth of opportunistic plant 

species. Residential development and associated habitat 

fragmentation also increase vulnerability of riparian areas to 

nonnative plant invasions (Lussier and Da Silva 2005). 

In the Southwest, elimination of spring flood events has reduced 

recruitment in cottonwood populations along many rivers and 

streams, allowing invading plants, such as saltcedar and Russian 

olive (Elaeagnus angustifolia), to establish on sites formerly 

occupied by native cottonwoods and willows. As surface water 

availability declines, native riparian plants senesce and invasive 

plants replace them. Under these conditions, desert bighorn 

sheep (Ovis canadensis nelsoni) populations and other native 

wildlife generally decline (Lovich and de Gouvenain 1998). 

Accumulation of woody debris, combined with dense stands 

of invasive woody plants in the understory, has led to fuel 

loadings capable of supporting catastrophic wildfires (Busch 

1995). Sensitive and endangered species such as southwestern 

willow flycatcher (Empidonax traillii extimus) and yellow-

billed cuckoo (Coccyzus americanus) depend on the presence 

of riparian vegetation. Fires destroy their nests, lowering their 

local productivity and recruitment rate. Fires destroy cot-

tonwoods used by riparian cavity-using species, such as Myotis 

bats, woodpeckers, kestrels, Bewick’s wren (Thryomanes 

bewickii), ash-throated flycatcher (Myiarchus cinerascens), 

and nuthatches, and platform nesters, such as owls, buteos, and 

accipiters, which require large tree species to build nests and 

reproduce. Invasive woody species are unsuitable as nest sites 

for these animals. Fire kills cottonwoods, resulting in early 

emergence of a critical food source (cicadas) for birds and other 

wildlife (Smith et al. 2006). Fire facilitates replacement by 

invasive plants. Managers lack information on the interactive 

and long-term effects of invasive plants, fires, and flood control 

on sensitive wildlife species and their habitats. 

In California and other subtropical regions, giant reed (Arundo 

donax), a nonindigenous perennial grass, aggressively invades 

riparian areas, changing vegetation structure, reducing availabil-

ity of perch and nest sites, and reducing numbers, total biomass, 

and taxonomic richness of aerial insect species (Herrera and 

Dudley 2003). Alteration of food supply reduces the habitat 

value of riparian areas to bird species and other animals whose 

diets are largely composed of insects found in native riparian 

vegetation. Endangered species obligated to riparian zones include 

least Bell’s vireo (Vireo bellii pusillus) and southwestern willow 

flycatcher. Both species are threatened by habitat loss caused by 

giant reed invasion.

Land managers need increased understanding and improved 

tools to deal effectively with the complexity of interacting 

problems created by invasions in riparian ecosystems. Current 

restoration and rehabilitation methods for riparian areas are 

often not compatible with goals for recovering endangered 

animal species or conserving species diversity. New research 

could provide alternative approaches for managing riparian 

ecosystems to enable conservation of animal species.

5.	 Develop knowledge and tools to manage invasive and native 

species and habitats in islands and island ecosystems. 

Because island faunas have evolved in isolation, they are 

especially sensitive to invasive exotic species of competitors, 

predators, and parasites to which the island dwellers have few 
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or no defenses. Introductions of rats, dogs, cats, pigs, goats, and 

mongoose (Herpestes javanicus), as well as other animals asso-

ciated with human colonization, have caused extinctions and 

still continue to threaten Pacific and Caribbean island species. 

On the island of Guam, 9 of 11 forest-dwelling bird species 

were extirpated following the arrival of the brown tree snake in 

the early 1960s. Similarly, Hawaii’s endemic bird populations 

were extirpated in the lowlands in the 1880s as the result of the 

accidental introduction of mosquitoes that transmitted bird pox 

and avian malaria to which the natives lacked immunity. 

Invasive exotic plants can also negatively affect island wildlife 

populations, especially those that change the environment they 

invade. A typical example is that of the invasive exotic grasses, 

which are highly susceptible to wildfires and change the fuel 

load such that intensive wildfires become more likely. The 

grasses recover quickly from fires in contrast to woody vegeta-

tion that recovers slowly, if at all, and the resulting wildfire 

cycle impedes forest regeneration. This type of problem is 

of special concern in Hawaii and Puerto Rico, where forest 

areas are limited and vulnerable to additional anthropogenic 

and natural (e.g., hurricanes) disturbances, further stressing 

threatened and endangered island wildlife (e.g., Puerto Rican 

nightjar (Caprimulgus noctitherus), yellow-shouldered 

blackbird (Agelaius xanthomus). Other invasive exotic plants 

on islands, such as Australian pine (Casuarina equisetifolia), 

Brazilian pepper (Schinus terebinthifolius), and Leucaena, are 

quick to colonize newly disturbed sites and can displace and 

dominate native early successional plant species of importance 

to wildlife. Such invasions are of concern for the endangered 

neotropical migrant Kirtland’s warbler (Dendroica kirtlandii) 

on its island wintering grounds, where invasive exotic species 

displace native plants bearing fruit consumed by the warbler. 

Island ecosystems are often easily invaded and colonized by 

exotic species, in part because island biotas are poorly adapted 

to compete with or evade newly arriving species. A recent 

example comes from Hawaii, where the coqui frog (Eleuthero-

dactylus spp.) introduced from Puerto Rico has successfully 

established lowland populations that now have densities three 

times higher than those found in Puerto Rico, presumably due 

to the absence of coqui predators on Hawaii. The success of 

exotic colonists on islands is evident in Puerto Rico’s resident 

breeding bird species of which 25 percent are alien or exotic 

species: 31 species of exotic birds are established as breeders; 5 

exotic species are found in the wild, but breeding has not been 

established. Exotic birds pose a threat to native species because 

they have the potential to transmit diseases directly; serve as a 

reservoir for diseases transmitted by arthropod vectors; and/or 

elevate pathogen levels, enabling them to persist in higher than 

normal concentrations.

The threat of disease transmission from an exotic bird species 

is of special concern for the endangered Puerto Rican parrot 
(Amazona vittata), which is a species for which high disease 

susceptibility is predicted. The recent (2005) evidence for the 

mosquito-transmitted West Nile virus in birds on Puerto Rico 

demonstrates that research to more effectively predict, detect, 

and manage such threats to the parrot and other endangered 

species is of critical importance.

Another newly arrived invasive exotic to threaten the Puerto 

Rican parrot is the Africanized honeybee that appeared in the 

1990s. The Africanized honeybees have hybridized with the 

previously naturalized European honeybees (Apis mellifera), 

resulting in a more aggressive colonizer of tree cavities used 

for nesting by parrots and other wildlife. The potential exists to 

deter bee colonization of nest cavities, as preliminary research 

by the International Institute of Tropical Forestry indicates that 

pheromones may prove useful as a deterrent to bee colonization.

Although long established as exotics since the arrival of Europeans, 

rats continue to threaten island wildlife throughout the world, 

and control programs continue to this day. Rats are also preda-

tors of threatened and endangered frogs, lizards, and snakes, 

including the Puerto Rican (Epicrates inornatus) and Virgin 

Island (E. monensis granti) boas. In addition to the direct effect 

that black rats may have on island wildlife, they may indirectly 

affect wildlife by changing forest plant composition, as a result 

of their consumption of seeds. Despite its potential importance, 

the role of black rats (Rattus rattus) as seed predators influenc-

ing tree recruitment and subsequent forest composition has yet 

to be studied in island or tropical ecosystems.

In summary, because of the high rates of colonization and 

establishment of exotic species facilitated by human activities, 

island ecosystems are ideal laboratories for studying invasive 

exotics and their potential effects. These studies are required 

for the recovery of endangered island species, and, in many 

instances, the findings from such studies are of relevance to the 
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study and management of invasive exotics elsewhere, such as 

in the Southern United States. 

For similar reasons, other types of isolated “island-like” 

ecosystems are also at greater risk to effects of invaders than 

“mainland” systems. Examples include sky islands resulting 

from mountains in desert environments, islands in large lakes 

and river systems, and habitat patches isolated by development. 

In each case, unique (in some cases, endemic) fauna may 

experience greater threats from invasions, in part, because they 

may be associated with small populations and small habitat 

areas that are surrounded by potential invaders. 
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The Role of the Forest Service 
in Aquatic Invasive Species 
Research
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Abstract

Aquatic ecosystems include the most imperiled taxa in the 

United States, and invasive species are the second leading 

contributor to this imperilment. The U.S. Department of 

Agriculture (USDA), Forest Service is legally mandated to 

sustainably manage aquatic habitats and native species on 

National Forest System (NFS) lands. Invasive species add 

complexity and uncertainty to natural resource management, 

and, thus, invasive species research is needed to guide effective, 

science-based management of aquatic systems. Although 

Forest Service Research and Development (R&D) scientists 

have much expertise to apply, aquatic invasive species research 

has not been an agency focus. We identify areas in which the 

Forest Service is well positioned to contribute research that 

other organizations are not addressing. Increasing agency 

emphasis on aquatic and riparian invasive species research 

and adding expertise in several areas (e.g., risk assessment, 

genetics, and several taxonomic areas) would facilitate a shift 

toward the Forest Service providing more valuable science and 

leadership in this arena. We identify some key general research 

needs; however, a more formal process, bringing Forest Service 

aquatic and riparian scientists together, perhaps with key NFS 

biologists and other stakeholders, is necessary to effectively 

identify and prioritize specific research needs. Some of the top 

research needs we identify include the following: 

•	 Develop new prediction and ecological risk assessment tools 

and conduct risk assessments for priority invasive species 

and habitats.

•	 Collaborate on or establish a central data management 

repository.

•	 Increase understanding of ecological, physical, and 

biological factors facilitating and inhibiting invasions.

•	 Develop new prevention, eradication, and control tools.

•	 Enhance role of social sciences in aquatic invasive species 

research.

•	 Improve communications. Bring Forest Service R&D 

scientific expertise to bear on aquatic invasive species policy 

and regulation. Improve communication with NFS and other 

biologists and the public. 

Importance of Aquatic and  
Riparian Invasive Species 

Aquatic and riparian-associated species constitute the Nation’s 

most imperiled biota, with the five most imperiled groups resid-

ing in freshwater and riparian habitats (fig. 1). Invasive species 

are the second most important factor in this imperilment, 

contributing to the declines of about one-half of the imperiled 

species (fig. 2). Invasive species can harm native communities 

via competition, predation, hybridization, and habitat alteration 

and as sources and vectors of alien pathogens. Species invasion 

is a global problem, and an international perspective is neces-

sary to effectively address many invasion issues.
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Forest Service Mandate  
To Address Aquatic and Riparian 
Invasive Species Issues

The external panel (hereafter, “the Panel”) charged with 

reviewing the Forest Service Research and Development 

(R&D) Invasive Species Strategic Program Area stated, “The 

mandate of the Forest Service (FS) and its current commitment 

to management of aquatic habitats is unclear from the briefing 

materials” (Raffia et al. 2006). Although perhaps not articulated 

to the Panel, a clear legal mandate for the Forest Service to 

manage aquatic habitats is conferred by three key laws—the 

Forest Service Organic Administration Act of 1897, the 

Multiple-Use Sustained-Yield Act of 1960, and the National 

Forest Management Act of 1976. These laws state that national 

forests are to be established and administered to secure favor-

able conditions for water flows and to provide the American 

people with multiple uses and sustained yields of renewable 

resources, including those related to watersheds, wildlife, and 

fish. Furthermore, under the Clean Water Act of 1977 and the 

Endangered Species Act (ESA) of 1973, Federal agencies are 

to “restore and maintain the chemical, physical, and biological 

integrity of the Nation’s waters” and to ensure that actions they 

“authorize, fund, or carry out must not jeopardize the continued 

existence of any listed species or result in the destruction or 

adverse modification of critical habitat.” USDA policy directs 

the Forest Service to “maintain viable populations of all 

native wildlife, fish, and plant species in habitats distributed 

throughout their geographic range on NFS lands” (USDA For-

est Service 1995).

Forest Service R&D is directed to provide technical assistance 

to the National Forest System (NFS) in meeting its legal 

mandates as well as to other managers (other Federal agencies, 

tribes, States, and private landowners) of the Nation’s 731 mil-

lion acres of forested lands. As manager of 192 million acres of 

national forests and grasslands, which include 2 million acres 

of lakes, 300,000 miles of perennial streams, 200,000 miles of 

fishable streams, and 42 million acres of municipal watersheds, 

the Forest Service can influence the introduction, establish-

ment, and spread of aquatic and riparian invaders through its 

policies, as well as by leadership in habitat management actions 

to control unwanted invaders. In the Western United States, 

roughly 75 percent of all water originates on NFS lands; thus, 

the Forest Service has a strong influence on the Nation’s water 

resources. Water issues are a prominent and increasing part of 

the agency’s interests, and invasive species can have a major 

influence on water quality, water availability, and aquatic 

biological integrity. Following are some regional examples of 

Figure 1.—Degree of imperilment of various plant and animal 
groups (redrawn from Master et al. 2000).

Figure 2.—Causes of imperilment of imperiled and federally 
listed species in the United States (redrawn from Wilcove et al. 
2000).
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the threats that aquatic and riparian invasive species pose to the 

Nation’s aquatic resources on Federal lands. 

The Interior Columbia River Basin has 88 recognized native 

taxa of fishes and 55 nonnative taxa (Lee et al. 1997). Two 

introduced fishes are now the most widely distributed of any 

fish taxa (native or nonnative) in the basin. Roughly one-half 

of the native fishes are of conservation concern, due in large 

part to invasive species. Large, warm, low-elevation habitats 

are among the most invaded aquatic communities, but inva-

sions continue to progress upstream. In many cases, spread of 

invasive species is facilitated by human activities (e.g., habitat 

alteration and fish stocking), but climate change and shifting 

hydrologic processes may extend or accelerate the process. In 

addition, many high-elevation lakes have been stocked with 

nonnative fishes. 

In the Southwestern United States, reservoir construction 

and fisheries management have contributed to an irruption of 

aquatic invasions and subsequent imperilment of native fishes 

(Rinne 1996). For example, during the 20th century, more 

than one-half of the 100 nonnative fish species introduced in 

Arizona became established. Due to extensive modification 

of low-elevation rivers, most remaining perennial, riverine 

habitats are on NFS lands and serve as refugia for native spe-

cies, 70 percent of which are listed under the ESA (Rinne and 

Medina 1996).

In the South Atlantic-Gulf of Mexico region (east of the 

Mississippi River) the U.S. Geological Survey (USGS) 

Nonindigenous Aquatic Species database indicates established 

populations of 226 nonnative aquatic species, 122 of which 

are not native to North America (USGS 2008). Nonnative 

sport fishes have displaced related, native species. Some of 

the 52 nonnative aquatic plant species have created major 

habitat changes and altered biological and physical ecosystem 

functions, leading to native species displacement and loss of 

recreational and commercial opportunities among other effects.

The Great Lakes Basin has more than 180 established, nonna-

tive aquatic species and has the highest known invasion rate for 

a freshwater ecosystem; a new invader is discovered every 28 

weeks, on average (Ricciardi 2006). High-profile species (e.g., 

sea lampreys and zebra mussels) cause large economic losses, 

but many other, less-publicized species also cause substantial 

ecological disruptions. 

In the Northeastern United States, aquatic and riparian invasive 

species pose problems for major river and species restoration 

efforts. Nonnative fishes, in combination with habitat change, 

complicate the conservation and restoration of a suite of native 

diadromous fishes, including the last wild Atlantic salmon 

populations (listed under ESA) in the United States (National 

Research Council 2004). Invasive riparian plants (e.g., purple 

loosestrife and Japanese knotweed) threaten the success of 

ecological flow prescriptions designed to restore threatened 

floodplain forest communities (Nislow et al. 2002).

Roles of Forest Service Research and 
Development in Aquatic and Riparian 
Invasive Species Research

Past and Current Roles
The Forest Service R&D has not been a national leader in 

aquatic invasive species research, although Forest Service R&D 

scientists have conducted excellent research on some aquatic 

invasions. Despite the enormous threats invasive species pose 

to aquatic ecosystems, invasive species research within Forest 

Service R&D has focused primarily on weeds, insects, and 

diseases harmful to forests and rangelands. Overall, momentum 

and funding for Forest Service research on invasive aquatic and 

riparian species lag far behind those for invasive upland species.

Given the agency’s lack of emphasis on and funding for invasive 

aquatic and riparian research, potential near-term program 

strengths are not necessarily reflected in research to date. The 

Forest Service R&D maintains a strong group of fish and 

aquatic ecologists who are well qualified to conduct invasive 

species research; indeed, most have researched invasive species 

at some time in their careers. Thus, if agency funding priorities 

were directed toward such work, Forest Service scientists 

would be well positioned to conduct research addressing 

aquatic invasive species.

Future Roles 
The Panel concluded that Forest Service R&D on invasive 

species needs to be strengthened, administrative burdens on 

scientists reduced, and an independent scientific board estab-

lished to advise administrators at the national level. We concur. 

However, we strongly disagree with the Panel’s reluctance 
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Program Area of invasive species responsibility

“…to recommend increases in investment in aquatic habitat 

management at the risk of further weakening the traditional 

terrestrial-related FS research” (Raffa et al. 2006: 10). 

Although other Federal agencies share responsibilities for 

addressing aquatic and riparian invasions, their management 

and research priorities generally differ from those of the Forest 

Service (table 1), making it essential for Forest Service R&D 

to participate in future research in this area. In one ongoing 

effort to prioritize risks from invasive species, for example, the 

lowest level of threat to which invaders are assigned is a “threat 

to ecosystem health” (NISC and ANSTF 2007); however, to 

land managers, ecosystem health is a high priority. Because of 

different priorities, minimal research can be expected by other 

Federal agencies on aquatic and riparian invasive species in 

headwater and high-elevation rivers where many public lands 

occur, an area in which Forest Service R&D expertise is rec-

ognized internationally. Further, in headwater systems, where 

terrestrial and aquatic ecosystem contact is maximized, the 

probability of establishment and effects of invasive species are 

likely to be most dependent on land management and upland 

habitat changes.

The Forest Service is in a position to conduct invasive species 

research over longer periods than the graduate student cycle 

typified by most academic research programs. Long-term 

research is necessary for developing control and eradication 

tools, monitoring effectiveness of control efforts, learning 

by adaptive management, and understanding how long-term 

changes (e.g., in climate or fire regimes) influence the spread  

and effects of invasive species. Long-term research is particu-

larly relevant in aquatic systems because aquatic population and 

habitat responses to many land management actions may lag 

significantly behind those in terrestrial systems. Thus, identify-

ing influences of upland habitat alteration on the vulnerability 

of aquatic habitats to invasion requires long-term study. 

Forest Service R&D is poised to address aquatic and riparian 

invasive issues on regional, national, and international scales 

through long-term partnerships that scientists have established 

Table 1.—Roles of other selected Federal agencies in aquatic invasive species research and management.

U.S. Department of the Interior
U.S. Fish and Wildlife Service, ANSTF1 Cochair of ANSTF. Employs an ANS Coordinator in each region. Directs funding to regional 

ANSTF panels. Works with States to develop State ANS plans.
USGS, Science Centers and Cooperative 
Education Units

Conducts research on invasive aquatics and riparian plants, but focuses primarily on large 
rivers and wetlands at low elevations. Includes research support for Department of Interior 
lands. Maintains national invasive species databases.

Bureau of Reclamation Conducts research on control and monitoring of aquatic and riparian invasive species, 
primarily in large, regulated rivers.

NOAA
ISP Cochair of ANSTF. Supports research on invasive species issues related to marine, estuarine, 

and diadromous organisms and introductions via marine pathways, such as ballast water 
introductions.

NCRAIS Fosters cross-NOAA leadership, communication, and coordination for NOAA’s research 
investments in support of understanding, preventing, responding to, and managing aquatic 
species invasions in U.S. coastal ecosystems (including the Great Lakes ecosystem).

USDA APHIS
National Wildlife Research Center Conducts research on aquatic invasive species but places priorities on birds, mammals, 

wildlife diseases, and aquatic plants. 

U.S. Department of Defense
U.S. Army Corps of Engineers Conducts research and control studies on aquatic invasive plants.

ANS = aquatic nuisance species. ANSTF = Aquatic Nuisance Species Task Force. APHIS = Animal and Plant Health Inspection Service.  
ISP = Invasive Species Program. NCRAIS = National Center for Research on Aquatic Invasive Species. NOAA = National Oceanic and 
Atmospheric Administration. USDA = U.S. Department of Agriculture. USGS = U.S. Geological Survey.
1 “The Aquatic Nuisance Species (ANS) Task Force is an intergovernmental organization dedicated to preventing and controlling aquatic 
nuisance species, and implementing … the National Invasive Species Act (NISA) in 1996. The task force consists of 10 Federal agency 
representatives and 12 Ex-officio members. The task force coordinates governmental efforts dealing with ANS in the United States with those 
of the private sector and other North American interests via regional panels and issue specific committees and work groups” (USFANSTF 
n.d.). Although not a member of the task force, the Forest Service is a member of some regional panels and committees.
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with (1) NFS biologists and botanists; (2) the national network 

of Forest Service research natural areas and experimental for-

ests and ranges; (3) Forest Service International Programs; and 

(4) scientists working at long-term ecological research sites, 

National Ecological Observatory Network (NEON) sites, and 

other agencies, organizations, and universities. Because of its 

broad geographic scope, Forest Service R&D is in an excellent 

position to study species that are native in some parts of the 

United States and invaders in others (e.g., brook trout, rainbow 

trout, Atlantic salmon, and red swamp crayfish).

Customers for Forest Service 
Research on Aquatic and Riparian 
Invasive Species

The Forest Service aquatic research program, including 

invasive species research, has a broad customer base. Any 

organization or person interested in the conservation of aquatic 

biological diversity, aquatic ecological function, recreational 

and commercial fishing, and interactions between land man-

agement and invasive species is a potential customer.

Government customers in the United States (including Federal, 

State, local, and tribal natural resource management and regu-

latory agencies and other government entities and politicians) 

use Forest Service R&D aquatic invasive species research 

findings to inform decisions related to fish stocking, species 

conservation, and habitat management. Aquatic invasive 

species research by the Forest Service is also conducted and 

used internationally where similar invasion issues exist (e.g., 

rainbow trout in South America); international collaborations 

can be critical to our understanding of invasions in the United 

States (e.g., expertise from Australia and Central America 

regarding waterborne chytrid fungus causing mass mortality of 

amphibians in the United States).

All Forest Service branches (International Programs, State and 

Private Forestry [SPF], and NFS) use Forest Service R&D 

results on aquatic invasive species. International Programs, 

SPF, and Forest Service technology transfer professionals 

use the research results to inform landowners, recreationists, 

and other parties how to recognize aquatic and riparian 

invasive species and how to help minimize spread. Given that 

introduced species can arrive and spread on NFS lands via 

recreational activities, a better-informed public is essential 

to reducing spread of invasive species. NFS biologists and 

botanists have clear and immediate needs for Forest Service 

research on invasive species, both to manage ongoing invasions 

and to prevent future invasions. The latter is important because 

the introduction and spread of some aquatic and riparian 

invasive species have been facilitated by NFS activities such 

as road building, timber harvest in riparian areas, reforestation, 

firefighting (water transfers), erosion control measures (e.g., 

seeding or planting nonnative plants), stream and riparian resto-

ration, stocking nonnative game fish, and providing motorized 

recreation access (e.g., campgrounds and boat launches).

Nongovernmental users of Forest Service R&D research 

include academic scientists, nongovernmental organizations 

focused on aquatic conservation or natural resource management, 

professional societies, fishing clubs, and the public, including 

rural communities. A shift to more urbanized customers may 

alter demands on natural resources, expanding emphases on 

clean water and nonconsumptive recreational uses from NFS 

lands and influencing research priorities on invasive species. 

Key Future Aquatic and Riparian 
Invasive Species Research Issues

The key future research issues regarding aquatic and riparian 

invasive species fall into two general categories: (1) questions 

directly related to prevention, prediction, management, etc.,  

of invasive species (addressed under subheadings below), 

and (2) conservation and ecosystem management questions 

to which threats from invasive species add new complexity. 

The latter includes understanding how invasions influence 

the probability of persistence for native species, defining the 

potential roles of public lands in providing refugia for native 

aquatic communities, and identifying and addressing conflicting 

resource management goals related to aquatic invasions.

Federally managed lands serve as refugia for many species. 

Aquatic and riparian invasions have typically proceeded 

upstream from low-elevation habitats and so have contributed 

substantially to the functional fragmentation of aquatic 

networks. Consequently, many native species persist only in 

isolated remnant populations in headwater systems, intensifying 

their susceptibility to extinction. As fragmentation increases, 
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forest management will become even more critical to the 

conservation of remnant aquatic biological diversity. Identify-

ing aquatic refugia and prioritizing them for protection is part 

of many conservation-planning processes. Identifying refugia 

that are less prone to invasion is important, because these areas 

will become the strongholds of biotic integrity and sources 

of colonists to repopulate newly restored, connected habitats. 

More research on invasion mechanisms of particular species 

and on habitat and biotic characteristics conferring resistance to 

invasion would facilitate conservation planning. We predict an 

increased need for Forest Service research related to managing 

habitats and populations fragmented by nonnative species. 

Many requests for invasive species research are driven by the 

ESA (e.g., threats of invaders to ESA-listed aquatic fauna), 

which will continue to strongly influence management and, 

thus, research priorities. 

Many existing aquatic invasive species issues stem from 

conflicting goals and values within and among agencies and  

the public. Conflicts arising before introduction of a species 

(table 2) often relate to differences in values, assessments of 

risk, or willingness to accept invasion risk. For example, goals 

of game fish stocking to provide recreational fishing opportuni-

ties in wilderness lakes may conflict with goals of conserving 

rare species or of maintaining areas where natural processes 

predominate. Conflicts over management goals also arise after 

invasion (table 3) but may not be immediately apparent. The 

potentially complex tradeoffs between preempting and allow-

ing nonnative trout invasions in mountain rivers illustrate this 

point. Constructing barriers to preempt invasion by a nonnative 

trout can isolate native trout populations, eliminating the 

expression of migratory life histories that may be key to their 

long-term persistence. Thus, society must sometimes choose 

between an isolated population of a native species that depends 

on active management for persistence or a nonnative form 

that may retain more resilience and fill a similar ecological 

role. Although scientific understanding alone will not resolve 

conflicts, it can help society answer the tough questions related 

to invasive species issues. Forest Service R&D has and can 

continue to provide science that informs the discussion of 

conflicting goals by distinguishing facts from values in the 

decisionmaking process, illuminating conflicting goals, and 

predicting outcomes, risks and tradeoffs of various manage-

ment activities related to aquatic invasions. Forest Service 

R&D research on high mountain lake fish stocking provides a 

good model of research constructively contributing to address-

ing conflicting goals.

Goals favoring native ecosystems Goals favoring potentially invasive species

Table 2.—Examples of conflicting goals with respect to human activities potentially leading to intentional species introductions.

Conserve native biodiversity/ecological integrity (conservation of 
threatened and endangered species).

Wilderness values—maintenance of natural processes (includes 
legal mandates).

Protection of existing commercial interests (e.g., commercial fishing 
for native species or tourism).

Recreation—game fish stocking, use of live bait, motorized vehicle/
boat access. 

Agriculture—species importation for aquaculture or for control of 
other organisms (e.g., mollusks in fish farming), live food trade.

Commerce—importation or transfer of species for pet and nursery 
trades.

Eradicate or control invasive species Maintain or promote invasive species

Table 3.—Examples of conflicting resource management goals after invasion.

Restore native community. Ongoing fish stocking for recreation.

Install barriers to halt invasion—persistence of native species 
only with active management.

Maintain/restore connectivity and allow invasion—persistence 
of nonnative with similar ecological function without need for 
active management.

Use of chemicals to eradicate invasive species—risk to some 
nontarget native organisms, public health concern.

No chemical use—persistence of nonnative, reduced risk to 
some nontarget organisms.

Economic—restore commercial interests based on native 
species (commercial harvest, tourism, etc.).

Economic—maintain economic value from invasive species 
(aquaculture, recreation).
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Prevention and Prediction
Although prevention is not easily tallied in annual accomplish-

ment reports, it is the most effective tool for countering invasive 

species. Prevention of aquatic invasive species requires atten-

tion at three scales: (1) keeping new invasive species out of 

North America, (2) preventing invasions across natural bound-

aries (e.g., among river basins), and (3) preventing the spread 

of invasive species to new habitats within river basins. Forest 

Service R&D has played a role in the latter by researching and 

providing guidance to managers on the tradeoffs of installing 

instream barriers to prevent upstream invasions. Also, Forest 

Service R&D participated in developing effective methods and 

guidelines for cleaning equipment used in firefighting and other 

activities to limit spread of aquatic invasive species. Forest 

Service R&D can play a bigger role in the first two scales both 

via research (e.g., risk assessments) and by informing policy 

decisions made by other agencies (e.g., the Animal and Plant 

Health Inspection Service and the U.S. Fish and Wildlife 

Service) on intentional importation and interdrainage transfers 

of live aquatic and riparian organisms. The Forest Service par-

ticipates in some networks addressing such issues (e.g., GLRC 

2005: appendix A), but coordinated efforts vary regionally.

Prediction of possible outcomes resulting from nonnative 

aquatic species invasions is a high priority need that Forest 

Service R&D can help meet by developing ecological risk 

assessment tools. Risk assessment components are most useful 

when developed in the context of an interactive, computer-

based decision support system that can be readily accessed by 

risk assessors and risk managers to (1) describe and understand 

the current distributions (sources) of aquatic invasive species; 

(2) predict the future establishment, spread, and consequences 

of aquatic invasive species based on species characteristics, 

aquatic habitat and biotic community characteristics, and 

potential pathways of spread; (3) identify locations where 

control technologies may efficiently limit the spread of aquatic 

invasive species; and (4) evaluate the overall effectiveness and 

net benefits afforded by alternative control measures proposed 

for specific locations. Risk assessments on aquatic invasive 

species for NFS lands are likely to include local vectors 

more than the international trade and transportation vectors 

emphasized as key sources of introduced aquatic organisms 

to the continental United States (Lodge et al. 2006). Improved 

understanding of invasions in the ecological context of habitat 

conditions (e.g., Brown and Moyle 1997, Harvey et al. 2004) 

will be critical for effective risk assessments. A long-term 

strength of Forest Service R&D has been discovering the 

ecological roles of natural and anthropogenically influenced 

disturbance regimes (fires, floods, insect outbreaks, etc.). 

Therefore, Forest Service R&D is well positioned to address 

how modification of disturbance regimes influences invasion 

probability and susceptibility. 

Detection and Eradication 
The Panel accurately noted that biological monitoring on NFS 

lands is weak for early identification of aquatic and riparian in-

vasions. Few, if any, national forests have monitoring programs 

designed to detect an array of potential aquatic or riparian 

invaders. The probability of detecting aquatic nonnatives early 

in an invasion varies by region, depending on the number of 

aquatic and riparian biologists working in the area, the level of 

public awareness, and the diversity of potential invaders and na-

tive aquatic and riparian biota. High biodiversity in the Eastern 

United States, coupled with relatively few aquatic specialists, 

reduces the probability of an invasive taxon being recognized 

as nonnative. For some taxa (e.g., crayfish), complete ranges of 

many native species are not known, further compounding the 

difficulty of recognizing invasions. Both information transfer 

experts and field biologists need guidance in identifying organ-

isms that should be the foci of their efforts. Forest Service R&D 

can assist by doing the following:

1.	 Developing regional lists of potential invasive aquatic and 

riparian species.

2.	 Creating or contributing to taxonomic guides and voucher 

specimen collections.

3.	 Collaborating to train NFS biologists and other partners to 

detect invasive species.

4.	 Developing a sentinel strategy, including identifying sites 

where introductions are most likely to occur and developing 

rapid survey protocols for monitoring these sites, increasing 

the likelihood of detecting new invasions while populations 

are small, localized, and still vulnerable to eradication.

Eradication of aquatic invasive species is often difficult or 

impossible over large areas but may be successful as part of a 

targeted rapid response to incipient aquatic invasions. Active 

control measures for aquatic invasive species have been 

criticized as costly, ineffective, and damaging to some native 

plants and animals. Research to better determine impacts of 
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existing control measures, to develop mitigation strategies, and 

to evaluate alternative control measures may be of great interest 

to Forest Service R&D customers. This research area is one 

of potential strength for Forest Service R&D, in part because 

NFS biologists and Forest Service engineers (e.g., in the San 

Dimas and Missoula Technology and Development Centers) 

can participate in developing and implementing experimental 

control measures over long periods.

Passive control methods associated with maintaining and 

restoring natural hydrologic and thermal regimes may be far 

more effective and efficient than active control with respect 

to many invaders, but research is needed to better understand 

conditions under which passive control is effective. Invasive 

fish, aquatic invertebrates, and riparian plants often establish 

and thrive in altered or degraded habitats. Research focused on 

natural processes constraining the distribution of invasive spe-

cies at local and regional scales (e.g., predictive models above) 

could lead to more efficient control measures.

Management and Mitigation 
In most cases, attention to invasive aquatic and riparian spe-

cies in the Forest Service has been inadequate for developing 

effective management options. Lack of understanding about the 

full range of ecological effects of specific invasive aquatic and 

riparian species on native plants and animals limits abilities to 

develop effective, science-based management options. Forest 

Service R&D could play an important role in providing basic 

ecological knowledge about invasive species and their effects.

Research is needed to better understand, manage, and mitigate 

effects of invaders across terrestrial-aquatic boundaries. 

Forest Service R&D results illustrate that nonnative fish 

introductions in high-elevation lakes can lead to food web 

effects that influence terrestrial wildlife. Similarly, terrestrial 

invaders can influence aquatic communities. Nonnative feral 

pigs alter stream invertebrate and microbial communities and 

increase pathogen levels (Kaller and Kelso 2006) and stream 

nitrate concentrations (Singer et al. 1984). Invasive riparian 

plants pose substantial threats to native aquatic species and 

may dramatically alter ecosystem functioning (Richardson et 

al. 2007), but research is just beginning in this area. Despite 

their potential threat, invasive riparian plants have received 

relatively little attention. 

Restoration and Rehabilitation 
Large amounts of money are spent nationally to restore aquatic 

habitats, typically with the ultimate goal of recovering or 

reestablishing native aquatic fauna. In some cases, invasive 

species have immediately colonized and thrived in the restored 

habitat, rendering the restoration unsuccessful for conservation 

purposes. To better prioritize funds for habitat restoration, 

research is needed to predict the circumstances under which 

restored habitats are likely to be invaded. Because of Forest 

Service involvement in restoration, this role is a logical one for 

Forest Service R&D.

Application and Communication
Responding quickly to new invasive species increases the 

probability of eradication and can minimize negative ecosystem 

effects. The Forest Service does not have a coordinated strategy 

to identify, rapidly respond to, and prioritize invasive aquatic 

and riparian species threats and research needs at national or 

regional levels. “Outbreaks” are typically managed at the local 

level without the benefit of regionwide coordination and techni-

cal information transfer. In addition to needing intra-agency 

coordination, the Forest Service needs mechanisms in place for 

rapid communication with external scientists. NFS or Forest 

Service R&D representation on Aquatic Nuisance Species Task 

Force regional panels or research prioritization committees 

may be an effective means for meeting this need, while also 

serving as a means for Forest Service scientists to become more 

familiar with regional invasive species issues and the people 

working on them. Forest Service R&D also needs to improve 

communication with regulators and policymakers involved in 

invasive species issues. 

Because of close interaction with a national network of NFS 

biologists and botanists, Forest Service research scientists are 

well positioned to both obtain information from and provide 

research results to the field. Formalizing these relationships 

with regard to invasive species information may encourage and 

facilitate such communication.

Top Research Needs
The following list enumerates some important general 

research needs, but prioritization of specific research needs, 

although important, will require a more thorough and inclusive 

approach than our timeline has allowed. If Forest Service R&D 

increases emphasis on aquatic and riparian invasive species 
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research, the first steps should be a thorough inventory of 

institutional capacity to conduct such research, followed by a 

more systematic regional or national prioritization of aquatic 

invasive species research needs. The prioritization can be based 

on existing knowledge but should follow a formal process. 

Participants can be expected to include scientists from a broad 

range of disciplines (e.g., hydrology and geomorphology as 

well as stream ecology and fish biology) and NFS managers 

and professionals knowledgeable about aquatic and riparian 

invasive species issues. 

Within the stated context, we offer the following eight top 

general research needs.

1.	 Develop new prediction and ecological risk assessment 

tools essential for helping decisionmakers prioritize 

which invasive species to address, what actions to take, 

and where to take them. In many cases, useful data exist, 

emerging statistical approaches offer greater power 

than ever before, and decision support and prioritization 

frameworks are available for consistent analysis and 

effective communication. Despite these available resources, 

developing ecological risk assessment tools will require a 

substantial investment in new data and models to predict 

probable invasions, species interactions, and ecological 

outcomes. Initial modeling efforts can focus on potential 

and established invaders that appear to pose the most 

serious risks. Effective prediction and prioritization must 

be conducted in the context of large-scale influences. 

Fire, climate change, and changing forest community 

composition are clearly important cross-cutting issues 

because changing environments will alter the constraints on 

species distributions.

2.	 Contribute to building and maintaining state-of-the-art, 

centralized data repositories. This action is critical for 

documenting species spread and for risk assessment and 

model development. Forest Service R&D can collaborate 

with the NFS and with other agencies already managing 

aquatic and riparian invasive species data. Examples 

of existing national databases are those maintained by 

the USGS Nonindigenous Aquatic Species program in 

Gainesville, FL, and by the USGS National Institute of 

Invasive Species in Fort Collins, CO. Biologists and fire 

personnel, however, often require distribution data at finer 

spatial scales than are now available to map invasive species 

occurrences at district or more local levels.

3.	 Increase awareness and investigation of the interaction 

between global climate change and aquatic invasive 

species. Conduct research on linkages between region-

specific climate projections and invasion risk and on 

synergistic effects of climate change and nonnative species 

on native communities.

4.	 Improve understanding of ecological, physical, and 

biological factors facilitating and inhibiting invasions. 

Encourage research to move beyond species-habitat 

relationships toward investigations of species interactions 

(which is key to understanding effects of invasive species) 

as influenced by habitat and disturbance. Examine effects of 

invasions on ecosystem functions. 

5.	 Increase multiscale research to better understand and 

model the hierarchy of controls on invasions. For example, 

an effective research approach to large-scale invasions 

may be to explore invasion patterns and associations at a 

variety of scales to develop hypotheses regarding controls, 

conduct mechanistic research at appropriate scales, and then 

reaggregate results for prediction across scales.

6.	 Develop more effective prevention/eradication/control 

measures, and use risk assessment tools for weighing the 

potential benefits versus deleterious effects on native species. 

7.	 Enhance the roles of social sciences and economics 

in aquatic invasive species research. For example, 

understanding conflicting public values is important in 

developing valid risk analyses and successful control 

strategies for aquatic and riparian invasive species. 

Evaluating the efficacy of different outreach strategies can 

identify tools that increase public motivation and, thus, 

compliance with preventative measures. Accounting for 

the full costs of species invasions will be instrumental for 

informing the public and policymakers of potential societal 

effects from nonnative species and, thus, for adopting 

effective prevention and control strategies.

8.	 Improve communication of invasive species science among 

scientists, NFS managers, policymakers, and the public. 

Although not a research need per se, a need exists to bring 

Forest Service scientific expertise to bear on issues of 

policy and regulation aimed at preventing future aquatic 

and riparian invasions. Establish mechanisms for rapid 

participation as an agency to provide science-based input 

on questions of transporting species across national and 

natural boundaries. 
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Structuring Forest Service  
R&D for Effective Aquatic Invasive 
Species Research

Although issues surrounding aquatic and riparian invasions 

will certainly intensify, predicting specific issues is impossible. 

Thus, Forest Service R&D can be best prepared by maintaining 

broad expertise within a structure flexible enough to respond 

rapidly to new threats. The Panel noted a need to maintain 

broad taxonomic expertise, which Forest Service R&D could 

improve on. Our representation (in terms of numbers and dis-

tribution of positions) in fish ecology is strong in the West and 

somewhat weaker in the East, and our expertise in herpetology 

is scattered. Expertise in riparian and aquatic plants, mussels, 

crayfish, and aquatic insects is scarce in Forest Service R&D. 

The Forest Service can provide ecological and landscape 

scale research on invasive aquatic diseases and parasites, but 

collaboration with research organizations operating established 

disease laboratories would maximize efficiency. External 

collaborations will, of course, remain essential to our overall 

effectiveness in invasive species research.

Other disciplines are also necessary for a successful invasive 

species research program. Many aspects of aquatic ecological 

research, including invasion research, require expertise in 

genetics. Genetics work is currently accomplished primarily 

through external collaboration, but Forest Service R&D may 

consider the cost-effectiveness of increasing capabilities 

internally, as a national resource. Expertise in geographic infor-

mation systems (especially with regard to stream networks), 

spatial analysis, epidemiological modeling, and risk assessment 

varies by research station, but is essential to developing predic-

tive models and integrating invasive species data management 

for an effective aquatic invasive species research program.

Critical to quickly and cost-effectively responding to invasion 

issues is not overcentralizing expertise. Invasion issues are 

typically region specific; thus, addressing them depends on 

maintaining regional understanding and awareness. Because the 

aquatic research program is small and invasive species issues 

are numerous and often region specific, duplication of aquatic 

research effort is not a problem and likely will not become a 

problem within Forest Service R&D in the near future.

Having argued for dispersed expertise, we acknowledge 

that some skills may be in common demand nationally. For 

example, the suite of analytical and predictive tools for risk 

analysis and prediction of species habitat and occurrence might 

be collaboratively developed and maintained in a “center of 

excellence” but fed by data and research from all regions. 

For common species groups or guilds, developing common 

approaches could be powerful. Sharing knowledge and data for 

species that are native in one region and invasive in another 

could facilitate understanding of the primary constraints and 

development of the needed predictive models. In many cases, 

broad collaboration provides the foundation for understanding 

that may otherwise be impossible.

Scientists initiate most cross-station research efforts. Future 

collaboration could be fostered through national or multiregion 

panels, composed of Forest Service R&D scientists, NFS per-

sonnel, and other stakeholders, identifying important issues and 

then funding relevant research. Key challenges of predicting, 

preventing, and controlling invasive species may be best met 

by combining multistation teams of scientists who have local, 

spatially explicit knowledge of conditions and key processes. 

Teams could focus on (1) identifying and studying taxa that 

are important over large areas and (2) refining risk assessment 

models. These large-scale efforts would identify taxon- and 

context-specific needs for research on combinations of poten-

tially invasive taxa and ecologically important resources. 

A byproduct of national teams would be better communication 

among Forest Service aquatic scientists. Identifying particular 

expertise in aquatic science is difficult within the Forest 

Service. Mechanisms (e.g., a Web-accessible database) for 

locating Forest Service scientists with various skills related to 

invasive species would facilitate communication; however, we 

strongly agree with the Panel’s caution about increasing the 

reporting burden on scientists.

Finally, we identified one of our strengths as the ability to do 

long-term research. This strength could be greatly improved 

by lengthening the research funding cycle or creating better 

mechanisms for funding long-term research.
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Conclusions

Uncertainty will always be a major feature of invasive species 

science. Confronting uncertainty is important in both manage-

ment and research and in communicating with stakeholders. 

Principles articulated by Ludwig et al. (1993) suggest that 

managers should favor decisions that are robust to uncertainty 

(i.e., the outcome is likely to be favorable regardless of the 

result). If that is not possible, it is still important to hedge (use 

a mix of strategies), favor reversible decisions, and intention-

ally probe ecosystems to learn through adaptive management 

(try some risky things for the sake of learning) (e.g., Fausch et 

al. 2006). The Forest Service has long advocated adaptive man-

agement but has seldom implemented it with true management 

experiments designed for learning (e.g., Bisson et al. 2003). 

Invasive species issues provide an opportunity for the marriage 

of research and management in the Forest Service that could be 

extremely important to future management.

Our society highly values aquatic recreation, clean water, and 

freshwater biodiversity. The future of all three components 

depends on strong research programs to address the ever-

increasing threat of invasive species that can profoundly alter 

our waters and riparian areas. Thus, we deem it essential 

for the Forest Service to commit to a research program and 

infrastructure that will effectively address invasive aquatic and 

riparian species issues.
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Abstract

Invasive species have a wide range of effects on soils and their 

inhabitants. By altering soils, through their direct effects on na-

tive soil organisms (including plants), and by their interaction 

with the aboveground environment, invasive soil organisms 

can have dramatic effects on the environment, the economy 

and human health. The most widely recognized effects include 

damage to human health and economies, such as that caused by 

invasive fire ants and termites. Many other soil invasive spe-

cies, however, have pervasive but poorly understood effects on 

terrestrial ecosystems. These species include the following:

1.	 Invasive plants and their symbionts (e.g., Falcataria in 

Hawaii).

2.	 Herbivores (e.g., root-feeding weevils).

3.	 Ecosystem engineers (e.g., earthworms).

4.	 Keystone species (e.g., terrestrial planaria).

In addition, aboveground invasive species, notably herbivores 

and pathogens, can have major indirect effects on belowground 

processes by altering nutrient cycles, plant health, productivity 

and carbon (C) allocation patterns, demography, and com-

munity composition and function.

Given the diversity of invasive soil organisms, there is a need 

for Forest Service Research and Development (R&D) to 

develop a prioritized list of invaders and research topics to 

help guide research and identify research gaps. Large gaps 

exist in our knowledge of the identity, distribution, abundance, 

and effects of most invasive soil organisms. Organisms with 

uncertain but potentially large ecosystem effects (e.g., invasive 

planaria) deserve more attention. In addition, we perceive 

several areas emerging as important research topics for Forest 

Service R&D. These topics include the widespread increase in 

propagule pressure of soil invasive species in urban areas and in 

the wildland-urban interface, the potential for additive and syn-

ergistic effects of suites of soil invasive species, the feedbacks 

between invasive species and soil microbial communities, and 

the interactions of soil invasive species with global change. 

All stages of management of soil invasive species are critical, 

and Forest Service R&D is poised to play a leadership role. In 

the prediction and prevention area, we are in need of a more 

coordinated effort. Forest Service R&D has the expertise to 

inform the U.S. Department of Agriculture (USDA), Animal 

and Plant Health Inspection Service (APHIS) and other 

organizations about gaps in their programs for excluding or 

limiting dispersal of soil invasive species, but, at present, no 

comprehensive program exists to generate such information. 

Some work is being done on biogeographic models of invasive 

distribution that could inform prediction and prevention efforts. 

In the detection and eradication, management and mitigation, 

and restoration and rehabilitation areas, we have scientists 

directly addressing major soil invasive species issues, including 
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effects and control of invasive termites; belowground effects of 

invasive plant species; interactions of invasive plants with soil 

microbial and fungal communities; effects and management of 

invasive earthworms; diversity and effects of urban soil inva-

sive species; diversity, distribution, and effects of root-feeding 

weevils; and biogeography of invasive soil macroinvertebrates. 

The Forest Service has strengths that permit us to directly 

address these problems, including a network of scientists 

investigating soil invasive species. Some gaps do exist in our 

expertise, however; most notably in taxonomy of soil organ-

isms. These gaps should be addressed via either new hires or 

collaboration with non-Forest Service scientists.

We need to do a better job of communicating the diversity 

of Forest Service research in this area, both internally and 

externally. Increased opportunities for communication among 

Forest Service scientists working in this area would facilitate 

our efforts, and expansion of the invasive species Web site 

to include a section on soil invasive species would improve 

communication of our results. The Forest Service should host 

regular national meetings on soil invasive species to link Forest 

Service and other scientists and managers.

The continued erosion of the Forest Service research budget 

jeopardizes all these efforts. Long-term efforts in managing the 

effects of invasive species will require significantly expanded 

investments in Forest Service R&D. Maintenance of the status 

quo (or, worse, continued budget erosion) will contribute to the 

Nation’s inability to cope with potential ecological disasters, 

such as the chestnut blight epidemic or, more recently, the 

emerald ash borer invasion, which have transformed, or are in 

the process of transforming, entire forest ecosystems. 

Introduction

Soils are the foundation of productive ecosystems, providing 

a matrix within which plant roots provide support and forage 

for nutrients and water. Their properties derive from complex 

interactions of physical, chemical, and biological processes 

that drive the cycling and storage of carbon and nutrients. The 

biological processes are carried out by a highly diverse and 

complex array of plants, microorganisms, fungi, invertebrates, 

and vertebrates. This biodiversity is essential for the production 

of ecosystem goods and services, such as timber and nontimber 

forest products; as a source of new pharmaceuticals and other 

products derived from plants, bacteria, and fungi; for protection 

of clean air and water; for mitigation of changing atmospheric 

chemistry via carbon sequestration in soils, in the plants sus-

tained by them, and in forest products; for protection of habitat 

for game and nongame wildlife alike; and for provision of 

recreational opportunities for the millions of people who enjoy 

the Nation’s forests every year. 

These goods and services are very sensitive to the biotic 

communities that control them; therefore, invasive species 

have a large potential effect on them. Plant and animal species 

can alter nutrient and water cycling, rates of decomposition 

and storage of soil C, soil structure and fertility, tree growth 

and mortality, and a host of other properties. For example, 

the introduction of a single “ecosystem engineer,” such as an 

invasive earthworm species, has the potential to completely 

alter the chemical and structural properties of soils. In 

addition to having direct effects on soils, soil organisms can 

affect other species that live in or use the soil (e.g., via root 

herbivory or disease). The introduction of predators can alter 

the invertebrate communities in soils, with potential effects 

on soil processes and on forest food webs dependent on those 

soil organisms. The most obvious effects of introduced soil 

organisms are on human health and economies (e.g., introduced 

fire ants and Formosan subterranean termites), but the other 

effects described previously are likely to have more significant 

environmental and economic consequences that are at present 

only poorly quantified. 

In this vision paper, we describe what we see as the most 

pressing issues surrounding the question of invasive species 

in soils, highlighting both what we already know and what we 

consider to be important knowledge gaps. We address specific 

taxonomic/functional groups, emerging broad issues, and issues 

related to the specific steps involved in responding to invasive 

species. We also highlight important strengths and weaknesses 

of Forest Service R&D in our capacity to address soil invasive 

species issues. 

Effects of Taxonomic and Functional 
Groups on Belowground Processes

Taxonomic and functional groups differ in their mode of effect, 

so we present here a brief summary of the direct effects of the 
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major groups of invasive soil organisms and the Forest Service 

R&D efforts related to each group. 

Plants
Invasive plant effects on ecosystems can be substantial. They 

have been summarized in extensive reviews of this topic 

elsewhere (e.g., Ehrenfeld 2003, Reichard and Hamilton 1997, 

Stohlgren et al. 2004) and are being addressed in another 

vision paper, so we mention them only briefly in the context of 

belowground effects. Plant belowground effects are expected 

to be greatest when a new functional group enters a region; 

for example phreatophytic Tamarix in riparian zones leading 

to degradation of riparian zones, nitrogen fixing Myrica faya 

and Falcataria in Hawaii leading to loss of native biological 

diversity (Vitousek and Walker 1989), and alien plants with 

traits leading to enhanced fire regimes with devastating effects 

on native organisms and dramatic alterations of ecosystem 

processes (Brooks et al. 2004). Forest Service R&D has 

extensive efforts addressing invasive plant species effects on 

belowground processes (see “The Role of Forest Service in 

Nonnative Invasive Plant Research,” chapter 3, Sieg et al. 2010 

in this document).

Aboveground Diseases and Herbivores: 
Indirect Effects
The pathogen and insect vision papers will be addressing these 

topics in detail, so we address these only lightly here. Indirect 

effects of aboveground herbivores occur via alteration of 

aboveground conditions or processes in ways that have below-

ground effects. These effects include those of aboveground 

herbivores on rates of plant growth, mortality, and litterfall. 

These changes can significantly alter nutrient cycles and 

disturbance regimes (e.g., windthrow, fire), with consequences 

within the affected site and with downstream effects on hydrol-

ogy and stream chemistry (Ellison et al. 2005). Forest Service 

R&D has extensive research in these areas (see “Forest Service 

R&D—Invasive Insects: Visions for the Future” and “Invasive 

forest pathogens: Summary of issues, critical needs, and future 

goals for USDA Forest Service Research and Development,” 

chapter 2, Klopfenstein et al. 2010 in this document).

Similarly, changes in belowground communities have the 

potential to affect aboveground herbivores and diseases by a 

variety of pathways (Scheu 2001).

Belowground Diseases and Herbivores
In addition to the indirect effects of aboveground diseases and 

herbivores, there are direct belowground effects of root diseases 

and herbivores. The disease effects are exemplified by Phy-

tophthora lateralis root rot on Port Orford cedar. Forest Service 

pathologists have been involved in investigating this disease for 

decades (e.g., Greenup 1998, Zobel et al. 1982). An emerging 

area of interest is the potential for soil microbial communities 

to structure the interactions between native and invasive plant 

species (Klironomos 2002). This topic will be addressed in 

more detail below (see Key Issues). 

Root-feeding herbivores can also have large effects on plants 

and ecosystems, although our understanding of the importance 

of this phenomenon is hindered by the paucity of studies of root 

herbivory compared with aboveground herbivory (Blossey and 

Hunt-Joshi 2003, Hunter 2001, Masters 2004). Root feeders 

come from a variety of taxonomic groups but are especially 

well represented in the Coleoptera, Lepidoptera, and Nematoda. 

Effects of these herbivores can be seen in altered root demog-

raphy (Stevens et al. 2002, Wells et al. 2002), plant growth 

and seed production, root:shoot ratios, nutrient status (Masters 

2004), multitrophic interactions, (Masters 2004, Van der Putten 

et al. 2001), and plant community structure (Gange and Brown 

2002). One indication of the importance of root-feeding herbi-

vores is found in the literature on classical biological control. 

Approximately 65 percent (20 of 31) of intentionally released 

Coleoptera in the Chrysomelidae (8 of 12), Curculionidae (9 

of 14), Cerambycidae (1 of 3), and Buprestidae (2 of 2) have 

contributed to control of invasive plant species (Blossey and 

Hunt-Joshi 2003).

Therefore, the widespread abundance of a variety of invasive 

root herbivores is likely to have far-reaching ecological effects 

in natural forests. Although only a small proportion of these 

species are introduced, they are often widely distributed and 

abundant and can locally outnumber native root herbivores 

(Pinski et al. 2005a, 2005b). The Forest Service Northern 

Research Station (NRS) (Mattson, Friend, Lilleskov) and  

collaborators (K. Raffa, D. Coyle) are leading this research 

effort in the northern region. Biogeographic patterns of their 

distribution have also been investigated, pointing to northern 

peaks in abundance of introduced root-feeding weevils 

(Lilleskov et al. 2008). 
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Predators/Keystone Species
Introduced predators have been described as keystone species 

when their actions have significant top-down effects on food 

web structure, community composition, and ecosystem pro-

cesses, although some question the usefulness of this concept 

(e.g., Kotliar 2000). Groups of ecologically important intro-

duced predators affecting soil communities include ground bee-

tles, centipedes, and planaria. Invasive terrestrial planaria could 

have major effects on ecosystem processes, because many of 

these species of flatworms are predators of earthworms, attack-

ing and killing individuals more than 10 times their size (Ducey 

et al. 1999). One species, Bipalium adventitium, has been found 

in at least eight States (Ogren and Kawakatsu 1998) and preys 

on a diversity of earthworm species (Ducey et al. 1999, Fiore 

et al. 2004, Zaborski 2002). They are currently concentrated in 

human-altered habitats such as lawns and gardens, and it is not 

known whether this constrained habitat range is due to environ-

mental limitations or slow dispersal into native habitats (Ducey 

and Noce 1998). Another invasive planarian has been shown 

to significantly reduce the abundance of earthworms, with 

apparent cascading effects on other earthworm predators (Boag 

and Yeates 2001). Thus, it may function in North America 

as a broad host range biological control agent with negative 

effects on native as well as introduced earthworm species. The 

ecological consequences will depend on the rate of spread and 

efficacy of these predators but could have significant effects 

on earthworm-mediated processes in both agroecosystems and 

forests. Other introduced predators of concern are Carabidae 

(ground beetles), which can become numerically dominant in 

certain habitats. Their effects on communities and ecosystems 

are unclear, beyond possible reductions in native ground beetle 

abundance (Spence and Spence 1988). Introduced centipedes 

could also have significant effects via predation and competi-

tion with native predators, but relatively little work has been 

done on their diversity, distribution, and effects (Hickerson 

et al. 2005). Forest Service R&D active research on keystone 

species in soils is limited to a recent analysis of biogeography 

of introduced ground beetles (Lilleskov et al. 2008). 

Ecosystem Engineers
Many invertebrates have been characterized as ecosystem engi-

neers (Jones et al. 1994) because of their ability to alter ecosys-

tem properties and processes disproportionately to their biomass 

or food consumption. Some of the best examples of invasive 

ecosystem engineers include earthworms, ants, and termites.

Earthworms
By consuming soil organic matter and mixing soils, earth-

worms have a dramatic effect on soils and the ecosystems 

they support. Two distinct science problems associated with 

invasive earthworms in North America are (1) invasions north 

of the Wisconsinan glacial boundary where no native earth-

worm species reside and (2) invasions south of this boundary 

where invasive species may interact with native earthworms. 

In some regions of North America, invasive earthworm species 

often have greater species richness and abundance than natives. 

In fact, in much of the previously glaciated regions of North 

America, the earthworm fauna is composed exclusively of inva-

sive species (Lilleskov et al. 2008, Reynolds and Wetzel 2004). 

Forest Service scientists in the International Institute of 

Tropical Forestry (IITF) (González) and Southern Research 

Station (SRS) (Callaham) have been working on problems 

associated with invasive earthworms for about 10 years each 

in the Caribbean tropics and the Southern United States, 

respectively (Callaham and Blair 1999, Callaham et al. 2003, 

Callaham et al. 2006a, Callaham et al. 2006b, González 2002, 

González 2006, González and Seastedt 2001, González and 

Zou 1999, González et al. 1996, González et al. 1999, González 

et al. 2003, González et al. 2006a, González et al. 2006b, 

González et al. 2007a, González et al. 2008, González et al. 

2007b, Huang et al. 2006, Yiqing and González 2008, Zou and 

González 1997). They have been involved with an international 

group of researchers who are concerned with earthworm inva-

sions, and both contributed to a special issue of the journal Bio-

logical Invasions, which focused on the topic (Callaham et al. 

2006a, González et al. 2006, Hendrix et al. 2006). In addition, 

IITF (González) hosted the second Latin American Symposium 

of Earthworm Ecology and Taxonomy. The peer-reviewed 

proceedings of the meeting were published as a special issue in 

the Caribbean Journal of Science (González 2006). 

In regions where only nonnative earthworms are present, we are 

seeing a fundamental shift in soil properties from unmixed soils 

with distinct organic horizons (mor) to well-mixed soils without 

organic horizons (mull). These changes have profound effects 

on soil properties and processes that ramify throughout ecosys-

tems, including emerging problems such as siltation of water 

sources resulting from increased soil erosion and threats to 

endangered herbaceous plants (e.g., Bohlen et al. 2004a, Bohlen 

et al. 2004b, Gundale 2002, Hale et al. 2005, Hale et al. 2006, 

Steinberg et al. 1997). Reductions in arbuscular mycorrhizal 
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fungal abundance and colonization in the presence of invasive 

earthworms have already been demonstrated (Lawrence et al. 

2003) and are implicated as one of the factors in sugar maple 

decline and loss of understory species (Bohlen et al. 2004b, 

Frelich et al. 2006, Holdsworth et al. 2007). NRS scientists 

are studying ecosystem effects of earthworm invasions in 

urban ecosystems (Pouyat) and north of the glacial boundary 

(Lilleskov, Kolka, Swanston) to determine how forest manage-

ment must be adapted to this state-shift in soil properties. 

Termites
Termites have major economic and ecological effects via 

their consumption of wood and other organic matter, via 

bioturbation, and via emissions of the greenhouse gas methane. 

Given the large economic effects, most efforts on invasive 

termites have focused on their effects on manmade structures; 

however, the effects of invasive termites on forest ecosystems 

are less studied and in need of more attention. Termites have 

been considered ecosystem engineers (Dangerfield et al. 

1998) because they have the potential to significantly alter 

rates of bioturbation of soils, carbon cycling, trace gas emis-

sions (Sugimoto et al. 1998, Wheeler et al. 1996), and other 

ecosystem properties. The most widespread and economically 

costly invasive termite in the United States is the Formosan 

subterranean termite (Coptotermes formosanus). This species 

can form supercolonies and hollow out live trees for its nests. 

The potential economic and ecological effects of these changes 

in forest ecosystems are extensive and are being investigated 

by Forest Service scientists in the SRS (T. Wagner). 

Ants
Large numbers of invasive ant species exist, especially in the 

Southern United States (Lilleskov et al. 2008). Invasive ants 

affect the economy and human health (e.g., fire ants), ecologi-

cal processes such as pollinator interactions, seed dispersal, 

and native biodiversity (Christian 2001, Holway et al. 2002). 

Invasive ants such as Linepithema humila and Solenopsis sp. 

have reduced parasite loads in their introduced ranges and are 

likely candidates for introduction of biocontrol agents (Chen 

2004, Feener 2000), because their lower genetic diversity may 

make them particularly sensitive to this form of management. 

The potential exists for invasive wood ants to have significant 

effects in northern forests, such as populations intentionally 

established in eastern Canada in misguided biocontrol efforts 

(Jurgensen et al. 2005). In addition, invasive European fire 

ants are spreading in the Northeastern United States (Groden 

et al. 2005) and could have significant effects on human and 

ecosystem health as they aggressively attack organisms near 

their nests. Beyond a biogeographic review of invasive ants 

(Lilleskov et al. 2008), we are not aware of any Forest Service 

R&D active projects on invasive ants.

Other Invertebrates
Millipedes, isopods, and gastropods can all be numerically 

important invasive species in some ecosystems. Their effects 

on ecosystem processes have only been superficially examined. 

Detritivory, fungivory, herbivory, and predation by invasive 

gastropods could have significant effects (e.g., Tupen and 

Roth 2001). Invasive isopods may have significant effects via 

direct feeding on fungal sporocarps. Like earthworms, the 

isopod fauna north of the glacial maximum is dominated by 

introduced Eurasian species (Jass and Klausmeier 2000), but 

little investigation into their effects and potential for spread into 

undisturbed ecosystems has been carried out. The native vs. 

introduced status of many taxa, especially meso- to microin-

vertebrates (e.g., mites and collembola), which are numerically 

dominant in northern forest soils, cannot be assessed because of 

incomplete knowledge of taxonomy and biogeography. 

Vertebrates
Invasive vertebrates with indirect effects are covered in another 

vision paper. The invasive with the greatest direct effects 

on forest soils is the feral pig (Sus scrofa). This species is of 

great concern in both the continental United States and Hawaii 

(Singer 1981) via its role in uprooting plants, bioturbation, and 

facilitation of invasive plant species. 

Plant Symbionts: Mycorrhizal fungi
Recognition of the need to consider the possible negative 

effects of introduction of nonnative mycorrhizal fungi is 

growing (Schwartz et al. 2006). Fungi from different parts of 

the world have been introduced with plants or in soil (e.g., 

in Puerto Rico, Florida, and California, along with nonnative 

Pinus, Eucalyptus, Allocasuarina, or Casuarina). Eucalyptus 

is widespread in California and has slowly escaped from its 

original plantings to occupy nearby habitat, leading to the 

replacement of native ectomycorrhizal fungi with the intro-

duced species associates (Castellano 2008). One area in need 

of investigation is the potential for invasive species to cause 

the extirpation of rare or threatened ectomycorrhizal fungi 
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(e.g., in coastal California). Another area of concern is the 

redistribution of native ectomycorrhizal fungi via inoculation or 

plantings and the potential for these fungi to alter local genetic 

diversity. In addition, a real potential exists that importation of 

mycorrhizal inoculum could result in the introduction of dis-

eases that could attack native fungi or plants, with serious but 

as yet unexplored consequences (Schwartz et al. 2006). Pacific 

Northwest Research Station (PNWRS) scientists (Castellano, 

Smith) are investigating some aspects of this problem. As the 

climate changes, we will see invasions of ectomycorrhizal 

species from the south, as evidenced from biogeographic stud-

ies (Mueller et al. 2007, Ortiz-Santana 2006). Biogeographic 

studies of ectomycorrhizal fungi and other root-associated 

fungi are of critical importance for invasive species predic-

tions and are being conducted by Forest Service scientists 

in the NRS and PNWRS (Lodge 2001, Mueller et al. 2007, 

Ortiz-Santana 2006). Large-scale integrated approaches to 

characterizing these communities are essential to our ability to 

be able to define baseline biogeographic patterns and the effect 

of invasive species and other agents of environmental change 

(Lilleskov and Parrent 2007).

Role of Forest Service R&D at 
Different Stages of Invasion

Different strategies are appropriate at the various stages of 

invasion. In the following paragraphs we identify the key 

actions that are being taken or should be taken by Forest 

Service R&D at different stages of invasion. 

Prediction and Prevention
Forest Service R&D can contribute to prediction and preven-

tion of soil invasive species via a variety of actions, including 

characterizing invasion pathways and modeling efforts.  

Characterizing Invasion Pathways
Understanding pathways of introduction, pools of potential 

invaders, and the risk of invasion for specific regions is critical 

to prevention and prediction of invasive species. For invasive 

species with large effects on belowground processes, the pri-

mary historic pathway of introduction was likely the transport 

of soils for ballast, planting medium, or other purposes. Preven-

tion measures should continue to be coordinated with other 

agencies, such as APHIS, to intercept new species at ports of 

entry. Although many invasive soil organisms are not currently 

targeted by APHIS, current APHIS regulations severely limit 

the transport of soils, which presumably has greatly reduced the 

influx of invasive soil organisms. This presumption, however, 

should be tested; to test this presumption, we need better 

characterization of the diversity and distribution of invasive 

soil organisms already present and determination of the rate 

of new introductions. Very little of this type of work has been 

done for soil organisms (see, for example Larson and Langor 

1982), although existing quarantine records could be analyzed 

for trends in interception of soil organisms. 

Within the United States, restrictions on soil movement are 

in place only for specific quarantine areas (e.g., for fire ants), 

which do not cover many invasive soil organisms. Suggestions 

for control will depend on the taxonomic group. For example, 

in the case of earthworms, stricter guidelines for the bait and 

horticultural industries would be needed to contain invasions 

(Callaham et al. 2006a). For the fish-bait industry, these regula-

tions would ideally eliminate the commercial availability of 

the more aggressive and generalist species (in terms of habitat 

requirements). For the horticultural industry, we suggest mini-

mum guidelines that would ensure materials shipped from areas 

with invasive earthworms into areas not yet affected by those 

species be certified “worm-free” (this is not unprecedented for 

soil invertebrates, c.f. the imported fire ant). In the case of other 

groups (e.g., gastropods), although existing regulations limit 

their distribution, these species are readily available for sale on 

the Internet, and the regulations do not appear to be rigorously 

enforced (Tupen and Roth 2001). 

Other invasive species with direct and indirect effects on soils, 

including plants, pathogens, and insects (herbivores, predators, 

and saprotrophs), are being vectored at high rates in other ways 

(intentional and unintentional plant transport, wood products, 

etc.) that are discussed more fully in their taxonomic treatments 

contained in this volume. These groups deserve the greatest 

attention in prediction and prevention efforts because of their 

high likelihood of both transport and negative effects on natural 

and managed ecosystems. 
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eradication. Although the economic costs of some invasions 

are obvious (e.g., Formosan subterranean termite), the costs of 

other taxa are beginning to be appreciated but have not been 

fully quantified (e.g., invasive earthworms). 

Approaches that attempt eradication or control at the stage of 

initial establishment can be potentially cost effective. Know-

ing which introduced and naturalizing species to target for 

eradication is the greatest challenge in management of invasive 

species, because we have only limited ability to predict which 

subset of introduced species will result in ecosystem-modifying 

invasions. The modeling approaches discussed under preven-

tion should be developed as a prioritization tool for determin-

ing appropriate responses. 

Direct Treatment Approaches. Chemical treatment is feasible 

when the distribution of populations of invasive soil organisms 

is well known and limited spatially (e.g., Arango and Green 

2007). Research is critical in the areas of what compounds are 

effective, how and when they should be applied in a forestry or 

urban setting, what size of invasion can be treated effectively, 

which invasive species can be treated in this way, and what 

potential nontarget effects might result from such treatment.

Management and Mitigation
Efforts to manage and mitigate soil invasives must include a 

variety of approaches, including efforts to slow the spread of 

key invasives; characterization of environmental constraints and 

habitat, landscape, and risk modeling to better understand the 

areas most likely to be strongly affected by specific invasives; 

land management approaches to minimizing the impacts of 

invasives; and biological control of invasives when appropriate.

Slowing the Spread
A variety of approaches are available to either slow the spread 

or reduce the effects of invasive species. These approaches include 

comprehensive programs, such as Slow the Spread for gypsy 

moths, which combine education, biological control, trapping, 

and other approaches to reduce the rate of gypsy moth spread.

Formosan subterranean termites are prime candidates for such 

an effort, especially given their potential effect on forest eco-

systems. Forest Service R&D has efforts aimed at controlling 

the damage caused by invasive termites. The Forest Service, 

Forest Products Laboratory (FPL), in collaboration with the 

Southern Regional Research Center, is working on new wood 

Modeling
A variety of modeling approaches are necessary to optimize 

our response to invasive species. Bioeconomic models define 

the best targets for response to invasive species (Leung et al. 

2002). Ecological niche models define potential distribution 

of invasive species (Peterson and Vieglais 2001) and could 

be used to define the likely ranges and effect of potential soil 

invaders. Related risk models are currently in development for 

prediction of likely invasions of exotic earthworms and their 

effects on soil properties and processes. Such models need to 

be developed on a species-specific basis for different species of 

actual or potential soil invasive species. Forest Service R&D 

should coordinate with other Government agencies to develop 

predictive models as one means of prioritizing risks for soil 

invasive species for prevention efforts. 

Detection and Eradication
Detection and eradication, both key components of efforts to 

respond to invasive species, each provide specific challenges to 

Forest Service R&D.

Detection
Reliable and effective detection of invasive soil organisms will 

require extensive monitoring and survey of sensitive habitats 

combined with the ability to recognize invasive species when 

they are encountered. Taxonomic resources (scientists and 

state-of-the-art identification facilities) must be available to 

rapidly determine the identity of novel organisms. In addition 

to facilitating the critical abilities of traditional taxonomists, 

we must avail ourselves of molecular identification tools when 

appropriate. A network of monitoring sites combined with 

a centralized facility to process the sampled material from a 

given taxonomic group would be one workable solution to the 

problem of invasive species detection. Whatever the approach, 

these efforts require first and foremost a more thorough 

understanding of the diversity and distribution of soil invasive 

species in North America and the ability to respond rapidly. 

Eradication
Eradication efforts for soil organisms are challenging because 

of the difficulty of determining presence of cryptic species 

and because of the severe disruption of soils that might be 

involved. Appropriate methods and intensity of effort will 

depend on the taxonomic group. Taxa must be ranked in 

terms of probability of invasion and the costs of invasion vs. 
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preservatives (Clausen et al. 2007, Lebow et al. 2006) and 

termite bait toxicants (Rojas et al. 2004) to prevent damage 

by native and Formosan subterranean termites. In certain 

instances, native subterranean termites (e.g., Reticulitermes 

flavipes) can be transported out of their endemic area, thus 

becoming invasive in a new ecological environment (Arango 

and Green 2007) (FPL, S. Lebow and F. Green; SRS, Wagner).

Forest Service work being done on termite control will be 

most effective as part of a coordinated effort to slow the spread 

of invasive termites (e.g., the USDA Agricultural Research 

Service (ARS) Operation Full Stop [Lax and Osbrink 2003]). 

In any effort of this sort, one of the critical questions to ask is, 

what are the costs and benefits of slowing the spread vs. not 

acting? Analyses of these sorts require collaboration among 

biologists, ecologists, and economists.

Characterization of Environmental Constraints and 
Habitat, Landscape, and Risk Modeling
To manage for invasive species, it is critical that we develop an 

understanding of basic life history and habitat tolerances of key 

species already introduced. This effort involves a comprehen-

sive laboratory- and field-based approach to determine physical 

and chemical constraints on species distribution. Combined 

with landscape and risk modeling, this information is a key tool 

in developing appropriate management strategies for the key 

invasive species. 

Land Management Approaches
Evidence indicates that certain types of land management can 

limit the encroachment of nonnative soil organisms. Mainte-

nance of ecosystem-appropriate disturbance regimes appears to 

have promise as a means of limiting the spread of introduced 

soil organisms (Callaham et al. 2003, Callaham et al. 2006b). 

Research into the mechanisms behind this observation will lead 

to better understanding of invasion dynamics and, ultimately, 

to the development of management prescriptions that take 

invasive species into account.

Biological Control
Biological control is a key tool for control of invasive species 

and should be used when appropriate. Despite its potential, 

our ability to use biological control has limitations. One of the 

greatest limitations is potential serious nontarget effects of con-

trol organisms (Simberloff and Stiling 1996). The risks of these 

nontarget effects have to be carefully weighed vs. the potential 

benefits of control. In addition, for certain invasive species, 

competing economic interests could limit the applicability 

of biological control. For example, biological control of the 

earthworm Lumbricus terrestris (the nightcrawler), even if eco-

logically viable, is unlikely to be a socially and economically 

acceptable option because of the importance of this species to 

the bait industry. We are aware of no Forest Service biocontrol 

programs addressing invasive soil organisms, although ARS 

collaborators are investigating the potential for biocontrol of 

the Formosan subterranean termite.

Restoration and Rehabilitation
Many soil invasive species are so completely naturalized that 

our only option is to adapt to their presence. Potential for restora-

tion and rehabilitation depends on the invasive species and sys-

tem invaded. For example, work on earthworm effects should 

help to inform management for native plant species of concern 

in the presence of certain species of nonnative earthworms 

(e.g., Gundale 2002). In some cases, significant alterations in 

forest management strategies may be necessary to adapt to the 

changes caused by earthworm invasion. Forest Service R&D 

can contribute significantly to such efforts, some of which are 

already under way in the NRS (Lilleskov, Swanston, Kolka). 

Certain invasive plants are also known to produce allelopathic 

chemicals, which can reside in soils long after the aboveground 

portions of the plant have been treated or removed (Kulmatiski 

and Beard 2006). The soil-mediated legacy effects of invasive 

plants are in much need of further research.

Application and Communication
From the current effort it is clear that the Forest Service has a 

diversity of research programs on a broad range of invasive soil 

organisms and other species that affect belowground processes. 

The dispersed structure of our organization constrains com-

munication among the scientists working on these diverse 

programs and does not emphasize to our customers the diver-

sity and magnitude of our efforts. We suggest that, to improve 

internal information sharing and to emphasize our strengths 

in this area to our customers, the Forest Service produce a 

central Web-based clearinghouse of Forest Service research 

on soil invasive species on the Forest Service invasive species 

Web site. We also recommend regular national meetings on 

invasive soil organisms hosted by the Forest Service. To reduce 

costs and carbon footprints, some of these meetings should be 
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videoconferences. Establishment of a Forest Service listserv on 

invasive species would also facilitate communication among 

Forest Service scientists.

Key Issues

In addition to listing the activities and general recommenda-

tions in the previous text, we have identified several key issues 

in need of coordinated effort in the future. 

Identification, Distribution, and Effects of 
Key Invaders
One of the greatest challenges in characterizing invasive spe-

cies and their distribution is our lack of thorough taxonomic 

and biogeographic treatments for many of these groups. 

Until we have this information it will be impossible to 

make informed decisions about how to prevent and manage 

invasions. Therefore, maintaining and expanding sources of 

taxonomic and biogeographic knowledge, either within the 

Forest Service or among our collaborators, should be a key 

priority of Forest Service R&D. 

Prioritized List of Soil Invasive Species
Given the large number of soil invasive species, it becomes 

imperative that we prioritize our efforts to address the most 

pressing issues first. This approach requires a synthesis of 

expert knowledge on the topic. This document serves as a start-

ing point for such a synthesis and prioritization, but we must 

be aware that, as our understanding of the actual or potential 

effects of certain groups increases, our priorities will be likely 

to shift and that more formalized efforts are necessary to 

ensure adequate prioritization. To aid in prioritization efforts, 

we should initiate a formalized Forest Service R&D prioritiza-

tion effort (e.g., via a national task force of Forest Service 

R&D and current and potential academic collaborators on soil 

invasive species). 

Effects of Invasive Species on 
Interactions Between Plants and Soil 
Microbial Communities
At present the feedbacks between invasive and native plant 

species, soil organisms, and soil microbial communities are 

poorly understood, yet the potential for large-scale shifts in 

biodiversity and ecosystem processes driven by symbiotic 

(whether beneficial or detrimental) organisms is large. To the 

examples of invasive N-fixing plant species and ectomycor-

rhizal fungi described previously can be added a host of 

other interactions. These interactions include the escape of 

invasive organisms from biological control agents such as root 

pathogens, resulting in increased competitive advantage for 

the invasive species (e.g., Callaway et al. 2001, Callaway et al. 

2004, Klironomos 2002, Mitchell and Power 2003, Wolfe and 

Klironomos 2005); the introduction of sublethal root pathogens 

that will affect plant productivity yet remain undetected; 

alterations of soil microbial communities by invasive plants 

(e.g., Kourtev et al. 2002, 2003); and changes in soil microbial 

communities mediated by the interactions of disturbance and 

invasive plant species and resulting effects of these changes 

on native plant regeneration (e.g., Hebel et al. 2009). We face 

enormous challenges in detection of these interactions, requir-

ing utilization of rapidly developing molecular approaches 

for characterization of microbial (including both bacterial and 

fungal) communities. At present, although local Forest Service 

R&D efforts on these problems exist (e.g., PNWRS, J.E. Smith), 

no unified effort is in place for determining a Forest Service 

strategy to respond to this suite of interrelated problems. 

Coordination of research efforts among spatially diffuse groups 

(e.g., via creation of a Forest Service listserv on invasive spe-

cies) would increase the probability of research coordination 

among regions.

Invasive-Dominated Communities in 
Urban and Agricultural Ecosystems
Areas with higher human population density are exposed to 

higher loading of introduced soil organisms (Lilleskov et al. 

2008). As a result, urban areas have fundamentally different 

soil arthropod communities with a much higher proportion of 

introduced species when compared with those in areas of lower 

human population density (e.g., Bolger et al. 2000, Connor et 

al. 2002, McIntyre 2000, Pouyat et al. 1994, Spence and Spence 

1988). This pattern is likely a function of rates of propagule 

input, greater disturbance, and other mechanisms such as higher 

success rates of human-associated faunas because of the match 

of source and destination habitats. With the expansion of the 

wildland-urban interface, the area with dramatically altered 

communities of soil organisms is also likely to expand. The 

Forest Service should be prepared to predict the effects of these 

changes and develop proactive approaches to this problem. The 
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NRS (Pouyat) has a program specifically addressing the effects 

of invasive soil organisms in the urban matrix and exploring 

soil community and process changes in forests along urban-

rural gradients in New York City and Baltimore (Pouyat and 

Carriero 2003, Steinberg et al. 1997, Szlavecz et al. 2006). A 

related problem is the interface between wildland and agricul-

tural systems, which could be a major steppingstone for exotic 

species introductions into wildlands.

One uncertainty is whether urban/human dominated forest soil 

communities are constrained to their urban matrix or if they 

will spread into nonurban environments in the future. Patterns 

of apparent synanthropy (close association with humans) can 

be driven by slow rates of dispersal or by absolute environ-

mental constraints that limit dispersal into natural ecosystems; 

i.e., some species may be obligate synanthropes constrained to 

human-altered environments, whereas others may be facultative 

synanthropes capable of spreading into ecosystems not domi-

nated by humans (Bolger et al. 2000, Kavanaugh and Erwin 

1985, Niemelä and Spence 1991, Niemelä et al. 2002, Spence 

and Spence 1988). The importance of spread out of these 

systems will depend on the biotic and abiotic resistance of 

wildlands to the invaders from urban and agroecosystems (e.g., 

Hendrix et al. 2006). To predict future patterns of invasion 

and community change, it is essential that we determine which 

key invaders are capable of crossing from human-dominated 

ecosystems into wildland ecosystems.

Additive and Synergistic Effects of New 
Suites of Soil Invasive Species
The concept of an invasional meltdown (i.e., synergistic inter-

actions between invasive species facilitating more invasions 

and leading to rapid ecosystem change [Simberloff and Von 

Holle 1999]) has received considerable attention (Simberloff 

2006). The potential for invasional meltdown in response 

to soil invasive species has not been fully explored but has 

been demonstrated to some degree in interactions between 

introduced earthworms and introduced plants (Heneghan et al. 

2007, Kourtev et al. 1999) and between invasive plants and 

their mycorrhizal partners (Richardson et al. 2000). Wholesale 

soil community changes in urban ecosystems and the likely 

expansion of these invasive-dominated communities highlight 

the necessity of determining whether such synergistic interac-

tions among invasive species occur among the species in these 

communities. The Forest Service has researchers with expertise 

and active research programs on urban invasive soil organisms 

and their effects on soil processes (NRS, R. Pouyat), and the 

expertise of other scientists with relevant interests and skills 

could be brought to bear on this problem as well. Better com-

munication, coordination, and collaboration between Forest 

Service scientists working on invasive plants and those with 

expertise in soil ecology will help to determine the importance 

of interactions among invasive species in forest ecosystems.

Interactions of Invasive Species and 
Global Environmental Change
Managing in the face of global change is one of the key chal-

lenges facing the Forest Service. As climate and atmospheric 

chemistry change, ecosystems will change in their susceptibil-

ity and response to invasions (Dale et al. 2000). Species with 

direct and indirect effects on soils are likely constrained by 

the bioclimatic match between source and receptor regions 

(Lilleskov et al. 2008), so a thorough understanding of how 

ranges are likely to change as a function of climate change is 

essential. Other factors, such as nitrogen deposition, provide 

further stresses on native ecosystems that have a potential for 

accelerating invasions or increasing their effects (e.g., Fenn et 

al. 2003). Increasing carbon dioxide will drive alterations in 

plant tissue chemistry or competitive interactions in ways that 

could favor or inhibit invasive species. Our understanding of 

such interactions is poor, but Forest Service research on the 

interaction of climate and pine beetle outbreaks in the Rocky 

Mountains (Rocky Mountain Research Station, Logan) indi-

cates the strong nonlinear changes in pest effects that can occur 

in response to small changes in climate (Logan and Powell 

2001). Similar changes could be expected in some invasive 

soil organisms. For example, invasive native (Reticulitermes 

flavipes) and nonnative (e.g., Coptotermes formosanus) termite 

species are spreading northward but, at present, are apparently 

limited bioclimatically to the Southern United States and in the 

North to urban areas (e.g., Arango and Green 2007). Popula-

tions resident in urban areas could rapidly expand and coalesce 

as climate changes. Understanding the constraints on their 

distribution and potential for control is critical to our ability to 

manage and adapt to these invasions. 

Forests are an important sink for carbon, potentially providing 

an important negative feedback to global climate change. This 

carbon is stored in both soils and biomass. Changes in soil 

processes can change the pools of soil carbon. One area in 
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need of investigation is the effect of invasive soil organisms in 

general, and earthworms in particular, on the storage of carbon 

in soils. It has been established that short-term losses of soil 

carbon occur during earthworm invasion. These losses can be 

significant, on the order of 0.6 Mg C ha-1 yr-1 (Alban and Berry 

1994). How long these losses persist and how these losses are 

modulated by soil texture is only poorly understood, yet such 

knowledge is essential to our ability to manage forests for 

carbon storage. It is possible that, although short-term effects 

include carbon losses, long-term effects include increased 

physical and chemical protection of soil organic matter, 

leading to net accumulations of soil carbon. A Forest Service 

researcher (NRS, Pouyat) and collaborators have compared the 

effects of invasive earthworms on soil carbon dynamics in for-

est stands along an urban-rural gradient in the New York City 

metropolitan area (Groffman et al. 1995, Pouyat et al. 2002), 

and an existing Forest Service project addresses this question 

in nonurban forests (NRS-Lilleskov, Swanston, Kolka). Under-

standing the effects of invasive species on climate is critical to 

our ability to manage forests to mitigate climate change.

Overarching and Concluding Remarks

The Forest Service has the unique opportunity to provide 

information that will improve our ability to predict, prevent, 

detect, eradicate, and manage invasive organisms that affect 

the belowground component of ecosystems, but only if we 

make it a priority to develop an integrated program that takes 

full advantage of the unique strengths that we offer.

These strengths include (1) a national network of capable and 

motivated scientists dedicated to protecting the sustainability, 

biodiversity, health, and ecosystem goods and services of 

our forests; (2) a network of long-term ecological research 

projects, sites, and associated databases, especially Forest 

Inventory Analysis and our invaluable network of Long Term 

Ecological Research Network studies and experimental forests 

and ranges; (3) a long-term perspective; and (4) the flexibility 

to respond to problems as they arise. Our customers—the 

public, land managers, other scientists, policymakers, other 

Government organizations such as APHIS—do not have the 

expertise or focus on forests that would permit them to make 

informed decisions necessary to protect forests from soil 

invasive species. It is, therefore, our responsibility to ensure 

that information needed is developed and disseminated to these 

customers. APHIS needs our help in identifying organisms of 

greatest concern to forests and their mode of entry, land manag-

ers need to recognize the signs of invasive species and know 

how to respond, other scientists need unfettered access to the 

information we collect, and the public and policymakers need 

to be educated about the issues we face and the collective and 

individual actions required. 

To provide this information, we must maintain a vital and com-

prehensive research program that includes both internal Forest 

Service research and collaboration with academic institutions 

and scientific societies. Given the range of taxonomic groups 

and ecological roles encompassed by soil invasive species, it 

is also essential that Forest Service R&D maintain diverse 

expertise in soil science, pathology, entomology, mycology, 

taxonomy (especially of invertebrates and fungi), biological 

and other methods of control, ecology, ecosystem science, 

biogeochemistry, and hydrology. The trend toward declining 

research budgets must be reversed if we are to maintain the 

expertise needed to address these problems. To address these 

problems, we need to communicate the economic, social, and 

environmental benefits of expanding our research program. 

We can scale the organization to focus on the highest priority 

issues/needs if we remain flexible; keep lines of communication 

open among different research groups; minimize top-down 

control of the research process, allowing individual scientists 

to recognize and respond to emerging issues; provide resources 

for research collaborations among units and regions, and 

between units and universities; and provide central databases 

of scientists, expertise, publications, and long-term datasets. 

It is essential that within Forest Service R&D we share data 

and protocols to maximize comparability of collected data, and 

when appropriate seek additional resources to fund collabora-

tive efforts that synthesize existing data or permit national-

scale efforts. In order to provide greater integration, it is also 

critical that we increase incentives, such as targeted funding, 

for collaboration among regions. Providing opportunities for 

unstructured communication among researchers (e.g., national 

meeting of researchers focusing on belowground invasive spe-

cies, perhaps in partnership with the Soil Ecology Society) will 

also facilitate such efforts.
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Prevention 

Kerry Britton1, Barbara Illman2, and Gary Man3

Abstract

Prevention is considered the most cost-effective element of 

the Forest Service Invasive Species Strategy (USDA Forest 

Service 2004). What makes prevention difficult is the desire 

to maximize free trade and the resulting benefits to society 

while, at the same time, protecting natural resources. The 

role of science is to first identify which commodities pose an 

unacceptable risk and then to either develop mitigations that 

will adequately ameliorate the risk or technically justify and 

facilitate commodity exclusion. 

Action Items

Developing a system of data sharing that allows a rapid 

synthesis of information from global databases is a top priority. 

Keeping pests out requires knowing what is out there, which 

pathways are contaminated, and how to mitigate the risk. It is 

costly and time-consuming to develop new science upon the 

detection of an introduced pest and to eradicate it. Frequently 

an introduced pest becomes established before management 

tools are developed, and eradication is no longer possible. 

To help focus these efforts, global partnerships are needed to 

identify groups of pests that are of most concern, in advance of 

their arrival and establishment.

Decision-support tools are needed to help managers decide 

which commodities pose an unacceptable risk. The decision 

relies on estimates of potential pest impact and risk mitigation 

methods effective against pests that are not currently in the 

United States or that are present in limited distribution and 

under regulatory control.

Economic impact assessment modules for ecological services 

valuation need to be developed to inform these decision-support 

tools. Gaming scenario approaches would help regulators and 

managers decide which commodities to exclude and which 

established pests to fight. Cost/benefit analyses are needed to 

compare mitigation options.

Systematics expertise and pest biology research necessar-

ily underlie the development of these tools. In many cases, 

information about related species must be used as a proxy for 

species-specific information on biology, behavior, and risk. 

Similar species’ biologies often provide a starting point for 

assessing invasiveness or for developing detection tools, com-

modity mitigation recommendations, and eradication or control 

strategies. A greater understanding of the response relationships 

among organisms within taxonomic or biofunctional groups 

is required to trust the strength of such proxy options. Recent 

advances have improved our understanding of systematic 

relationships but also indicate that regulatory concepts based 

on morphological pest species concepts, in some cases, have 

afforded inadequate protection from new and more virulent 

races or subspecies. Quantification of intraspecific variability 

in key biological attributes such as aggressiveness could help 

regulators decide what level of taxonomic specificity is appro-

priate to regulate.

Detection methods are needed to verify pest presence or miti-

gation success. These methods are needed offshore in export 

programs, including Animal and Plant Health Inspection Ser-

vice (APHIS) preclearance programs for high-risk commodi-

ties, and in domestic programs. Participation and full support of 

regional (e.g., North American Plant Protection Organization) 

and international (e.g., International Plant Protection Conven-

tion [IPPC]) initiatives to develop globally accepted detection 

tools are recommended.

Monitoring tools are needed that include better trapping and 

baiting methods and scientific assessments of how to most 

effectively and efficiently deploy those methods to maximize 

the likelihood of early detection for rapid response.

1 National Forest Pathology Program Leader, Forest Service, Research and Development, Washington Office, 1601 N. Kent Street, RPC-4, Arlington, VA 22209.
2 Director, Institute for Microbial and Biochemical Technology, Forest Service, Forest Products Laboratory.
3 �Forest Health Specialist, Forest Service, Forest Health Protection, Forest Health Specialist, Forest Health Protection, 1601 N. Kent Street, RPC-7, Arlington, 

VA 22209.
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Mitigation and control strategies must be developed and 

improved as new technologies become available. In support of 

both import and export trade, mitigation strategies reduce the 

risk of the movement of pests on a particular commodity to 

an acceptable level. Control strategies reduce or eliminate an 

established pest population.

Background

Prevention stands as the first, most effective step of the 

Forest Service National Invasive Species Strategy (USDA 

Forest Service 2004). Prevention has long been recognized 

as an important component of bilateral and multilateral trade 

agreements and international law, but, as the ecological conse-

quences of science gaps have become more obvious, the need 

to address these gaps has become more widely recognized. The 

expert panel that conducted the Forest Service Invasive Species 

Research External Peer Review in October 2006, recommended 

that Forest Service Research and Development (R&D) put 

more emphasis on tools to aid in prevention.

Several major pathways have been identified as sources for the 

introduction of invasive species. Ballast water release from 

ships is a source of exotic snakes, snails, fish, and mussels. 

Wood packing material (WPM), such as pallets, boxes, and 

crates, is a pathway for invasive species such as the Asian long-

horned beetle and wood-inhabiting fungi. Wood-boring beetles 

have also been detected in artificial plants, furniture, and other 

nontreated wood products. Plants for planting can be pests in 

and of themselves, or they may provide a pathway for invasive 

fungi, insects, and nematodes. Escapes and releases from the 

exotic pet trade and horticultural smuggling provide pathways 

for a variety of pests.

Trends in Trade
Imports of agricultural, fish, and forestry products are now 

more than $100 billion a year. Wood product imports increased 

45 percent between 2002 and 2006, and exports increased 27 

percent during the same period (USDA Foreign Agricultural 

Service 2007). Such globalization carries with it the burden of 

increased opportunities for invasive species introduction. 

WPM supports 75 percent of goods in transit. The threat posed 

by this enormous volume of WPM has been partially mitigated 

by the adoption of rules requiring heat treatment or fumigation, 

based on an international standard called ISPM-15. Forest 

Service research played a large part in documenting the need 

to mitigate the risk associated with WPM, defining effective 

treatments, and determining the relevance of residual bark in 

the potential for infestation of WPM after treatment. Research 

is still needed to test treatment efficacy against thermophilic 

insects and microbes, to resolve questions about the effect of 

moisture content on methyl bromide efficacy, and to develop 

alternatives to methyl bromide, which is at present the only 

internationally approved fumigant. APHIS recently issued a 

supplement to its Environmental Impact Assessment for use of 

methyl bromide as a treatment for WPM, with revised estimates 

of between 744 and 2,110 metric tons per year (USDA APHIS 

2007). A notice of decisionmaking published in February 2008 

advised that, because of the absence of accepted alternatives, 

this ozone-depleting compound would continue to be accepted 

in lieu of heat treatment.

Bergman, Chandler, and Locklear (2002) predicted that the 

number of invasive vertebrate species in the United States will 

continue to increase due to smuggling, species escapes from con-

finement, and minimal border inspections. They summarized 

APHIS Wildlife Services’ (WS’s) records of cooperator esti-

mates of economic losses, with the caveat that monetary losses 

reported to WS are miniscule when compared to the overall 

damages caused by these species. “Much of the damage, such 

as losses of threatened and endangered species, and damage to 

natural areas is not readily quantifiable. The true picture of the 

harm caused by invasive species cannot be fully appreciated 

until additional research is conducted and better models are 

developed to determine the full amount of damage caused by 

individual invasive species and groups” (Bergman et al. 2002).

Imports of live plants increased from 1 billion in 2004 to 2.5 

billion in 2006. Most (75 percent) pass through the port of 

Miami, where 34 inspectors struggle to keep pace with the 

increasing deluge. Relying on inspection to detect pests is inad-

equate because not all invasive insects and pathogens that were 

introduced via nursery stock imports were known to science 

before their establishment in the United States. Although in the 

past plants were usually imported for breeding, or as mother 

plants for domestic production, they are increasingly being 

produced offshore for retail sales. Thus, the associated pests 

go straight to the consumer, rather than remaining under the 

watchful eye of a plant breeder or nursery worker. APHIS is 
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future program direction should require more organizational 

emphasis on prevention methods, specifically those described in 

the following text.

Pathway Assessments
Most scientists and regulators agree that a pathway approach to 

pest regulation is more effective than a pest-by-pest, country-

by-country approach; however, the IPPC has stringent ground 

rules for pathway pest risk assessments. Risk is assessed for 

a suite of known pests, and mitigation treatments must be 

designed to address these specific examples. Although this 

regulatory approach does not directly address unknown pests 

(IUFRO 2008) mitigations designed to reduce known pests will 

reduce the risk of at least some unknown pests as well. Clearly, 

research is needed to identify the riskiest pathways and the 

pests likely to use them and to develop mitigation measures that 

will address them. The success of this pathway approach needs 

to be quantified.

Exclusion methods based on pathways would concentrate 

efforts on high-risk, high-volume trade commodities. Risk 

assessments are needed for global transport of wood chips, 

peeler cores, and wooden handicraft items. An online database 

for entry pathway information is needed to list intentional and 

accidental introduction pathways, provide links to updated 

pathway risk assessments, identify expected invasive species 

groups on cargo goods known to provide pathways, and provide 

links to control and mitigation methods for known pathways. 

Quite a few individual efforts have begun to build valuable 

online databases. As Web-based information proliferates, 

however, it becomes more difficult to find the most credible, 

condensed information. Forest Service R&D should work with 

other members of the National Invasive Species Council to 

unify databases and provide a data-mining portal that links all 

the relevant sources of information on invasive species.

Many independent sources of data exist regarding offshore 

pests, but these sources need to be synthesized to help predict 

potential problem areas. Forest Service scientists should help 

define the risks from source regions that ship live plants or 

other commodities likely to harbor invasive species. Climate-

matching and forest-type comparisons of regions that present 

new potential sources of high-risk commodities should be 

studied in the light of port interceptions and commodity import 

trends. For example, China and India are said to be “gearing 

currently revising its regulations for “plants for planting,” and 

this process is expected to take a decade to complete. Because 

APHIS does not have a research arm, the USDA Agricultural 

Research Service and Forest Service R&D need to provide the 

science to help inform this process. The intent of this regula-

tion is to reduce unintentional pest introductions on the plants 

and to institute a process to screen intentionally introduced 

plants for invasiveness.

Another trend in trade is the increasing use of containers for 

shipping. As containers pass through port inspection stations, 

fewer than 2 percent are inspected. The other 98 percent are not 

opened until they reach their final destination, which has made 

every receiving town in America a potential host to hitchhik-

ers, such as the Asian gypsy moth, other pests associated with 

WPM, and commodity-associated pests.

Science Challenges
Prevention is considered the least expensive and most effective 

approach to reducing the effects of invasive species; however, 

the “Agreement on the Application of Sanitary and Phytosani-

tary Measures” of the World Trade Organization (WTO) (WTO 

1994) requires that every regulation be “based on scientific 

principles and…not maintained without sufficient scientific evi-

dence.” The WTO recognizes the IPPC as the body to harmonize 

standards for plant health. The IPPC stipulates that countries 

are not allowed to require phytosanitary measures against 

nonregulated pests. Both conditions imply a level of knowledge 

about pests that is frequently lacking. In fact, the invasiveness 

of nonnative forest pests has rarely been predicted in advance. 

A more systematic approach toward identifying future threats is 

sorely needed. Forest Service R&D has a significant role to play 

in helping to develop a holistic, international approach.

Participating in the global discussion surrounding these 

critical issues and continuing to provide research answers to 

regulators’ questions are essential to redeem Forest Service 

responsibilities in protecting the Nation’s natural resources.

Research Needs

The science of invasion biology is developing rapidly. 

Although Forest Service R&D has played a pivotal role in this 

development, with crosscutting studies for individual species, 
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up” to enhance their exports of plants for planting. Collabora-

tive projects should examine pests known to occur in these 

lands that are likely to occur on proposed commodities, their 

risk of establishment and potential detrimental effects in the 

United States.

Mitigation Tools

After potential pests are characterized, it is possible that 

mitigation measures can be developed. In the case of live 

plant imports, mitigation measures will be needed to support 

the implementation of the North American Plant Protection 

Organization’s (NAPPO) Plants for Planting standard adopted 

in October 2005 (NAPPO 2005) To implement this standard, 

APHIS will be proposing a systems approach, to which Forest 

Service R&D should contribute sound science. Specifically, we 

can help identify “plant genus/source region” combinations that 

present unacceptable risks to forest and rangeland ecosystems. 

Such plants would be added to a new category of plants for 

planting labeled “NAPPRA—not authorized pending pest risk 

assessment.” Later, pest risk analyses would identify mitigation 

measures that might allow the plant genus to be safely imported 

from the listed region(s).

Safe trade in wood products requires substantial knowledge of 

pest biology, and Forest Service scientists must continue their 

significant role in filling important knowledge gaps. Although 

invasive insects are well documented in their extensive use of 

the WPM and wood product pathway, little research on the 

risks from pathogens associated with wood has been conducted. 

Despite this dearth of research, a recent study reported that 

Phytophthora ramorum exists in xylem of affected oaks. 

Debarking is no longer a sufficient treatment; new mitigations 

are needed to reduce the risk of spreading the pathogen via 

firewood and other wood products from areas affected by 

Sudden Oak Death disease. The risks associated with other wilt 

pathogens and wood decay organisms need to be examined. 

Domestic movement of firewood has recently been blamed 

for spreading several important insect pests (e.g., emerald 

ash borer and Asian longhorned beetle). Research should 

investigate the risks associated with this pathway and develop 

acceptable mitigation measures. Furthermore, Canadian wood 

products cross our border with much less restriction than those 

of other countries, partly because of a perception that pests will 

move on their own despite regulatory efforts and partly from 

the idea that our ecosystems are so similar that our existing 

pests are much the same. These ideas are researchable hypoth-

eses, rather than proven facts.

Economic Impact Assessments
The economic consequences of invasive species are not well 

known. Examples for aquatics and estimates for timber pests 

indicate that the costs are high, ranging in the millions to bil-

lions of dollars per year. A systematic assessment of the costs 

for prevention vs. control of invasive species is needed. The 

global trade model needs to be expanded to predict some of the 

economic consequences of invasive species, both social and 

ecological.

Decisionmakers constantly need information to guide sound 

choices about which battles to fight. Because of the nature of 

new pest incursions, regulatory decisions are usually made 

in the face of great uncertainty. Sensitivity analyses should 

be conducted to identify key knowledge gaps in our ability to 

predict pest behavior in this country, based on host preferences 

and other biological characteristics expressed in the country of 

origin. How can we predict economic effects in time to inform 

decisions the regulators must make soon after discovery?

It is essential that Forest Service R&D retain the flexibility to 

address immediate needs as they arise, providing sound science 

to support the regulatory community. What exit strategies sup-

port the often necessary decision to transition from eradication 

to slow-the-spread programs?

Containment Measures
Another aspect of prevention is our efforts to prevent the 

spread of pests already present, but restricted in distribution in 

the United States. The resources required to maintain effective 

monitoring and apply control treatments dictate careful target-

ing of these efforts. Risk assessment of vulnerable ecosystems 

requires more specific predictive tools for pests under current 

conditions. The potential effects of climate change on pest 

biology must also be understood to help prioritize management 

options. Accurate predictive models rely on studies of pest 

biology and interactions with host and environment, strengths 

of Forest Service R&D.



A Dynamic Invasive Species Research Vision: Opportunities and Priorities 2009–29			   89

Monitoring Tools
Better detection methods, such as polymerase chain reaction 

array chips, are needed to help inspectors at ports identify pests 

associated with risky commodities such as plants for plant-

ing. The Barcode of Life project will also help alleviate the 

dire need for more taxonomists. Forest Service R&D should 

provide input to this worthy cause to the full extent possible. 

The barcodes are only as functional as the taxonomic accuracy 

of the original identifications.

Robot insect sorters are being developed that optically assess 

diagnostic features, linking into diagnostic information 

systems. Designed to help ameliorate the loss of taxonomic 

expertise, this science is in its infancy. Forest Service R&D 

taxonomic expertise will be required as the mechanics and 

programming mature and the range of taxa covered by robot 

sorters expands.

Offshore monitoring programs, such as the very successful 

Asian gypsy moth program, should be expanded to include 

many other pests. Trap design and lures for foreign insect pests 

will be needed, and sentinel plantings of American host species 

should be established and monitored overseas. This effort will 

require developing extensive networks of scientists working 

across borders to identify potential pest problems before they 

arrive. International databases or data mining systems that link 

existing national data are sorely needed. These networks will 

also be extremely beneficial in developing rapid responses.

Despite our best efforts, pests will undoubtedly escape our 

vigilance and establish new populations in the United States. 

Tools will always be needed in a short timeframe to provide 

for detection, faster delineation, and containment of new 

infestations. In addition to other diagnostic methods, detection 

via remote sensing will become increasingly important. In the 

distant future, informatics systems will build cohesive services 

across agencies, linking inputs from a multitude of databases 

(e.g., Port Inspection Stations, Cooperative Agricultural Pest 

Survey, National Plant Diagnostic Network, Early Detection 

and Rapid Response trapping program, Forest Inventory and 

Analysis, and Forest Health Monitoring program). Faster 

detection and better information sharing will help agencies 

coordinate rapid responses.

Both APHIS and Forest Health Protection (FHP) have proposed 

to develop citizen-monitoring networks. The USDA agencies 

should work together to develop the most efficient training and 

outreach programs and a simplified reporting structure for citi-

zens. Quick, easy-to-use, and inexpensive diagnostic tools are 

needed to help engage citizens in monitoring. One tool now on 

the horizon is the species-specific ELISA kit. More accessible, 

Web-based diagnostic tools are needed. Within the planning 

timeframe, other methods will also be developed to meet this 

new need.

For example, Forest Service R&D and FHP are developing 

and refining software programs and models to help quantify 

the value of urban forests (including those factors that can 

devalue an urban forest, such as insects and diseases). Models 

such as UFORE and STRATUM calculate the amount of air 

pollutants removed from the atmosphere, carbon stored by 

urban forests, and the effect of trees on energy use in buildings. 

More importantly, the models calculate the potential economic 

effect of an insect or disease attack in urban trees. Other tools 

such as MCITI collect data that are fed into the models and that 

can also be used as a diagnostic tool to highlight possible pest 

problems. Further research and development is needed to make 

these tools and models more robust and useful to land managers 

and policymakers.

Technology Transfer and Outreach
The future will see great strides in program delivery via the 

Internet. Forest Service R&D must not fail to invest in develop-

ing user-friendly products that deliver information users need 

in a format they can use. Strengthening our role in the National 

Invasive Species Council (NISC) and its plant, aquatic, and 

terrestrial committees would increase leverage significantly. 

Educational programs targeting air passengers, pet owners, 

and horticultural enthusiasts will be more cost-effective if con-

ducted by an interagency action committee under the guidance 

of NISC. To accomplish our prevention goals, Forest Service 

R&D clearly needs to expand its influence through better 

partnerships for implementation and outreach.
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Abstract

The success of an invasive species is in large part due to favor-

able conditions resulting from the complex interactions among 

natural and anthropogenic factors such as native and nonnative 

pests, fires, droughts, hurricanes, wind storms, ice storms, 

climate warming, management practices, human travel, and 

trade. Reducing the negative effects of invasive species and 

other disturbances on our natural resources is a major priority. 

Meeting this goal will require an understanding of the complex 

interactions among disturbances, development of tools to 

minimize new invasions, and effective management of systems 

that have already been changed by invasive species.

In this paper, we suggest desired resource outcomes; we offer 

considerations for developing management strategies, policies, 

and practices needed to achieve these outcomes; and we note 

potential interactions of invasive species with other distur-

bances. We then identify invasive species-related research and 

development actions needed to achieve the desired outcomes. 

Interacting factors that influence desired outcomes include 

weather conditions, fire, pests, land use decisions, transporta-

tion, human health, human travel, and potential deployment of 

genetically engineered plants and animals. Disturbance and its 

interactions with invasive species can have ecological, social, 

and/or economic effects.

Forest Service Research and Development (R&D) priorities 

should focus on developing strategies, guidelines, and tools for 

mitigating invasive species and managing affected systems, as 

follows: 

•	 Modeling the introduction and spread of invasive species 

to help proactively predict and prevent the introduction and 

establishment of an invasive species (also see prevention 

paper). 

•	 Decision support, detection and monitoring tools and 

strategies for predicting, preventing, detecting, and 

responding to newly arrived invasive threats (also see 

prevention paper).

•	 Risk-cost-benefit analysis methodology to help determine 

the most effective management options. 

•	 Strategies, systems, and practices for managing changed 

ecosystems to continue to deliver needed goods, services, 

and values.

•	 Tools that enable functional restoration of economically and/

or ecologically critical systems. 

•	 Strategies and guidelines to prevent, detect, monitor, and 

manage invasive species after major disturbances.

•	 Guidelines for economic, environmental, and social analysis.

Resources needed to accomplish the foregoing outcomes 

include the following:

1.	 Modelers skilled in multiobjective stand dynamics and forest 

management modeling.

2.	 Integrative specialists whose expertise incorporates 

ecological, social, and economic effects.
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3.	 Functional specialists who provide data relating to basic 

processes and responses for use by integrative specialists 

and modelers.

4.	 Communication specialists skilled in print, Web, and 

novel technology transfer processes to provide support to 

functional and integrative specialists.

Introduction

The Forest Service and numerous other Federal, State, local, 

and private organizations recognize invasive species as a 

significant environmental and economic threat to the Nation’s 

forests and rangelands. Interactions among invasive species and 

other environmental and anthropogenic disturbance regimes 

can exacerbate this threat (USDA Forest Service 2003). Actions 

taken to prevent, manage, and mitigate the adverse effects of 

invasive species and other threats depend on understanding the 

synergism among these disturbances and the potential effects of 

both disturbances and proposed mitigations on resources and on 

people’s lives.

In this paper we suggest desired resource outcomes; consider-

ations in developing management strategies, systems, policies, 

and practices needed to achieve these outcomes; and potential 

interactions of invasive species with other disturbances. We 

then identify invasive species-related research and development 

actions needed to achieve these outcomes. In the broad sense, 

our desired resource outcome is that forest and range ecosys-

tems are healthy and productive and provide a sustainable 

supply of services, products, and experiences that enhance the 

quality of life for present and future generations.

To meet this goal, we must consider the range and quantity of 

goods, services, and values that we will require our forests and 

rangelands to produce in the coming decades. Figures 1 and 2  

show estimates of world and U.S. populations from 1950 

through 2050. As populations and world economies continue to 

increase, so will the societal demands on our natural resources. 

We will rely on these lands to produce water, wood and non-

wood products, recreational opportunities, biological diversity, 

and energy, all while playing a crucial role in climate change 

mitigation. 

Although invasive species can have direct effects on many 

of these goods and services, it is important to recognize that 

these effects can also be greatly influenced by interactions 

with fire, weather and climate patterns, land use changes, and 

other disturbances. The influence of invasive species on critical 

natural resources may be increased or decreased in the context 

of other disturbances.

Future management, policy, and societal needs for research 

related to managing forests and rangelands under the influence 

of invasive species can largely be met through quantifying 

and projecting system behavior and value under different 

scenarios. At varying time and space scales, these needs 

include probabilistic projections of the magnitude and direction 

of change; likely outcomes without intervention; options for 

management actions, including their costs; and systems and 

practices for accomplishing these actions. Critical research 

deliverables include methods and tools for cost-benefit-risk 

Figure 1.—World population and estimates, 1950–2050 
(United Nations 2007).

Figure 2.—U.S. population and estimates, 1950–2050 (U.S. 
Census Bureau 2004).
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analysis for invasive species management options; collection 

of the basic data needed to populate, parameterize, and develop 

these models; strategies, systems, and practices for managing 

changed systems to continue to deliver needed goods, services, 

and values; and the ability to articulate what changed systems 

can and cannot deliver in probabilistic terms.

Forest and Rangeland Disturbances

A diverse group of natural environmental disturbances has the 

potential to alter our Nation’s forests and rangelands, including 

native pests, drought, fire, hurricanes, tornadoes, and ice storms. 

Also a number of anthropogenic disturbances can potentially 

affect natural resources; these disturbances include nonnative 

invasive species, international and regional trade, transporta-

tion, development, and fragmentation. These disturbances can 

occur individually but often come in combination, and interac-

tions among these inherent and anthropogenic disturbances 

are not well understood. Despite our lack of understanding, we 

know these disturbances (and their interactions) can disrupt 

ecosystem functions, social benefits, and economies. The 

resulting effects can be severe and may cause significant lasting 

ecological and socioeconomic effects. Thus, understanding 

the effects of individual invasive species and their interactions 

with multiple factors will enable development of effective 

approaches for sustaining and enhancing ecosystem functions 

and resource benefits. Land managers and owners need effec-

tive strategies, tools, guidelines, and practices to anticipate 

disturbances, act to prevent or lessen their effects, and restore 

the function and productivity of affected ecosystems.

Forest Service R&D has unique opportunities and responsibili-

ties relative to invasive species (USDA Forest Service 2008). 

The Forest Service is the only Federal agency that maintains 

a strong research focus on forest pests. Although future trends 

are not certain, there is consensus that a small fraction of 

nonnative invasive species will interact with other anthropo-

genic and natural disturbances to disrupt existing ecosystem 

functions and adversely affect the goods, services, and values 

expected from these systems. Also, there is consensus that 

another small fraction may interact to provide benefits to 

humankind. Managing these invasive species appropriately 

will pose an enormous challenge considering our limited 

understanding of their potential interactions with our wildland 

ecosystems and with other disturbances. Such understanding 

is critical to sustainable management of the Nation’s natural 

resources. Our challenge over the next 50 years is to enhance 

our ability to predict and monitor these phenomena sufficiently 

to develop effective strategies to productively manage systems 

increasingly affected by invasive species and to recognize 

and capitalize on any benefits. The situation is urgent because 

population increases, human movement, global trade, and 

climate change will continue to drive changes in the world’s 

biota—increasing the number and complexity of invasive spe-

cies and disturbance interactions. 

Key Disturbances
Our future success in both preventing introduction and estab-

lishment and managing spread of invasive species depends on 

our understanding of the interactions of diverse environments 

and disturbances as they impact invasive species ecology, 

and on our ability to manage ecosystems to minimize adverse 

outcomes. Key disturbances that can impact invasive species 

success include: severe or changing weather and climate 

conditions; fire regimes and their management; insect pests 

and diseases; land use and land cover changes; trade and trans-

portation within and across regions; human health and travel; 

management practices designed to mitigate disturbance effects; 

and genetically engineered plants and animals. These types of 

disturbances are discussed below.

Severe or Changing Weather and  
Climate Conditions
Climate is clearly changing and, with it, the extremes of 

weather and climate as reflected in storminess, heat waves, 

minimum temperatures, droughts, and floods. In addition to 

chronic warming, multiyear and multidecadal climate cycles are 

being increasingly documented (Sutton and Hodson 2005). The 

familiar El Niño-Southern Oscillation (ENSO) brings increased 

rainfall to the Southwest and South and decreased rainfall in 

the Pacific Northwest and occurs for a year or 2 every 3 to 7 

years. ENSO alternates with neutral conditions or with La Niña, 

which results in an opposite pattern of NW-SW rainfall (Sutton 

and Hodson 2005). Cool, wet phases of the Pacific Decadal 

Oscillation (PDO) increase rainfall in the Pacific Northwest 

and decrease it in the South and Southwest (especially during 

La Niña conditions). The PDO shifts from one mode to the 

other (warm dry phase) at about 20-year intervals. When the 

warm dry phase of the PDO coincides with an ENSO event, 
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the Pacific Northwest becomes even drier (Mote et al. 1999). 

Recently, a connection of the Atlantic Multidecadal Oscillation 

(AMO) with western North American climate at about 60-year 

intervals has been discovered (see description of precipitation 

effects, below). The warm phase of the AMO is associated with 

warmer, drier conditions throughout the Western United States 

(Kitzberger et al. 2007). Although these climate cycles shift the 

intensity and frequency of climate variations, they are superim-

posed on a steady trend of increasing global temperatures. They 

can temporarily ameliorate or amplify effects of warming by 

adding still more climate variations, but they do not change the 

upward direction of the warming trends.

Climate warming is the most important weather variable driving 

shifts in invasive species distributions (e.g., Logan et al. 2003). 

With some important exceptions, greenhouse gas-induced 

warming throughout the next few centuries is expected to be 

greatest at night, during winter, over land, and toward the 

poles. Scientists have already observed such patterns in North 

America, Europe, and Asia (IPCC 2007a). Hence, the most 

successful invasive species under climate warming are expected 

to be those that are currently limited by cold winters and cool 

spring nighttime temperatures. An example of effects of warmer 

low temperatures is the newfound ability of mountain pine bark 

beetles to mature twice as fast as they used to, completing two 

life cycles a year in the Southwestern United States and at least 

one complete life cycle every year in areas of central British 

Columbia (Carroll et al. 2004). Warming nighttime tempera-

tures are also responsible for beetle migration to higher eleva-

tions in the intermountain West, causing considerable mortality 

in limber pine populations that previously had not been subject 

to beetle attacks (Hicke et al. 2006; Logan et al. 2001, 2003).

Precipitation is increasing in some areas, and this trend is 

expected to continue because climate warming increases the 

intensity of the hydrological cycle, leading to greater evapora-

tion and evapotranspiration, greater return rainfall, and greater 

runoff. In higher latitude temperate regions, precipitation 

increases appear to result from greater frequency of intense 

storms. Increased hurricane intensity and more hurricane 

landfalls at more northerly locations are also expected, at 

least in the Atlantic (Emanuel 2005, Webster et al. 2005). The 

implications of increased storminess, runoff, and flooding 

are obvious in enhanced storm damage to trees and increased 

abundance of damaged trees that can serve as infestation loci 

for pests such as borers. Meanwhile, the increased areas of soil 

disturbance from flooding and treefall will subject ecosystems 

to potential enhanced establishment of invasive plants such as 

tamarisk in the Southwest. Note that the foregoing illustrates 

the fact that the effects of climate change are often driven by 

the increased climate variability and extremes that overlie the 

slow, chronic increase in mean temperatures. This increase in 

climate variability is predicted to continue with warming and 

is likely to produce the most obvious effects on ecosystem 

functioning (Overpeck et al. 1990).

In other areas, greater intensity and frequency of drought 

conditions are expected, a trend perhaps already being reflected 

in the presence of chronic drought conditions in the Western 

United States (Breshears et al. 2005). One recent study 

concluded that current drought conditions in the West are likely 

to become the normal situation throughout the 21st century 

(Seager et al. 2007). Others suggest that current drought condi-

tions in the West may be attributable to 40- to 60-year cycles 

of warmer and dryer conditions associated with the AMO, as 

inferred from tree-ring records documenting fire frequency (and 

therefore climate conditions) over the past several centuries 

(Kitzberger et al. 2007). Indeed, in lower latitude temperate 

regions, such as the Southern and Southwestern United States, 

the subtropical subsidence zone in which most global deserts 

are located is expected to extend northward during this century. 

This phenomenon is under way and has already been well 

documented (IPCC 2007a). One result of the interaction of 

drought with warmer temperatures is increased stress, which 

reduces tree and forest resistance to invasive pests and plants. 

Such a response is clearly evident in the piñon Ips beetle-

induced dieback of piñon and ponderosa pine on the Colorado 

Plateau during the 2000–04 drought (Breshears et al. 2005). 

Fire Regimes and Their Management 
The patterns of wildland fire, both globally and in North 

America, have changed markedly over the past 20 to 30 

years (IPCC 2007b, Westerling et al. 2006). Changes include 

increased severity of fires in many short-return interval forested 

systems and increased frequency of fires in many arid and 

semiarid shrubland systems. The annual average burned area 

in the United States has increased greatly in recent years 

(NIFC 2008). Annual burned area on Forest Service lands, for 

example, has averaged almost one million acres per year over 

the 20 years from 1987 through 2006. This is nearly four times 

the average annual burned area for the previous 50 years (1937 

through 1986) (USDA Forest Service, 2007). About 1.4 million 
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acres have burned per year on Forest Service lands since 1999 

(NICC 2008), and the upward trend is continuing.

Fire interacts with the potential for invasive species in many 

ways. Removal of native herbaceous vegetation by frequent 

or high-severity fire, intensive grazing, or canopy closure 

due to fire exclusion may reduce the seed sources for native 

herbaceous species and make habitats available for invasive 

plant species such as introduced annual grasses. Even when 

fire regimes are restored, lack of native seed sources can make 

restoration difficult and may even encourage the persistence 

of invasive species (Brooks et al. 2004). Grazing animals may 

also provide a vector for disseminating those species on fur or 

through their droppings. A number of invasive grass species 

are believed to have been introduced from Spain in the early 

years of California settlement; many of these species spread 

rapidly, carried by humans or by being lodged in the fur of 

sheep and other animals (Bossard et al. 2000).

Fuel breaks and other fire suppression strategies and tactics 

have been found to promote the invasion of nonnative plant 

species in the Western United States (Keeley 2006). A specific 

study of fuel breaks in California found that nonnative plant 

cover was more than 200 percent higher in fuel breaks than in 

adjacent forests (Merriam et al. 2006). In addition, cover of 

nonnative species was greater in areas that had been subject to 

three or more fires than in those subject to only one fire. Cur-

rently no information is available on the role of fuel breaks in 

the invasion of nonnative species in the Southeast, but the long 

history of prescribed fire and the high frequency at which it 

must be applied suggest that nonnative invasive species could 

already pose extreme threats to forest diversity and management 

goals. Fuel breaks in the Southeast are roads that follow the  

perimeter of management compartments and ownership bound-

aries. Features such as these are ecologically similar to roads 

that promote invasion of nonnative species by increasing con-

nectivity within the landscape (Foreman and Alexander 1998).

Invasive grass species (e.g., various bromes in the Great Plains; 

bufflegrass in the desert Southwest, non-native grasses in the 

East) or shrub and tree species (e.g., tamarisk in the West, 

honeysuckle and other shrub and vine species in the East) may 

increase fine fuel loads, fire hazard, and potential fire severity, 

and may also affect rangeland forage, wildlife habitat and other 

values. If these invasions lead to more frequent or more intense 

fires, native species may be further eliminated. Such changes 

can affect the ecological and resource values of plant communi-

ties and the habitat value for associated wildlife species (Brooks 

et al. 2004; Zouhar et al. 2008).

In other situations, invasive species may alter fuel structure or 

fuel moisture in ways that lead to decreased fire frequency, such 

as with the invasion of the succulent iceplant (Carpbrotia sp.) 

into coastal sage ecosystems in southern California (Brooks et 

al. 2004).

During periods of drought, tree and shrub species can become 

more susceptible to a number of native and nonnative insect 

pests and diseases and more susceptible to fire (Logan et al. 

2001, 2003). Increases in insects and diseases may further add 

to the fire hazard in already-stressed stands.

The decrease of vigor and full or partial canopy mortality asso-

ciated with invasive insect and disease pests may also lead to 

long-term increases in fuel loadings (e.g., as branches and boles 

fall to the ground as is occurring in Michigan and Ohio due to 

emerald ash borer mortality) (Carroll 2003). These high fuel 

loads have the potential to increase the intensity and severity of 

future fires, especially on dry sites where rates of decomposi-

tion of dead woody material are slow.

Climate models suggest that the trends toward warmer, drier 

climate and increases in prolonged drought that have occurred 

over the past 20 to 25 years in much of western North America 

are highly likely to continue for the foreseeable future. Climate 

data also indicate that similar trends are beginning to occur in 

the Northeast. These changes will increase the many stresses on 

ecosystems that make them susceptible to plant, insect, and dis-

ease invasions. We can expect longer fire seasons and increases 

in the number of large, high-severity fires (IPCC 2007b). We 

can expect more rapid population growth of insects whose life 

cycles and distributions are limited by low winter temperatures 

(e.g., western pine beetle). We can expect increased spread of 

invasive plant species, such as cheatgrass, that are native to 

warm, dry summer climates. And we can expect increased dif-

ficulty in restoring riparian systems and wetlands that have had 

their hydrology, vegetation, and fire regimes severely altered 

by introduced species such as tamarisk and giant reed (Arundo 

donax). Fire regimes may be drastically altered in some areas 

if invasive (native or introduced) insects or diseases cause 

permanent alterations in vegetation structure by elimination of 

key ecosystem dominants (Brooks et al. 2004).
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Management can help reduce the effects of these complex 

interactions in the following ways (see, for example, Brooks et 

al. 2004; Zouhar et al. 2008):

•	 Reduction of hazardous fuel loads can reduce fire risk and 

severity and support the persistence of native species.

•	 Actively managing forest stands to reduce water and nutrient 

stress and increase tree vigor can increase resistance to 

drought-induced fire hazard and to insect and disease attack. 

Such changes may also affect patterns of snowmelt and 

seasonal hydrology in cold winter areas.

•	 Targeted control efforts with manual treatments, herbicides, 

fire, or biological control may eliminate local populations of 

invasive species that are causing alterations in fire regimes 

or other ecosystem properties. Intensive management action 

(planting, seeding, followup controls) may often be needed 

to restore desired species and habitats. 

•	 Planting of species (or ecotypes) better adapted to current 

climatic conditions may decrease the likelihood of further 

spread of invasive species by increasing the ability of native 

species to outcompete them.

•	 Revegetation with species that are not susceptible to (or do, 

not act as intermediate hosts for) certain insect and disease 

species can reduce their populations or slow their spread, 

reducing their impacts on fire susceptible vegetation.

•	 Active management of fire timing, frequency, extent, and 

severity (e.g., based on understanding of phenology and fire 

tolerance/susceptibility of both invasive species and other 

species) can help limit the spread and reproduction of some 

invasive species. For example, reintroduction of properly 

timed frequent surface fire in Eastern U.S. deciduous forests 

may reduce the vigor and limit the spread of invasive vines 

such as Japanese honeysuckle (Lonicera japonica).

Insect and Disease Pests
Recent regional invasions of nonnative species and outbreaks 

of native pests threaten the health of our forests, rangelands, 

and urban forests. Severe outbreaks of Sudden Oak Death 

disease (Phytophthora ramorum), emerald ash borer (Agrilus 

planipennis), hemlock woolly adelgid (Adelgis tsugae), gypsy 

moth (Lymantria dispar), white pine blister rust (Cronartium 

ribicola), southern pine beetle (Dendroctonus frontalis), 

western bark beetles (Dendroctonus spp.), and other pests 

have drastically changed ecosystem function, structure, and 

composition. These outbreak pests outcompete native species, 

change the rates of ecosystem processes, alter food webs, and 

affect native wildlife. For example, by killing hemlock (Tsuga 

canadensis) in the East, hemlock woolly adelgid (Adelgis 

tsugae) also affects trout (Salmoninae) survival in mountain 

streams by altering stream shade and temperatures (Snyder et 

al. 2005). Chestnut blight (Cryphonectria parasitica) killed 

American chestnut (Castanea dentata) trees, once an abundant, 

fast-growing, highly valued tree species in Eastern forests that 

was a preferred food source for wild turkey and a wide variety 

of other grazers, provided high-quality wood, and was an 

important sink for carbon sequestration (Jacobs 2005). White 

pine blister rust (Cronartium ribicola) is destroying whitebark 

pine (Pinus albicaulis) in the mountains of the Western United 

States, an important food source for the endangered Clarke’s 

nutcracker (Nucifraga columbiana) (Schoettle 2004). Emerald 

ash borer threatens ash (Fraxinus spp.) species throughout 

most of the United States. These ash species are widespread 

in natural forests and are also commonly planted in urban 

areas (Cappaert et al. 2005). The number and severity of pest 

outbreaks are increasing. This trend is expected to continue into 

the future (National Invasive Species Council 2008). 

Climate change, increased droughts, more frequent storms, 

greater human activity, and other changes in disturbance 

regimes will fuel changes in ecosystem composition that will 

alter susceptibility to native and invasive pest species. Some 

pest species may benefit from these changes because of health 

declines among native organisms stressed by the changes in the 

conditions under which they evolved. Alien species or species 

that are not native to the ecosystem may be better adapted to 

establish and thrive in these changed abiotic and biotic condi-

tions. Often these nonnative species are very adaptable and 

may work in concert with each other. For example, laurel wilt 

pathogen (Raffaelea lauricola) is carried by an invasive bark 

beetle (redbay ambrosia beetle (Xyleborus glabratus)), invasion 

by nonnative earthworms (Oligochaeta) may predispose an 

ecosystem to invasion by alien nonnative plants (or vice versa) 

(Heneghan et al. 2006), or invasion by one alien plant species 

may lead to subsequent invasion by a series of other alien plant 

species (D’Antonio; Meyerson 2002). 

Land Use and Land Cover Changes
As world population increases, demand for increased food 

and fiber production will almost certainly adversely affect 

the survival of native species and enhance the distribution of 
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invasive species. The number of forest landowners is rising 

but the average forest tract size is getting smaller, increasing 

the need for effective communication networks (Sampson 

and Coster 2000). Conversion of forests and rangelands to 

agricultural and urbanized lands can accelerate fragmentation 

of the landscape and inadvertently introduce invasive species. 

By 2050, approximately 8.1 percent of the coterminous United 

States is expected to be urban (Nowak and Walton 2005). 

These urban and urban-interface forest ecosystems will be 

expected to provide many of the same benefits as extant forest 

and rangeland ecosystems. Because of their linkages with 

trade and transportation hubs, however, these urban forests, 

rangelands and waterways will likely serve as initial invasion 

sites and as reservoirs of invasive species. Effective monitoring 

strategies and protocols for potential invasive species activity 

in these urban systems will play a key role in detection and 

management efforts.

Trade and Transportation Within and  
Across Regions
The number of unintentional introductions of invasive species 

into the United States has increased dramatically since the 

early 1960s, and it is likely that the rate of introductions will 

grow over the next several decades. A major factor in this 

increase has been the advent of the shipping container. These 

containers have facilitated development of highly automated 

systems to rapidly load and unload goods from ships and move 

them from ports to final destinations. The containerization of 

shipped goods has caused a significant decrease in shipping 

time and freight costs for many goods. Although enabling an 

unparalleled increase in global trade, containerization of goods 

has facilitated a large increase in invasive species introductions 

(Levinson 2006). These species arrive in dunnage, wood shipping  

crates and pallets, agricultural commodities, seeds, plant nursery 

products, pet and aquarium trade goods, ship ballast, etc. The 

rapid movement of shipping containers on trucks and railroad 

cars facilitates the movement of invasive species from ports 

to the rest of the country (Levinson 2006). Inland distribution 

centers being developed in Kansas City, MO; Columbus, OH;  

Tennessee, and other inland locations will likely become focal  

points for invasive species introductions in the future. The 

number of containers imported into the United States in 2005 

was about 25 million (U.S. Department of Transportation 2006a;  

2006b). It is estimated that container-shipping capacity will 

increase by 50 percent over the next 5 years. The accelerating 

rate of global commerce will result in a continuing increase of  

invasive species introductions into the United States (Rich 2006).

Human Health and Human Travel
Invasive species can cause disruptions by both directly and 

indirectly affecting human health. For example, the browntail 

moth (Euproctis chrysorrhoea), a defoliator of a variety of 

deciduous trees and shrubs, causes dermatitis and respiratory 

problems when people come in contact with larval hairs. 

Indirect effects on people are occurring from unforeseen 

sources. Eleven people were killed in Bandon, OR, in 1936 by 

a fire propagated by a highly flammable invasive plant, gorse 

(Ulex europaeus), introduced from Europe (Simberloff 1996). 

Another example is the planting of Australian Melaleuca, 

Asian cogongrass (Imperata cylindrical), and Brazilian pepper 

(Schinus terebinthifolius) along roadsides in Florida. These 

plants have become costly hazards due to increased fires along 

roadways and are currently being removed at great expense 

(Simberloff 1996). Invasive species such as birds, rodents, and 

insects (e.g., mosquitoes, fleas, and lice) can serve as vectors of 

human disease. The Asian tiger mosquito (Aedes (Stegomyia) 

albopictus) can serve as an insect vector of disease. This 

mosquito has a broad host range that includes many mammals, 

birds, and reptiles and, consequently, can transfer diseases, such 

as West Nile virus, among many species, including humans 

(Laqnciotti 1999). In addition, people themselves can serve as 

vectors for invasive species and foreign disease after traveling 

outside the United States. The globalization of trade and 

associated increased business travel, coupled with an increase 

in leisure travel as a consequence of an increasing U.S. popula-

tion, will likely continue to generate invasive species health 

effects on U.S. citizens.

Management Practices Designed To  
Mitigate Disturbance Effects
Forest Service R&D has a rich history of developing manage-

ment practices to mitigate individual disturbances in many 

ecosystems. Often these practices focus on a response to a 

single disturbance and tend to target a single invasive species or 

taxon. For example, in the Pacific Northwest native plants are 

propagated for postfire rehabilitation and to minimize the estab-

lishment of invasive plants. Poplars and willows are planted 

along stream banks to mitigate the effect of floods. Chestnut 

and American elms are being bred to withstand pathogens. 

Small-scale field tests have been initiated to evaluate the effects 

of introduction of hybrid American elm into native ecosystems 
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(Eshita et al. 2003, Powell et al. 2005). Merkle et al. (2007) 

review transgenic tree genetics programs and the introduction of 

resistance into a tree (Merkle et al. 2007). The agency’s Sudden 

Oak Death program represented a rapid, targeted response to an 

emerging issue (Rizzo et al. 2005). Insecticides and biological 

controls are used to manage gypsy moth and hemlock woolly 

adelgid outbreaks (Sharov et al. 2002, Solter et al. 2004, Ward 

et al. 2004). For the most part, these mitigation practices are 

not based on environmental, social, and economic cost analyses 

and are not applied in the context of a management system. 

Synthesis of this information is needed, and this may be the first 

step toward the development of risk-cost-benefit analyses.

Future management systems need to provide strategies, deci-

sion and implementation tools, and practices that can address 

multiple disturbances and their interactions over time. Environ-

mental, social, and economic analyses of the benefits and costs 

will play an essential role in identifying which disturbances to 

address. These management systems need to be dynamic, be 

responsive to changing needs, and incorporate the leading edge 

of knowledge development.

Biological Control
Invasive species can establish and proliferate in their new 

habitat because they are separated from their coevolved natural 

enemies. Biological control (biocontrol), a long-term strategic 

management tool used to suppress target invasive species 

populations below an economically or ecologically relevant 

threshold, intentionally unites the target invasive species with 

their imported or native natural enemies. Biocontrol may be 

the only viable option for managing infestations occurring at 

landscape scales or in environmentally sensitive wildlands. 

Because of our international ties and national partnerships, 

the Forest Service is well positioned to build teams to conduct 

cooperative research on invasive species in their native habi-

tats. These relationships provide opportunities for identifying 

emerging needs, tools for predicting and preventing introduc-

tions, and the control of species that have been introduced into 

the United States. Candidate biological control agents must be 

carefully studied to ensure that life-cycles and behaviors are 

matched with the phenological and ecological characteristics 

of the target invasive species. In addition, because of potential 

impacts on nontarget species, rigorous prerelease evaluations 

and long-term postrelease monitoring are needed to provide a 

scientific assessment of agent safety and efficacy especially under 

fluctuating environmental conditions, including climate change.

Genetically Engineered Plants and Animals
A significant effort to develop genetically engineered organ-

isms is being made by the corporate sector around the world. 

Most of this effort focuses on agricultural applications. A 

developing area is microbes that can enhance ethanol/biofuel 

production from cellulosic fiber and algae. Within the United 

States, the use of genetically engineered soybeans, corn, and 

cotton has become widespread. By 2005, herbicide-tolerant 

soybeans and cotton accounted for 87 and 60 percent of total 

soybean and cotton acreage, respectively. Insect-resistant 

cotton and corn comprised 52 and 35 percent of cotton and corn 

acreage, respectively, in 2005 (Fernandez-Cornejo et al. 2006). 

To date, the use of genetically engineered crops in agriculture 

has failed to generate any disturbances not already inherent in 

the practice of agriculture (Fernandez-Cornejo et al. 2006).

Several genetically engineered tree species have been 

developed to date and include hybrid poplar trees containing 

genes that confer greater tolerance to Septoria musiva, a fungal 

pathogen that limits the use of these trees throughout the 

Eastern United States (Liang et al. 2001). The only genetically 

engineered tree that APHIS has approved for commercial 

distribution is the papaya (Carica papaya). This release is 

limited to Hawaii and was done to prevent the loss of an entire 

industry from destruction by ringspot virus (Potyvirus). The 

requirement by APHIS for genetically engineered trees to be 

sterile has prevented the release of all but the papaya. Several 

approaches are being pursued to generate sterility; most affect 

some mechanism of flowering. It is possible that releasing 

tree species, engineered with pest resistance, to breed with the 

susceptible population of that species could be used to address 

invasive pathogens and insects. This approach, theoretically, 

could have addressed chestnut blight and Dutch elm disease 

and could still mitigate the impact of the emerald ash borer. 

To date, the use of genetically engineered organisms in the 

environment has yet to generate novel disturbances. Continued 

research to address potential unwanted effects coupled with a 

conservative position on the commercial release of genetically 

engineered organisms is likely to continue to prevent unwanted 

effects in the future.

Historically, genetic variation has been managed in various 
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ways, including seed movement guidelines, intensive and spe-

cialized breeding programs, and development of unimproved 

locally adapted, regionally appropriate seed sources. Although 

genetically appropriate material is called for in our native 

plant materials policy (FSM-2070) (USDA Forest Service), 

many species used in our restoration efforts lack suitable seed/

propagation sources. In addition to developing locally adapted 

seed sources, we must also develop strategies, genotypes, and 

seed sources that will be adapted to both current and future 

conditions. This effort will involve deploying more genetically 

diverse populations and breeding for appropriate abiotic 

and biotic resistances. Successful deployment of the proper 

planting material requires that the infrastructure be in place to 

produce sufficient quantities of seed and seedlings.

Research and Development Priorities

Some of the highest priority research and development needs to 

effectively manage invasive species in the face of multiple inter-

acting disturbances in a rapidly changing environment include:

•	 Risk-cost-benefit analysis methodology to help determine 

the most effective management options. Development 

of this methodology is critical to developing options 

for rational action, including their costs, and includes 

articulating what changed systems can and cannot deliver in 

probabilistic terms.

•	 Strategies, systems, and practices for managing changed 

systems to continue to deliver needed goods, services, 

and values. The ability to provide effective, responsive 

management systems rests on quantifying and projecting 

system behavior and value under different scenarios.

•	 Develop tools that enable functional restoration of 

economically and/or ecologically critical systems. Tools 

and guidelines that help identify rational actions based on 

the risk and cost-benefit analysis of prevention, detection, 

prediction, and management options are critical to managing 

disturbed and changing systems.

•	 Strategies and guidelines to prevent, detect, predict, 

monitor, and manage invasive species after major 

disturbances. Practitioners and governments have strategies 

and guidelines based on sound science for preventing, 

detecting, predicting, monitoring, and managing invasive 

species in the wake of major disturbances.

•	 Guidelines for economic, environmental, and social 

analysis. These analysis tools and forecast maps will allow 

land managers and land owners to make better informed 

decisions about their prevention, monitoring, management, 

mitigation, restoration, and rehabilitation activities.
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Introduction

Invasive species increasingly influence various sectors of the 

economy through their effects on agricultural, forest, range, 

aquatic, and urban ecosystems. Policymakers evaluating the 

actual and potential effects of invasive species are concerned 

with allocating scarce taxpayer resources among a variety 

of competing governmental actions. To make allocation 

choices, they need information about the costs and benefits 

of alternative policies. Unfortunately, little is known about 

the magnitude of economic damages caused by invasive 

species, the costs of alternative controls, or the underlying 

factors affecting invasion risks and spread rates, much less the 

effectiveness of money spent on invasive species management. 

Economists can provide a vision that synthesizes the connec-

tions among invasive species management options in ways that 

help decisionmakers. This comprehensive vision can improve 

the selection and targeting of resources to reduce economic, 

social, and ecological damages. This paper reviews past and 

current Forest Service research on the economics of invasive 

species, outlines specific research needs, and identifies possible 

emerging issues in invasive species economics and policy.

Roles of Forest Service Research and 
Development in the Economics of 
Invasive Species Research
The Forest Service, U.S. Department of Agriculture (USDA), is 

one of several Federal agencies that conduct or support research 

on the economics of invasive species. Other agencies include the 

USDA Economic Research Service (ERS), the U.S. Environ-

mental Protection Agency (EPA), the USDA Animal and Plant 

Health Inspection Service (APHIS), and the U.S. Coast Guard. 

Each agency focuses its attention on invasive species issues 

tied to its mission. For example, ERS focuses primarily on the 

effects of invasive species on agricultural systems, and the EPA 

focuses primarily on the effects of invasive species on aquatic 

ecosystems. Forest Service economics research focuses on 

issues affecting the management of invasive species on forests 

and grasslands.

Forest Service Research and Development (R&D) has a 

25-year history of research into economic aspects of forest 

insects and disease, which forms the backdrop for newer 

efforts to understand economic dimensions of invasive species. 

Past research often focused on native pests, whose effects 

became increasingly important as forest management intensi-

fied and plantation forestry became more widespread in the 

latter part of the 20th century. Two examples are research on 

fusiform rust (Cronartium quercuum f. sp. fusiforme) and the 

southern pine beetle (Dendroctonus frontalis). Fusiform rust 

is a widespread and damaging disease of loblolly pine (Pinus 

taeda) and slash pine (P. elliottii) in the Southeastern United 

States. A central objective of much of the economics research 

was to identify how landowners could lower their risks of 

infestations and damages from fusiform rust. Economists 

collaborated in a study with silviculturists and forest patholo-

gists to quantify the net benefits of the use of rust-resistant 

seedlings in pine plantations. In terms of benefits and costs, the 

study found that the benefits of the research embodied in the 

development of the rust-resistant seedlings were 2 to 20 times 

greater than the cost of the research (Cubbage et al. 2000). 

One economic study used a timber supply and demand model 

to evaluate the short-run timber price and overall economic 

effects of a large-scale infestation of the southern pine beetle 

in Louisiana and Texas. Some of the techniques used in that 

analysis formed the basis for other studies examining the effects 

of various kinds of forest damage agents (e.g., Butry et al. 2001, 

Prestemon and Holmes 2000). The pine beetle study established 

that the net economic effect of a large-scale infestation could 

total into the hundreds of millions of dollars, and that wealth 

transfers between winners and losers emerge from such cata-

strophic events (Holmes 1991).

1 Economist, Forest Service, Research and Development, Washington Office, RPC-4, 1601 North Kent Street, Arlington, VA 22209.
2 Research Forester, Forest Service, Southern Research Station, 3041 Cornwallis Road, Research Triangle Park, NC 27709.
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Invasive species have been the focus of more recent and 

ongoing economics research studies. The European subspecies 

of the gypsy moth (Lymantria dispar) has been in the United 

States for more than a century, but it was not until the latter 

half of the 20th century that economists took note of its appar-

ent economic effects. The Slow the Spread (STS) Program, a 

Federal-State partnership designed to limit the spread of the 

gypsy moth, needed economic analysis to establish its eco-

nomic efficacy. One Forest Service-funded study documented 

that the STS Program could generate 25-year benefits ranging 

from $0.8 to $3.8 billion, mainly derived from mitigating dam-

ages to residential landscapes (Leuschner et al. 1996, Sharov 

and Liebhold 1998, Sharov et al. 1998), which far exceed 

programmatic costs.

The international trade research into invasive species is focused 

on quantifying the overall timber market effects of a potential 

exotic invasion into the United States. Jointly funded by ERS, 

APHIS, and the Forest Service, the case study in that analysis 

focused on the Asian variety of the gypsy moth or its close 

relative, the nun moth (L. monacha). The published work 

quantifies how such an invasion into U.S. forests would affect 

all categories of forest products manufactured and traded by the 

United States. This long-run analysis was also able to quantify 

the potential effects of alternative intervention policies to limit the 

invasion risk by such moths (Li et al. 2007, Prestemon et al. 2006).

In addition to examining the commodity effects of forest inva-

sive species, ongoing Forest Service research is investigating 

the nonmarket economic effects of exotic forest pests. Several 

nonnative invasive pests cause nonmarket economic losses that 

exceed the timber losses of affected species or are confined to 

noncommercial species. Failure to account for the nontimber 

economic effects therefore results in downwardly biased 

assessments of overall economic losses. In a northern New 

Jersey study area, for example, mortality of eastern hemlocks 

due to the hemlock woolly adelgid (Adelges tsugae) was esti-

mated to reduce private property values by roughly $14,750 per 

acre (Holmes et al. 2006, Huggett et al. 2008), which greatly 

exceeds the comparable per acre timber value lost. In a similar 

fashion, ongoing Forest Service studies in California indicate 

that Sudden Oak Death disease (caused by Phytophthora 

ramorum) causes large economic losses to residential private 

property values, while the timber losses from this disease are 

minimal (Holmes and Smith 2008).

Private landowners can take protective measures to reduce 

damages from nonnative pests and are likely to do so if per-

ceived economic benefits exceed the control costs. Notably, the 

benefits of forest pest control actions taken by one landowner 

are shared by other forest landowners within a community (i.e., 

they are public goods). Consequently, some members of the 

landowner community will not take these benefits into account 

and will fail to take protective action. Forest Service research 

has shown that landowners who are most likely to participate in 

nonnative forest pest control programs are aware of the effects 

of their protective measures on other members of the com-

munity and that economic surveys can be used to identify com-

munity members who are most (and least) likely to participate 

in forest pest control programs (Holmes et al. 2008).

The absence of credible, nationwide estimates of the costs 

and economic losses caused by nonindigenous forest pests 

and pathogens limits the ability of policymakers to evaluate 

tradeoffs between economic effects and potential policy 

measures targeted at reducing those effects. Consequently, 

theoretically and empirically rigorous analyses are being 

developed to provide a foundation for estimating the aggre-

gate economic effects from forest invasive species (Holmes 

et al. 2009). The modeling process quantifies key market 

and nonmarket economic effects using site-specific micro-

economic analysis. Then the dynamic evolution of economic 

effects across landscapes is modeled as a spatial-dynamic pro-

cess. Finally, by viewing economic costs and losses resulting 

from current invasions—specifically, the gypsy moth, hem-

lock woolly adelgid, Sudden Oak Death disease, and emerald 

ash borer (Agrilus planipennis)—as a sample drawn from an 

underlying stochastic process, statistical methods are used 

to estimate the overall distribution of effects, from benign to 

catastrophic, and the expected losses from future invasions 

are computed. This comprehensive research program is being 

developed at the National Center for Ecological Analysis 

and Synthesis through the collaboration of forest economists, 

entomologists, and pathologists representing Forest Service 

R&D, international forest research agencies, academic institu-

tions, and The Nature Conservancy.

In summary, the Forest Service has partnered with sister 

agencies within the Federal Government and others to carry 

out economics research into invasive species. In spite of its 

documented and potential benefits to both the agency and 

to society, economics research has received a small share of 
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the invasive species funding within the agency. Economics 

research funding has been targeted at particular pests or narrow 

features of economic effects and tradeoff analyses rather than 

focusing on the overall science of the economics of invasive 

species. For example, to date, the agency has funded no large-

scale effort to quantify the many economic effects of headline 

pests such as Dutch elm disease (Ophiostoma novo-ulmi) or the 

chestnut blight (Cryphonectria parasitica), although evidence 

suggests that their effects on Eastern forests may have been 

important (Schlarbaum et al. 1997). The research has not been 

sufficient to track the substitution effects of individual species 

losses on both market and nonmarket values in affected forests, 

which could lead to more scientifically sound policy decisions 

by lawmakers and land managers. Other new headline species, 

such as the emerald ash borer and the Asian longhorned beetle 

(Anoplophora glabripennis), have also escaped detailed eco-

nomic analysis in terms of both their effects and their control 

efficacies. Furthermore, we are aware of no research that has 

been able to separately quantify the roles of international trade 

and international travel on risks of invasion and establishment 

of some potentially catastrophic pests in temperate and sub-

tropical North American landscapes. Nor is there a thorough 

understanding of the roles of land use and economic activity 

on risks of invasive species introduction, establishment, and 

spread in the United States.

An economic approach to invasive species research provides 

several tangible benefits: (1) the economic effects of exotic 

species invasions on various economic sectors, including mar-

kets for goods (such as timber) and services, and on nonmarket 

values (such as aesthetics) can be identified and quantified; 

(2) the costs of invasive species control (including prevention, 

detection, slowing the spread, and eradication) can be evalu-

ated in terms of their efficacy in reducing economic losses; 

(3) the broad-scale relationships between economic inputs and 

economic damages can be assessed using a suite of economic 

methods, including econometric analysis, mathematical 

models, and simulation studies; and (4) economic analyses can 

be framed in terms useful for policy analysis by identifying the 

economic tradeoffs inherent in a suite of alternative policies 

designed to prevent or control the invasion of exotic pests.

Historically, Forest Service research in the economics of 

invasive species has benefited from collaborations with other 

agencies. We anticipate that future research will be similarly 

structured, continuing to complement and enhance research 

capacity both inside and outside the agency. Support for eco-

nomic research on forest invasive species, however, has been 

quite limited; therefore, the opportunities for addressing the 

broader array of research questions are also limited. It makes 

sense, then, that economists familiar with the research describe 

the priorities to advance the discipline of the economics of 

invasive species.

Key Future Economics of Invasive 
Species Research Priorities

The lack of comprehensive economic assessments of the cata-

strophic damages caused by important invasive species on the 

production of market goods and nonmarket economic values, 

international trade, travel, and overall economic activity has 

meant that the Forest Service is unable to reasonably predict the 

long-run effects of current or future pests. In the following text, 

we describe research priorities that are essential in addressing 

these gaps in knowledge. 

Priority 1: Optimal Allocation  
of Public Resources
Invasive species programs cover a range of management 

options, all of which compete for public resources. The 

tradeoffs between program costs and economic losses are often 

poorly understood. This lack of information makes it difficult 

to design programs that ensure the most effective use of public 

resources and virtually impossible to evaluate the efficiency of 

investment in these programs. 

Allocation of scarce resources to prevention, detection, spread 

management, and eradication requires a framework that 

evaluates effects across the range of invasive species. Further 

complicating this process is the influence of other natural 

events (e.g., drought, fire) and human factors (e.g., trade, travel, 

land use change) on the introduction, viability, and spread of 

invasive species, as well as the effect of nonnative forest pests 

on wildfires and other disturbances. An integrated modeling 

framework is needed that links biological and economic models 

that address disturbance events and economic effects for com-

paring the benefits and costs of different allocation strategies. 

This type of modeling framework should be able to address 

temporal, spatial, and multiobjective goals. Key questions 

include the following:
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•	 How should limited program resources be allocated among 

prevention, detection, and control, both offshore and 

domestically?

•	 What economic rules of thumb or formal tools efficiently 

allocate program resources among the following: 

Alternative invasive pest guilds.•	

Pathways by which invasive species could enter the •	

United States.

Commodities affected by or acting as conduits for •	

invasive species entry.

Types of consequences (e.g., environmental and •	

commercial).

•	 When should vulnerable imported commodities be banned or 

require particular control measures as a condition of entry?

•	 When and under what circumstances do economic 

considerations suggest that programs be terminated or 

shifted to an alternative program goal? 

Priority 2: Incentives and Choices for 
Private Land Managers
Private landowners and land managers play an important role 

in invasive species management. Private owners manage most 

forests in the United States, and their choices can dramatically 

affect invasive species. Because private owners cannot capture 

economic returns from the public-good effects of some invasive 

species programs, they generally underinvest in invasive species 

management from the standpoint of social optimality. Various 

incentives, indemnity, or other compensation schemes are 

often needed to obtain cooperation from private landowners, 

whose actions affect the spread of an invasive species, or to 

compensate private entities for mandatory destruction of private 

(infested or diseased) property for the public good. Designing 

incentives or compensation programs and setting levels within 

those programs to obtain the desired behavioral response are 

inherently economic problems, often involving the potential for 

moral hazard or unintended consequences. Key questions in 

this area include the following:

•	 What are the economic implications of using insurance, 

regulation with indemnity, voluntary incentives, or other 

approaches to obtain needed behavioral responses? 

•	 What concepts can guide the structure and level-setting 

within any or all such alternative approaches? 

•	 How should assets be valued in indemnity or compensation 

schemes? 

•	 How do nonmarket values get incorporated into appropriate 

incentives involving privately controlled resources?

A dynamic interchange also exists between agriculture and 

forestry. In much of the country, the owners of agricultural 

lands and forest lands are largely the same people. Land use 

changes between agriculture and forestry are driven partially by 

returns to investment in these alternative land uses. Agricultural 

policies, such as the Conservation Reserve Program, can alter 

incentives and affect the agriculture-forestry margin. It is un-

known whether the presence of invasive species can alter land 

use decisions. Key questions include the following:

•	 Is changing land use an economically viable or rational 

response for landowners trying to minimize damages 

associated with invasive species? 

•	 How are decisions about control methods affected when the 

landowner also has the option to change land use? 

•	 Are landowner responses to invasive pests different for 

cropland and grazing land than for forest land?

Research could be undertaken to evaluate the potential for 

extending existing land use change models to incorporate how 

the presence of invasive species or perceived risk of invasive 

species affects land use decisions.

Priority 3: Integrated Risk Assessment 
and Forecasting
A major obstacle to the development of forest health protection 

programs, both within public agencies and with broad-based 

private landowner participation, is the prevalence of risk and 

uncertainty (e.g., Holmes et al. 2008). Although the risk associ-

ated with each stage of a biological invasion is rather low, the 

uncertainty associated with each risk estimate is quite large. 

Because the risk and consequences of a biological invasion can 

be influenced by management actions, and because the charac-

teristics of an invasion might be of a kind not seen before, novel 

management approaches may be required. Although estimates 

of the average risk that an introduced species will become 

a pest can be computed using lists of introduced species for 

which their success or failure is known (e.g., Reichard and 
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Hamilton 1997), it is not known how well past invasions can 

realistically predict the risk of future invasions. Key questions 

are as follows:

•	 How should land managers make decisions about invasive 

species when scientific information about species 

introduction, spread, virulence, and damages is complex and 

incomplete?

•	 How can statistical or other models be used to update 

invasive species management strategies when new 

biological and economic information is revealed (and 

uncertainty is reduced)?

Priority 4: Public Awareness  
and Investments in Invasive  
Species Management
The risk and uncertainty associated with most biological 

invasions, combined with the public-good characteristics of 

invasive species programs, may help to explain why mitiga-

tion and adaptation strategies often lag far behind the initial 

arrival and establishment of invasive species. One key factor 

in developing a rapid response to invasive species is public 

participation (GAO 2005). This factor is especially important 

in the Eastern United States, where private forests dominate the 

forest landscape. Key questions include the following:

•	 What social and economic factors influence the likelihood 

that private forest landowners will take protective actions 

against invasive species?

•	 What are the risk preferences of private forest landowners 

regarding the threat of forest invasive species, and how do 

these preferences affect the likelihood of taking protective 

action?

•	 How do the forest protection investments made by some 

members of a community influence the likelihood that 

other community members will make forest protection 

investments?

•	 What are effective means of raising public awareness about 

the risks and consequences of a biological invasion?

Priority 5: Methods for Estimating 
Nonmarket Effects of Invasive Species
Market effects of invasive species are generally easier to 

measure than nonmarket effects. Data are usually more readily 

available for conducting market effect analyses, and more 

biological information is usually available about how invasive 

species affect timber volume, crop yield, and forage produc-

tion than on nonmarket measures. Yet, the nonmarket effects 

of invasive species are especially important when invasive 

species affect recreation (e.g., fishing), wildlife, biodiversity, 

or residential and urban areas. Better measures of nonmarket 

effects would enhance our ability to assess the broad range of 

economic and social effects of invasive species on ecological 

functions, human uses, and local and regional economies.

A number of methods exist for evaluating nonmarket effects, 

including hedonic pricing, contingent valuation, travel-cost 

method, and conjoint analysis. Applications of these methods 

to invasive species are relatively rare. Key questions include the 

following:

•	 How can existing nonmarket valuation methods be used 

to reliably evaluate the overall magnitude of nonmarket 

economic effects of biological invasions? How large are 

the economic threats to nonmarket values relative to timber 

values? 

•	 Which members of society bear the greatest losses in 

nonmarket values due to invasive species?

•	 How do alternative invasive species management approaches 

affect the nonmarket values of forests? 

•	 Can benefit estimates from the nonmarket valuation 

literature be appropriately transferred to invasive species 

analyses? 

•	 How can estimates of damages to nonmarket economic 

values be translated into more effective policy solutions?

•	 What are the most efficient policies for reducing the 

nonmarket economic risks and effects of nonindigenous 

forest pests and pathogens?

In addition to improving our ability to estimate nonmarket 

effects of invasive species and related management approaches, 

a framework for monitoring social and economic effects of 

invasive species over time would be useful. This framework 

could be used to connect to major management initiatives such 

as the National Fire Plan, the National Recreation Strategy, and 

the National Invasive Species Management Plan.
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Priority 6: Evaluating Optimal Policies 
of Invasive Species Management With 
Climate Change
As Earth’s climate changes, vegetation communities and 

disturbance rates are likely to change. With such changes come 

potential avenues for introduction and establishment of exotic 

plants and animals into the United States. Important economic 

aspects that need addressing include the following:

•	 How quickly are invasive species risks evolving, particularly 

of invasion into the United States by plants native to tropical 

and subtropical biomes, and how should trade and other 

phytosanitary policies change to limit the expected net 

effects of these changes? 

•	 What role will altered rates and severities of natural forest 

disturbances play in invasive species risk, and what would 

be the best management practices to apply in response to 

affected public and private lands?

Priority 7: Relative Effects of Trade, 
Travel, and Economic Growth
Government policies and private land management regulations 

may need continual review and revision to respond to the 

effects of increased trade, travel, and economic activity in the 

United States and worldwide. Programs and policies should be 

periodically evaluated to ensure they minimize the net effects of 

expected rises in invasive species introduction, establishment, 

and spread. Important questions to address include the following:

•	 What are the relative roles of trade, travel, and economic 

activity in affecting invasive species introduction, 

establishment, spread, and economic effects? 

•	 How could the United States Government develop policies 

that would balance invasive species risks and the costs of 

invasions affecting the freedom of movement of goods and 

people across borders? 

Structuring Forest Service R&D for 
Effective Economics of Invasive 
Species Research

The organizational structure of Forest Service R&D is not 

a barrier to effective research on the economics of invasive 

species. Economists have successfully collaborated internally 

across units and research stations, with outside agencies, and 

with external cooperators to address common research inter-

ests. Despite this success, more could be done to encourage 

and facilitate improved cooperation between economists and 

biological scientists. Such collaborations could advance bioeco-

nomic approaches to invasive species research, such as those 

pioneered by analysts such as Cubbage et al. (2000), Sharov 

and Liebhold (1998), and Sharov et al. (1998). Developing 

research projects across disciplines could yield research and 

technology transfer tools that have larger economic and societal 

benefits. Often, advances in economic research are limited by 

biological information.

Because Forest Service capacity for economics research is limited, 

cooperation within USDA and across Government agencies, 

with academia, and with other partners is critical to advancing 

the research agenda. Support for invasive species economics 

research has been quite limited in the Forest Service, and recent 

projects have often been funded from external sources.

Conclusions

Despite limited financial resources, economics research into 

invasive species has often been of high quality and impact, 

with published studies breaking new ground in economics 

and policy. Although international trade research has been 

more broadly focused on timber product market effects across 

multiple products and the Nation’s set of international policies 

potentially affecting aggregate losses, much of the funded 

studies in invasive species have been more narrowly focused 

on particular pests. These efforts include those of current 

and urgent concern, including the hemlock woolly adelgid 

and Sudden Oak Death disease, and those of recent study, 

including the gypsy moth and some indigenous forest pests 

(southern pine beetle and fusiform rust). Much of this research 

successfully quantified the high net returns to Government 

research and invasive species management. It seems clear that 

additional efforts to quantify the effects and control costs, 

broad-scale factors involved in overall invasive species risks, 

and policy analysis will lead to additional successful efforts to 

document societal net benefits from research and management. 

With ongoing concerns of a changing climate and therefore a 

changing picture of invasive species risk and spread, in an era 

of limited Government spending, economic tools and economic 
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perspectives will be needed to prioritize both how research 

money is spent and how managers and decisionmakers should 

allocate scarce resources to address invasive species concerns.
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Effects of Nonindigenous 
Invasive Species on Water 
Quality and Quantity

Frank H. McCormick1, Glen C. Contreras2, and  

Sherri L. Johnson3

Abstract

Physical and biological disruptions of aquatic systems 

caused by invasive species alter water quantity and water 

quality.  Recent evidence suggests that water is a vector for 

the spread of Sudden Oak Death disease and Port-Orford-

cedar root disease. Since the 1990s, the public has become 

increasingly aware of the presence of invasive species in 

the Nation’s waters. Media reports about Asian carp, zebra 

mussels (Dreissena polymorpha), golden algae (Prynmesium 

parvum), cyanobacteria (Anabaena sp., Aphanizomenon sp., 

and Microcystis sp.), and New Zealand mud snail have raised 

public awareness about the economic and ecological costs of 

invasive species. Along with other Federal agencies, States, 

and communities, Forest Service R&D must work to fund 

the research needed to better understand the linkages of land 

and water as venues for ecosystem effects of invasive species 

biology. This paper will identify desired resource outcomes, 

address management strategies and systems needed to achieve 

the outcomes, discuss potential effects on riparian systems and 

water resources, and identify research and actions needed to 

achieve the desired outcomes.

Introduction

In 1993, the Office of Technology Assessment (OTA), a former 

office of the U.S. Congress, estimated that 10 percent of all 

nonindigenous species posed a threat to become a nuisance 

species. According to the U.S. Environmental Protection 

Agency (EPA), more than one-third of all States have waters 

that are listed for invasive species under section 303d of 

the Clean Water Act of 1977. Nonindigenous species cause 

ecological damage, human health risks, or economic losses. 

Invasive species are degrading a suite of ecosystem services 

that the national forests and grasslands provide, including 

recreational fishing, boating, and swimming; municipal, 

industrial, and agricultural water supply; and forest products. 

Degradation of these services results in direct economic 

losses, costs to replace the services, and control costs. Losses, 

damages, and control costs are estimated to exceed $178 billion 

annually (Daily et al. 2000a, 2000b). Although agriculture is 

the segment of the economy most affected ($71 billion per 

year), costs to other segments, such as tourism, fisheries, and 

water supply, total $67 billion per year. Although more difficult 

to quantify, losses of these ecosystem functions also reduce 

the quality of life. Such costs are not assessed as losses to 

ecosystem services. 

A review of studies on the economic effect of invasive species 

in the United States found that most are of limited use for 

guiding decisionmakers who formulate Federal policies on 

prevention and control (GAO 2002). They focused narrowly 

on estimates of past damages to a few commercial activities, 

agricultural crop production, and accountings of the money 

spent to combat a particular invasive species. These estimates 

typically do not examine economic damage done to natural 

ecosystems, the expected costs and benefits of alternative 

control measures, or the possible effect on future invasions 

by other species. Initiatives by Federal agencies to integrate 

information on the likelihood of invasion, the likelihood 

of economic damage to commercial activities and natural 

ecosystems, and the likely effectiveness of control methods are 

hampered by a lack of necessary data and of targeted resources.

1 Program Manager for Air, Water and Aquatic Environments, Forest Service, Rocky Mountain Research Station, 322 East Front St., Boise, ID 83702.
2 Retired, Formerly National Program Leader for Fish and Aquatic Research, Forest Service, Research and Development, 1601 North Kent St., Arlington, VA 22209.
3 Research Ecologist, Forest Service, Pacific Northwest Research Station, 3200 SW Jefferson Way, Corvallis, OR 97331.
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The Forest Service has a major role in the management of 

invasive species. Forest Service Research and Development 

(R&D) has unique capabilities to address the complex 

interactions among natural processes, land use, water resources, 

and invasive species and to meet future challenges through 

collaboration across mixed ownership and agencies. The Forest 

Service plays a vital role in managing 192 million acres of 

156 national forests and grasslands, including 2 million acres 

of lakes, ponds, and reservoirs; more than 200,000 miles of 

perennial streams; and more than 16,500 miles of coastline. 

The Forest Service also provides technical assistance for 731 

million acres of forests, rangelands, and prairies managed 

by other Federal agencies, States, private owners, and tribes. 

The Forest Service faces future challenges to reduce the 

introduction and spread of aquatic and riparian invaders 

while helping to protect one of the Nation’s most critical 

resources—drinking water. National forests and grasslands are 

the source of drinking water for 3,400 cities and towns, serving 

an aggregate population of more than 60 million people. 

More than 3,000 non-community water supplies, such as 

campgrounds, are also on National Forest System (NFS) lands. 

Public lands managed by the Forest Service and its cooperating 

agencies play a dominant role in the Western United States. 

Roughly 75 percent of all water originates on NFS lands, giving 

the Forest Service the primary influence on water resources. 

Water issues increasingly dominate the agency’s interests, 

and understanding the major direct and indirect effects of 

invasive species on water quality, water availability, and aquatic 

biological integrity will be increasingly important to the Forest 

Service mission and strategic goals. Amid growing public 

and political concern, we may anticipate growing pressure 

from a suite of stakeholder groups demanding that the Forest 

Service take a more active role in researching and managing 

aquatic invasive species. These pressures will be complicated 

by opposing stakeholder values regarding control measures 

(e.g., use of pesticides and piscicides) and regarding the relative 

benefits or harm of particular exotic species (e.g., exotic fish 

and plants in Western streams).

Authorities

The Organic Administration Act of 1897, the Multiple-

Use Sustained-Yield Act of 1960, and the National Forest 

Management Act of 1976 authorize the Forest Service 

to establish and administer national forests to secure the 

sustainable benefits of multiple uses for the American people. 

The Clean Water Act mandates that Federal agencies “restore 

and maintain the chemical, physical, and biological integrity 

of the Nation’s waters” and ensure that actions they “authorize, 

fund, or carry out must not jeopardize the continued existence 

of any listed species or result in the destruction or adverse 

modification of critical habitat.” The National Environmental 

Policy Act (NEPA) of 1969, Nonindigenous Aquatic Nuisance 

Species Prevention and Control Act of 1990, Lacey Act of 

1900, and Endangered Species Act of 1973 authorize Federal 

agencies to prevent the introduction of invasive species; provide 

for their control; and take measures to minimize economic, 

ecological, and human health effects, including the effects of 

pesticides and biocontrol agents.

Building on these and other statutes, Executive Order 13112 

(February 3, 1999; http://www.invasivespecies.gov) calls for 

Federal agencies to use relevant programs and authorities to:

1.	 Prevent the introduction of invasive species.

2.	 Detect and respond rapidly to, and control populations of, 

such species in a cost-effective and environmentally sound 

manner.

3.	 Monitor invasive species populations accurately and 

reliably.

4.	 Provide for restoration of native species and habitat 

conditions in ecosystems that have been invaded.

5.	 Conduct research on invasive species and develop 

technologies to prevent introduction and provide for 

environmentally sound control of invasive species.

6.	 Promote public education on invasive species and the means 

to address them.

In addition, Order 13112 states that Federal agencies shall “not 

authorize, fund, or carry out actions that it believes are likely to 

cause or promote the introduction or spread of invasive species.”

The National Aquatic Invasive Species Act now before Con-

gress would reauthorize and strengthen the National Invasive 

Species Act of 1996 to protect U.S. waters by preventing new 

introductions of aquatic invasive species. The legislation, 

which Senator Carl Levin, D-Michigan, is sponsoring along 

with Senator Susan Collins, R-Maine, would regulate ballast 

discharge from commercial vessels; prevent invasive species 
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introductions from other pathways; support State management 

plans; screen live aquatic organisms entering the United States 

for the first time in trade; authorize rapid response funds; create 

education and outreach programs; conduct research on invasion 

pathways, and develop prevention and control technologies for 

those pathways; authorize funds for State and regional grants; 

and strengthen specific prevention efforts in the Great Lakes.

Research Needs Regarding  
Invasive Species Effects on Water 
Quality and Quantity

Forest Service R&D is providing research and science delivery 

leadership to integrate diverse objectives associated with the 

management and conservation of aquatic resources under threat 

from invasive species. To focus its research, Forest Service 

R&D needs to work with the NFS to identify the highest 

priority needs. Besides targeted invasive species research, 

much of the ongoing ecological research could incorporate 

invasive species as a stressor at little additional cost.  Adams, et 

al. (this volume) discussed Forest Service R&D roles specific 

to aquatic invasive species research.  This chapter focuses on 

the impacts of invasive species on water quality and quantity.

Key questions include:

1.	 What will we require our riparian systems and water 

resources to produce in the coming decades?

2.	 What are the major goods, services, and values that may be 

disrupted by invasive species?

3.	 How will invasive species affect water resources and what 

are the associated socioeconomic effects?

4.	 What are our future management, policy, and societal needs 

to mitigate or adapt to the effects of invasive species as 

they alter the ability of aquatic ecosystems to provide these 

goods, services, and values?

5.	 How can research provide management systems and 

strategies for interactions between invasive species and 

water resources to optimize continued future production of 

these goods and services?

6.	 What are the effects on native species biodiversity, and 

the noneconomic societal values for maintaining that 

biodiversity?

Water quality and quantity are affected by the plants and 

animals that live in or near aquatic environments, as well as by 

management actions taken to control these taxa. For example, 

stocked fish are capable of hybridizing with closely related 

native species (Fausch et al. 2006). Introduced hatchery rainbow 

trout hybridized with Alvord Redband Trout, resulting in its 

becoming extinct in the wild. The Red Shiner (Cyprinella 

lutrensis) is a highly competitive, aggressive invasive species 

that has been widely introduced in rivers and streams in the 

United States by bait bucket transfer and stocking as a forage 

fish (Nico and Fuller 2007; USDA Forest Service 2004). It is 

implicated in the decline of native fish through hybridization, 

competition, and the introduction of pathogens (Walters, et al. 

2008; Deacon 1988; Holden and Stalnaker 1975; Mettee et al. 

1996).  Introduction of fish in aquatic systems can affect trophic 

relationships and set off “trophic cascades” with resulting 

declines in native species and degradation of water quality 

(Baxter et al. 2004; Eilers et al. 2007).

Whirling disease was first introduced to the United States from 

Europe in the early 1900s through infected brown trout that 

were brought to Pennsylvania. The highly infectious disease has 

gradually moved to lakes and streams in Western States. The 

disease can be spread by fish, people, dogs, birds, boat trailers, 

hip boots, and fishing equipment that have been in infected 

waters. After entering a water body, the virus persists through 

spores that can survive for up to 30 years, even in dried-up 

streambeds. In response to the spread of the disease, Colorado 

implemented a complicated and costly ($12M) management and 

remediation program that prevents the stocking of trout from 

hatcheries testing positive into waters where whirling disease 

has not been found. This prohibition includes wilderness areas 

and streams where native trout may be restored. Trout from 

positive hatcheries will be only stocked into waters where 

the parasite has already been found to minimize the risk of 

contaminating other watersheds; however, stocking infected fish 

only perpetuates the problem.

Research on the effects of fish stocking in native ecosystems 

may require incorporation of economic analyses of the tradeoffs 

between conservation of native species and reduced recreational 

enjoyment. This analysis would be especially complex in the 

Western United States where native and introduced species 

have both commercial and recreational value. Matthews et 

al. (2001) and Knapp (2005) reported reductions in native 
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amphibian populations in montane lakes in the Sierra Nevada 

Mountains of California where trout had been stocked.  

Dunham et al. (2004) identified multiple negative associations 

of native species with introductions of nonnative trout in the 

Western United States. Arresting human-mediated transport 

of invasive species will require support for public education 

programs such as Stop Aquatic Hitchhikers (a partnership 

among several Federal and State agencies, private industry, 

and nongovernmental organizations). Such programs may 

be effective at reducing the inadvertent transport of aquatic 

invasive species and pathogens between water bodies, but they 

must be able to identify specific potential threats.

Because of accelerating invasion rates, widespread economic 

costs, and environmental damages caused by invasive species, 

colonization theory has lately become a matter of considerable 

interest to aquatic ecologists. A synthesis of models of 

population growth, invasion biology, and theoretical population 

biology might provide quantitative tools for risk assessment 

of biological invasions. Retrospective and predictive models 

derived from rangewide analyses of potential invasive species 

of concern could be used to map historic and current localities 

of species nationally and to conduct analyses of patterns of 

dispersal and future threats. In the face of climate change 

and shifting human populations, the most vulnerable water 

resources could be identified and neighboring population 

centers targeted for public education campaigns that would 

reduce the potential for recreational users to spread invasive 

species through inadvertent or intentional introductions.

The identification and risk assessment of potential biological 

invaders would provide valuable criteria for the allocation of 

resources toward the detection and control of invasion threats 

(Anderson et al. 2004; Orr 2003). Ricciardi and Rasmussen 

(1998) identified 17 species from the Black, Caspian, and Azov 

seas (the origins of the zebra and quagga mussels (Dreissena 

spp.) and round goby (Neogobius melanostomus)) that could 

invade the Great Lakes-St. Lawrence River system and other 

North American inland waterways via the same vectors as 

previous invasive species.  Characterizing life history traits of 

invaders may require increased international collaboration to 

identify limiting factors in the native range of the alien species. 

Whittier et al. (2008) developed a calcium-based invasion risk 

assessment for zebra and quagga mussels (Dreissena spp.) for 

streams in the Western United States.

Monitoring and assessment need to be conducted at appropriate 

scales to identify associations between native and invasive spe-

cies. This approach will also affect the ability to detect direct or 

indirect species interactions.  Brown and Moyle (1997) suggest 

that the success or failure of introductions of stream species are 

a function of the ability of a species to survive the fluctuating,  

highly seasonal, flow regime. Vaughn and Spooner (2006) 

emphasize the importance of appropriate sample scale in exam-

ining potential associations between species. One reason for 

underlying disparate conclusions about the ability of native and 

invasive species to coexist may be the different spatial scales at 

which data have been collected. Studies of the effects of nonin-

digenous species on aquatic food webs may require retrospec-

tive studies of population abundance to identify the responses 

of native species to the arrival of an invasive species (Laxson 

et al. 2003). It is also important to improve our understanding 

of spatial patterns associated with invasions of nonindigenous 

species from patch to landscape scales.

Early detection and monitoring of invasive species require 

that the methods for species collection and identification are 

rapidly deployable, cost effective, applicable across a range 

of ecosystems, and capable of identification of multiple taxa.  

Traditionally, these approaches are based on morphology. 

Mass identification of multiple taxa, especially for diverse  

micro- and meio-faunal groups is time consuming, technically 

intensive, and costly.  An emerging methodology for early 

detection and monitoring of invasive species is the use of 

“environmental DNA” or e-DNA (Darling and Blum 2007).  

This “DNA barcoding” or “community metagenomics” (Tringe 

and Rubin 2005) based on the limited persistence of DNA in 

the environment has been used to detect the presence of an 

invasive species in freshwater systems (Ficetola et al. 2008).  

Scientists have demonstrated that the introduction of fish and 

other species into previously fishless systems has caused major 

changes in abundance and distribution of native amphibians, 

zooplankton, and benthic invertebrates, particularly in high 

mountain lakes. Scientists will need to continue to evaluate 

the effects of introduced fishes on invertebrates, amphibians, 

reptiles, birds, and bats. A topic area of interest is high mountain 

lakes where introductions of trout for recreational sportfishing 

have caused declines in native amphibian populations. Where 

climate change is affecting temperature regimes, increasing 

temperatures may favor the spread of invasive species or 
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pathogens or increase competition among juvenile salmon for 

temperature refugia. Management activities that could reduce 

the water temperature to historic thermal regimes could reduce 

the effect of invasive species on native salmonids.

Insect and disease outbreaks often lead to increased harvesting 

of the host species, including preemptive cutting before the 

arrival of the damaging organism as well as post-mortality 

salvage logging. Although such harvesting is seldom included 

as an indirect effect of the outbreak, it often includes removal of 

non-host species and may generate more profound ecosystem 

disruption than the pest or pathogen itself (Foster and Orwig, 

2006).  Studies comparing changes in microenvironment, 

vegetation, and ecosystem processes initiated by infestation 

by HWA, salvage logging, and preemptive logging of hemlock 

indicate that logging initiated stronger ecosystem changes 

than HWA-induced mortality due to abrupt and larger micro-

environmental and vegetation changes, soil scarification, and the 

presence of extensive slash.  Dramatic alterations in nitrogen 

cycling followed harvesting and persisted for many years. 

Consequently, preemptive cutting appears to pose the greatest 

threat for nitrate leaching, followed by logging of declining 

sites and then by decline in the absence of logging (Foster 

and Orwig, 2006). Compositional changes between harvested 

and infested stands were similar overall but occurred at very 

different temporal and spatial scales. Following logging, there 

was a much greater increase in shade-intolerant seedlings, 

saplings, and herb layers (Kizlinski et al. 2002). It is important 

to evaluate such effects more broadly to help land managers 

make informed decisions about the best response to invasive 

species and natural disturbances. 

New assessment and monitoring tools are needed to help 

manage the diversity of aquatic species necessary for 

successful land management projects that will conserve 

and recover species at risk. Baseline scientific information 

collected before large catastrophic events helps set priorities 

and assists with resource restoration after events such as 

hurricanes and large-scale wildfires. For example, using fish 

and fish habitat surveys to map changes in species occurrences 

and abundances over time, managers can evaluate the effects 

of management treatments for invasive species on native and 

nonindigenous aquatic species. The information could be 

used to assess watershed condition and aquatic biodiversity 

for uses such as forest plan revisions, forest project planning, 

NEPA evaluations, management indicator species status reports, 

populating the Natural Resource Information System database, 

State and sensitive forest species evaluations, analysis of 

potential effects to aquatic diversity of reservoir placement, and 

a year-long analysis of fish recovery from severe drought.

Scientists recognize that riparian communities are among the 

most susceptible to invasion by nonnative species. Nationwide, 

in many streams and rivers, the native plants and animals were 

adapted to a system of dynamic equilibrium that included flood 

disturbance and wildfire to maintain diverse structure, age 

class, and community composition. Today, dams, diversions, 

ground water extraction, channelization, grazing, roads, and 

recreational use have modified many of these streams and 

watersheds to create conditions that favor some of the most 

aggressive invasive species. Riparian forests support the highest 

density and diversity of breeding birds in the Desert Southwest. 

These forests were historically shaped by regular flood events 

that were instrumental in the recruitment of native vegetation. 

Native riparian vegetation provides numerous nesting sites for 

a variety of Southwestern birds and also supports specialized 

arthropods, such as cicada, which are an important part of birds’ 

diets during the breeding season. Current research includes 

measuring vegetation and changes in structure and recovery 

of native and exotic vegetation at study sites and sampling 

arthropods, bird populations, and nesting success. Using this 

research, models can then be developed to propose management 

strategies aimed at mitigating the effects of altered disturbance 

regimes on riparian vegetation structure, arthropod abundance, 

and habitat utilization and nesting success.

The balsam wooly adelgid (Adelges piceae) has killed virtually 

all the adult firs in Great Smoky Mountains National Park, 

thereby eliminating almost three-fourths of the spruce-fir 

forests in the Southern United States. As this dominant canopy 

tree disappears, the forests become warmer and drier. The 

subsequent change in temperature jeopardizes the survival of 

several northern species that have persisted as Ice Age relicts 

in these cool, high-elevation Appalachian forests. Studies have 

documented that spatial patterns of insect damage were more 

severe along the stream courses and less severe away from 

the streams (Kimpel and Schuster 2002). Stand productivity 

and water use appear little affected until an intermediate 

threshold of damage has occurred. Enhanced soil moisture 

availability may first be noticed toward the end of the growing 

season. After trees reach heavily damaged status, water 
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uptake and transpiration are severely reduced throughout the 

growing season, leaving substantially more water available for 

evaporation, runoff, and/or use by other plant species. HWA 

also exhibits clear spatial patterns of damage as it spreads 

through hemlock stands. Moderate to heavy damage is 

common 4 to 8 years after initial colonization. The greatest 

damage is found at presumed initial contact areas, but this 

pattern appears to fade over time. Managers can expect that 

mortality will first occur in these areas and that they may have 

more time to implement control strategies in more interior 

locations. Thus, managers can expect that both productivity 

and water use may be little affected until an intermediate 

threshold of damage has occurred.

Future Considerations

Although most studies of the effects of invasive species relate 

to direct effects on native species, indirect, synergistic, or 

cumulative effects on aquatic systems are less well understood.  

To manage the disturbance caused by invasive species, land 

management agencies will need to rely on interdisciplinary 

research that involves the skills of aquatic biologists, 

hydrologists, silviculturists, soil scientists, biogeochemists, 

pathologists, and others. Forest Service R&D can avail itself 

of core strengths in long-term research on its experimental 

forests and rangelands. Research can provide landscape-scale 

modeling to support early detection, risk assessment, and 

mitigation of the effects of management activities to reduce 

or eradicate invasive species. Improving survey and inventory 

monitoring designs to maximize the likelihood of early 

detection of invasive species based on predictive models of the 

intrinsic potential of stream corridors, lakes, and wetlands to 

harbor invasive species may help ensure that invaders do not 

gain a foothold in previously unaffected areas.

Invasive species affect the quantity and timing of runoff, 

erosion, sedimentation, and other natural physical processes 

and may affect water availability in general. The hydrologic 

effects of invasive riparian species, such as salt cedar (Tamarix 

spp.), which consumes 10 to 20 times the water used by native 

species, may lower the water table and dry stream reaches in 

some areas (Wiesenborn 1996). In other cases, invasive species 

may lead to increased susceptibility to flooding. Stands heavily 

damaged by HWA may experience increased soil moisture due 

to reduced transpiration and may deliver increased runoff to 

headwater streams.

Various means exist for nonindigenous species to degrade water 

quality. Decreased flows reduce transport of nutrients. Increased 

runoff and erosion increase sedimentation or alter nutrient flux. 

Replacement of bunchgrass by knapweed has increased erosion, 

raising stream temperatures and reducing fish habitat (Lacey 

et al. 1989). Cheatgrass in the arid West shades out nitrogen-

fixing soil crusts, decreasing nitrogen input to the ecosystem 

(Whisenant 1990). Decomposition of invasive plants, such as 

Eurasian water millfoil, alters the loading cycles of nitrogen 

and phosphorus. Following dieoff, bacterial decomposition of 

decaying plant material can reduce dissolved oxygen. Zebra 

mussels (Dreissena polymorpha) filter particles from the water 

column and concentrate nutrients in their feces, changing 

nutrient regime and enriching sediment. They also change 

water clarity and alter conditions for native species adapted to 

turbidity, were shown to accumulate and transfer water-borne 

contaminants to other benthic invertebrates (Bruner et al. 1994; 

Hart, et al. 2001), and contributed to a bloom of cyanobacteria 

in the Great Lakes (Vanderploeg et al. 2001). New Zealand 

mud snails composed such a major portion of the biomass in a 

Wyoming mountain stream that they consumed 75 percent of 

gross primary productivity, and their excretions accounted for 

two-thirds of ammonium demand (Hall et al. 2003). Tui chub 

were introduced in Diamond Lake, OR, in the 1950s as a forage 

fish. Tui chub eat microscopic zooplankton that would normally 

graze on phytoplankton in the lake. The decreased zooplankton 

population resulted in uncontrolled growth of several forms of 

algae, including the blue-green algae (Anabaena sp.), which 

released the toxin anatoxin-a into the water (Tanner et al. 2005). 

The effect of Tui chub is now more than the loss of fishing 

opportunity. It is affecting water quality and overall recreation 

use and is causing serious public health concerns (Eilers et al. 

2007). Multiple efforts to eradicate the Tui Chub have failed to 

eliminate the species from the system.

Terrestrial and aquatic invasive species can dramatically 

alter the loadings of nutrients, clean sediments, and toxic 

pollutants into surface and estuarine waters. Invasive aquatic 

species, such as the zebra mussel, can alter the toxic effects 

and bioaccumulation of contaminants by altering pollutant 

fate and dynamics within water bodies (Endicott et al. 1998). 

Zebra mussels remove contaminant-bearing particles from the 

water column and deposit them in sediments. Contaminants 
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become available to benthic invertebrates and enter the food 

web (Bruner et al. 1994). Among the more significant indirect 

effects is the increased pesticide exposure in the environment due 

to eradication efforts. The majority of pesticides is targeted for 

controlling exotic weeds, insects, and mites (Lee and Chapman 

2001; Pimentel et al. 1992). As new exotic pests are introduced, 

the use of pesticides targeted for their control will increase 

with a commensurate increase in ecological and human health 

effects. In addition, by altering erosion, runoff, and deposition 

processes, terrestrial, wetland, and aquatic invasive species can 

substantially alter pollutant loadings into surface and estuarine 

waters.

The spread of exotic diseases such as West Nile Virus by water 

are related to the breakdown of the same ecological, social and 

economic barriers associated with the introduction of other 

nonindigenous species. Emerging infectious diseases are a 

key threat to conservation and public health, yet predicting 

and preventing their emergence is notoriously difficult. 

Recent evidence suggests that water is a vector for the 

spread of Sudden Oak Death disease and Port-Orford-cedar 

root disease.  This finding poses a significant challenge for 

the future. Management options for these two water molds, 

including chlorination of firefighting water, are costly and are 

accompanied by their own environmental effects. Introductions 

of nonindigenous amphibians such as the bullfrog (Rana 

catesbeiana) may contribute to the spread of the chytrid fungus 

(http://www.werc.usgs.gov/fs/amphstat.pdf) that has been 

linked to severe population declines in native amphibians. 

Several of these exotic diseases have the potential to become 

serious regional or national public health threats, and their 

number and geographical extent are likely to increase with 

global climate change. To understand the cascade of ecosystem 

effects, research needs to identify the fundamental processes 

that prevail in undisturbed systems before we can evaluate 

detect the direct and indirect responses of those systems 

affected by invasive species. 

Managers developing response plans to aquatic ecosystem 

disturbances need to understand the synergies and cumulative 

effects as well as the socioeconomic impacts in order to 

resolve conflicting values surrounding recreation or restoration 

activities, such as Burned Area Emergency Response 

restoration priorities, stream restoration, or fish stocking 

(Fausch et al. 2006). 

Other research needs include:

Develop genetics-based methods for early detection of •	

invasive aquatic and terrestrial species by identifying likely 

invaders and susceptible habitats.

Conduct research on geographic variation of invasive species •	

to increase the understanding of the spread of these species 

after they are established. 

Determine invasive species effects across trophic levels •	

(interactions of invasive plants and animals) in selected 

landscapes such as Hawaii, other Pacific Islands, and the 

Caribbean.

Determine distribution and habitat relationships of •	

introduced species in managed aquatic and terrestrial 

systems, and develop a risk analysis to determine priority 

species for research. 

Develop experimental approaches to investigating ecosystem •	

responses to invasive removal in priority land types, such as 

wilderness.

Develop methods for rapid detection and efficient •	

monitoring of invasive species in large river systems or at 

large geographic scales. 

Determine whether salvage logging in riparian areas reduces •	

the spread of invasive species, and what management options 

are available.

Develop instructional materials for training field crews in the •	

proper methods to decontaminate field equipment to prevent 

the spread of aquatic invasive species and pathogens.

Conclusions

According to the EPA, more than one-third of all the States have 

waters that are listed for invasive species under section 303d 

of the Clean Water Act. All waters currently listed as impaired 

by nonindigenous species have been determined by a case-by-

case analysis. It is not clear if the Forest Service will ultimately 

consider invasive species such as noxious aquatic plants as 

pollutants for Clean Water Act purposes. To the extent that 

terrestrial and aquatic nonindigenous species affect watershed 

condition by altering erosion, runoff, and deposition processes, 

failure to account for these effects in total maximum daily load 

models could result in substantial errors in calculating load 

allocations.
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Changing Conditions and 
Changing Ecosystems:  
A Long-Term Regional and 
Transcontinental Research 
Approach on Invasive Species 

Ariel E. Lugo1 and Grizelle González2

Two conundrums: “Biological invasions are natural and nec-

essary for persistence of life on Earth, but some of the worse 

threats to biological diversity are from biological invasions. 

... One can either preserve ‘a natural’ condition, or one can 

preserve natural processes, but not both.” (Botkin 2001: 261)

Abstract

Emerging new ecosystems are products of human activity. 

They occur everywhere but particularly in degraded sites and 

abandoned managed lands. These ecosystems have new species 

combinations and dominance by invasive species and appear 

to be increasing in land cover. As new ecosystems emerge on 

landscapes, issues of social values and attitudes toward alien 

species and naturalness increase in relevance. Despite their 

ecological and socioeconomic importance, however, very 

little empirical information exists about the basic ecology and 

social relevance of these ecosystems. We propose regional and 

transcontinental ecological and socioecological research to 

address questions about the structure, functioning, and ecologi-

cal services of new ecosystems.

Introduction

This paper addresses the subject of land use and land cover 

change in relation to invasive species and the emergence 

of new ecosystems. Its purpose is to propose the elements 

of a national invasive species research program that would 

anticipate issues and provide objective information to inform 

policy and management actions regarding the Nation’s forests 

and rangelands.

The Challenge

Dramatic environmental change—some say unprecedented 

change—is anticipated in the United States. Such a level of 

environmental change is a challenge to land managers because 

it tests their capacity to react and adapt their conservation 

activities in the face of evolving conditions. These changing 

conditions involve changes in the gaseous composition of the 

atmosphere, air temperatures, rainfall patterns, land covers, 

disturbance regimes, and species composition. Unfortunately, 

we do not understand the effects of these expected changes on 

ecosystems, and the tendency is to concentrate management 

approaches on preventing change for fear of the ecological and 

economic consequences. This fear, however, leads our policies 

to the conundrums in the previous quotation. The challenge is 

compounded by the need to deal with invasive species while 

also keeping track of ecosystem-level changes caused by spe-

cies invasions and their implications to the overall functioning 

of landscapes. The scope of a national invasive species research 

program must transcend the individual species and focus on the 

whole biotic spectrum, including community-, ecosystem- and 

landscape-level processes.

Future Environmental Setting

The Forest Service Resource Planning Assessment Report 

(USDA Forest Service 2006) anticipates a greater urban 

land cover, denser and increasingly urban human popula-

tions, greater exchange of species and connectivity between 

continents, and greater anthropogenic effects than exist today. 

Alien and native species are expected to become more invasive 

as community composition shifts away from the familiar ones 

of yesterday and today. Potential climate change and changing 

disturbance regimes add uncertainty to the mix. One critical 

1 Director, International Institute of Tropical Forestry, 1201 Calle Ceiba, Jardín Botánico Sur, Río Piedras, PR 00926.
2 Research Ecologist, International Institute of Tropical Forestry, 1201 Calle Ceiba, Jardín Botánico Sur, Río Piedras, PR 00926.
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aspect of these future environmental settings is the nature of 

the habitat modification by humans. Human activity can alter 

or disturb ecosystems in novel ways relative to natural distur-

bances. A clear example is the introduction of toxic substances 

to the environment. Subtler are land degradation activities over 

large areas, which preclude native species regeneration.

Emerging Patterns

The change in species composition of ecosystems influenced 

by human activity will be the most daunting ecological issue in 

the 21st century. Already this issue is dividing ecologists in a 

number of manifestations of the same phenomena (Ewel et al. 

1999). For example, ecologists argue about whether we are at 

the onset of an extinction crisis of equal proportions as the ones 

caused by asteroid effects. Ecologists also argue about whether 

alien species cause extinctions and the discussion turns more 

controversial when the debate focuses on whether the presence 

of aliens “destroys,” “disintegrates,” or changes ecosystem 

functions and processes. Ecologists also cannot agree on whether 

the expansion of alien species homogenizes or diversifies land-

scapes. Finally, ecologists cannot predict or do not understand 

what makes some species become invasive, and they argue 

about whether these invasive species are the causes of environ-

mental change or the reflections of environmental change.

While ecologists are developing consensus to these fundamental 

questions, they have no disagreement on the following important 

aspects of the unfolding scenario:

•	 The level and intensity of human activity is increasing.

•	 Land degradation continues.

•	 Species extinctions are occurring.

•	 Climate change appears more certain.

•	 Whole landscapes are changing.

•	 Many familiar ecosystems are not so familiar anymore.

•	 A larger number of alien and invasive species appear in most 

ecosystems.

•	 The cost of mitigating the effects of these species on 

agriculture and other land uses is increasing.

•	 Many alien species are becoming naturalized.

•	 The invasion and naturalization of alien species are 

leading to the formation of new species combinations (new 

ecosystems). 

•	 Increased competition and symbiosis are emerging between 

native and alien fauna and flora.

All these trends have the same outcome: They result in changes 

in species composition of ecosystems. Clearly, as the 21st cen-

tury unravels, changes in species composition of communities 

will become the dominant ecological phenomena that scientists 

and land managers must face. For the Forest Service to main-

tain a position of leadership in the 21st century, it must provide 

society with clear and reliable information for dealing with the 

changes in the biota that human activity is causing. At least 

two factors contribute to the confusion about invasive species 

issues: (1) lack of empirical understanding of the ecological 

changes taking place and (2) a clash of values in society. We 

discuss these two factors next.

Emerging Ecosystems

Ecologists lack empirical understanding of the phenomena that 

will drive 21st century ecology because, for decades, ecological 

attention was centered on balanced or steady-state native and 

mature ecosystems. Ecologists gave less attention to anthropo-

genic disturbances and modified ecosystems. As a result, the 

science of ecology has a lot of catching up to do in the area 

of acquiring empirical information about the new ecosystems 

on Earth. New, emerging, or novel ecosystems are those with 

novel combination of species and human agency; i.e., they are 

the result of deliberate or inadvertent human action (Hobbs et 

al. 2006, Lugo and Helmer 2004). These ecosystems emerge 

naturally in response to such human actions such as land deg-

radation, enrichment of soil fertility, introduction of invasive 

species, and abandonment of lands previously managed. Hobbs 

et al. (2006) suggest that emerging new ecosystems developed 

in a zone between two land cover extremes: (1) “wild” and 

(2) intensively managed or even urban covers (fig. 1). In 

reality, novel ecosystems develop anywhere species invasions 

occur. Within this broad geographic expanse, ecosystems are 

subjected to a broad range of modification and recurrent distur-

bances that induce species succession and competition and the 

resulting modification of the original community.
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At least four processes leading to invasiveness and species 

composition change can be identified:

1.	 Severe alteration of site conditions because of land cover 

change or degradation can preclude historical succession 

patterns and favor species invasions.

2.	 Ecosystems are subject to invasion by alien species that 

exploit unused resources.

3.	 Invasive species can outcompete native species, even when 

the environment has not changed.

4.	 Each of these processes requires a different management 

strategy to mitigate it, because the ecological processes and 

consequences are different. Research is needed to unravel 

those differences and consequences.

Socioecology

A value issue is involved in how humans react to environmen-

tal change. We value familiar ecosystems and surroundings 

and naturally repudiate change, particularly when change is 

happening as fast as it is happening today. If we do not value 

an alien species, we are unlikely to accept information that 

suggests that that an alien species is acceptable, ecologically 

speaking. It appears that a need exists to combine empirical 

Figure 1.—The interface between land covers on which novel 
or emerging new ecosystems occur (details in Hobbs et al. 
2006). Novel ecosystems arise from either the degradation and 
invasion of “wild” or natural/seminatural systems or from the 
abandonment of intensively managed systems. They also arise 
when alien species invade nondegraded or otherwise intact 
ecosystems.
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science with social science to explore the role of values in the 

interpretation of empirical data and the use of social science 

principles to influence how empirical information is transmitted 

to people to make its use more effective. Although the need 

to merge ecological and sociologic knowledge is not new, 

the impetus for socioecology has gathered momentum. This 

momentum is fueled by expected global environmental change 

scenarios and the new emphasis on ecosystem services as a way 

of demonstrating the value of natural ecosystems to economic 

sustainability.

Research Approach

Research on invasive species must address multiple levels 

of biotic organization (from species to ecosystems and 

landscapes), be multidisciplinary, include a combination of 

natural history and experimental approaches, and encompass a 

long-term perspective over large spatial scales. We recommend 

a research program at two spatial scales to take advantage of 

the scope of the Forest Service Research and Development 

(R&D) organization and to address questions at the spatial level 

at which they occur. The two spatial scales are regional and 

transcontinental.

Regional Research
We suggest interdisciplinary long-term study of the intersection 

of values and empirical science in new ecosystems, such as 

plantation forests, urban rivers, polluted lakes and reservoirs, 

new forests on abandoned agricultural lands, invaded forests 

and rangelands, and vegetation on brownfields. Our suggestion 

involves collecting information on the functioning of these 

ecosystems and evaluating them empirically as to their role in 

the modern landscapes. Their functioning should be compared 

with familiar native ecosystems not invaded by alien species. 

Simultaneously, we suggest socioeconomic and anthropological 

studies to determine people’s attitudes toward new ecosystems. 

Such studies must include people from many locations and 

professions, including ecologists. The objective is to uncover 

values at different geographic and intellectual distances from 

the location of ecosystems and ecological understanding, 

respectively. One aim is to find out to what degree science can 

inform society and modify its values. A hypothesis could be 

that informed science leads to informed decisions and modifies 

values. The questions embedded in figure 2 are as follows:
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Q1a.	 To what degree are new ecosystems a product of new 

disturbance regimes?

Q1b.	 What is the relative importance of disturbance and the 

external genome in the formation of alien-dominated 

ecosystems?

Q2.	 What are the ecological characteristics of alien-

dominated ecosystems?

Q3.	 What ecological services do alien-dominated ecosystems 

produce, and how do they compare to the native ones 

they replaced?

Q4.	 To what extent are the alien-dominated ecosystem ser-

vices perceived, understood, and appreciated by humans, 

and how does human behavior respond to those services?

Q5.	 How do human outcomes and behavior alter the distur-

bance regime and to what degree are human attitudes 

toward alien species driving these changes?

The larger question is this: What determines dominance in 

ecosystems and how do ecosystem structure and process reflect 

that dominance across gradients (Denslow and Hughes 2004)?

Figure 2.—A sociecological system with key research questions on invasive species. This diagram, which was developed as part of 
an exercise within the Luquillo LTER, relates the ecological drivers and consequences of alien species invasions (right) with the 
related socioecological drivers and consequences (left) and lists possible research questions.

LTER = Long Term Ecological Research Network.
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Transcontinental Research
Forest Service R&D units have access to many transcontinental 

gradients involving tropical to boreal (temperature), desert to 

rain forest (rainfall), lowland to montane (multiple gradients 

including atmospheric variation), etc. By focusing on gradi-

ents, researchers can quickly envelop the range of conditions 

that ecosystems face and can anticipate ecological behaviors at 

specific localities due to geographic shifts in the ecological gra-

dients. Within these gradients (fig. 3a), they can find pristine to 

highly degraded examples of forests and ranges. Forest Service 

R&D is in a position to take advantage of the gradient space 

implicit in figure 3b to advance understanding of the mecha-

nisms and consequences of emerging new ecosystems. We 

recommend a simple gradient approach to begin developing 

a research network with unified research questions. Whether 

the subject of research is at the species, group of species, or 

ecosystem level, studies across stations will benefit if they are 

conceived in the context of a gradient involving other stations 

or collaborators. Through commonality of methodology and 

types of questions asked, it will be possible to advance regional 

and transcontinental objectives simultaneously.

Some of the questions to address include the following:

•	 How do functional and structural attributes of emerging 

ecosystems vary along temperature, rainfall, and/or elevation 

gradients?

•	 How do ecosystem services change along temperature, 

rainfall, and/or elevation gradients?

•	 How does the dominance of invasive species change across 

these gradients?

•	 What are the patterns of plant life form dominance (e.g., 

trees vs. grasses) across emerging ecosystems and what are 

the implications to ecosystem functioning?

•	 Do plants, animals, and microbes follow the same patterns of 

response to human activity across the gradient?

Figure 3a.—Temperature, precipitation gradients in watersheds within and without experimental forests and ranges. These gradients 
were developed as part of a NEON exercise among three Federal agencies: The USDA Forest Service, U.S. Geological Survey, and 
USDA Agriculture Research Service. Open dots illustrate sites that fall within steep temperature and precipitation gradients.
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The Use of Forest Service 
Experimental Forests and 
Ranges for Long-Term Research 
on Invasive Species

Ralph Holiday Crawford1 and Gary W. Miller2

Abstract

The 81 experimental forests and ranges (EFRs) research sites 

make the U.S. Department of Agriculture (USDA), Forest Ser-

vice unique among land management agencies. The EFRs were 

established for conducting applied research that serves as a 

basis for managing forests and rangelands. Most EFR research 

sites have long histories of experimentation and research that 

provide current and future answers to questions concerning 

the effects of management activities and how to better achieve 

management goals. Most EFRs have served as focal points for 

education and demonstration projects and as venues for the 

interaction between scientists and land managers and for the 

training of graduate students in forestry and related sciences. 

Research on EFRs has and will continue to contribute to a bet-

ter fundamental understanding of how ecosystems function.

Introduction

Since 1903 the experimental forests and ranges (EFRs) have 

provided and continue to provide scientific information for 

managing national forests, rangelands and industrial and 

private lands (Adams et al. 2004). In accordance with Federal 

authority 4062.01 of the Forest Service Manual (FSM), section 

4000, provisions of the Organic Administration Act of 1897 

(16 USC 551), and the Forest and Rangeland Renewable 

Resources Research Act of 1978 (16 USC 1643), the Secretary 

of Agriculture has the authority to establish experimental 

forests and ranges. The major objective is that experimental 

forests and ranges will be used for conducting applied research 

that serves as a basis for managing forests and rangelands.

Forest Service Research and Development (R&D) has the 

primary role of conducting and administering research activi-

ties on EFRs. R&D structure includes the Pacific Northwest 

Research Station, Pacific Southwest Research Station, Rocky 

Mountain Research Station, Northern Research Station, 

Southern Research Station, International Institute of Tropical 

Forestry, and the Forest Products Laboratory. The number of 

experimental forests and ranges has exceeded 110 since 1903 

but, with the processes of establishment and disestablishment, 

the current number is 81. For example, the Santa Rita Experi-

mental Range was established in 1903 but has since been placed 

under the ownership of the State of Arizona. Some of the exist-

ing and oldest established permanent research sites and EFRs 

are the Fort Valley Experimental Forest (1908), Priest River 

Experimental Forest (1911), and the Bent Creek Experimental 

Forest (1927). The most recently established experimental for-

ests are the Sagehen (2005), the Hawaii Experimental Tropical 

Forest (2007), and the Heen Latinee (2009). The distribution of 

EFRs covers vast geographical areas.

Experimental forests and ranges produce unique scientific 

products. Products have made significant impacts on the science 

community and have also affected policy at the national level. 

Table 1 lists a few examples of major scientific accomplish-

ments at select EFRs in which research could focus on ter-

restrial and aquatic invasive species (plants and animals). EFRs 

that have long-term research focus on regeneration, harvesting, 

fire, climate change, and wildlife biology are well positioned 

for the study of invasion biology and competition between 

vegetation and other invasive species. Disturbances that con-

tribute to the increase of invasive species on the landscape may 

be anthropogenic or natural and may interact in an integrated 

ecological process.

Most EFRs have uniquely valuable long-term studies and 

monitoring efforts that provide an invaluable record of recovery 

1 National Program Leader for Rangeland Ecology, Forest Service, Research and Development, Washington Office, RPC-4, 1601 N. Kent St., Arlington, VA 22209.
2 Research Forester, Forest Service, Northern Research Station, Forestry Sciences Laboratory, 180 Canfield St., Morgantown, WV 26505.



128	 A Dynamic Invasive Species Research Vision: Opportunities and Priorities 2009–29

from disturbance and allow unusual events to be placed in 

the context of larger spatial and temporal patterns. EFRs 

address questions for forest and rangeland management at the 

appropriate scales of time and space; they are places to learn 

the fundamentals of natural ecosystem structure and dynamics. 

Finally, each EFR provides regional scientific information with 

well-documented disturbance and response histories, protected 

under special land use designations that allow manipulative 

research and protection of control sites (i.e., a secure research 

platform). There is an EFR in every ecoregion throughout the 

contiguous United States. The Forest Service has invested tens 

of millions of dollars into infrastructure, experiments, and long-

term data collection and maintenance of EFRs. The activities of 

these resources are managed and maintained jointly by Forest 

Service R&D and the National Forest System (NFS). This work 

has long been recognized as having regional, national, and 

international importance as a strategy for research and science 

delivery for the 21st century (Crawford 2006; Miller and 

Crawford 2006).

This paper discusses the role of EFRs in future R&D efforts for 

invasive species research. The continued cutting-edge research 

activities and products from EFRs are the result of extremely 

strong partnerships between universities, other Federal agen-

cies, tribal governments, State governmental agencies, private 

industry, and private landowners.

Critical Natural Resource Science Issues
The existing network of EFRs has a rich legacy of generating 

important research products and currently houses invaluable 

data sets that may be useful in addressing compelling natural 

resource science issues of interest to society. These issues gen-

erally involve considerable temporal or geographical scales that 

require pooling appropriate EFR data sets and integrating them 

with other national ecological networks to analyze regional or 

national problems. Examples of research problems that can be 

addressed by forming EFR networks include the following:

•	 The effect of global change on biodiversity, water yield, 

carbon sequestration, and ecosystem productivity.

Hubbard Brook Ecosystem Study Major center for hydrologic research
Research accomplishments on forest management
Small watershed techniques for studying biogeochemistry
First documentation of acid rain in North America
Effects of forest-harvesting disturbance on water quality and quantity

Starkey Experimental Forest and Range Pioneering sites that helped established the discipline of range management
Wildlife habitat restoration and invasive vegetation
Livestock grazing and wildlife effects on modification of mixed-conifer forests
Invasive plants

Luquillo Experimental Forest Tree species diversity and invasive plants
Cross-site comparison of aquatic insect emergence ecosystems 
Canopy herbivory and soil processes in a temperate and tropical forest
Earthworms (invasive species) and soil processes in tropical forest

Bent Creek Experimental Forest Hardwood improvement cutting
Long-term single-tree selection studies
Ecological site-classification prediction models
Intermediate stand management practices

Bartlett Experimental Forest Habitat for wildlife
Vegetation competition with regeneration methods

Hawaii Experimental Tropical Forest Exotic grass cycles
Nonnative terrestrial and aquatic plants and animals

San Joaquin Experimental Range Development of sustainable grazing systems in oak woodland savannas
Bird populations and diversity in oak woodland savannas

Fraser Experimental Forest Subalpine forest ecology and hydrology affected by invasive beetles
Invasive plants and animals in response to habitat changes

Table 1.—Experimental forests and ranges list of unique scientific products.
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•	 The causes and consequences of landscape changes such 

as fragmentation, urbanization, hydrologic alterations, and 

changing biotic patterns.

•	 The response of forest and rangeland ecosystems to 

disturbance, both natural and anthropogenic, to allow 

balanced resource utilization, habitat conservation, site 

restoration, and management of invasive species.

An important advantage of network-based research is that it 

enables the agency to address a common set of invasive species 

issues across different ecoregions. It facilitates measuring 

and interpreting results in a large-scale setting, thus giving 

resource managers research products of wider applicability 

on the landscape. For example, networking of research sites 

would shed light on the effects on both terrestrial and aquatic 

invasive species in ecosystems across regions, as opposed to an 

individual ecosystem.

It is important to develop the potential value of an EFR 

network while recognizing the continuing value of individual 

EFRs to address unique local resource issues. Defining large-

scale science questions that require EFR partnerships may 

first be conceptualized according to strategic program areas 

(Fire, Resource Management and Use, Inventory Monitoring 

and Analysis, Invasive Species, Recreation, Water and Air, 

and Wildlife and Fish), thus allowing research priorities to be 

addressed from a national perspective across research work 

unit, programs, and station boundaries. In addition, individual 

EFRs have a tremendous potential to produce research products 

(data, information, knowledge, tools, and technologies) that are 

uniquely applicable to the ecosystem type in which they are 

located. Individual EFRs can continue to support sustainable 

land management within the local ecosystem types they repre-

sent, as well as collaborate with EFRs in other ecosystem types 

to produce research products that are applicable to much larger 

regional and national issues for invasive species.

Formation of High-Priority EFR Networks
Lugo et al. (2006) referred to the existing collection of 

EFRs as a network of permanent research sites, although it 

is understood that individual EFRs have unique attributes 

and data resources that may or may not be useful in studying 

certain research problems. In practice, data from subsets of 

EFR sites with the appropriate attributes can be integrated to 

address specific science questions at larger geographic scales. 

Similarly, subsets of EFRs may also be used to complement 

external networks (National Ecological Observatory Network, 

Long Term Ecological Research Network (LTER), Consortium 

of Universities for the Advancement of Hydrologic Science, 

Research Natural Area, Forest Inventory and Analysis, National 

Atmospheric Deposition Program, etc.) to further address large-

scale invasive species science questions.

Emphasizing a network-based strategy can facilitate the 

integration of available knowledge, data sets, and technology to 

address regional and national environmental issues. Individual 

EFRs can continue to provide vital scientific discoveries 

applicable to local ecosystem conditions and land management 

challenges on public and private land. An integrated EFR 

network, however, also has the potential to yield vital scientific 

discoveries at much larger scales. For example, the LTER pro-

gram supported by National Science Foundation is essentially a 

network of Forest Service experimental watersheds. A network 

of EFRs will allow for integration across broad temporal and 

geographical environmental gradients, thus generating new 

information in the expansive ecological space where complex 

invasive species management problems are emerging (Bailey 

1991; Kneipp 2005; Lugo et al. 2006; Miller and Crawford 2006).

Summary

As we move forward in the 21st century, the experimental 

forests and ranges still possess a unique capability for answer-

ing large-scale invasive species questions of great societal 

benefit if they are integrated as a network of science assets. An 

integrated network of EFRs will enable resource managers and 

policymakers to address emerging local, national, and global 

natural resource issues pertinent to society.

A comprehensive strategy is proposed for updating the support, 

protection, management, and use of EFRs in the 21st century 

(Miller and Crawford 2006). The strategy will increase the 

agility of the EFRs and enhance their ability to respond to 

contemporary and emerging invasive species science issues. 

The prioritization of the initiatives is difficult, but the strategy is 

designed to be responsive to changing complex ecological and 

economic factors.
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•	 Define the critical natural resource science issues on 

invasive species of interest to land managers and society that 

EFRs can address at regional and national scales.

•	 Support the formation of high-priority EFR networks and 

partnerships with land managers and other ecological 

networks to address critical invasive species science issues.

•	 Increase visibility of and support for EFR sites, 

infrastructure, and research programs by illustrating their 

value, relevance, and unique ability to address current and 

emerging invasive species issues of importance to the public, 

the agency, and the world science community.

•	 Enhance internal and external communication among Forest 

Service land managers and Research and Development 

scientists, as well as cooperators and customers associated 

with EFRs, so they can nurture relationships and cooperate 

in the research and science delivery process for invasive 

species.

•	 Develop flexible data networking tools and policies that 

integrate scientific information on flora, fauna, water, air, 

and soils, thus allowing EFRs to form effective internal and 

external networks across broad temporal and spatial scales.

When emerging research priorities are such that existing EFRs 

are not capable of providing appropriate scientific information, 

the Forest Service Chief has the authority under 7 Code of Fed-

eral Regulations (CFR) 2.60(a) and 36 CFR 251.23 to establish 

new EFRs as recommended by the station director with concur-

rence of the regional forester under FSM 4062.04. Additional 

EFRs may be needed to study 21st-century issues, such as 

invasive species associated with the urban-forest environments. 

If the EFRs are not integrated, the loss is essentially a costly, 

missed opportunity to conduct new science on immensely impor-

tant research problems. Such a missed opportunity will delay our 

ability to build on 100 years of science on EFRs and reach the 

cutting edge of large-scale research efforts at a time when this 

type of effort is critically needed.
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