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I. Introduction  

Concern with “sustainability” has exploded over the last decade (see Figure 1).  In the area of land use, 
in general, and for agriculture and food systems, in particular, questions of sustainability now typically 
are coupled with the concept of “ecosystem services.” Driven in part by shifting political economy of 
agricultural policy in the US and especially Europe, this signals an apparently growing realization that our 
collective stake in agriculture includes a number of important social and environmental impacts, such as 
providing open space and watershed functions, in addition to the familiar food, feed, and fiber, which had 
been the mainstays of most agricultural research and policy in the 20th Century.  Largely taken for granted 
in the past, what were viewed as “free gifts of nature” increasingly are considered important questions of 
public policy.  

The early, expansive definitions of “sustainability” and “ecosystem services” (respectively, World Commission 
on Environment and Development (1987) and Daily (1997)) have largely withstood the test of time.)  
Please see Appendix 1 for a glossary of some key terms.  Development of more practical, policy-relevant, 
and generally-accepted definitions of these powerful terms remains a work in progress.  This paper and 
indeed this roundtable meeting are intended to contribute to that process. 

From a scientific perspective, there is an obvious need for clarity and precision on what the ecosystem 
services are and how they can be measured and monitored. Much of the international research agenda in 
this area has aimed to disaggregate the broad con¬cept in order to be clearer on the underlying cause-effect 
relationships and developing “metrics” or “indicators” for assessment of patterns in spatial extent and 
distribution, for hypothesis testing, and for monitoring resource management and policy interventions. 
Regulation has been the conventional approach to mitigation of environmental problems, but some of 
the same forces that have produced heightened awareness of sustainability issues also have spawned an 
interest in positive alternatives in the form of incentive schemes to reward positive actions that maintain 



California Agroecosystem Services  ■  2

or increase the provision of ecosystem services (Tomich et al. 2004). Simplified yet accurate and validated 
measures that will facilitate negotiations among various groups, often with conflicting interests, are seen 
as key ingredients of successful schemes (Van Noordwijk et al. 2004).
 
Yet the term “ecosystem services” often is used generically in scientific publications and “sustainability” 
rarely is treated with any precision by anyone (however see Arrow et al., 2004).  Moreover, attention 
from the media and policy elites to these general issues appears to run ahead of the cutting edge in 
science (e.g., Vitousek et al. 1997; IPCC 2007).  We know of no satisfactory model or explanation for 
the interplay among science, media coverage, policy debate, and zeitgeist in framing these sustainability 
issues. Moreover, what constitutes “sustainability” has social and political dimensions; different players 
have different interests and ideas and each would like to define “sustainable.” Thus, defining is powerful, 
and it is impossible to define “sustainability” in a way that is completely neutral, which is, again, an 
advantage of considering frameworks as a way of examining how we make decisions. But it seems clear 
that science is responding to agendas set by others in society as much as it is laying the foundations for 
those agendas. As a result, there are non-trivial challenges in identifying research agendas that are both 
socially responsive and scientifically credible.           

This roundtable meeting occurs in the midst of a year-long strategic planning and consultation process for 
the new Agricultural Sustainability Institute (ASI) on the UC Davis campus. ASI is intended to provide a 
hub that links initiatives in sustainable agriculture and food systems across all divisions of the College of 
Agricultural and Environmental Sciences at UC Davis (including the Student Experimental Farm and the 
Russell Ranch Sustainable Agriculture Facility), across the University of California (including SAREP, the 
UC ANR Sustainable Agriculture Research & Education Program), and with other partners across the State 

Figure 1. Use of the word “sustainability” in mainstream, English language print media.

Source: GoogleTM News Archive Search http://www.news.google.com
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of California.  ASI aspires to lead research on big emerging issues in California’s food system and to shape 
an agenda for research, education and action that responds to the concerns and aspirations of stakeholders 
representing the diversity of California. The pitfalls and possibilities discussed below represent ideas that 
are emerging from that ongoing process, which at this stage is still quite messy, and it may always be so.

II. Ecosystem Assessment: A Promising Starting Point

New organizational approaches to sustainability science and ecosystem assessment methods have been 
proven internationally; e.g., the Millennium Ecosystem Assessment (MA) and its precursors, such as the 
Pilot Analysis of Global Ecosystems (PAGE) and the assessment reports of the Intergovernmental Panel on 
Climate Change (IPCC). California is viewed – nationally and internationally—as a leader in agriculture 
and in science, policy and action for sustainability.  But the state appears to have lagged behind international 
practice in application of integrated assessment methods to synthesize across scientific specialties in order 
to produce information that users really need and in forms they can use for decision-making. California 
can draw from this international experience.  It also is worth noting that California has undertaken a 
number of integrated projects that are relevant to agricultural sustainability that have used stakeholder 
input and that elements of these initiatives can be used as a starting point for integrated assessment in the 
state.

The methodologies of integrated ecosystem assessment now are well established and can be applied 
at multiple sites and scales, while encompassing a wide range of stakeholders with different (even 
conflicting) interests. The Millennium Ecosystem Assessment is “the largest assessment ever undertaken 
of the health of ecosystems and the consequences of ecosystem change for human well-being” (www.
millenniumassessment.org), involving 1360 authors from 95 countries and an extensive review process by 
850 expert reviewers and governments. The MA methodology comprises the following elements (adapted 
from an unpublished graphic created by RJ Scholes):

•	Stakeholder	consultations	and	identification	of	users’	needs.
•	Development	of	assessment	questions	based	on	those	needs.
•	Identification	of	indicators	relevant	to	the	assessment	questions.
•	Assessment	of	current	conditions	and	short-term	trends	in	indicators	and	drivers	of	change	in	those	

indicators.
•	Use	of	scenarios	methods	to	address	uncertainty	and	plausible	futures	over	longer	timeframes.
•	Identification	of	response	options	(but	not	prescribing	particular	responses).
•	Communication	of	results	tailored	to	specific	users’	needs.
•	Capacity	building	for	integrated	assessment	throughout	this	process.

Ecosystem assessments begin with extensive consultations with stakeholders and particular user groups 
to identify priorities for assessment questions. Those consultations are fundamental to both the relevance 
and the legitimacy of the process and play a key role in providing the structure and focus needed to avoid 
degenerating into a huge literature review.  This would be a useful starting point for a research project 
on California agroecosystems.  Indeed, as noted above, ASI already has embarked on a similar set of 
consultations as part of its strategic planning process.  Everyone in the state holds some sort of a stake 
in agriculture, agroecosystems and surrounding environments, and food systems and, as a result, even a 
general typology includes a daunting array of groups (Figure 2).  

The heart of the Millennium Ecosystem Assessment is assessment of the conditions and trends in flows 
of ecosystem goods and services. Applied to agricultural sustainability in California, the assessment 
of conditions and trends in flows of agricultural goods and environmental services from California’s 
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agricultural sector could be an effective way of engaging interested faculty and students from the University 
of California and other institutions with broader stakeholder groups in producing a product that would be 
useful in framing both an agenda for policy action as well as an agenda for research and education. 

Analysis and modeling of driving forces (including biophysical and technological as well as social, economic, 
and political drivers) can be helpful in identifying priorities for research and policy analyses that help to 
point toward issues that will be prominent in the future.  Again, there are many existing models and results 
for California that can be used in this process, including using these models as empirical benchmarks to 
test consistency in participatory processes. 

Another technique from the MA (with roots in the IPCC) that can be useful in focusing research priorities is 
to assess the qualitative uncertainty regarding current scientific understanding.  For major questions (e.g., 
the relationship between scientifically plausible climate scenarios and water supply), current scientific 
results might be classed as “well established,” “established but incomplete,” “competing explanations,” or 
“speculative” based on judgment of the amount and type of evidence available and the level of scientific 
consensus.  

The process of assessing existing science from the perspective of users’ needs can itself produce important 
research products.  One example is the Pilot Analysis of Agroecosystems (Wood, Sebastian, Scherr 2000) 
that was conducted as a precursor to the MA, employing a similar approach, but with a much more 

Figure 2. Typology of stakeholders in agriculture and the food system.
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modest set of assessment topics. A similar prototype study could be a useful starting point for engaging 
stakeholders and for framing the priorities and research program for ASI and might also be of use to state 
agencies. In other words, rather than launching a comprehensive research program on agroecosystem 
services from scratch, there are big advantages to starting in an assessment mode.  Assessments and 
syntheses of existing research can powerfully leverage the impact of science if they are accompanied by 
effective “translation” and communication to user audiences.  

III. Conceptual Frameworks And Indicators: A Survey Of Pitfalls And Possibilities 

In California, there are vast numbers of agroecosystem goods and services, stakeholder perspectives, and 
user needs that could be considered in planning any agroecosystem assessment.  Priorities, values, and 
needs of the broad assortment of stakeholders (Figure 2) vary widely and in many cases contradict each 
other.  A literature review examining studies that have consulted stakeholders in regards to California 
agriculture and food systems sustainability showed that the range of issues involved is incredibly wide.  
A list of the top issues compiled from the studies illustrates the breadth of issues that are important to 
stakeholders; this list does not even include issues deemed less than critical (see Box 1).   

On the one hand, it is well established (Baumol and Oates, 1988) that overly-narrow analyses of 
environmental issues (or any case of multiple market failures or imperfections) can be highly misleading.  
Neglecting real complexities when framing problems can lead to overly simplistic solutions that are 
not relevant or applicable to the intricacies and difficulties of situations.  Recognizing the complexity, 
interconnections, and tradeoffs involved is critical.  However, there is an equal risk of lack of focus and, 
consequently, being overwhelmed and ultimately paralyzed by detail.  Conceptual frameworks can be an 
antidote to this problem of “everything depends on everything and everyone.”  

This section reviews strengths and weaknesses of various conceptual frameworks that could provide greater 
focus on key issues and relationships.  It will be seen, however, that (at least for now) there is neither 
a dominant framework nor any unified theory to apply to ecosystem assessment.  Instead, a pragmatic 
approach blending various frameworks and methods to balance strengths and offset weaknesses would 
seem to be the way ahead.     

III.1.  Pressure State (Impact) Response (PSR/PSIR) frameworks

The conceptual framework employed in the Millennium Ecosystem Assessment (MA) (Figure 3) is a 
variation of a Pressure State Response (PSR) or Pressure State Impact Response (PSIR) framework. It will 
serve as the starting point for the ASI survey. The foundation of the PSR/PSIR approach is to compare 
reference conditions with the same or similar systems under increasing degrees of human intervention. 
Historically biologists and ecologists have determined the general rules governing natural systems by 
studying nature in its most pristine state. Understanding these rules and drawing comparisons between 
pristine natural areas (reference conditions) and areas with varying degrees of human intervention is the 
main method used to gauge the type and extent of human impacts (Spreng and Wils 1996). 

The components of the PSR model are generally described as:
(1) Pressure variables (also called process or control variables or driving forces): indicators in this category 
gauge a process that will influence a state variable 
(2) State variables: indicators in this group describe the state of a resource or an ecosystem service
(3) Response variables are used to measure the response of efforts to reduce human impacts and/or attain 
better values in the pressure and state groups (Bell and Morse 1999). 
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Land use issues 
Urban-rural interface 
Agricultural land preservation (and forests and 

rangeland) 
Regional planning 
Population growth 
Land use planning and development- transit oriented, 

high density development 
 
Ecological issues 

Energy- renewables, biofuels 
Water 
Invasive species 
Landscape and farm systems ecology 
Biodiversity 
Soil 
Air quality 
Wildlife habitat 
Climate change 
Stewardship and concern for future generations 
 

Educational issues 
Agriculture and food systems education 
Interdisciplinary education 
Experiential learning 
Engaging youth in food/agricultural/farming futures 
Making agriculture an appealing career 
Recruiting and training future leaders in sustainable 
agriculture 
 

Food systems issues 
Direct marketing- economics and infrastructure 
Equal access to nutritious food, Food security 
Nutrition- obesity epidemic 
Access to information about food system 
Vibrant agricultural economy 
Linking production and consumption 
Empowering  
Local food systems  
producers and consumers 
Targeting structures, not just consumers, through new 

retail, distribution, ownership systems 
Food safety 
 
 

Definitions and labeling of sustainability 
Domestic fair trade- social justice criteria and 
labeling 
Standards and criteria of sustainability 
 

 

Economic and socioeconomic issues 
Farm worker issues (wages, health, housing, 

respect) 
Immigration policy, legal status of farm workers 
Economics of sustainability 
Commodity subsidy system 
Rural community health 
International development 

 
Farm system issues 

Assistance for beginning and minority farmers 
Pest management (insects, weeds, diseases, etc) 
Compensating farmers for environmental 

practices, rewarding stewardship 
Access to information, capital, and credit 
Technical assistance, services for producers  
Organic systems 
Integrating livestock into farm systems 
Perennial crops 
Breeding and genetics, GMOs- need for more info and 

research 
Need for affordable labor 
Marketing assistance 
Land tenure arrangements 

 
Umbrella issues (spanning above categories) 

Strengthening communication and relationships 
(within university, between university and 
external stakeholders, between farmers and 
environmentalists, between farm workers and 
farm owners, etc) 

Role of government and policy at all levels- 
especially local and Farm Bill 

Expanding beyond the “typical demographic” of 
sustainable agriculture- Making space for 
diversity 

Interdisciplinary research, education, communication 
Transparency 
Public funding 
Research agenda driven by public needs, not funding 
Collaboration 
Tradeoffs 
Market vs. policy solutions 
Knowledge transfer 
Participation process 
Values (of sustainability, of “mainstream,” crossover 

values) 
Role of university as a leader, ethical responsibility 
 

 

Source: report by A Cantor

Box 1. List of issues drawn from consultations with California stakeholders regarding agri-
cultural sustainability (Issues indicated in bold were mentioned in 4 or more studies.)
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Spreng et al. (1996) observed that the PSR model is among the most frequently used by international 
development organizations. Indicators in the response category were included in frameworks with 
much greater frequency following the 1992 Rio Conference, when the United Nations first emphasized 
the need to account for this variable (Bell and Morse 1999). The foremost difference between PSR and 
PSIR frameworks is that PSIR introduces an impact step, which outlines the causal relationships among 
variables more explicitly. Prominent examples of the PSR/PSIR approach are the UN SCOPE project and the 
Organization for Economic Cooperation and Development (OECD) framework. Closely related theories 
include systems analysis and hierarchy theory, both of which can provide additional insight into multi-
scale analysis. In these approaches, a “system” is a perceived whole whose elements are intrinsically related 
because they consistently affect one another over time and “operate towards a common purpose” (Senge 
et al 1994 p 90).  “Hierarchical systems” often are described as a nested set of subsystems, including the 
key feedback loops affecting the nature of the subsystem interactions (Simon 1962). 

The Millennium Ecosystem Assessment (MA) is a variation of the PSIR approach, with two important 
distinctions.  First, the MA incorporates multi-scale considerations, which are not commonly included 
in PSR/PSIR. Second, the MA incorporates feedbacks from both environmental changes and related 
consequences on human wellbeing. An important aspect of this second point is that feedback loops make 
the MA a more dynamic system, which can be described as circular or webbed, in comparison to the 
relatively linear PSR/PSIR approach. Figure 3. MA Conceptual Framework

(source: Millennium Ecosystem Assessment)(source: Millennium Ecosystem Assessment)
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Figure 3. Millennium Ecosystem Assessment conceptual framework

Source: Millennium Ecosystem Assessment
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PSR/PSIR approaches have been criticized for their linearity and promotion of one-dimensional thinking 
about relationships among drivers and state variables. The potential danger lies in obscuring rather than 
revealing critical relationships and encouraging one-dimensional, quick-fix responses (Bell and Morse 
1999). Similarly, linear PSR/PSIR approaches have been deemed overly narrow, as they are unable to 
account for the background processes that determine ecosystem and environmental health (Berger and 
Hodge 1997). More dynamic approaches that emphasize feedbacks and multiple scales may help to answer 
these criticisms. 

III.2.  Capital theory

The MA conceptual framework (Figure 3) emphasizes flows of ecosystem services and does not work 
as well regarding the stocks of resources that are essential to sustainability. Though flows of ecosystem 
services may sometimes be an effective proxy for the status of the underlying natural resource base, this 
is not always the case.  Capital theory is the foundation for the sustainability definition developed by 
the World Commission on Environment and Development (1987): “development that meets the needs 
of the present without compromising the ability of future generations to meet their own needs.”  This 
interpretation of sustainable development continues to inspire debate. Victor (1991) recognized that 
resource stocks are increasingly recognized as crucial variables for measurement, presumably because they 
can be used to determine how resources will persist under current or future patterns of use. Sustainability 
assessments informed by this school of thought often emphasize maintaining capital stocks (Stern 1995), 
which are also described as state variables (Ludwig, Walker et al. 1997; Bell and Morse 1999). This 
theory grew from the extensive literature on economic growth and finite resources that thrived in the 
1970s (Victor 1991).  Work of the United Kingdom’s Department for International Development (DfID) 
is one prominent example of the capital theory approach.  Often called the “livelihoods” approach, the 
DfID approach focuses on “five types of capital” (viz., natural, physical, financial, human, and social) as a 
conceptual framework for planning, programming and project design for sustainable development. 

Capital theory by itself does not highlight causal relationships or the forces that drive increases or decreases 
in state variables, whether these are interpreted as resource stocks or flows of agroecosystem services. 
Instead the theory is intended to monitor reserves of natural resources and their depletion levels. There is 
relatively little interaction among the variables in comparison to the PSR/PSIR method.
 
Leading economic theorists (Arrow, Dasgupta, and Mahler 2004) have proposed a consistent and empirically-
tractable concept of sustainability that provides a useful framework for focusing on the resource base, 
interpreted broadly in terms of the “five types of capital” livelihoods framework developed by DFID: stocks 
of human, social, natural, physical and financial capital.  The green box in Figure 4 incorporates a list of 
resource stock variables within a PSR framework, with examples relevant to California agroecosystems.  Of 
course, adding these variables would significantly increase the measurement challenges and costs if one 
were to attempt to monitor the full range of indicators.   
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Provisioning (food water fiber fuel etc)

Human wellbeing
Health and nutrition

Education Provisioning (food, water, fiber, fuel, etc)

Supporting (soil formation, buffering of 
floods and droughts; control of pests and 
diseases; remediation of pollution; 
decomposition of waste; etc )

Education

Economic security

Environmental security

Social justice and equity decomposition of waste; etc.)

Enriching (educational, cultural, aesthetic)Cultural integrity

responses

Figure 4. Modified framework to incorporate resource stocks, with indicative examples for 
California agroecosystems.

Source: Adapted from Millennium Ecosystem Assessment and DFID frameworks

III.3.  Planning and policy analysis  

Much of the action actually lies behind the “arrows” in Figure 4, which mask various possible policy 
interventions that also affect state variables.  Building on a long history of applied analysis of policies, 
programs, and specific projects (typically in an international development context), Earl et al. (2001) have 
proposed a useful model of the causal connections linking specific interventions and activities, to outputs, 
outcomes and desired impacts, which is called “outcome mapping” and is related to adaptive management 
approaches discussed below.      

Practical attempts at policy analysis, by necessity, have to make pragmatic choices about what to include 
in the assessment of tradeoffs.  For the important case of land use tradeoffs in developing countries, Vosti 
and Reardon (1997) proposed analyses be organized around a “critical triangle” of public policy goals: 
productivity growth, poverty alleviation, and sustainable resource use, which closely align with the widely-
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accepted notion of three “pillars” of sustainability. Crissman et al. (1998) extended this policy analysis approach 
to include human health.  A collection edited by Lee and Barrett (2001) includes a large number of examples of 
approaches to quantitative policy analysis of tradeoffs among the “critical triangle” of public policy goals for the 
case of land use intensification in developing countries. 

Two ongoing initiatives for integrated assessment of land use alternatives illustrate the range of fruitful (yet 
contrasting) empirical strategies as well as some important common elements. The Tradeoff Analysis (TOA) 
Method (Antle and Capalbo, 2001, Crissman et al. 1998; Stoorvogel et al. 2004; www.tradeoffs.montana.edu) 
is an example of a more formal approach, which combines spatially-referenced bio-physical and economic 
data with crop growth models and econometric-process simulation models and bio-physical models. By way of 
comparison, the Alternatives to Slash-and-Burn (ASB) Matrix approach (Tomich et al., 1998; Tomich et al., 2005;  
www.asb.cgiar.org) is much simpler in its data requirements and analytical setup, emphasizing replicability and 
comparability across sites in the search for empirical patterns. The rows of the ASB Matrix are specific land uses, 
ranging from natural forests and forest extraction activities to agroforests, simple tree-based systems, rotational 
bush fallows, continuous annual cropping, and pastures/grasslands.  The columns are indicators of specific goals 
from global perspectives (biodiversity and carbon stocks), national policymakers’ perspectives (economic growth, 
employment) and local perspectives (agronomic sustainability, adoptability by smallholders). The ASB matrix 
approach is useful for identifying big (order of magnitude) differences and is a useful framework for testing a wide 
range of indicators for specific policy goals, but is not as sophisticated spatially or statistically as TOA.  

Similarities in the TOA and ASB approaches to measuring tradeoffs are at least as important as their methodological 
differences.  Most importantly, each provides a proven framework for planning, coordinating, and reporting multi-
disciplinary, integrated assessments of policy-relevant tradeoffs associated with land use and cover change.  Each 
also is valuable as a tool for ex ante impact assessment.  Both engage policymakers and other key stakeholders and 
likely users of the analysis at the outset in order to identify policy-relevant criteria and indicators for empirical 
assessment. Each takes a modular multi-disciplinary approach to measurement of specific indicators, so that 
the necessary depth of expertise can be incorporated in the integrated assessment. Both also take a multi-scale 
approach, building up from land use decisions at the farm level as units of analysis but placing these plot-level 
activities within a broader environmental context. 

Potential pitfalls of the policy analysis approach include:
•	 Focusing	too	narrowly,	and	hence	missing	tradeoffs		
•	 Political	backlash	from	vested	interests.		
•	 Key	policy	partners	lose	their	influence.	
•	 Sliding	from	assessment	into	advocacy.	
•	 Becoming	mired	in	operational	detail.		
•	 Failure	to	draw	broader	implications.		

These pitfalls are general and certainly are not unique to California.  But they do point to the need to pay specific 
attention to managing and spanning boundaries between science and policymakers.

III.4.  Reducing uncertainty versus expecting the unexpected 

Johnston and McCalla (2004) took a retrospective approach in their assessment of prospects for California 
Agriculture in the 21st Century.  Their historical research demonstrates the remarkable adaptability of California 
agriculture over timeframes spanning decades or generations.  It also reveals the central role of population, 
technological change, and market fluctuations as drivers of these changes. Understanding likely changes in those 
and other major drivers, then, is a key to understanding past and future levels of resource stocks and service flows 
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in the state’s agroecosystems.  But, aside from population and age structure, our ability to predict trajectories of 
those underlying and direct drivers (examples are listed in the blue boxes in Figure 4) is poor and we face significant 
uncertainty even a decade ahead. The following strategies are approaches to dealing with this uncertainty. 

a) Bayesian models
Bayesian decision theory hinges on the value of information under conditions of uncertainty. In this approach, 
the primary criterion for choosing indicators is that the benefits of having the information gained through their 
monitoring must be greater than the costs of obtaining it (Pannell and Glenn 2000). This approach is based in 
economic theory, and emphasizes maximizing the utility of information; indicators are most useful if they provide 
information that reduces uncertainty. 

Indicators that are highly technical in focus (of great interest to the research community) may not be particularly 
useful for practical management decisions faced by stakeholders, and there may be very few points of overlap 
between groups. For this reason separate sets of indicators may be needed for farmers, resource managers at other 
scales (watershed, basin, ecosystem), and for policy makers (Pannell and Glenn 2000). 

Stirling (1999) emphasizes that the goal of indicators is to enable well-informed decision making; comprehensive 
monitoring may not be necessary or desirable. This contrasts with the stricter forms of the Baysian-inspired 
economic approaches, in which the main question is which indicators provide information of economic value 
(e.g. reducing uncertainty, while minimizing transaction costs). Stirling (1999) argues that the primary dilemma 
is how to select indicators based on the best scientific information and remain flexible about diverse interests and 
values that inform indicator selection. 

Bayesian decision theory is closely related to standard information theory (Pannell and Glenn 2000). Variations 
of the Bayesian approach have been used to inform indicators and uncertainty assessment in Australian farming 
systems (Pannell and Glenn 2000), marine fisheries (Seijo 2000), and sockeye salmon (Robb 1998).  Key findings 
from these studies were: that calculating the value of sustainability indicators is complex; the value of information 
arises from its ability to influence and change management choices (Pannell and Glenn 2000); uncertainty plays 
an important role in determining management outcomes and should be considered in all management analyses 
(Robb 1998). 

b) Post-normal science
Post-normal science is an approach that highlights the complexity of natural systems and advocates evaluation 
“based on unpredictability, incomplete control, and a plurality of legitimate perspectives” (Funtowicz and Ravetz 
1994, p 1881). This approach advocates evaluation based on uncertainty and incomplete control in management 
scenarios (Funtowicz and Ravetz 1994). Unlike the Bayesian framework that seeks to minimize uncertainty, post-
normal science acknowledges that many perspectives may be legitimate and uncertainty is an inherent part of the 
natural world.

Funtowicz and Ravetz are the most widely published proponents of post-normal science, a term that originated in 
Thomas Kuhn’s (1962) work and his assertion that the majority of scientific research is dedicated to solving puzzles 
in systems where definitive answers can be expected. Funtowicz and Ravetz (1992, 1994) present problem solving 
approaches as a spectrum that ranges from high to low certainty with respect to “decision stakes” and systems 
uncertainties.  “Decision stakes” describe what is important to various stakeholders (ethics and commitments) and 
systems uncertainties describe what is or is not known about the system from a problem-solving standpoint. The 
problem-solving spectrum in this context is the following: Applied science is suited to situations of clear decision 
stakes and low systems uncertainties. The domain of professional consulting applies when decision stakes and 
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systems uncertainties are higher and, as a result, a variety of methodologies may be needed to articulate both 
values and uncertainties, as informed by experts invested in the process. Post-normal science is the broadest 
approach, fitting situations of high uncertainty among decision stakes with high systems uncertainties. 

The authors assert that global environmental problem solving is most similar to the “innovative or revolutionary” 
aspects of post-normal science (Funtowicz and Ravetz 1994 p 1883). Uncertainty and decision stakes are high 
and definitive answers are not necessarily expected, therefore a post-normal approach is needed. This approach 
is primarily theoretical and post-normal science was not found listed as an input in the indicators frameworks 
during our preliminary review, but there may be ways to incorporate this approach into integrated assessments 
in the future. 

c) Scenarios techniques 
Peter Schwartz (1991) develops the idea of planning and preparing for uncertainty through development of 
alternative scenarios, or plausible story lines how the future may unfold. In The Art of the Long View, Schwartz 
outlines eight steps for developing scenarios that can help individuals or groups envision the future environments in 
which their decisions will be played out. The distinguishing characteristic of this method is exploring possibilities 
that would ordinarily be dismissed through structured examination of underlying assumptions regarding future 
paths. 

The stages of developing scenarios are (Schwartz 1991): 1) Identifying the key issue or decision; 2) Identifying 
key forces (specifically the forces that will determine whether the key decision succeeds or fails); 3) Identifying 
driving forces, or things in the larger environment that might dictate changes in key forces; 4) Ranking key factors 
and driving forces according to importance and uncertainty; 5) Considering how the scenarios are likely to behave 
and differ based on past behavior; 6) Revisiting the key forces in the context of each scenario’s plot; 7) Exploring 
the implications of the key decision in each scenario; and 8) Selecting leading indicators to signal which scenario 
is actually unfolding. 

Variations on this approach have been used by businesses to grapple with uncertainty in market settings and 
also in international assessments conducted by the Intergovernmental Panel on Climate Change (IPCC) and, 
as already mentioned, by the MA. Together with other methods such as forecasting, simulation modeling, and 
risk assessment, scenarios would be useful tools in framing a forward-looking conceptual framework and for 
developing leading indicators.  For California, application of these established techniques in collaboration with 
a set of communities representing the diversity of state could be an effective means of engaging community 
level stakeholders and eliciting values, hopes, and fears from different stakeholder groups regarding alternative 
futures. 

d) Adaptive management
Similar to the approaches to uncertainty discussed above, adaptive management and evolutionary approaches 
focus explicitly on social learning processes.  The theory of adaptive management rests of the recognition that 
humans often don’t have the information or capacity necessary to manage ecosystems, which are dynamic systems 
that undergo cycles of instability and resilience (Walters and Holling 1990). Adaptive management has been 
described as a partner in scientific discovery that surveys the environment of interest and provides updated 
information and understanding that can be used to guide decision making. In environments where uncertainty 
is high, there are few reliable answers, but potential solutions can be explored through experimentation.  Lee 
(2001) describes adaptive management approaches “as experiments that probe the responses of ecosystems as 
people’s behavior in them changes” (Lee 2001, online at http://www.consecol.org/vol3/iss2/art3/). Prominent 
examples of this approach include: logical frameworks; strategic mapping; neighborhood sustainability indicators 
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(Meter 1999); integrated assessments (Kasemir 1999, Simon and Bell 2003); and systematic sustainability analysis 
(Simon and Bell 2003).

Walters (1986) presented three ways that management could be adaptive: first are evolutionary approaches, in 
which initial choices are haphazard and later choices build on the subset of decisions that yield the best results. 
Second, are passive adaptive approaches, in which historical data are used to construct the model or identify 
the response that seems the best fit. Third, in the active adaptive approach, data available at the time are used 
to construct a range of alternative management interventions and, from these, one is selected based on expected 
performance in the short term and balanced with uncertainty of knowing which intervention (if any) will prove 
best in the long term. Similar to the post-normal science and scenarios approaches discussed above, Walters and 
Holling (1990) advocate embracing uncertainty as a critical step in designing management plans and selecting 
performance indicators. 

Skeptics, most notably Bossel (1999), have criticized adaptive approaches by highlighting three main limitations: 
first, these systems are designed without a strong theoretical framework that indicates the whole system’s status 
and capacity; second, indicator systems created in this way are biased towards the expertise and interests of their 
creators; and third, as a result of the first two shortcomings, there is density or replication of indicators monitored 
in some areas, while other areas are sparsely monitored or unmonitored altogether. 

Indicator sets, organizational structure, and presentation of results may vary widely in both bottom-up and top-
down approaches.  Bossell’s criticisms are focused on top-town approaches and most applicable to what Holling 
(1986) described as evolutionary approaches (in which elements can be borrowed from a variety of sources and/or 
learned through trial and error). Bottom-up approaches might be thought of as “wisdom of crowds,” and may also 
have limitations in describing the health and longevity of the whole system.  An eclectic strategy could incorporate 
complementary strengths of both top-down and bottom-up approaches.

e) Evolutionary approaches to social learning
Proponents of cultural evolution have argued that selfish rationality and an unrelenting desire for individual 
utility maximization are insufficient to describe human behavior both individually and in groups (Richerson 
et al. 2006). Cultural evolution offers a theoretical alternative, describing how altruistic tendencies in humans 
are a product of social norms selected for at the tribal scale and then followed by a “co-evolutionary response” 
at the genetic level (Richerson et al. 2006, p. 201). The social instincts developed at the tribal level work as a 
guiding influence (sometimes described as the “moral hidden hand”) and are believed to provide a strong basis 
for cooperation among individuals. 

Evolutionary approaches to social learning attempt to explain the mechanisms by which decision making evolves 
on both social and genetic levels. A potentially important implication of this theory is that frameworks that seek to 
maximize only narrower concepts of economic utility may recommend indicators or policies that fail to take into 
account cooperative behavior, an element which is essential for managing common pool resources. A common 
theme in this work is trying to determine when cooperation will trump competition in management situations. 
This approach is an interesting counterpoint to Bayesian decision theory, which emphasizes reducing uncertainty 
and maximizing utility of information.
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IV. Conclusions: Possibility Of A Practical, Synthetic Approach

An integrated ecosystem assessment of  California’s agriculture and food system, building on lessons from the MA 
and taking an eclectic approach employing selectively from a range of concepts and methodologies to develop 
indicators, could provide a practical, science-based framework to organize data on sustainability trends, to advance 
understanding of the practical implications of sustainability and, thereby, to tackle big emerging sustainability 
issues in California’s food system.  It also could be a useful starting point for the new Agricultural Sustainability 
Institute at UC Davis. Such an assessment could shed light on questions such as: 
•	 Where	has	there	been	progress	toward	sustainability?					
•	 Where	there	are	problems,	which	strategies	and	responses	can	be	most	effective?	
•	 Are	there	tradeoffs	across	objectives?	
•	 Where	are	the	knowledge	gaps	that	matter	most?	
A set of scientifically-validated indicators could be used by many stakeholders to benchmark trends in sustainability 
in California’s agriculture and food system.  Creation of a set of indicators also could create capacity to monitor 
changes, assess risks, and anticipate emerging sustainability challenges and opportunities.  These activities also 
would help to build integrated assessment capacity in California and could create an institutional home within 
ASI for a cumulative, continuous process of expansion, updating, quality control, synthesis and translation of 
sustainability indicator sets comprising credible, useful knowledge on sustainable agriculture and food systems 
in the state.  An institutional focal point such as ASI also could help California draw on (and contribute to) 
comparative experience nationally and internationally to expand understanding of best practices and broaden 
perception of workable alternatives.
Use of these frameworks, methods, and indicators would provide means to engage across a range of stakeholders, 
and contribute to an evolving consensus on the practical meaning of agricultural and food system “sustainability” 
in California. In addition to providing the scientific foundation for such an operational definition of “sustainability” 
for California’s agriculture and food system, the sets of sustainability indicators could contribute to development 
of agricultural sustainability standards and a long-term strategic vision for the future of California’s food system. 
Finally, an evolving science-based consensus also could contribute to formation of new political coalitions in 
support of policies, programs, and other actions to enhance sustainability of California’s food and agriculture.  
More broadly, synthesis and integration of the huge amount of existing information would be useful in and of 
itself.    
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Appendix 1. Glossary* 

Agroecosystem goods: what the Millennium Ecosystem Assessment (MA) refers to as “provisioning services” 
such as food, fuel, fiber and other tangible goods produced by agriculture (broadly interpreted)

Drivers, direct: a driver that directly influences the resource base and ecosystem processes**   

Drivers, underlying: “a driver that operates by altering the level or rate of change of one or more direct driv-
ers.”**  (Called an “indirect driver” by the MA)

Ecosystem: “a dynamic complex of plant, animal, and microorganism communities and their non-living envi-
ronment interacting as a functional unit.”

Ecosystem assessment: “a social process through which the findings of science concerning the causes of ecosys-
tem change, their consequences for human wellbeing, and management and policy options are brought to bear 
on the needs of decision makers.”

Ecosystem services: “the conditions and processes through which ecosystems sustain and fulfill human life, and 
that result from the interaction of organisms and their environment” Quoted from Jackson (2007); also see Daily 
(1977).  As used by Daily (1977) and by the MA, “ecosystem services” comprises both ecosystem goods (see 
“agroecosystem goods” above) and “environmental services” (described below). 

Environmental services: “regulating services such as flood and disease control” and “cultural services such as 
spiritual, recreational, and cultural benefits”; approximately corresponding to what economists class as exter-
nalities and public goods.   

Human wellbeing: “a context- and situation-dependent state, comprising basic material for a good life, freedom 
and choice, health, good social relations, and security.”

Indicator: “information based on measured data used to represent a particular attribute, characteristic, or prop-
erty of a system.” 

Resource stocks: the “factors” of production, based on the UK Department for International Development (DfID) 
concept of five kinds of ‘capital’: natural, physical, financial, human, and social.

Responses: “Human actions, including policies, strategies, and interventions, to address specific issues, needs, 
opportunities, or problems.  In the context of ecosystem management, responses may be of legal, technical, 
institutional, economic, and behavioral in nature and may operate at local or micro, regional, national or inter-
national level and at various time scales.” 

Sustainability/sustainable development “..development that meets the needs of the present without compromis-
ing the ability of future generations to meet their own needs” Quoted from World Commission on Environment 
and Development (“The Brundtland Report”) 1987; generally associated with 3 “pillars” or dimensions of sus-
tainability: economic, environmental, and social.  

*Except where otherwise noted, entries in this glossary are quoted or adapted from Millennium Ecosystem As-
sessment (2003), Appendix 4, pp. 208-216.  

** On “drivers”, also see Geist and Lambin (2002). 
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Agriculture is a critically important managed ecosystem, and ecosystem services (ES) are the most im-
portant non-market goods provided by agriculture. ES are the benefits accrued from services naturally 
provided by the environment from which human beings and other organisms benefit. They are “the con-
ditions and processes through which natural ecosystems, and the species that make them up, sustain and 
fulfill human life” (Daily, 1997) by “purifying air and water, detoxifying and decomposing waste, renewing 
soil fertility, regulating climate, mitigating droughts and floods, controlling pests, and pollinating plants” 
(Salzman, Thompson, and  Daily, 2001). 

The scientific literature establishes that farmers’ land management decisions may affect biological and 
physical systems through a number of mechanisms. These effects may be limited to the land owned by 
the farmer, such as a change in soil productivity, or may have off-site effects such as chemical runoff into 
surface waters. Moreover, some ES such as climate regulation may also be public goods, meaning that they 
benefit everyone regardless of who pays for them. Consequently, the value of most ES are not embodied in 
the prices of conventional agricultural products, and therefore these markets do not provide farmers with 
the economic incentives to supply the amount of ES demanded by society. A socially efficient agricultural 
policy would provide incentives for farmers to supply the appropriate combination of market and non-
market goods demanded by society (Antle and Capalbo, 2002; Antle 2007). 

To create incentives for the efficient provision of ES, some form of government intervention will be re-
quired, either through direct regulation or through the creation of incentives for farmers to increase the 
supply of ES. In either case, to support the transition from commodity-based subsidies to policies based 
on the efficient provision of both market goods and ES, policy decision makers will need to match society’s 
demand for ES with the agricultural sector’s ability to supply ES.  For example, the 2002 Farm Bill created 
the Conservation Security Program which pays farmers who adopt environmentally beneficial practices. 
The 10-year costs of implementing this program were estimated to be $2.1 billion in 2002, but rose to 
$8.9 billion in 2004. This cost underestimation was due in part to inaccurate estimates of farmer participa-
tion (General Accounting Office, 2006). This example suggests that estimates of benefits and costs of these 
policies with a reasonable degree of accuracy will be needed to facilitate the transition to policies based on 
provision of ES. Additionally, to be useful for policy decision making, information needs to be provided 
in a timely manner. Researchers will inevitably need to trade-off cost, timeliness and accuracy in making 
decisions about the appropriate modeling approach.
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California agriculture has well-known and substantial impacts on ES, ranging from the local ESs such as 
water and air quality to global ESs such as maintaining biodiversity and regulating global climate. Current 
legislative initiatives are being discussed that could begin the process of research and policy development 
needed to create incentives for ES provision. In this paper I discuss one such incentive mechanism known 
as payments for ES. PES are payments based on the amount of additional ES that are provided by making 
changes in land management. Clearly, there is a need to develop the capability to evaluate and anticipate 
the ecological and economic impacts of such incentive mechanisms to support the design of policies to 
increase the supply of ES.
 
In this paper I outline basic concepts and measurement issues that arise in estimating the supply side of ES 
for policy design. By the supply of ES, I mean the additional ES that can be obtained by providing farmers 
with incentives to change their land use and management practices in ways that increase ES above and 
beyond the level that would have been obtained without such incentives.  I present an example that illus-
trates the use of a “minimum-data” approach to ES service supply modeling that can provide information 
on a timely basis to support policy decision making. 

Basic Components of Agroecosystem Service Supply

There are a number of ways to create incentives for an increase in ES supply, including direct regula-
tory intervention and the use of incentives such as a tax or a cap-and-trade system.  We now know that 
incentive-based approaches to environmental regulation are generally more efficient than command-and-
control regulation. One reason for the efficiency advantage of incentive-based regulation is that the cost 
of reducing emissions often varies substantially from one emissions source to another. There are two key 
reasons why this cost heterogeneity is particularly important for ES. 

First, the technical potential for ES varies from place to place. Technical potential is the maximum amount 
of ES that can be provided at a site regardless of cost. Technical potential varies across locations because 
of differences in site-specific conditions, such as soils and climate that impact the biological processes in-
volved. When we sum up the quantities of ES that could be supplied across all sites in a region, we obtain 
the technical potential for the region. 

Second, the economic potential for ES supply is also highly spatially variable. The economic potential is 
defined as the amount of ES that can be profitably supplied at a site or in a region. Economic potential can 
be represented using a supply curve which shows the additional quantity of ES that would be provided at 
each P, as illustrated in Figure 1. Assuming for simplicity that prices are constant over the planning hori-
zon, we can portray the logic of ES supply as follows: the farmer will participate in a contract to supply E 
units of ecosystem service per unit time at price P if P > C/E, where C is the opportunity cost to farmers of 
increasing the service. The opportunity cost C represents the change in economic returns caused by taking 
actions to increase the ES. C may include differences in returns to the alternative management practices, 
additional investments needed to increase ES, and any transaction costs associated with entering into ES 
contracts. The ratio C/E measures the opportunity cost per unit of ES, so this equation tells us that farmers 
will increase the supply of ES if the incentive to increase ES is greater than the cost of doing so. Both E and 
C vary from place to place, so when P is low, only those farmers who can increase ES at low cost will par-
ticipate in ES contracts. As P increases, so does the number of sites where it pays farmers to increase ES. 
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In summary, the two key elements that need to be quantified to estimate ES supply are the opportunity 
cost of changing practices, and the increase in ES that results from changes in practices. In the following 
sections I discuss each component in turn.

Quantifying the Opportunity Cost of Changing Practices

The basic component of the opportunity cost of changing practices is the difference in returns between 
the base practice (the practice that would have been used absent the offer of an ES contract) and the al-
ternative practice that increases ES. Recent research on simulation of ES supply has utilized site-specific 
data to construct detailed econometric models that can be simulated to estimate returns to practices on 
a site-specific basis and thereby construct a representation of the spatial distribution of opportunity cost 
(e.g., Pautsch, et al. 2001; Antle et al., 2003; Feng, Kling and Gassman, 2004; Wu et al., 2004; Lubowski 
et al., 2005; Antle et al., 2007). This spatial distribution can then be used to derive an ES supply curve as 
portrayed in figure 1.  However, high-resolution bio-physical and economic data with the geographic cov-
erage needed for analysis of agriculture-environment interactions, such as the National Resources Inven-
tory data in the United States, are exceptional and provide limited economic information.  In most places 
including California, site-specific economic data are only available from special-purpose farm surveys, and 
the time and resources required to undertake special-purpose surveys precludes their use for most policy 
analysis. 

An alternative approach to the use of highly detailed, site-specific data and models is the minimum-data 
(MD) approach recently proposed by Antle and Valdivia (2006). The MD approach to ES service supply is 
based on the observation that the structure of the problem allows the spatial distribution of opportunity 
cost to be estimated in relatively simple terms. The MD approach uses average crop yields and costs of 
production to estimate the mean of the distribution of opportunity cost, and uses the spatial variation in 
yields to estimate the spatial variation in returns. This approach has been used successfully to estimate ES 
supply curves that approximate supply curves derived from more detailed models, such that the policy 
implications of the analysis would not be affected (Antle and Valdivia, 2006). In California, county-level 
data collected by USDA as well as the state government are available to implement this type of analysis. 

The economic analysis of ES supply based on the opportunity cost of changing  practices provides a first 
approximation to the the incentives that would be needed to induce an increase in supply. However, in 
addition to the opportunity cost of changing practices, there may be other costs of adjustment associated 
with changing land use and management. These costs of adjustment may involve capital investments or 
learning about alternative management practices. In addition to adjustment costs, there may be a variety of 
other behavioral and institutional factors that influence farmers’ willingness to change land use and man-
agement practices. There is a sizeable literature on the adoption of conservation practices in agriculture 
that is closely related to the problem of ecosystem service supply. The literature shows that characteristics 
of farm decision-makers affect their willingness to adopt conservation tillage, although how they impact 
decisions appears to depend on their geographic location and other factors (e.g., Fuglie and Kascak, 
2001). In addition, the literature on technology adoption shows that risk and uncertainty effectively raise 
the perceived costs of changing practices (Sunding and Zilberman, 2001). Risk is most likely to impact 
decision making when there is a substantial difference in risk associated with the land use options, e.g., as 
would be the case when farmers are choosing between risky crop production and a riskless government 
payment for idling land. 
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Adjustment costs and risk premiums can be difficult to estimate, particularly for new practices that have 
not been observed much in use. Economic-engineering analysis can be used to estimate changes in costs 
of production, and past studies of technology adoption can be used to estimate risk premiums. Mean val-
ues of these components of the opportunity cost can be factored into analysis of ES supply, together with 
sensitivity analysis to determine whether these factors are likely to have a strong influence on the analysis. 
The effect of these additional costs is to shift the supply curve upward, meaning that a higher economic 
incentive is needed to induce any given quantity of ES. 

Another factor that is likely to affect farmers’ willingness to participate in ecosystem service contracts is 
transaction costs. These costs include the time and other resources farmers spend learning about the eco-
system service contract, as well as costs of verifying compliance with the contract. In addition, when the 
processes governing the provision of ecosystem services are spatially dependent, efficient provision may 
require cooperation among groups of farmers within an agro-ecological zone. These coordination costs 
are likely to depend on factors such as the number of farms participating, the number of hectares under 
contract, and the number and frequency of verification measurements required for contracts. If these costs 
are allocated to participants according to the number of hectares under contract, then the net benefit of 
contract participation (equation 1) is modified by subtracting transaction costs. If these transaction costs 
do not vary spatially, they simply shift the mean of the spatial distribution of net benefits in the negative 
direction. In terms of the ES supply curve, the effect is to shift the curve upward and create a threshold 
price below which farmers will not enter contracts. 

While some analysts have suggested that transaction costs may be high for ES service supply contracts, 
recent research as well as experience with pilot projects indicate they will not be higher than transaction 
costs associated with other types of financial instruments. Antle et al. (2003) and Mooney et al. (2004) 
have shown in a study of carbon sequestration, for example, that transaction costs for implementing ef-
ficient contracts would be less than 5 percent of the contract cost. Pilot projects for carbon sequestration 
implemented brokered by the National Carbon Offset Coalition through the Chicago Climate Exchange 
have transaction costs on the order of $0.15 per acre, also showing that for carbon prices expected to 
prevail when the US has a binding carbon emissions cap in the range of $30/MgC or higher, transaction 
costs will not be prohibitive. 
Measuring Ecosystem Services

Ecosystem services are produced through a number of biological and physical processes that depend 
on site-specific environmental conditions (soils, other physical characteristics such as slope and aspect, 
climate, proximity to other resources such as surface water) and on human activity (agricultural produc-
tion and related land use and management activities). In general terms, we can express the provision of 
ecosystem services as a function ES = f(B,X) where B represents bio-physical conditions at a site (e.g., a 
farmer’s field) and X represents management at the site, such as crop planting, tillage, and fertilizer and 
pesticide use. Research in agronomy, crop sciences and environmental sciences has greatly advanced our 
understanding of the processes underlying the function f(B,X) for a number of important ES such as 
water quality and quantity, carbon, and wildlife habitat. Some other ES such as biodiversity are less well 
understood. It is clear that these relationships are complex, varying spatially and temporally. This fact 
leads many people (both scientists and others) to conclude that quantifying ES is a futile exercise, at least 
in ways that would allow ES to be effectively managed through policies that would create incentives for 
ES service contracts with farmers and other land managers. However, I will argue here that both practi-
cal experience and recent research indicate that ES can be quantified well enough for their management 
through incentive-based policies.
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A first consideration is that many quantitative tools that scientists have developed to simulate ES are highly 
complex, process-based models that typically require a large amount of detailed data. It is very costly and 
largely impractical to use these kinds of models to estimate ES for policy analysis, and this fact leads many 
scientists to conclude that it is not possible to estimate ES for policy analysis. This conclusion is based on 
several false premises, however. On the one hand, standards of accuracy expected for scientific publication 
of results is completely different than what may be useful for policy analysis, where often simply knowing 
the right order of magnitude is very useful and a substantial improvement over qualitative analysis. On the 
other hand, the spatial and temporal scales useful for policy analysis are usually different than those used 
for process-based research models. Policy analysis typically deals with populations, not with individuals, 
and on annual or longer time frames, whereas research models may operate on spatial units of a square 
meter and daily time steps. What is needed for policy analysis is much simpler models that are designed 
to achieve a reasonable approximation based on the most important factors determining the outcomes 
of interest.  For example, the Century model, developed to predict soil carbon dynamics, is probably the 
most widely known research model for anlaysis of soil carbon sequestration. Yet, this model is difficult 
to use for landscape-scale analysis of the type needed for policy analysis because it has hundreds of pa-
rameters and required highly detailed, site-specific land use history, soils and climate data. Research has 
shown that much simpler models can provide comparable estimates of soil carbon sequestration that are 
adequate for policy analysis and can be produced at much lower cost in terms of time and data resources 
(Antle, Stoorvogel and Valdivia 2007). 

Experience has shown that understanding the main factors that determine ES, i.e., simply knowing the 
key arguments in the relationship ES = f(X,B), allows policies to target land that has a potentially high im-
pact on ES supply and thereby substantially increase ES supply cost-effectively.  One example is the Con-
servation Reserve Program (CRP). When the CRP was first implemented, criteria for participation were 
based on simple “erodibility” factors that ignored another key factor for water quality protection, namely 
proximity to surface water.  Proximity to surface water was incorporated into more recent contracts, allow-
ing the CRP to have much more impact on water quality while reducing the cost of the program. Likewise, 
it is clear that information on the amounts of chemicals applied can substantially increase the efficiency of 
policies designed to reduce water contamination. 

Recent research has further confirmed the potential for relatively simple ES service indices to facilitate 
policies that are much more economically efficient. One example is the Environmental Benefits Index cre-
ated by USDA to facilitate targeting conservation payments. A recent study by the Economic Research Ser-
vice of USDA showed that policies based on paying farmers based on the amount of services they provide 
(i.e., for performance), rather than paying simply based on the adoption of certain practices regardless of 
the amount of ES provided, substantially increases the amount of ES provided per dollar spent (USDA, 
2005). Similarly, a recent study of soil carbon sequestration showed that paying farmers per ton of carbon 
sequestered was up to five times more efficient that paying farmers based on their management practices 
regardless of how much carbon is sequestered (Antle et al., 2003).

Despite the site-specificity and complexity of processes governing ES supply, in some cases these spatial 
variations average out when we add up effects across land units. The recent study of carbon sequestration 
by Antle et al. (2007) shows this result, where using a single average rate of carbon accumulation over a 
large part of the central US produced almost the same estimate of C sequestration as an analysis based on 
C accumulation rates estimated county-by-county.
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One challenge that will need to be addressed, particularly in places like California, is how to deal with 
multiple ES services. In many places in the Central Valley, for example, agriculture may sequester carbon, 
provide wildlife habitat in wetland areas, and affect water and air quality. This is a topic that will require 
further research, but a few observations can be made here. First, in some cases one indicator such as soil 
carbon may be a good proxy for a larger set of ES that are highly correlated with it. In that case, a simple 
index of multiple services may also work well. Second, when there are multiple ES that are not highly 
correlated, then economic theory shows that multiple policy instruments may be required to effectively 
deal with multiple ES, and inevitably there will be tradeoffs between different types of services because 
they do not all move together. 

An Example: Introduction of Switchgrass for Biofuels and C Sequestration

To illustrate some of the above concepts, I conclude with a recent MD analysis to estimate the potential 
for biofuels production and ES supply in the form of soil C sequestration (Antle, Archer and Hanson, 
2007). Currently, policy decision makers in USDA and other federal agencies and Congress are seeking 
information regarding policies that could encourage alternative sources of energy, particularly to reduce 
dependence on oil, motivated by trade, national security and environmental concerns. A key element in 
this strategy appears to be biofuels, particularly the use of corn to produce ethanol to blend with or replace 
gasoline. There is also interest in the potential for alternative crops such as switchgrass that could be used 
for ethanol production and that would have a more positive impact on net greenhouse gas emissions than 
corn-based ethanol.

The MD analysis uses data obtained from existing sources to estimate the mean crop yields as well as yield 
variability (NASS, 2007; Berdahl et al., 2005; Vogel et al., 2005), and mean costs of production (Swenson 
and Haugen, 2006), for agro-ecozones in North Dakota. The rate of adoption of switchgrass was simulated 
as a function of the price of switchgrass, taking as given the price of wheat and the price that farmers could 
receive for sequestering soil carbon, receiving credit for 0.33 MgC/ha/season. Figures 2 and 3 present re-
sults of the analysis. Figure 2 shows switchgrass adoption curves over a range of switchgrass prices from 
zero to $40/ton, with each curve simulated assuming an alternative carbon price (zero, $50/MgC, and 
$100/MgC). Figure 3 shows the adoption curve that results as the carbon price is varied, while holding 
the switchgrass price fixed at $20/ton. These prices represent the payments farmers would need to receive 
at the farm gate. The figures show that switchgrass adoption is likely to be highly sensitive to the prices of 
switchgrass and carbon. A positive price for carbon sequestration also would substantially encourage con-
version of wheat to switchgrass. While it is not clear what price would be paid for use of switchgrass for 
ethanol production, the U.S. department of energy has identified a target feedstock cost of $30 per dry ton 
delivered to a biorefinery (INEEL, 2003). With transportation costs from the farm of $5-15 per ton, this 
results in a farm-gate price of $15-25 per ton. Figure 2 shows that the amount supplied would respond 
greatly to prices in that price range. Without payments for carbon, a $30 price would generate substantial 
switching out of grain production into switchgrass. At a lower price such as $20/ton, the willingness to 
produce switchgrass would be quite low without carbon credits, but would increase substantially in re-
sponse to a positive carbon price, particularly if it were in the range of $50/MgC or higher (a price similar 
to what is being paid currently for carbon credits in the European Union, where the price is currently 
about $15 per metric ton of CO2, and also the price specified in recent US legislation to create a carbon 
trading system). Likewise, Figure 3 shows that given a switchgrass price in the range of $20, there would 
be a rapid increase in adoption of switchgrass as the carbon price increased from zero to $50/MgC, from 
about only 20% participation with a zero carbon price to about 80% with a $50 carbon price. Figure 3 also 
shows that a transaction cost of $1/acre would have little impact on participation, contrary to the claims by 
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Figure 3. Switchgrass/Carbon Contract Participation Rates for North Dakota Wheat Pro-
duction with a $20/ton Switchgrass price, and with zero and $1/acre transaction costs
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some observers that transaction costs would be likely to derail farmers’ participation in a carbon market. 
This is the type of information that the USDA needs to design biofuels and related policies. This analysis 
was implemented with about one week of time from a small team of researchers. 

Conclusions 

I conclude with the optimistic view that we have a great deal of relevant knowledge, data and models to 
quantify ES changes and their costs to be useful for implementation of relatively efficient policies. A great 
deal of data and many relevant models are available to implement MD-type analysis of ES supply in Cali-
fornia. While there will inevitably be a period of learning how to implement ES policies effectively, there 
do not appear to be major technical or economic barriers to doing so. The most important factor at this 
point is the implementation of policies that create an incentive for increase ES supply and stimulate the 
process of learning how to design effective mechanisms to implement ES contracts.   
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1.  Introduction

The production of food and fiber by commercial agriculture has both positive and negative effects on the 
surrounding environment.  Farms can provide wildlife habitat and scenic views for their urban neighbors, 
while the carbon sequestered by vegetation grown on that land can help to mitigate global warming.  At the 
same time, noise, dust, and odors produced by normal farming operations can annoy urban residents, and 
runoff of pesticides, fertilizer, and animal waste can lead to water pollution downstream.  The economic 
values that society places on these byproducts of agricultural production are rarely captured fully by 
private markets for farmland and commodities.  When market prices fail to reflect the impact of farming 
on the surrounding environment, farmers are left with little incentive to incorporate the value of off-farm 
environmental quality into their land management decisions.  This type of market failure is often a rationale 
for government action such as regulation, taxes, subsidies, and the redefinition of property rights.   

For the past two decades, federal government intervention related to the environmental impacts of 
agriculture has primarily consisted of voluntary conservation payment programs funded by farm bill 
legislation.  These programs pay farmers to manage their land in ways that reduce erosion and runoff, while 
increasing the provision of wildlife habitat and other environmental benefits.  In addition to voluntary 
conservation programs, the overall effort to address the off-farm environmental impacts of farming also 
includes compliance provisions of the farm bill and regulations on chemical use, emissions of air and water 
pollutants, and the private use of endangered species habitat.  The burden that these environmental laws 
can place on farms has been highlighted by recent debates on amending endangered species legislation 
and expanding the federal regulation of confined animal feeding operations.
  
This paper reviews and evaluates the combination of regulations and voluntary conservation programs 
that seek to preserve environmental quality.  Section 2 begins by discussing why markets may not address 
the full impact of farming on the surrounding environment.  While missing or incomplete markets can 
provide a rationale for government action, it can be difficult to develop appropriate policy responses 
due to the difficulty in measuring the relationships between crop production, environmental quality, and 
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the public’s willingness-to-pay for each.  Despite the lack of quantitative grounding, policymakers have 
enacted a variety of regulations and voluntary conservation programs.  Section 3 describes the impact 
on farms from U.S. environmental laws and regulations.  A review of the regulatory framework shows 
that agriculture faces less environmental regulation than other sectors of the economy.  This underscores 
the role of farm bill conservation programs in addressing environmental issues.  Section 4 describes the 
incentives provided by these programs and the distribution of funding.  While the current programs 
appear to generate benefits that exceed their implementation costs, they do not align farmers’ financial 
incentives with public environmental goals.  Section 5 suggests that in order to increase the efficiency of 
the current conservation programs or to design new policies for ecosystem services, the key challenge will 
be to find ways to link farmers’ financial incentives to measurable environmental outcomes.  

2.  Externalities as a Rationale for Government Intervention

Market prices guide farmers’ management choices.  Farmland values provide most farmers with the 
incentive to manage farmland in a way that will maintain its long-term agricultural productivity.1,2  This 
often requires preserving on-farm environmental quality.  For example, if a farmer uses a pesticide that 
inadvertently kills native populations of beneficial insects, the farm’s pollination and/or pest management 
costs may rise in the future.  The decrease in future profitability stemming from this increase in production 
costs will also decrease the resale value of the land.  Similarly, tillage methods that lead to high rates of soil 
erosion may increase short-term profits but may also decrease the farm’s future productivity and its resale 
value.  In these two examples, private market prices provide an incentive for the farmer to make land 
management choices that preserve on-farm environmental quality.  However, the farmer’s choices can also 
influence environmental quality off the farm. 
     
When farmers are not compensated for the impacts that their land management choices have on the welfare 
of people living off the farm, these impacts are termed externalities.  The environmental externalities from 
farming can be divided into three categories—local amenities, ambient pollution, and environmental 
services.  Figure 1 illustrates this taxonomy with commonly cited examples from each category.

Figure 1.  Environmental Externalities from Agricultural Production

 

1 This is less true in areas where farmland values mainly reflect the potential for urban development.  If farmers plan to sell their land for 
development in the near future, they have little incentive to worry about its long-term agricultural productivity.  However, only a small 
share of farmland is likely to be converted in the foreseeable future.  Plantinga, Lubowski, and Stavins (2002) find that only 9 percent of 
the total agricultural land value in the United States reflects the capitalized value of the land’s potential for future urban development.  
2 Of course, some farms are owned and managed by different people.  Since this distinction does not affect the results suggested in this 
paper, it is ignored; the farmer and the owner of the farmland are treated as the same person.  
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The externalities in figure 1 are among the many “ecosystem services” recognized by ecologists.  For 
example, Daily (1997, page 3) defines ecosystem services as “the conditions and processes through which 
natural ecosystems, and the species that make them up, sustain and fulfill human life.  They maintain 
biodiversity and the production of ecosystem goods such as seafood, forage, timber, biomass fuels, 
natural fiber, and many pharmaceuticals, industrial products, and their precursors.”  The environmental 
externalities which are the focus of this paper can be viewed as the subset of ecosystem services which are 
affected by agricultural production but are not directly bought and sold in private markets.  The reason for 
further distinguishing between local amenities, ambient pollution, and environmental services is that they 
each differ in their geographic dispersion which affects the appropriate policy response.

Local amenities tend to be concentrated within a small geographic area around the farm where they 
originate.  Since these amenities mainly affect people who live at the ag-urban fringe, the economic values 
that urban residents assign to them can be expected to be at least partly capitalized into residential property 
values.  Some of the commonly cited positive amenities include scenic views, wildlife habitat, and access 
to open space.  Farmland that provides these amenities has been found to increase property values in 
nearby residential neighborhoods.  For example, Irwin (2002) examines how different types of farmland 
influence property values in suburban and exurban counties in central Maryland.  Her results suggest 
that converting one acre of privately owned pasture to low-density urban development would decrease 
residential property values by 0.89 percent within a 0.25 mile radius of the converted acre.  Meanwhile, 
farms that produce negative amenities such as noise, dust, and odors have been found to decrease housing 
prices nearby.  Using data on housing transactions in Berks County, Pennsylvania, Ready and Abadalla 
(2005) analyze the impact of confined animal feeding operations.  Their results imply that, on average, 
removing a confined animal feeding operation would increase housing prices by 6.4 percent within a 0.3 
mile radius of the operation.

Farmers contribute to ambient air and water pollution through their use of management practices that 
lead to soil erosion and emissions of fertilizer, pesticides, and animal waste.  Compared to local amenities, 
the impacts of ambient pollution tend to be more diffuse and are therefore less likely to be reflected 
in residential property values near the farm.  Instead, they contribute to pollution problems at distant 
locations, decreasing recreation opportunities and negatively affecting human and ecosystem health.  For 
example, nitrogen runoff from farms in the Mississippi-Atchafalaya River Basin is a major contributor to 
the “dead zone” in the Gulf of Mexico, where a combination of high nitrogen concentrations and upwelling 
have led to algal blooms that decrease the water’s oxygen content, ultimately leading to fish kills and other 
problems.  Overall, runoff from agriculture in the Misissippi Basin has been estimated to contribute 65 
percent of the nitrogen flowing into the Gulf of Mexico, with 50 percent from fertilizer and 15 percent 
from animal waste (Goolsby et al. 1999).  While economists can estimate the ensuing revenue losses to 
fisheries and the resulting value of diminished recreation opportunities, it is difficult to identify how 
individual farms contribute to these losses.  More precisely, it is difficult to monitor and track emissions 
from individual farms and to determine how those emissions contribute to measures of ambient water 
pollution.  

The way that farmers manage their land also influences the performance of environmental services that 
are valued by local, regional, and global populations.  Specific services that are often associated with 
commercial agriculture include carbon sequestration, biodiversity, flood mitigation, and water filtration.  
New York City’s watershed in the Catskill Mountains is a classic example of the link between farmland 
management and the provision of environmental services that convey economic value.  The Catskill 
watershed historically provided natural filtration of the city’s drinking water.  However, by the mid 1990s, 
increasing runoff of pesticides and nutrients in the watershed were making it increasingly difficult for the 
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city to satisfy the requirements of the Safe Water Drinking Act.  The city of New York was faced with the 
prospect of building and operating a water filtration plant that would have cost $6 to $8 billion.  Instead, 
they were able to satisfy EPA by promising to invest $1 to $1.5 billion in reducing emissions into the 
watershed in order to improve its natural capacity for filtration.  The money was used to purchase land 
in sensitive areas and to pay other landowners to change their management practices in ways that would 
reduce runoff.  This included paying farmers to plant native grasses and to install fences and pumps 
that would reduce nutrient emissions from animal feeding operations (Salzman 2005; National Research 
Council 2005).  

While farmers can adopt management practices that reduce negative externalities and increase positive 
externalities, market prices rarely provide incentives for them to do so.  Coase (1960) observed that as long 
as property rights to an externality are clearly defined, the producers and consumers of that externality 
have an incentive to negotiate a solution without additional government intervention.  However, as the 
number of producers and consumers increases, it can become increasingly expensive to organize the 
negotiation process.  With a large number of disparate stakeholders, the incentive to negotiate may be 
dwarfed by the costs of negotiating.  This situation can provide an economic rationale for government 
involvement.3   In this case, the government’s role is to provide farms with incentives to simultaneously 
produce the socially efficient quantities of the crop and the externality associated with its production.  

As one moves from left to right in figure 1, it becomes increasingly difficult to link environmental outcomes 
back to management choices made on an individual farm.  The increasing difficulty in establishing 
these linkages increases the cost of organizing negotiations between farms and the people affected by 
externalities—which, in turn, increases the rationale for government intervention.  Unfortunately, as one 
moves from left to right in the figure, it also becomes increasingly difficult to evaluate the relative efficiency 
of alternative public policy responses to an externality.       

Crafting a socially optimal response to an agricultural externality requires understanding the system of 
supply and demand relationships that characterize production of the crop, production of the externality, 
and consumers’ willingness-to-pay for each.  This requirement poses three difficulties.  First, estimates of 
consumers’ willingness-to-pay for externalities are imprecise.  As the externalities or the people affected by 
them become more geographically dispersed (moving from left to right in figure 1) it becomes increasing 
difficult to recover the demand from market data.  Economists generally agree that consumers’ valuation of 
a small change in a local amenity can be inferred from housing price differentials.  There is less agreement 
about how to determine the value that society places on reducing ambient pollution or enhancing 
environmental services.  For example, recent estimates for the economic cost of failing to mitigate global 
climate change have varied by more than an order-of-magnitude (Stern and Taylor 2007; Nordhaus 2007).  
These studies use similar scenarios for future climate change.  The large difference in their estimates stems 
from different opinions about the appropriate way to address intergenerational equity and the extent to 
which society discounts the possibility of catastrophic outcomes in the distant future. 
 

3 Coase noted this in his original 1960 article.  On page 18, he says “…there is no reason why, on occasion, such governmental administra-
tive regulation should not lead to an improvement in economic efficiency.  This would seem particularly likely when, as is normally the 
case with the smoke nuisance, a larger number of people is involved and when therefore the costs of handling the problem through the 
market or the firm may be high.”  
4 The study used an index of benthic macroinvertebrate health as a measure of overall water quality.  Macroinvetebrate populations (aquatic 
insects, crustaceans, worms, and mollusks, among others) are believed to be a key indicator of ecosystem health.  Within each of 9 eco-
regions, EPA defined “poor” stream miles as those with index values below 95 percent of the least-disturbed stream miles.  
5The term “impaired” in EPA’s study means that, because of pollution, the relevant water body fails to adequately support one or more of its 
designated uses such as fish consumption, drinking water, swimming, and boating.
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The second difficulty is learning the relationship between agricultural land management and the production 
of air pollution, water pollution, and environmental services.  The cumulative effect of farm externalities 
is widely believed to make a significant contribution to some environmental problems, particularly water 
quality (see, for example, Ruhl, 2000).  However, data do not exist to consistently quantify most of the 
externalities from figure 1 on a national scale.  The U.S. Department of Agriculture (USDA) tracks changes 
over time in the use of certain farm chemicals and growing practices, while the U.S. Environmental 
Protection Agency (EPA) tracks changes over time in measures for ambient air and water quality.  What is 
generally missing is the link between the two sets of changes.  EPA recently completed its first nationally 
consistent statistically based study of water quality in the nation’s wadeable streams (U.S. EPA 2006).  It 
concludes that 42 percent of U.S. stream miles are in poor condition compared to the least-disturbed 
streams that remain.4   Excess sedimentation, phosphorus, and nitrogen were found to be the three most 
significant stressors to water quality in poor stream miles.  While the sources of these pollutants were not 
identified by the study, EPA’s 2000 National Water Quality Inventory (2002) cites production agriculture 
as the leading source of impaired river and stream miles.5   Unfortunately, comparable efforts have not 
been made to characterize the link between farming and most other externalities. 

The final difficulty in understanding the system of supply and demand relationships is that many of the 
externalities may be interrelated.  A single management practice may produce multiple externalities.  For 
example, removing intensively farmed land from production and replacing it with native grasses may 
simultaneously increase carbon sequestration, enhance scenic views, and reduce runoff of agricultural 
chemicals.  Alternatively, an action taken to reduce one negative externality may create or exacerbate 
another negative externality.  EPA is currently concerned about waterborne discharges of animal waste 
from confined feeding operations because they can lead to fish kills, diminished water clarity, and reduced 
aquatic biodiversity.  These negative externalities can be mitigated by storing the manure in pits and 
lagoons or spreading it on fields, all of which reduce the chance of waterborne emissions.   However, pits, 
lagoons, and land application of manure all create annoying odors for urban neighbors and increase the 
airborne emissions of ammonia, hydrogen sulfide, and other chemicals.  

Without knowing the system of supply and demand relationships for the crop and each environmental 
externality, one cannot guarantee that any particular public policy will be socially efficient.  Nevertheless, 
given the information available, policymakers have developed a variety of tools to address externalities 
from farming.  At the federal level, these consist of environmental regulations and incentive payments. 

3.  Environmental Regulation

Environmental regulation in the United States is often described as following a “polluter pays” principle.  
That is, individual firms have to pay in order to legally emit pollutants into the air and water by purchasing 
a permit from the government or by installing pollution abatement equipment that satisfies minimum 

6 A limited number of non-major sources must also obtain permits.
7  Emissions thresholds vary by chemical.  The lowest threshold is 10 tons/year for hazardous air pollutants, although thresholds may be 
lower in air basins that fail to meet national ambient air quality standards.  The Title V permit database can be accessed at: http://www.epa.
gov/region09/air/permit/title-v-permits.html.
8 This figure refers to the number of facilities in SIC category 02 (livestock) holding active NPDES permits according to EPA’s Permit Com-
pliance System database on 12/6/2007: http://www.epa.gov/enviro/html/pcs/pcs_query.html. 
9 EPA defines a CAFO as any facility that meets all three of the following criteria: (1) Animals are confined or maintained for at least 45 
days during any 12-month period; (2) Crops, vegetation, forage growth, or post-harvest residues are not sustained in the normal growing 
season over any portion of the lot or facility; or (3) The facility has: (a) More than 1000 animal units, or (b) More than 300 animal units & 
discharges directly into U.S. waters, or (c) Less than 300 animal units & discharges directly into U.S. waters & has been identified by the 
regulatory authority as a significant polluter.



California Agroecosystem Services   ■  6

technology standards.  Firms that are caught emitting illegally are punished through fines, injunctions, 
and, occasionally, jail time.  In 2005, EPA’s compliance and enforcement programs cost firms more than $11 
billion in compensation for past damages to the environment, criminal fines, and the cost of court-ordered 
actions to comply with current regulations (EPA, Office of Enforcement and Compliance Assurance 2005).  
While the agricultural sector of the economy has no general exception to the polluter pays principle, farms 
receive preferential treatment. 

Table 1 summarizes the major environmental regulations and exemptions for farms.  Current laws regulating 
air pollution, water pollution, and the use of toxic chemicals implicitly or explicitly exempt virtually all 
but the largest feedlots from direct federal regulation.  The Clean Air Act sets national ambient air quality 
standards for a variety of chemicals, and Title V of the Act requires major industrial sources of emissions 
to purchase permits specifying what must be done to satisfy technology-based abatement standards, with 
the price of the permit varying with the level of emissions.6   “Major” sources are those which emit more 
than threshold quantities of regulated chemicals, and thresholds are set at levels well above what would 
be expected from an individual farm.  As a result, there are no California farms with Title V permits, as of 
December 2007.7   

Wastewater emissions from confined animal feeding operations (CAFOs) have been the primary focus of 
federal environmental regulations on farming.  This is especially relevant in California given the state’s 
water quality issues and the role of CAFOs in the agricultural economy.  Dairy products are the state’s top 
agricultural commodity in terms of cash receipts, and CAFOs account for most of the dairy production.  
Two hundred and ninety of these operations have had to obtain federal wastewater permits in order to 
discharge pollutants into rivers and streams.8   These National Pollutant Discharge Elimination System 
(NPDES) permits are required under the federal Clean Water Act for the largest CAFOs as well as for 
firms in other sectors of the economy.9   Each permit certifies that the holder satisfies industry-specific 
abatement standards and that the affected water body satisfies water quality standards.

While production agriculture clearly faces less environmental regulation than other sectors of the economy, 
it would be incorrect to claim that farms are unaffected.  Compared to developing countries, the United 
States tends to place more emphasis on using the pesticide registration process to protect food safety, the 
health of pesticide applicators, and wildlife populations, which may put domestic growers at a competitive 
disadvantage in international markets.  For example, the Monterey Protocol allows Mexico and other 
developing countries to implement a slower phaseout of methyl bromide.  Meanwhile, China has not 
committed to reduce its use of the fumigant.  If continued gradual reductions in the domestic use of 
methyl bromide increase the price of U.S. strawberries and tomatoes, domestic growers may lose some of 
their share in international export markets to their competitors in Mexico and China (Carter et al., 2005).  
Furthermore, farms may be affected by environmental regulations on upstream and downstream firms.  
For example, firms that manufacture pesticides or process farm products do not enjoy the same regulatory 
exemptions as farms.  Wineries and dairy processing facilities in California have had to purchase Title V 
air pollution permits, for example.  Part of the burden from these regulations may get passed on to farms 
through higher pesticide prices and lower farm gate prices.  Likewise, farms do not currently have any 
explicit exemption from endangered species legislation.

10 This figure includes direct costs such as the registration fee, and water quality monitoring, analysis, and reporting, as well as indirect 
costs like the value of time spent attending water quality management training, and implementing best management practices.  The exact 
costs will differ across growers and across the three regions, due to differences in waiver requirements.  The costs also reflect the ability of 
growers to form “coalitions” that can apply for group waivers and coordinate water quality monitoring efforts.
11 As of January 1, 2006, there were approximately 88,000 active National Pollution Discharge Elimination System wastewater permits in 
the country.
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California is one of few states where some regional authorities have also imposed mandatory restrictions 
on agricultural practices that contribute to ambient air and water pollution.  In the Sacramento Valley 
Air Basin—a nonattainment area for ozone and particulate matter—mandatory restrictions on rice straw 
burning have been established.  These restrictions limit each farmer to burn no more than 25% of their 
total acreage each year, while simultaneously limiting the total acreage that can be burned to 125,000 
acres, and placing additional restrictions on the days when burning is allowed.  While there are no explicit 
restrictions on waterborne emissions from individual farms, farmers in the Central Coast, Central Valley, 
and Los Angeles regions must obtain “conditional waivers” for waterborne emissions.  The waivers exempt 
farms from waste discharge requirements if they submit land management plans and agree to do some 
water quality monitoring.  The Los Angeles Water Board estimates that, for the average farm, the total cost 
of obtaining a waiver is $416 per year.10   However, these costs may be partly offset by Proposition 84, 
which allocates $15 million in grants to projects that reduce discharges from agricultural operations.  The 
restrictions on rice straw burning have also been coupled with incentive payments to farms for developing 
alternative uses for rice straw (California Air Resource Board [2003]).  

Overall, most farms in California and elsewhere in the United States face less environmental regulation 
than most firms in other industries, including manufacturers of farm inputs and processors of farm 
products.  Why treat farms differently?  Some have suggested that this special treatment stems from public 
belief in the Jeffersonian ideal that farmers are stewards of the land (see Ruhl 2000).  Perhaps even more 
important is the logistical challenge of regulating more than 2 million farms, as EPA noted when it fought 
to exempt farms from the Clean Water Act in 1977.  Today, it would take more than a tenfold expansion 
of EPA’s wastewater permit program to attain universal coverage of farms.11   Rather than regulate, the 
United States has developed voluntary incentive-based programs to address the environmental impacts of 
agricultural production. 

4.  Voluntary Conservation Programs

The farm bill provides the authority and the funding for USDA to operate a variety of voluntary conservation 
programs.  Given the lack of federal regulation, these programs represent the primary set of instruments 
that policymakers can use to target agricultural externalities.  The major conservation programs can be 
divided into three categories according to how they address externalities.  Land retirement programs protect 
environmentally sensitive land by paying farmers to remove that land from active agricultural production.  
Working land programs pay farmers to continue farming, but to do so in a way that increases production 
of positive externalities and decreases production of negative externalities.  Farmland protection programs 
purchase easements on farmland in order to ensure that it does not get converted to urban or other 
intensive uses.  

The Conservation Reserve Program (CRP) and the Wetlands Reserve Program (WRP) are the two major 
land retirement programs.  The CRP pays farmers to remove environmentally sensitive farmland from 
production for 10 to 15 year periods.  Once removed, this land is planted to trees, grasses, and other forms 
of vegetative cover that help to reduce soil erosion and provide other positive externalities such as wildlife 
habitat or a buffer zone between actively farmed land and sensitive wetlands.  Traditionally, the CRP has 
had the largest budget of any conservation program.  In 2005, for example, it paid farmers nearly $1.7 
billion to idle 35 million acres of farmland.  The Wetlands Reserve Program is small by comparison.  The 
goal of the WRP is to enhance the environmental services provided by wetlands.  In 2005, farmers were 

12 One reason for increasing EQIP’s budget in 2002 was to help owners of concentrated animal feeding operations obtain permits under 
EPA’s revised wastewater permitting guidelines, which take effect in February, 2009.
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paid approximately $224 million to restore 142,000 acres of wetlands to a more natural condition, and to 
remove adjacent land from agricultural production.
  
Until recently, land retirement accounted for the bulk of USDA’s conservation expenditures.  This changed 
when the 2002 farm bill authorized a five-fold increase in the budget for the largest working land program: 
the Environmental Quality Incentives Program (EQIP), which pays farmers to implement management 
practices that address resource concerns such as water quality, soil erosion, and wildlife habitat.  One 
of the primary goals is to help farms meet regulatory requirements such as EPA’s wastewater permitting 
guidelines for CAFOs.12  The 2002 farm bill also created the Conservation Security Program (CSP), which 
is unique in that farmers can receive payments without developing new projects.  Instead, they can be 
paid for ongoing conservation efforts that would otherwise be considered part of their normal farming 
operations.  Although CSP was originally envisioned as an entitlement program, it has since been limited 
to selected watersheds.  Farms in a participating watershed can enroll in one of three payment tiers, 
where the size of the payment per/acre varies with the level of conservation.  In 2005, CSP paid farmers 
approximately $456 million.  The final major working land program is the Wildlife Habitat Incentives 
Program (WHIP), which pays farmers up to 75 percent of the cost of undertaking projects that improve 
habitat for wildlife populations.  In 2005, approximately $34 million was obliged to contracts, which can 
last for up to 15 years. 
 
Finally, two farmland protection programs buy easements from farmers to prevent their land from being 
converted out of agriculture.  The Farm and Ranch Land Protection Program (FRPP) pays up to 50 percent 
of an easement’s cost, matching state and local funds provided by organizations that purchase development 
rights from farmers.  The Grasslands Reserve Program (GRP) provides funding to purchase easements on 
working grazing lands.  The easements pay farmers up to 75 percent of the grazing value of the land 
during each year of the contract, in addition to cost-sharing of restoration activities.  With combined 
annual expenditures of about $150 million, the funding provided by FRPP and GRP exceeds the combined 
annual expenditures of state-level easement programs ($123 million) (Nickerson and Barnard 2006).  Still, 

13 For EQIP, the numbers in the table represent the total value of contracts signed in 2005, even though some of the money will actually be 
paid over a number of years.  For the other six programs, the table indicates the value of payments made to farmers during 2005.
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Figure 2.  United States Farm Production Regions
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this amount is small compared to the cost of state-level programs, such as California’s Williamson Act, 
that tax farmers based on the agricultural value of their land rather than the total value of that land, which 
includes the capitalized value of the potential for future urban development.  Heimlich and Anderson 
(2001) estimate that the total annual value of potential tax revenue foregone through preferential taxation 
in the U.S. is $1.1 billion.  

Overall, USDA spent more than $5 billion on conservation in 2005.  Nearly $4 billion was spent on the 
seven programs described above, $0.7 billion was spent on providing technical assistance to farmers on 
conservation issues, and another $0.5 billion was spent by emergency conservation programs to restore 
farmland damaged in natural disasters.  Table 2 reports the geographic distribution of funding.13  

Table 2.  Conservation Expenditures by Farm Production Region, FY 2005 ($ million)
 

Source: Natural Resources Conservation Service, USDA.
CRP=Conservation Reserve Program; CSP=Conservation Security Program; EQIP=Environmental Quality 
Incentives Program; FRPP=Farm and Ranch Land Protection Program; GRP=Grassland Reserve Program; 
WHIP=Wildlife Habitat Incentives Program; WRP=Wetland Reserve Program.

Together, CRP and EQIP account for more than three quarters of the total conservation expenditures.  The 
Corn Belt and Northern Plains regions have the most cropland and account for the largest shares of CRP 
payments.  In contrast, expenditures on EQIP projects are more evenly distributed across the country, 
partly reflecting the distribution of CAFOs.  The geographic distribution of CSP payments is likely to 

14  It is difficult to derive a comparable figure for EQIP since some practices are reported in acres while others are reported in different 
units (such as feet of pipeline or number of aquaculture ponds).  Moreover, multiple conservation practices may be implemented on the 
same acre of land.  If there were no overlap, EQIP would account for an additional 57 million acres.  Adding this figure to the subtotal for 
the other programs would provide an estimate for an upper bound on the geographic scope of conservation programs in 2005.

CRP WRP EQIP CSP WHIP FRPP GRP

Alaska/Hawaii 1 1 26 0 3 2 2 34
Appalachia 53 12 136 10 3 11 4 229
Corn Belt 459 50 113 118 2 7 7 756
Delta 61 42 75 54 3 0 2 236
Lake States 166 28 111 45 1 9 1 362
Mountain 249 6 286 51 4 10 7 613
Northeast 33 8 152 34 9 49 8 293
Northern Plains 349 21 107 28 2 1 13 521
Pacific 103 28 137 89 4 8 4 374
Southeast 45 20 128 19 2 7 3 225
Southern Plains 173 8 123 7 2 2 4 318
California 5 13 84 16 2 6 2 126
United States 1,690 224 1,394 456 34 107 56 3,961

Total, All 
Programs

Farm Production 
Region

Land Retirement Working Lands Farmland Protection
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Farm Production 
Region

Water 
Quality

Soil 
Erosion

Wildlife 
Habitat*

Water 
Quantity Other Air 

Quality
Soil 

Quality
Wetland 
Health Total

Alaska/Hawaii 6 3 12 6 2 0 0 0 29
Appalachia 51 28 12 15 6 1 2 0 113
Corn Belt 129 59 17 9 13 4 4 0 233
Delta 51 32 15 25 6 1 2 1 131
Lake States 96 32 13 3 2 6 5 1 158
Mountain 82 70 87 88 20 10 10 3 366
Northeast 95 27 24 14 6 5 5 1 168
Northern Plains 68 45 17 28 14 2 3 0 175
Pacific 83 51 34 42 7 9 6 1 230
Southeast 68 29 19 19 10 3 3 1 150
Southern Plains 27 19 45 33 6 2 0 0 131
California 35 15 16 23 3 6 2 1 102
United States 757 397 296 283 94 43 39 10 1884

* “Wildlife Habitat” includes the following NRCS resource concerns: forest health, habitat quality, plant population health, 
population health, and invasive species concerns on grazing land.  

change from year to year as the program rotates across different watersheds whereas the distribution 
of WRP payments is largely determined by the locations of impaired wetlands.  Payments for farmland 
protection have been concentrated in the Northeast, which has relatively little farmland remaining and 
some of the most active state and local easement programs.  Finally, notice that payments are not allocated 
in proportion to the urban population.  While more than 12% of the U.S. population lives in California, 
its farmers receive about 3% of conservation payments. 

Four billion dollars may seem like a lot of money for conservation, but it is not enough to enroll more than 
a small share of farmland.  The combined expenditures on CRP, WRP, CSP, WHIP, FRPP, and GRP funded 
conservation projects on approximately 46 million acres in 2005—at most 10 percent of U.S. cropland.14   
These programs were under-funded in the sense that more farmers wanted to enroll than were able.  For 
example, 22 percent of the WRP applications were funded in 2005, compared to 60 percent for EQIP. 

Table 3 displays the combined funding for working land programs (EQIP, CSP, and WHIP) by the primary 
resource concern addressed.  Water quality was the top target in 2005, accounting for 41 percent of 
payments.  Most of this funding was allocated to projects that aim to reduce pollution from sediment, 
fertilizer, pesticides, and animal waste.  Soil erosion accounted for the next largest share of funding, 
followed by wildlife habitat and water quantity.  Considerably less funding was allocated to reduce air and 
soil pollution.  Projects addressing “water quantity” attempt to improve the efficiency of water use in order 
to assure there are adequate supplies for human populations, wildlife, and farm livestock.  For example, in 
the Pacific region, projects include a special EQIP program to conserve water in the Klamath River Basin.

Table 3.  Working Land Conservation Expenditures by Resource Concern, FY 2005 ( $ million) 
 

     

 
Source: Natural Resources Conservation Service, UDSA.

The coupling of USDA’s incentive-based conservation programs with less regulation compared to other 
sectors of the economy has been dubbed a “pay the polluter” approach to addressing farm externalities, in 
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contrast to the “polluter pays” principle that applies widely to firms elsewhere in the economy (Runge 1991).  
This preferential treatment is at least partly due to the administrative costs of regulation.  While it is feasible 
to regulate small groups of farms like CAFOs or to require farmers in some water districts to submit land 
management plans, extending rigorous permitting, monitoring, and enforcement programs to the entire 
farm sector would require more than a tenfold expansion of EPA’s current programs.  This underscores the 
current role of federal conservation programs in addressing farm externalities.  Unfortunately, the same 
monitoring difficulties that make it prohibitively expensive to directly regulate the farm sector also limit 
the efficiency of current conservation programs and pose a key challenge for any new program that would 
seek to pay farmers for providing environmental services. 

5.  Linking Financial Incentives to Measurable Environmental Outcomes

Do the environmental benefits from USDA’s conservation programs exceed their implementation costs?  
Recent analyses suggest that they do.  Hemlich (2006) reports net benefits for the Conservation Reserve 
Program and USDA (2003, 2005) report net benefits for the Environmental Quality Incentives Program 
and the Conservation Security Program.  These studies quantify environmental benefits by multiplying 
existing estimates for the per/acre value of each externality by the number of acres enrolled in the program.  
For example, the annual value of improvements to wildlife habitat attributed to EQIP is estimated by 
calculating:   (acres) x ($12.38) x (0.5).  The $12.38 figure is an estimate from a previous study by Feather 
et al. (1999) for the extent to which enrolling one more acre in CRP would increase consumers’ willingness-
to-pay for nearby wildlife viewing and pheasant hunting opportunities.  Multiplying this figure by 0.5 is an 
ad hoc way of acknowledging that implementing EQIP practices on working land may do less to increase 
wildlife populations than removing that land from production.  This approach to cost-benefit analysis is 
quite rough.  Furthermore, it is important to note that these analyses do not attempt to quantify many of 
the externalities associated with the conservation programs, including most environmental services.  As a 
result, their measures for net benefits may be systematically underestimated. 
    
The reason why cost-benefit analyses of USDA’s conservation programs have relied on ad hoc adjustments 
like the 0.5 figure is that there has been no systematic attempt to consistently measure how farmers’ 
management practices influence environmental outcomes.  Thus, while farmers are paid for implementing 
management practices that are believed to be environmentally friendly, there is no specific evidence that 
the cumulative effect of these practices has improved environmental quality (Smith, 2006).  Moreover, 
until we can link management practices to environmental outcomes, it will be difficult to design programs 
that align farmers’ financial incentives with public environmental goals.  Farmers currently choose from 
a menu of programs that pay them to implement management practices regardless of the environmental 
outcome.  This provides an incentive to propose projects that will increase yields or reduce costs, regardless 
of whether those projects actually succeed in addressing a particular externality.  

Ideally, farmers’ financial incentives could be aligned with public goals by linking the size of conservation 
payments to environmental performance.  Suppose policymakers want to increase the population of 
endangered Grey wolves.  Under the current working land programs, a farmer could collect payments for 
implementing a project that is believed to have a beneficial effect on wolf habitat, regardless of whether 
any wolves actually visit the farm.  A performance-based version of the same program might pay farmers 

15 Another strategy that has been suggested for this type of situation is to pay a group of farmers based on their collective contribution to 
an externality.  This type of “group incentive scheme” has been envisioned as a way to control agricultural runoff at the watershed level (e.g. 
Segerson, 1988).  However, the consensus within the literature is that these schemes would work best in watersheds with a small number 
of homogeneous farms, little non-farm pollution, readily monitored water quality, and short time lags between emissions and measurable 
changes in pollution.  Unfortunately, very few watersheds in the U.S. appear to meet these criteria.
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in proportion to the number of wolves that visit the farm (using radio collars) or in proportion to the 
number of wolf pups born on the farm.  In this example, linking payments to the behavior of the wolf 
population provides a stronger incentive for the farmer to enhance wolf habitat.  More generally, linking 
payments to environmental outcomes rewards farmers for developing new, cost-effective ways of addressing 
externalities.  This incentive for innovation is missing from the current programs.  

As we move from local amenities, like opportunities for wildlife viewing, to measures for ambient pollution 
and environmental services, it becomes increasingly difficult to link environmental externalities back to 
management choices made at the level of an individual farm.  One strategy would be to use calibrated 
agricultural ecosystem models.  These models use chemical and biophysical relationships to explain how 
environmental outcomes depend on farm characteristics, climate, and management practices.  For example, 
Antle et al. (2003) used the Century model to predict how carbon sequestration rates vary with crop 
rotations in the Northern Plains region, given data on climate factors and the soil properties of individual 
farms.  Feng et al. (2006) used the Environmental Policy Integrated Climate (EPIC) model to predict how 
different tillage methods would affect carbon sequestration, soil erosion, nitrogen runoff, and nitrogen 
leaching in Iowa.  While these models contain some prediction error, it seems plausible that they could form 
the basis for policies that would tie financial incentives to predictions for farm-level carbon sequestration 
and farm-level nutrient emissions.      
 
Another challenge is accounting for the interactions and threshold effects which tend to characterize the 
dynamics of wildlife populations and production of some environmental services (Levin, 2005).  In particular, 
externalities that depend on the collective behavior of a group of farms will require policies that address 
group behavior.  The case of threatened smelt (fish) in the Sacramento-San Joaquin Delta provides a timely 
example.  Recent declines in smelt populations have been attributed to agricultural water transfers, runoff 
of agricultural chemicals, and invasive species (Service, 2007).  Voluntary programs that pay farmers to use 
less water or to implement management practices that reduce agricultural runoff may have no effect on fish 
populations unless a critical mass of farms participate.  One possibility would be to ask farmers throughout 
a particular watershed to submit bids stating their minimum willingness-to-accept to reduce water use and/
or pesticide applications.  The bids could then be used to decide whether the expected benefits of achieving 
target reductions exceed the minimum cost of doing so.15   This type of bidding scheme, which is similar 
to the one used by CRP, is actually prohibited under current EQIP rules.  

Finally, developing policies that tie financial incentives to environmental performance would require 
collecting information on the physical characteristics of farmland and farmers’ management practices.  The 
California Climate Action Registry provides a model for how this could be done.  In addition for forming 
the basis for policies to address environmental services, these data would provide an important input to 
the continuing research effort to understand the connections between farmers’ management practices 
and environmental outcomes.  Making the information available to the public would also create new 
opportunities for environmental groups or others who are directly affected by externalities to negotiate 
directly with farmers without additional government involvement.  

6.  Conclusions

Within the farming sector of the economy, federal regulation of air pollution, water pollution, and the use 
of toxic chemicals primarily applies to the largest confined animal feeding operations.  Responsibility for 
regulating emissions from all other farms is mostly delegated to state and local authorities.  California is 
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one of few states where regional authorities have imposed mandatory restrictions on agricultural practices 
due to environmental concerns.  However, these restrictions do not impose the same level of rigorous 
permitting, monitoring, and enforcement that characterize the environmental regulation of air and water 
emissions from individual firms in other sectors of the economy. 

The government has used voluntary conservation programs to address farm externalities.  The federal 
budget for these programs has grown to more than $5 billion annually, but the programs still only enroll a 
small share of U.S. farmland and California receives a disproportionately small share of the payments (3% 
in 2005).  Recent analyses of the three largest programs funded by the 2002 farm bill (CRP, EQIP, and CSP) 
suggest that they all generate environmental benefits that exceed their program costs.  However, the current 
approach of paying farmers to implement conservation practices regardless of the environmental outcome 
fails to align farmers’ financial incentives with public environmental goals.  Creating a system of incentives 
based on measurable environmental outcomes is the key challenge for those who seek to improve the 
efficiency of existing conservation programs or to design new policies for environmental services provided 
by California farms. 
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I. INTRODUCTION 

Ecosystem services are the conditions and processes through which ecosystems sustain 
and fulfill human life, and they result from the interaction of organisms and their 
environment (Daily 1997). The four types of ecosystem services are: provisioning 
services such as food and fiber production; regulating services such as waste 
decomposition and water quality; longer-term supporting services such as soil formation 
and nutrient cycling; and cultural services such as aesthetic and spiritual fulfillment 
(Daily 1997, MEA 2005). The concept of ecosystem services allows the evaluation of 
multiple aspects of management decisions simultaneously. In California’s agricultural 
landscapes, emphasis on agricultural provisioning services has often outweighed 
regulating and supporting services, but the current trend toward agricultural sustainability 
has begun to shift the priorities to the more holistic set of ecosystem services. 

The broad concept of sustainability is characterized by a set of complementary goals: 
producing food, fiber, and forest products, protecting the resource base upon which 
humans depend, and promoting social well-being, which includes various factors 
associated with quality of life, including economic security. Complementarity implies 
that solutions are sought that meet each of these criteria. Evaluation of ecosystem 
services creates a mechanism to determine sustainability outcomes, usually by assessing 
the tradeoffs that arise under different management scenarios, and choosing the options 
that generate greater multifunctionality. Agricultural multifunctionality can be defined as 
the joint production of commodities (i.e., food and fiber) along with other ecosystem 
services (Jordan et al. 2007). Thorough analysis of costs and benefits of different 
management options requires a combination of biophysical (e.g., ecology, agronomy, soil 
science, hydrology, atmospheric science, and engineering) and socioeconomic (e.g., 
economics, anthropology, sociology, and law) disciplines, since multifunctional 
ecosystem services encompass a wide set of potential human needs and values. This 
interdisciplinary analysis is a core aspect of sustainability science (Kates and Parris 
2003), which regards these costs and benefits as tradeoffs. In the agricultural policy realm 
in the USA, however, multifunctionality is less likely to be regarded as a product, but 



California Agroecosystem Services  ■  2

2

rather is apparently considered an inherent aspect of the marketable output itself, through 
implied provision of additional environmental or cultural services, such as wildlife 
habitat and/or through recreational opportunities. 

Environmental problems are usually associated with a set of intricate and interrelated 
issues. For California, this presents considerable complexity, given the diversity of soils, 
ecosystems, and agricultural production systems. Taking the example of carbon (C) 
sequestration, using some generalized assumptions, modelling has shown that from 1980-
2000, California's 3.6 × 106 ha of agricultural land sequestered 11.0 Tg C within soils and 
3.5 Tg C in woody biomass, for a total of 14.5 Tg C (i.e., 14.5 x 1012 g) (Kroodsma and 
Field 2006). This corresponds to 0.7% of California’s total fossil fuel emissions over the 
same time period. The challenge is to determine how best to increase C sequestration, 
without reducing yields and income across the wide range of California soils and crops 
(>300 crop commodities), which respond differently to practices such as conservation 
tillage and cover cropping (Jackson et al. 2004, Minoshima et al. 2007). Other issues 
introduce even more complexity than this example, e.g., improving water and air quality, 
avoiding salinization, and conserving and restoring biodiversity. Determining the 
tradeoffs involved in providing a range of ecosystem services for California’s farmland is 
not trivial, since incorrect decisions can cause damage, financial loss, and create 
skepticism among policy makers in the future. 

How can biophysical scientists contribute to a better understanding of the ecological 
processes in California’s agroecosystems that generate multifunctionality, and 
convey these outcomes for use in policy decisions by land users and other 
stakeholders to increase ecosystem services? The aim of this chapter is to address this 
central question considering three components. First, some background on 
interdisciplinary science is presented, showing the need for partnerships with 
stakeholders, so that innovation is conveyed through setting up new types of research 
frameworks. Second, an attempt is made to identify factors that underlie the past 
perceived dichotomy between provisioning services vs. other ecosystem services in 
California agricultural landscapes. Third, the potential for positive interlinkages of 
agroecosystem services is considered in a California context, using examples that focus 
on complexity. The outcome of the paper is to show the need to invest in policy that 
supports the provision of multiple ecosystem services through adaptive management, i.e., 
‘the process by which land managers gain understanding of the complex issues for 
managing their land, recognizing that science alone cannot provide all the answers, and 
that it must be combined with local community-based or participatory approaches to 
solve problems’ (FAO 2003).  

II. INTERDISCIPLINARY AND PARTICIPATORY APPROACHES 

Interdisciplinary research, combined with participatory approaches that engage various 
types of stakeholders, is now a well-recognized framework for linking science and policy 
in agricultural landscapes (Jackson et al. 2007, Tomich et al. 2007). Covering the scope 
of ecosystem services necessitates a range of disciplines within the biophysical sciences. 
While multidisciplinary approaches tend to coordinate disciplinary research, 
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interdisciplinarity strives for greater integration and synthesis, which usually requires a 
start-to-finish, on-going effort. Partnerships and participatory approaches among 
researchers, farmers, and other stakeholders to integrate biophysical and socioeconomic 
research are instrumental in understanding ecosystem services and the tradeoffs of 
different management scenarios. 

The landscape is an appropriate scale for understanding ecosystem services, because it 
encompasses many types of agricultural production units, along with water, air and 
biodiversity resources, and interactions with human populations. An agricultural 
landscape broadly includes resources and organisms in farm fields, fragments of natural 
ecosystems, canals and waterways, urban zones, and other land uses in regions dominated 
by agriculture. A landscape emphasis is embodied in recent decisions to operate 
conservation policies at the watershed scale, e.g., the Conservation Reserve Enhancement 
Program (CREP) and the Conservation Security Program (CSP) (Arha et al. 2007). 

The landscape includes a set of hierarchical levels, each of which involves a set of unique 
management factors and ecological issues, and thus provides an overarching context for 
understanding a range of ecosystem services: food and fiber production, biodiversity-
related services in both agricultural and non-agricultural ecosystems, water quality on-
farm and in adjacent waterways, etc. In ecology, five main hierarchical units are 
recognized within landscapes; these form the basis for different questions and focal 
points when examining biophysical processes. For each level, scale pertains to the issue 
at hand, e.g., ecosystem processes can be measured in a cm3 of soil, or across an entire 
farm. These levels define ecological processes, but also help to frame management 
options for solving different types of problems across agricultural landscapes: 

Autecology (Individual level of ecology): The organism and its interaction with its 
environment, including ecophysiology, e.g., adaptation of cultivars or livestock breeds to 
specific environments 

Population ecology: Populations within a species and the interactions within and 
between populations that influence survival and reproduction, e.g., dispersal behavior that 
affects pest outbreaks 

Community ecology: Groups of organisms, their interactions, and their interaction with 
the environment, e.g., predatory, parasitic, and mutualistic interactions that affect 
beneficial and pest organisms 

Ecosystem ecology: The composite of organisms, materials, and environment, and the 
flows of materials and energy in the system as a whole, e.g., cycling of nitrogen in 
fertilizer and soil organic matter to plants, through residue decomposition, and as 
atmospheric and groundwater losses 

Landscape ecology: The reciprocal interactions between ecosystems, often at the 
interface between differing ecosystems, with emphasis on the flows of materials and how 
they are affected by social forces, e.g., water quality in riparian corridors and other 
waterways that results from water delivery and runoff from a multitude of farm fields, 
and as influenced by policies and legal agreements. 



California Agroecosystem Services  ■  4

4

Although ecological functions underpin ecosystem services in agricultural landscapes, 
ecologists have been largely absent from this discussion until recently (Palmer et al. 
2004). There has been an historical tendency for ecologists to focus on natural, wildland 
environments, because these systems were thought to be free from human disturbance. 
Ecology is one of many disciplines that can inform policy on ecosystem services within 
agricultural landscapes. Better integration is needed with other disciplines with a long 
history of research in agricultural landscapes, e.g., agronomy, hydrology, and soil 
science. These sciences and their literature are not always recognized by those in the 
ecological community who advocate management for ecosystem services (Goldman et al. 
2007). Rather than act as design agents who specify practical solutions (Palmer et al. 
2004), ecologists should serve as one component of an interdisciplinary framework, and 
work with stakeholders over the long-term towards adaptive management. 

Interdisciplinary networks that include partnerships among researchers, the agricultural 
community, and other stakeholders in the agricultural landscape are an emerging concept. 
One example, envisioned by the global project on Alternatives to Slash and Burn 
Programme (ASB) for conserving biodiversity and its ecosystem services, involves 
feedback between local, regional, and global entities that generates a reward system for 
the local land users who provide the ecosystem services desired by society (van 
Noordwijk et al. 2004) (Figure 1). The reward system might be payments for ecosystem 
services, funding for projects to improve land stewardship, or other types of support that 
increase livelihood security, e.g., increased water deliveries. Without recognition and 
rewards, conservation methodologies are neither reliable nor feasible, especially for land 
managers who are facing low financial profits or uncertainty. One role of an 
interdisciplinary network is to provide the scientific evidence that ecosystem services are 
indeed achieved by the targeted management plans, and that natural and social capital 
increases as a result. Another role is to serve as a conduit for negotiations between 
parties. In the ASB Programme, the following issues have been recognized as necessary 
for successful negotiations for payments for ecosystem services in regions where 
agricultural intensification is negatively affecting the resource base in tropical forested 
areas (van Noordwijk et al. 2004, Jeanes et al. 2006): 
1) VALUE (to ‘sellers’ and ‘buyers’) is clear 
2) THREATS linked to land use activities are urgent 
3) OPPORTUNITIES exist to overcome the THREATS linked to land use activities 
4) Sufficient TRUST exists to get buyers, sellers & government to negotiate deals 

In California, it may be useful to consider application of these concepts not only for 
actual projects that require financial investment to conserve or restore ecosystem 
services, but also to support the types of research that are most conducive to voluntary 
adoption of practices that increase environmental quality and social well-being. In this 
paper, the focus is on the first three issues, due to their dependence on biophysical 
information. The development of trust among negotiating parties has a greater foundation 
in social science, so is not emphasized here. Also, the provision of cultural services and 
environmental justice is not a central focus of this paper, since its value is largely 
assessed in terms of human well-being, which falls within the domain of social sciences. 
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Figure 1. Linkages between providers and beneficiaries of environmental services 
derived from dynamic biodiversity-rich landscapes, each supporting biodiversity 
utilization and conservation by different mechanisms. Adapted from van Noordwijk et al. 
(2004). Re-printed from Jackson et al. (2007) (no copyright permission obtained).
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III. DICHOTOMY BETWEEN PROVISIONING SERVICES VS. OTHER 
ECOSYSTEM SERVICES IN CALIFORNIA AGRICULTURAL LANDSCAPES 

Policy for managing agricultural lands for ecosystem services is not a new concept. 
Agricultural conservation policy in the USA since the 1930s has supported the technical 
and outreach infrastructure to improve environmental quality, particularly soil 
conservation. But the conceptual framework has been changing during the past 20 years, 
as pointed out by Cox (2007). For example, during the 1930s, when drought and dust 
storms created agricultural turmoil in the USA, policies to limit soil erosion and land 
degradation centered on their effects on provisioning services, i.e., on agriculture’s 
traditional focus on increased production. More recently, the awareness has changed to a 
broader environmental agenda for agriculture, in which the environmental cost of 
agricultural erosion has become equally or more important than the on-site damage to 
agricultural production. Drinking water quality is a major issue. Another is nutrient and 
sediment deposition in aquatic habitats that causes excessive plant growth and microbial 
decomposition, and decreases oxygen to levels that are detrimental to fish and other 
animal populations, i.e., eutrophication. In other words, both regulating and supporting 
services are increasingly recognized as important for multiple human values in 
agricultural landscapes. 
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Cultural services are also part of achieving agricultural sustainability, given their 
influence on human well-being and quality of life, not only for rural populations but for 
urban dwellers. There is a growing ‘local food’ movement in which people from different 
sectors are supportive of farming systems and food systems that engage the local 
community. Agrotourism/nature tourism is another example by which cultural services 
are delivered through recreation and refreshing the human spirit. While these activities 
increase the emphasis on conserving and restoring biodiversity in agricultural landscapes, 
there are public health concerns that have created a backlash against the juxtaposition of 
agriculture with wildlife habitat, e.g., eliminating natural habitat around vegetable fields 
due to a strain of E. coli on spinach which killed three people in 2006, and matches the 
DNA of E. coli in cattle, wild pigs, and stream water of a nearby grassland (Bailey 2007). 
It is difficult to reconcile this immediate health crisis with the perception of the farmer as 
steward of the environment; both issues involve different aspects of human well-being. 

Provisioning services 

Agricultural commodities have historically been the focus of most agricultural research in 
California, as elsewhere. California has a set of relationships between federal (USDA 
Agricultural Research Service), and state (University of California) organizations that 
have promoted programs for crop breeding, management, and agricultural engineering. 
This has led to tremendous increases in production and shifts in production throughout 
the state during the past century (Alston et al. 1994). California’s agricultural abundance 
has depended on policies that have promoted the research capacity to continually select 
for crop genotypes with improved pest resistance, higher productivity, and desirable 
horticultural traits. This research capacity has contributed to California’s leading position 
in USA agricultural production for several decades. Specialty crops are particularly 
important since the state produces about half of USA-grown fruits, nuts and vegetables, 
many of which are solely produced in California. Thus, provisioning services provided by 
California agricultural production, especially by specialty crops, can justifiably be 
mandated at the federal level, as recently shown by the new Farm Bill support for 
strengthening the competitiveness of the specialty crop industry through federal nutrition 
programs, and invasive pest and disease programs. 

Improvement of provisioning services by California commodities is also facilitated by 
international research policy for conservation and use of genetic resources. For example, 
wheat production peaked in the early 1980s in California (Figure 2). This was due in 
large part to overcoming an outbreak of stripe rust, by changing to higher-yielding 
varieties that were resistant to stripe rust that were introduced from Mexico through the 
breeding programs of the Rockefeller Foundation in the 1960s, and later from 
International Maize and Wheat Improvement Center (CIMMYT)] [Anza, Yecora Rojo, 
and other cultivars] and University of California at Davis [Yolo cultivar] (C. Qualset and 
P. McGuire, pers. comm.). This activity was spurred on by the fact that wheat prices were 
high. Then wheat production declined due to lower prices, and to the increase in acreage 
of higher-value commodities, such as grapes. However, in August 2007, wheat prices are 
at all time high and new wheat plantings are underway. Although production of relatively 
low-value crops, such as wheat and barley, likely will remain volatile due to variability in 
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prices and markets, competing crops and land resources, and disease and pest resistant 
varieties, California still has active public breeding programs for these crops. 

In California, the individual initiative of public breeders has been the main avenue for 
identifying, acquiring, and using genetic resources for crop improvement. The majority of 
current collections in California were made before the establishment of the international 
Convention on Biological Diversity (CBD), which has made international access to 
genetic resources more complicated due to legal requirements involving sovereignty and 
intellectual property rights (CBD 2007). At the same time, there has been a huge 
reduction in the number of public breeders at the University of California. California also 
has the largest population of private crop breeders of any state. They are effective in 
developing and marketing varieties, but for many crops, they look to the public 
University of California at Davis (C. Qualset, pers. comm.). Sharing the advanced 
breeding lines was a deliberate goal of the University of California program, along with 
availability to statewide University of California Cooperative Extension trials. To sustain 
the level of advancement will require a public policy decision at the state level to restore 
crop breeding programs for current and new crops, and to facilitate the acquisition and 
maintenance of genetic resources upon which future provisioning services will be based. 

Figure 2. California wheat and barley production, 1867-2004, as compiled from the 
National Agricultural Statistics Service and the University of California Agricultural Issues 
Center. Annotated information was provided by C. Qualset and P. McGuire of the 
University of California Genetic Resources Conservation Program. 
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Crops with higher water and nutrient efficiency would supply provisioning services with 
less impact on water supply and water quality, i.e., regulating services. Although crop 
improvement in California breeding programs has rarely focused on traits that increase 
water or nutrient use efficiency, there are situations in which this has unexpectedly 
occurred. Breeding of processing tomatoes has increased average yield per acre 
dramatically over the last 30 years. Yields of processing tomato in California were about 
25 Mg/ha in the late 1940s (Gould 1983), and are now over 81 Mg/ha (Hanson and May 
2006). Although yields have increased more than 50% since the 1970s, 
evapotranspiration rates (i.e., water loss via evaporation and plant use) have kept constant 
at an average of 648 mm during the past 30 years (Hanson and May 2006). This 
remarkable finding reflects the inadvertent selection for water use efficiency that has 
occurred during several decades of tomato breeding in California. The traits responsible 
for these changes are not known at present. Changes might have occurred at the leaf level 
by increasing carbon assimilation per unit of leaf area, or by reduction of total leaf area. 
The determinate growth habit now typical of processing tomatoes has probably 
contributed to the gain in yields. In fact, water use and conservation is seldom a focus for 
research in tomato production, and only 1-3% of the papers on tomatoes in horticultural 
scientific journals address water-related issues (J. Seigies, pers. comm.). Due to the 
dependable supply of water from the federal and state water projects, water use efficiency 
may not have attracted the attention of major research initiatives for California crops. 

Regulating and supporting services 

Unlike for provisioning services that produce food and fiber that were described above, 
research on the landscape-level processes that affect regulating, supporting, and cultural 
services has been less directed and has not had the same level of coordinated, institutional 
support in California. As a result, there are still major gaps in the understanding of basic 
processes that underpin these services, and even when this has been achieved, 
implementation of management alternatives is often slow. 

A relevant example of the lack of emphasis on regulating and supporting services is from 
the Salinas Valley, where production of lettuce, broccoli, and celery has dominated the 
landscape for many decades. The emphasis of USDA Agricultural Research Service and 
University of California agricultural research, usually associated with commodity boards, 
has been on disease and pest management, production increases, and post-harvest quality. 
For example, the California Lettuce Research Board (CLRB 2007) has expended its 
funds since 1980 in four categories: 1) plant breeding and virus research - $6,112,559; 2) 
insect and disease management research - $3,003,082; 3) cultural and weed management 
research - $749,158; and 4) post harvest and miscellaneous research - $418,350. Nitrogen 
and irrigation management has been a small portion of the total expenditures. These 
crops, however, have high nitrogen and water requirements, and the cost of these inputs 
is small in relation to the total cash value of the crop (UCCE 2002). Irrigation water and 
N fertilizer are often over-applied, and the fertilizer alternatives, such as cover crops, are 
much more difficult to manage (Jackson et al. 1994, Jackson et al. 2004). The Central 
Coast Water Board’s (CCWB) monitoring program shows significant water quality 
problems in this region (Jones et al. 2006). Nitrate is present in some surface waters at 
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levels far exceeding the drinking water standard. Groundwater basins underlying some of 
the agricultural areas show that nitrate concentrations are often higher than the drinking 
water standard, resulting in well closures and loss of water supplies (Basin Water Inc. 
2005, Jones et al. 2006). Presence of routinely-used organophosphate pesticides 
(chlorpyrifos and diazinon) have been documented in adjacent surface waters, as well as 
persistent toxicity to aquatic organisms (Anderson et al. 2003). 

Water quality in the Salinas Valley is a growing concern to public agencies (e.g., State 
Water Resources Control Board, the US Natural Resource Conservation Service) as well 
as local groups, such as the Salinas Valley Water Coalition. Because Salinas Valley 
surface waters flow to the Monterey Bay and negatively impact marine life, a Water 
Quality Protection Program (WQPP) was developed for the Monterey Bay National 
Marine Sanctuary, which is a partnership of 25 federal, state, and local agencies, and 
public and private groups, dedicated to protecting and enhancing water quality in the 
Sanctuary and its watersheds (MBNMS 2007). Such partnerships have begun to 
recognize and reduce the dichotomy that has occurred in managing for provisioning vs. 
regulating, supporting, and cultural services in California, and pave the way for 
development of more sustainable options. 

IV. POTENTIAL FOR POSITIVE INTERLINKAGES OF AGROECOSYSTEM 
SERVICES 

Managing for multifunctional agricultural landscapes is inherently complex. There are no 
simple solutions. There has been a tendency, however, to adopt a ‘keep it simple’ 
approach within the agricultural research community, especially for intensively-managed 
farming systems in the temperate zone. The research challenge is to find ways to describe 
and manage the complexity within agricultural landscapes, so that diverse sets of 
stakeholders express concerns over the threats to ecosystem services that they find 
important, that viable opportunities exist to solve problems, and that sufficient trust exists 
to negotiate solutions (van Noordwijk et al. 2004, Jeanes et al. 2006). Negotiation of 
solutions involves economic analysis (Stoorvogel et al. 2004), but also recognition of 
social bonds and norms among stakeholders that alter decision-making. When people are 
well-connected in groups and networks, and their combined knowledge is used in 
planning and implementation of conservation activities, sustained stewardship of natural 
resources is more likely to occur over the long-term (Pretty and Smith 2004). California 
examples include the California Alliance of Family Farmers (CAFF), the Biologically 
Integrated Farming Systems (BIFS) Project, and the Wild Farm Alliance. 

The traditional education and extension models of the land grant university systems in the 
USA have not been conducive to the success of interdisciplinary research teams that 
involve the cooperation of academics with various types of stakeholders (Francis et al. 
1995). First, these systems have been focused on single disciplines. Second, the tendency 
has been to foster the independence and achievements of individual scholars, due to the 
types of expected outcomes (e.g., published papers in the scientific literature) and 
rewards (e.g., merit and promotion success), which can be hindered and delayed by the 
intricacies of interdisciplinary science. Yet in California, there has clearly been a recent 
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increase and interest in projects that take team approaches to solving problems that 
involve a complex set of tradeoffs for different types of ecosystem services. This may 
have occurred for the following reasons: 1) increasing awareness of the inadequacy of 
single-discipline research for problem-solving at the landscape level; 2) new types of 
analytical approaches (e.g., access to high resolution geographic information systems 
(GIS), multivariate statistics, and models) that make teamwork more feasible and 
interesting; 3) greater recognition of innovation by non-academic stakeholders in dealing 
with tradeoffs in complex situations; and 4) increasing institutional support for 
combining fundamental and outcome-oriented research approaches at the landscape level. 

The following short examples highlight three projects that have involved University of 
California researchers, using different types of interdisciplinary, participatory approaches 
to deal with complex problems in agricultural landscapes. Each example represents a 
different scale. One is an analysis of ecosystem services at the farm scale during the 
transition to organic production. Another considers the landscape interactions of water 
movement from agricultural tailwater to wetlands. The third deals with regional-scale 
issues that are pertinent to several types of agricultural landscapes in the Delta region. 

Transition to organic agriculture 

Organic agriculture is defined by both state (California Organic Foods Act) and federal 
(National Organic Program) policies as using only organically-approved fertilizers, 
pesticides and amendments, and adopting other practices that increase agricultural 
sustainability. Most of the management practices used in organic agriculture in California 
have been developed by growers with minor backup from public-sector research, often 
using traditional approaches, e.g., crop diversity, crop rotation, and inputs of crop 
residues and animal manures. Until recently, organic agriculture in California has been in 
small-scale operations, with an average of 32, 78, and 109 acres/grower in 1995, 2000, 
and 2005 (Klonsky et al. 2002, Klonsky and Richter 2007). Total acreage has increased 
from 46,258 to 194,907 acres in the same time frame. Even in 1995-98, however, nearly 
50% of the value of organic production was captured by the 1% of growers who grossed 
over $1 million annually (Klonsky et al. 2002). What management practices could make 
organic production feasible and sustainable for more large-scale producers in order to 
provide provisioning and regulating/supporting services across California agricultural 
landscapes? Answering this question requires that a wide range of services be assessed 
across the spatial and temporal scales that represent decision-making options of organic 
growers at the farm scale. 

In the Salinas Valley, our interdisciplinary group from University of California conducted 
a study to investigate production and environmental quality issues during transition to 
organic production by Tanimura and Antle, Inc., a large conventional producer of cool-
season vegetables. Changes in crops, soils, pests and diseases, weeds, and management 
practices were tracked by monitoring 81 points on two ranches at each crop harvest 
during the three-year transition (Smukler et al. ms. submitted.). Single blocks of ~10 ha 
were divided into many plantings of many different crops and cover crops (Figure 3), 
greatly increasing diversity compared to conventional practices. It was 
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possible to identify the management practices and conditions most conducive to high 
yields (e.g., specific taxa), lower pest pressure (e.g., proximity to ranch edges), and 
greater environmental quality (e.g., diverse nutrient input sources), since the design 
provided a large data set and a variety of different conditions that were conducive to 
analysis by multivariate methods (Classification and Regression Trees and Canonical 
Correspondence Analysis). 

Changes in management practices during the transition period showed a distinct learning 
curve in relation to nutrients (i.e., increased soluble organic fertilizer additions) and pest 
management (i.e., decreased use of organic pesticides). Overall, there was a gradual 
increase in relative yields, an improvement in soil biological indicators for soil health, 
generally adequate plant available N with reduced soil nitrate and less leaching potential, 
and low levels of insect pests, diseases and weeds without the use of environmentally-
harmful pesticides. These outcomes are beneficial for ecosystem services at the farm 
scale, but also have positive repercussions for health and well-being of the public at large. 

One of the major tradeoffs, however, was that management was more dynamic and time-
consuming than conventional production, and economic analysis was not straightforward, 
since the company benefited from combining sales of organic and conventional products. 
The design of this project, at the growers’ request, took a descriptive exploratory 
approach, rather than an experimental approach with specific agronomic treatments that 
would have been difficult to select ahead. This approach was able to capture innovation 
and adaptive management, and showed that indicators of a range of provisioning and 
regulating/supporting ecosystem services increased through time. 

This study demonstrates that intense research effort is required to demonstrate a range of 
ecosystem services at the farm scale, and spatial and temporal variability in responses. 
Organic farming can use many types of approaches, which change according to local site 
environmental conditions, markets, and availability of technology. Thus, it is not easy to 
generalize about the benefits from a range of ecosystem services that are provided by 
organic agriculture in California. This brings up an important question for policy: how 
much monitoring is necessary to compensate or reward land users for provisioning of 
ecosystem services? 

Constructed wetlands to improve water quality from irrigation tailwater 

As a regulatory body, the State Water Resource Control Board has implemented a state- 
wide water quality monitoring program for irrigated agriculture. Those regions that 
exceed water quality standards must emplace management practices to mitigate non-point 
source pollution. A University of California case study in the Central Valley is 
investigating the efficacy of constructed flow-through wetlands to intercept irrigation 
return flows and filter water quality contaminants ultimately destined for the San Joaquin 
River (T. O’Geen, pers. comm.). The project was participatory in that three of the 
wetlands were constructed by government agencies (NRCS and Dept. of Fish and 
Wildlife), and one is privately owned by a duck hunter. 



California Agroecosystem Services ■  13

13

Preliminary results demonstrate that wetlands can improve water quality of irrigation 
tailwaters. A suite of water quality constituents were monitored at input and output 
locations of four wetlands constructed with land planing and vegetation change. Sites 
were chosen to compare differences in size (ranging from 2.3 to 150 ha) and design (two 
open water designs vs. two with dendritic networks of micro-highs and lows). Pyrethroid 
pesticides (up to 95%) and sediment (90-97%) were effectively removed in all of the 
wetlands. Seasonal removal efficiencies for nitrate, however, were variable, ranging from 
10% to 50% in the smaller wetlands and over 90% in the largest wetland (Figure 4). 
Three of the four sites were a source of phosphorus likely because vegetation was not 
established. Plant uptake is the primary mechanism for P removal. The four wetlands 
were quite variable in performance for recovery of these nutrients, and although results 
from other important constituents, e.g., dissolved organic carbon and nitrogen, are not yet 
available, some of these constructed wetlands showed potential to be excellent sinks for 
sediment, pyrethroids, and nutrients, and represent the last opportunity for treatment 
before tailwaters are re-circulated back to the San Joaquin River. 

Figure 4. Variation in phosphorus and nitrate-N removal efficiency, based on differences 
in concentration in inflow vs. outflow, in four constructed wetlands (W-1 through W-4) for 
irrigation tailwater delivered to the San Joaquin River. *=wetlands showed a significant 
difference between seasonal input and output means (Tukey’s Mean Separation 
procedure). Figure provided by A.T. O’Geen (University of California Davis). 
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But wetlands also can have adverse effects on water quality. Constructed wetlands can 
provide habitat for algae, which contribute to biological oxygen demand and 
eutrophication. This is of critical interest because the San Joaquin River currently 
witnesses episodes of low dissolved oxygen that impede spawning salmon. Thus, flow-
through wetlands could simply serve as an incubator, transforming nutrients to algal 
biomass, resulting in no beneficial effect on dissolved oxygen levels in the lower San 
Joaquin River. Monitoring of chlorophyll-a, a bio-indicator of algae, indicates that algae 
concentration decreases dramatically once a canopy of emergent vegetation forms within 
the constructed wetlands that intercept incoming light. These issues indicate that there 
must be compromises among stakeholders with different interests that are based on the 
scientific understanding of ecosystem processes. 

Constructed wetlands provide an example of the need for scientific information on 
ecosystem processes to satisfy different regulatory goals. Preliminary data suggest that 
there are tradeoffs between managing for contaminant clean up vs. wildlife habitat. These 
data also suggest that adaptive management is likely to be important for the long-term 
success of managing for multiple services, because of the variability among constructed 
wetlands in nutrient outflows. It will be expensive to monitor environmental processes 
and subsequently alter practices, e.g., changes in vegetation management and in the 
biodiversity of vegetation to reduce algae and eutrophication. Compromises from various 
types of stakeholders, e.g., growers, government agencies, hunters, and fisherman, would 
be needed at each step in the adaptive management process. 

Water Supply vs. Environmental Goals in the Sacramento-San Joaquin Delta 

A recent analysis of alternatives for the Sacramento-San Joaquin Delta, which supplies 
water to agricultural and urban sectors in Southern California, was developed in an 
interdisciplinary study by several University of California scientists and the Public Policy 
Institute of California (PPIC) (Lund et al. 2007). The Delta is considered in crisis for 
three reasons: the levee system is in poor condition; 2) several native fish species are 
declining; and 3) the governing institution, CALFED, is suffering from financial and 
political stress (Howitt 2007). An unexpected major collapse in levees could cost $40 
billion, and have widespread effects on drinking and irrigation water. Participating 
environmental scientists found that native species would be favored more than invasive 
species if salinity levels in the Delta were allowed to fluctuate rather than be held 
constant as dictated in the current long-term policy of maintaining fresh water. 
Economic-engineering models were used to examine the effects of salinity or levee 
failure on the Delta’s agricultural economy. 

Scenarios were developed in the study, and nine alternative policies were explored for 
their effects on water supply and agriculture, and are shown in condensed form in Table 1 
(Lund et al. 2007). As a result of analyzing the tradeoffs between investment costs, 
improved environment for native species, and Delta agriculture, the study group 
concluded that the only viable alternatives were those that have some degree of salinity 
fluctuation in the Delta, but with different levels of investment in infrastructure and 
capacity for water deliveries. The management options considered are levee replacement, 
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ecosystem restoration, flood control, and island land management. By deciding on the 
preferred alternative based on technical analysis by various stakeholders, action would be 
set in place, and plans for adaptive management could be made. This was favored over 
piecemeal solutions that could increase the risk of flooding, loss of wildlife habitat, and 
the deterioration of water quality due to lack of long-term planning for multifunctionality 
of ecosystem services in the Delta. In terms of solutions, one of the key messages was 
that CALFED policy should change to negotiate tradeoffs ahead of catastrophes. Some 
options would be eliminated and the stakeholders who lose out from wrong management 
decisions, would be compensated. This was considered preferable to aiming for complete 
consensus, which was recognized as unachievable by the study group. 

Table 1. Scenario planning for nine alternatives for the management of the Sacramento-
San Joaquin Delta, as projected by Lund et al. (2007) (no copyright permission 
obtained).

Alternatives Summary 
Evaluation 

Rationale 

Freshwater Delta

1. Levees as Usual (current or 
increased effort) 

Eliminate Current and foreseeable investments at best continue a 
risky situation; other “soft landing” approaches are more 
promising; not sustainable in any sense. 

2. Fortress Delta (Dutch 
standards) 

Eliminate Great expense; unable to resolve important ecosystem 
issues.

3. Seaward Saltwater Barrier Eliminate Great expense; profoundly undesirable ecosystem 
performance; water quality risks.

Fluctuating Delta

4. Peripheral Canal Plus Consider Environmental performance uncertain but promising; 
good water export reliability; large capital investment. 

5. South Delta Restoration 
Aqueduct 

Consider Environmental performance uncertain but more 
adaptable than Peripheral Canal Plus; water delivery 
promising for exports and in-Delta uses; large capital 
investment.

6. Armored-Island Aqueduct Consider Environmental performance likely poor unless carefully 
designed; water delivery promising; large capital 
investment.

Reduced-Exports Delta

7. Opportunistic Delta Consider Expenses and risks shift to water-importing areas; 
relatively low capital investment; environmental 
effectiveness unclear 

8. Eco-Delta Consider Initial financial costs likely to be very high; long-term 
benefits potentially high if Delta becomes park/open 
space/endangered species refuge 

9. Abandoned Delta Eliminate Poor overall economic and environmental performance; 
southern Delta water quality problems; like Alternative 
#1, without benefits 

V. CONCLUSIONS 

Throughout this paper, a recurrent theme has been multifunctionality in California’s 
agricultural landscapes, i.e., the joint production of provisioning, regulating, supporting 
and cultural ecosystem services. There has been a strong emphasis on the need for 
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interdisciplinary projects that involve participation by stakeholders, so that innovation 
can be accurately appraised, and that adaptive management can proceed effectively. 
Developing collaborative mechanisms requires considerable effort, especially among 
people who do not share common views. Cultivating these teams is an art and takes time. 

The complexity of the issues surrounding multifunctionality of agricultural landscapes 
suggests that a project uses a set of research approaches. Some of the research approaches 
were described in the above examples: exploratory or survey approaches that utilize 
multivariate analysis techniques, landscape-level field experiments, modeling, and 
scenario planning. These are all techniques for dealing with complexity, and their results 
can potentially build upon each other to determine the various costs and benefits for 
management options in providing multifunctional ecosystem services. 

Cultural services have not been emphasized in this paper, but deserve a comment. 
Aspects of human well-being that are derived from the environment, such as social bonds 
from community-based stewardship projects, family ties to land, personal satisfaction 
derived from land stewardship, and aesthetic value and spiritual fulfillment from open 
spaces, need more attention. There is a need for biophysical and social scientists to 
collaborate to develop valuation systems for cultural services. 

One of the biggest challenges for increasing agroecosystem services in California is 
reconciling different temporal scales. Short-range planning is needed to keep farmers in 
business, but long-range planning will better meet the needs of society as whole. Two 
issues are of major importance over the long-term. One is urbanization, which is likely to 
result in the loss of up to 15% of the prime agricultural land in the San Joaquin Valley 
counties, and 50% of the remaining agricultural land in the coastal counties by 2050 
(Landis and Reilly 2004). The other issue is global warming. Impacts will differ 
according to the amount of GHG emissions that occur during the next century, and thus, 
predictions of provisioning and regulating/supporting services in California vary 
according to different warming scenarios (Cavagnaro et al. 2005). Mitigation of GHG 
emissions to comply with AB32, the ‘Global Warming Solutions Act’ will likely change 
land management practices, ideally in ways that increase the joint production of other 
environmental services, e.g., increased C and N sequestration to reduce carbon dioxide 
and nitrous oxide emissions can also improve soil and water quality. Adaptation will be 
required to cope with changes in water availability and water deliveries, heat, and pests. 
The uncertainty associated with climate change makes a strong case for research and 
demonstration programs that embrace complexity, employ interdisciplinary teams of 
researchers and stakeholders, and emphasize adaptive management to provide a range of 
ecosystem services in agricultural landscapes. 
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