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Abstract During the last two decades, there has been grow-
ing interest in the integration of existing ideas and data to
produce new synthetic models and hypotheses leading to
discovery and advancement in estuarine and coastal science.
This essay offers an integrated definition of what is meant
by synthesis research and discusses its importance for
exploiting the rapid expansion of information availability
and for addressing increasingly complex environmental
problems. Approaches and methods that have been used in
published synthetic coastal research are explored and a list
of essential steps is developed to provide a foundation for
conducting synthetic research. Five categories of methods
used widely in coastal synthesis studies are identified: (1)
comparative cross-system analysis, (2) analysis of time se-
ries data, (3) balance of cross-boundary fluxes, (4) system-
specific simulation modeling, and (5) general systems sim-
ulation modeling. In addition, diverse examples are used to
illustrate how these methods have been applied in previous
studies. We discuss the urgent need for developing curricula
for classroom and experiential teaching of synthesis in
coastal science to undergraduate and graduate students,
and we consider the societal importance of synthetic re-
search to support coastal resource management and policy
development. Finally, we briefly discuss the crucial

challenges for future growth and development of synthetic
approaches to estuarine and coastal research.

Keywords Synthesis . Integration . Odum . Teaching
synthesis . Environmental management . Coastal and
estuarine science

Introduction

When invited to prepare an article for the 2012 “H.T. Odum
Synthesis Essay” for publication in Estuaries and Coasts,
we were initially overcome by the prospects of this oppor-
tunity. In the naïve euphoria of our enthusiasm, however, we
accepted the offer with no clear idea for an essay topic
which would, as noted in the journal’s instructions, “provide
synthesis and review for an emerging topic of importance to
estuarine and coastal science.” Having been trained by H.T.
Odum himself in the Renaissance tradition, aspiring to be-
come what he called environmental science generalists,
integrative thinking about coastal ecosystems has been part
of our culture since graduate school. As we considered
alternative potential essay topics, however, we began to
wonder what was really meant by the term synthesis. After
encountering vague and inconsistent uses of this word, we
set our sights on defining and describing in clear and unam-
biguous terms the essential elements of synthetic research in
estuarine and coastal ecosystems. Our goal became to write
a synthesis essay on the topic of synthesis, and in doing so,
to explain what it is, why it is important, and how it can be
taught—thus, the title and focus of this paper.

In recent years, a growing number of estuarine and coastal
science meetings and publications refer to integration and
synthesis, to comparative analysis and modeling, and to
multi- or trans-disciplinary research. Although 20 years ago
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there was little funding for integrative and synthetic research
in ecology and coastal science, this has changed dramatically.
This transformation is evident for the USA in the National
Science Foundation’s programs including National Cen-
ter for Ecological Analysis and Synthesis (NCEAS),
Socio-Environmental Synthesis Center (SESYNC), Oppor-
tunities for Promoting Understanding through Synthesis,
Integrative Graduate Education and Research Traineeship
(IGERT), and integrative research observatories such as
National Ecological Observatory Network and Integrated
Ocean Observing System. It is also evident in the descrip-
tions of other federal research programs such as the US
National Oceanic and Atmospheric Administration’s Com-
parative Analysis of Marine Ecosystem Organization and
Center for Sponsored Coastal Ocean Research Programs,
and the US Environmental Protection Agency’s Science to
Achieve Results Program.

This expanding focus on integration and synthesis has
been motivated by several parallel trends and forces. These
include: (1) the explosion of scientific data and information
and its associated intellectual opportunities and burdens, (2)
the search for coherence to promote maturation of coastal
science, (3) the interest in applying scientific knowledge for
effective management of coastal resources, (4) the daunting
complexity of recent environmental challenges, and (5) the
need to train young environmental scientists to tackle these
problems.

The purpose of this essay is to discuss integrative and
synthetic research as applied to estuarine and coastal eco-
systems. We analyze the range of contexts and meanings
that have been attributed to these terms and discuss reasons
for the recent focus on synthetic thinking in estuarine and
coastal research. Five categories of synthetic research meth-
ods and approaches are described, and each is reviewed
using selected examples and emphasizing their intellectual
framework and methodological approaches. This discussion
provides a foundation for addressing our primary goals
here—namely, to propose broad frameworks and key
protocols for teaching integrative and synthetic thinking
to students and for breaching social and institutional
barriers that hinder this process. We also consider the
societal importance of synthetic research in support of
coastal resource management and policy development. Fi-
nally, we discuss future challenges for growth and devel-
opment of synthetic approaches to estuarine and coastal
research.

What Is Synthesis?

Webster’s New World Dictionary (2006) defines the noun
synthesis as “the process of putting together”; it also uses the
following phrases, “bringing into one, building a whole,
forming into unity, and making one of many.” This

dictionary also provides useful synonyms including “com-
bination, organization, integration, unification, and con-
struction.” In recent ecological publications, the term
synthesis has been given a range of related meanings that
reflect important nuanced differences in focus. For example,
Pickett (1999) suggests that “synthesis occurs when dispa-
rate data, concepts, or theories are integrated in ways that
yield new knowledge, insights or explanations.” These data
or concepts may be disparate because they: (1) come from
different systems or processes, (2) are generated in different
disciplines or (3) are at different time/space scales or levels
of organization. The term “analysis” is sometimes defined as
a process opposite to synthesis (Ford and Ishii 2001), where
a whole is separated into its parts “to find out their nature,
proportion, function, interrelationship” (e.g., Webster 2006).
However, analysis also provides an important method in
synthesis, where diverse pieces of information are examined
to improve understanding of how they fit together to explain
integrated behavior of the whole.

In the ecological literature, definitions of synthesis gen-
erally specify what “pieces” of knowledge are being “put
together,” in what way these pieces are separated from one
another and what “whole” is created in integrating these
pieces. A key to understanding the synthesis process starts
with knowledge of the tools, methods, and approaches used
for the integration step. Another important aspect of this
general definition is to specify what is new about the knowl-
edge generated from synthesis. In many cases, the new
knowledge is generated to resolve a complex problem where
relatively recent observations appear inconsistent with cur-
rent theories for causal explanation of patterns (Ford and
Ishii 2001). Several authors emphasize that synthesis often
involves “the bringing together of existing information in
order to discover patterns, mechanisms and interactions that
lead to new concepts and models” (Hobbie 2000). Similarly,
“synthesis takes stock of what we know and generates new
knowledge from novel combinations of existing data”
(Carpenter et al. 2009a), thus exploiting the trend of rapidly
expanding data fields and easy access to them. Others em-
phasize ecological synthesis to develop linkages across dis-
ciplines, joining two or more fields into a single conceptual
and empirical structure (Pickett 1999; Sill 2001; Rhoten et
al. 2009). Some authors (e.g., Likens 1998) have empha-
sized the role of synthesis as a process which integrates
knowledge across physical scales and levels of biological
organization. Odum (1971) discussed the need for an intel-
lectual “macroscope” to facilitate understanding of the eco-
system structure and function that emerges from dynamic
interactions within communities and populations and which
appears over and over from one ecosystem to another.

Synthesis is a form of inferential reasoning that includes
the logic loop between inductive thought, which draws a
general explanatory model from multiple specific
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observations, and deductive thought, which tests the gen-
eral model for its consistency with specific cases. The
commonly linearized version of this cyclical “scientific
method” (observe nature→form hypothesis to explain
observations→experimentally test hypothesis→analyze
results→refine hypothesis if needed) typically emphasizes
the deductive processes involving controlled experimen-
tation designed to “falsify” the hypothesis (e.g., Popper
1968; Gauch 2003). Synthesis in ecological science, how-
ever, focuses on the inductive thought process whereby a
new integrative explanatory model is developed to provide
an effective explanation for how diverse observations work
together. Some investigators have suggested that the
over-emphasis on deductive experimental science and
the protocol for falsification tests of objective hypothe-
ses (e.g., Popper 1968) retarded synthesis in environmental
research severely during the past three to four decades (e.g.,
Graham and Dayton 2002). Although this “falsificationist”
philosophy has been tempered in current ecological science,
Pickett (1999) suggests that its “echo” still reverberates
occasionally in lectures and discussions and that its empha-
sis on experimental precision (above generality) slowed
intellectual progress (Levins 1966).

Synthesis also has an alternative philosophic meaning as
dialectic reasoning (e.g., Kuhn 1970), where an integrative
model or paradigm (the “thesis”) in a particular field of
study is challenged with an alternative, often opposing,
model of how nature works (the “antithesis”). This approach
generates a period of heated debate between the two “camps
of thought” (Naeem 2002) with testing of the opposing
models against data, and the eventual development of a
new model (the “synthesis”) which draws from the strengths
of the thesis and antithesis (Graham and Dayton 2002). In
the method of “strong inference,” research questions are
addressed by formulating multiple hypotheses and design-
ing parallel experimental tests, as well as an objective “log-
ical tree” for drawing inference among the alternative
models or hypotheses (Burnham and Anderson 2001). This
approach, which is inherently more objective and less con-
tentious than the dialectic method, has also been associated
with rapidly advancing fields of science (Platt 1964). In
environmental science, however, research questions related
to causality are not always answered by a single explana-
tion, because observed effects actually arise from interac-
tions among many causal factors (e.g., Lawton 1999).
Hence, “strong inference” in environmental science should
perhaps focus on “compound” rather than “alternative”
hypotheses to unravel complex problems.

The grandest of synthetic analysis in science seeks to
establish theories which generate universal laws applying
across a range of scales and disciplines. Many famous
examples of these “grand syntheses” are familiar to most
readers, including Charles Darwin’s theory of Evolution and

Albert Einstein’s theories of Relativity. In many (perhaps,
most) instances, the development of these theories has re-
quired decades or entire careers of focus to reach fruition.
Environmental science has few examples of Grand Synthe-
ses; however, one notable case is H.T. Odum’s Energy
Theory, which integrates across diverse natural and human
systems and includes many component theories such as
“maximum power” and the “pulsing paradigm” (e.g., Odum
1971, 1988, 1994). A few other investigators have devoted
much of their careers to developing broad synthetic ideas
that have helped to integrate and advance coastal science
(e.g., Ulanowicz 1997, 2009). Although there is much to be
learned about the process of synthetic reasoning from ex-
amining these examples of “grand synthesis,” this essay will
focus on “normal” ecological synthesis, which is a thought
process broadly accessible to most researchers in our field
on time scales that match funding cycles.

For this essay, we define synthesis in estuarine and coastal
science as the inferential process whereby new models are
developed from analysis of multiple data sets to explain
observed patterns across a range of time and space scales.
In many instances, this synthesis is motivated by inconsis-
tencies between important new observations and previous
models (e.g., Ford and Ishii 2001). Synthesis involves ex-
amination and interpretation of data and ideas, which are
often associated with different systems, scales and disci-
plines. Alternative models may be devised to explain the
new and old observations, and where possible, the logic of
each should be analyzed thoroughly and tested with analyt-
ical or numerical tools. In all cases, the model must be
articulated to allow its validity to be tested (falsified)
through robust empirical experiments using conventional
“scientific methods.” Synthesis is an intellectually demand-
ing exercise, which may be the most “creative” element in
the scientific process (e.g., Leopold 1978; Sill 2001). Al-
though this essay emphasizes the importance of synthesis
research, the need and ability to create synthetic models, of
course, depend on the availability of high quality descriptive
and experimental data generated through the empirical ele-
ments of science.

Why Is Synthesis Important?

There are several major reasons for the current focus on
synthesis in coastal and estuarine scientific research. We are
now recognizing the enormous challenges in this field of
study that derive from diverse and complex environmental
problems that represent potentially huge ecological and
societal costs. These problems include over-harvest in fish-
eries, invasions of nonnative species, destruction of essential
animal habitats, introduction of toxic and disruptive con-
taminants, and eutrophication of coastal waters. Contending
with any one of these would be difficult enough; however,
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many coastal systems worldwide are now contending with
all of these problems at once. Overlying this ensemble of
individual environmental problems, is the increasing impact
of climate-driven changes and fluctuations in conditions,
including sea level rise, increasing temperature, acidifica-
tion and changing wind and hydrologic patterns. The scien-
tific literature is expanding with numerous examples of
individual studies of how coastal systems respond to these
changes in environmental conditions. There is, however,
growing need for an integrated and quantitative perspective
on the response of different types of coastal systems to
different combinations of environmental changes (e.g.,
Hobbie 2000).

Fortunately, extensive observing systems and monitoring
programs have been amassing long time series for key
properties of water quality, living-resource health, and ex-
ternal drivers in many coastal regions of the world. Al-
though these data sets represent rich sources of
information about present conditions and trajectories of
change in coastal systems, few have been used in the context
of integrated analysis of each system, much less larger
synthesis efforts to compare structure and function across
systems. Clear and penetrating science questions need to be
articulated, and data need to be analyzed to identify and
quantify consistencies and discrepancies among systems.
We need to formulate creative hypotheses and models that
can explain both consistent and divergent time/space pat-
terns among coastal ecosystem (e.g., Pickett 1999). The
potential for deep and expansive understanding of these
systems, which lies buried in existing data sets, will be
unleashed only through focused efforts toward integrated
exploration of these data to produce novel synthesis that will
advance discovery (Carpenter et al. 2009a). Many funda-
mental questions remain about how coastal ecosystems
work and about the linkages among physical, biogeochem-
ical and ecological processes. This kind of integrated under-
standing must be applied to improve effectiveness of coastal
resource management (Likens 1998). New software ideas
for data management, visualization and interpretation are
needed to facilitate this process; however, the real challenge
is to raise the will of the coastal science community to tackle
this huge synthesis effort. Meanwhile, new data and infor-
mation continue to accumulate at alarming rates in servers
and libraries worldwide. Ironically, this proliferation of
knowledge creates a “burden” that could impair the efficien-
cy of scientific progress (e.g., Jones 2009). The solution to
this dilemma must involve emergence of a new formalized
“science of synthesis.”

This challenge needs to be focused over local-to-global
scales. Most of our current science emphasizes study of
fundamental but small-scale processes and system dynamics
for individual estuaries, bays, and bights. Throughout the
world, however, many of these processes and systems are

experiencing similar changes associated with climate, eutro-
phication, fishing pressure, and other powerful forces. Nev-
ertheless, scientific studies for most of these systems
provide relatively ad hoc explanations for these changes.
A synthetic approach to address these questions for many
systems would provide explanation and models for inter-
preting and forecasting broad response trajectories for any
system experiencing its own mix of changing external
forces (Boesch et al. 2000). These synthetic models require
a multidisciplinary approach that considers all relevant pro-
cesses, integrates across diverse fields of study and applies
to different types of coastal systems located in different
regions of the world (e.g., Graybill et al. 2006). We have
every reason to believe that future challenges associated
with solving these environmental problems will be even
more complex and will require versatile, innovative and
integrated approaches. Future environmental problem solv-
ers will need to be nimble and skilled in the science of
synthesis to address these complexities, and our greatest
challenge is to prepare the next generations of students with
a formalized version of this new synthetic science (e.g.,
Moslemi et al. 2009). The time is right to define and create
this science of synthesis (Sill 2001).

Approaches and Methods of Synthetic Research

If asked to list our favorite examples of synthesis science in
estuarine and coastal research, many of us could intuitively
identify a number of cases that generate a large integrative
explanation to address an interesting research question. A
compilation of these lists might reveal a diversity of re-
search methods and approaches that have been applied to a
range of research problems in many different systems. The
question of what unique characteristics distinguish these
examples of synthesis science from other studies would
likely give us pause for thought. This reaction is not sur-
prising given that there is no published work providing a
well-tested list of approaches, steps and/or methods for
conducting synthetic research. The introductory chapter of
a recent book (Hobbie 2000), however, identifies different
synthesis methods applied in the book and distinguishes
them on the basis of: (a) the modeling and statistical tools
used, (b) the scientific disciplines involved, and (c) the
number and scale of ecosystems studied. Although we do
not pretend to have devised a fundamentally correct and
exhaustive list of the methods of synthesis science, we offer
here a starting point toward defining and explaining the
approaches and methods for synthesis research in coastal
science. We provide a schematic flow diagram (Fig. 1) to
illustrate how five basic steps of synthesis research identi-
fied below are initiated and implemented with data, analyt-
ical tools and research methods to produce an innovative
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explanatory model. This synthesis model can then be tested
for logical consistency, mechanistic explanation, and gener-
ality of application, all of which are fundamental parts of the
scientific method.

Steps in Synthesis Research

Obviously, each of the synthesis methods discussed here
must share the key elements described in our definition of
synthesis. Thus, all synthesis research will generate a new
empirically testable explanatory model that is based on
analysis of multiple data sets for relevant variables and
derived through a creative inferential process to provide a
consistent explanation for all observations. These elements
can be organized into five essential steps for synthesis.

1. Problem Identification. The first step is to identify a key
(sometimes vexing) intellectual problem or question
that arises when attempting to explain observed ecolog-
ical properties or processes. This research question may
be defined by seeking new relationships in existing data,
or by recognizing that new data are inconsistent with (or
contradictory to) existing explanatory models and seek-
ing a revised model that may include new interactions
and/or controls.

2. Data Assembly. To move toward synthesis and devel-
opment of a new explanatory model, additional infor-
mation and data relevant to the problem are assembled,
typically from previous studies and existing sources.
This information may include observations on different
parameters from different disciplines, and they may
need to be organized into efficient data bases with
consistent time and space scales.

3. Data Integration. The additional data are integrated
together with previous observations to help identify
apparent linkages and interactions among data units
and system variables. This integration step often
involves analysis with visualization and statistical tools
to identify and quantify relationships among variables
over time and space.

4. Explanatory Model Development. Hypotheses and mod-
els are derived from these integrative data analyses,
applying a broad perspective across systems and disci-
plines to explain newly recognized relationships, pat-
terns, and/or trends. If more than one compelling model
can be devised to explain and resolve these new rela-
tionships, they should be considered as alternative or
interactive hypothetical models, which can be tested
systematically. Conceptual models may help explain
new causal links and feedback interactions, the strength

Fig. 1 Schematic flow diagram describing how five basic steps of
synthesis research identified here are initiated and implemented with
external information, analytical tools, and methods to produce an
innovative explanatory model that can be tested for logical consistency,

mechanistic explanation, generality of application as part of integration
and synthesis in coastal and estuarine science, and the inferential part
of the fundamental scientific method
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of which may be statistically quantified. In addition,
analytical or numerical models can be developed and/
or applied to simulate qualitative and quantitative inter-
actions directly.

5. Testing Model Validity. The hypothesized causal rela-
tionships, by which this new model explains observed
patterns, must be testable in terms of their logic, consis-
tency, validity, and predictive capability. In our pro-
posed definition and context for synthesis, we
distinguish between “tests for model logic,” which we
consider part of the synthesis process, and experimental
“tests for model quantitative predictive skill,” which we
consider an essential deductive element of the scientific
method involving falsification tests.

Methods Used in Synthesis Research

We identify five different (but often linked) methods com-
monly used in estuarine and coastal synthesis research. Here
we describe key elements of these methods and provide
examples from the literature to illustrate their application
in synthesis research.

Comparative Cross-system Analysis Cross-system compar-
ative analysis involves using similar data from many differ-
ent systems to develop a model, which quantifies how one
or more key property or process varies in relation to differ-
ences in external drivers or other internal properties. This
synthetic analysis involves assembling data from a diversity
of ecosystems or studies and applying these data to develop
a quantitative statistical model. The method has been used
effectively to address a range of questions including how
nutrient loading to coastal systems may control phytoplank-
ton growth (e.g., Boynton et al. 1982; Monbet 1992), ben-
thic invertebrate biomass (Josefson and Rasmussen 2000),
and fisheries harvest (Nixon and Buckley 2002). In general,
this comparative approach to synthesis uses a finite data set
to produce the initial model, which is often structured as a
statistical regression, quantifying how a dependent variable
of interest (Y) is related to one or more independent varia-
bles (Xi). The initial model can be tested repeatedly using an
ever expanding set of data from different systems, leading,
in principle, to a more robust model (e.g., Boynton and
Kemp 2000). It is sometimes assumed that a model pro-
duced using comparative synthesis of time-averaged data
from different ecosystems can be applied to predict (or
explain) the trajectory of a specific system’s response to
temporal changes in the external driver, representing a kind
of space-for-time substitution (e.g., Pickett 1988). Analyses
of long-term time series, however, reveal that response
trajectories often follow nonlinear trends with time delays,
thresholds and hysteretic patterns (Folke et al. 2004; Kemp

and Goldman 2008). In other cases, trends are blurred by
“shifting baselines” associated with changes in other con-
ditions not included in the model (e.g., Duarte et al. 2009).

As with most models, those generated from comparative
analysis may include outliers, revealing that other indepen-
dent variables are needed to generalize the model. For
example, a statistical model relating phytoplankton abun-
dance to nutrient loading for estuaries or lakes might include
observations departing from the regression line associated
with systems having different physical conditions. These
systems may, for instance, vary substantially in mean depth
from deep to shallow or they may vary in physical circula-
tion from stagnant to well-flushed, suggesting that the mod-
el might benefit from including effects of depth and water
residence time, respectively (e.g., Vollenweider 1976;
Boynton and Kemp 2000). Ironically, if all the systems used
in the analysis had similar depths and flushing rates, a
simple linear regression model may have worked well;
however, the synthesis process would have generated less
information (e.g., Boynton and Kemp 2000). The primary
statistical method used in comparative analysis is applica-
tion of regression models which may be linear or nonlinear
and may involve bivariate or multivariate relationships.
Meta-analysis, which is a term for comparative analysis of
data from many controlled studies, applies a unique statisti-
cal approach (e.g., Hedges and Olkin 1985) that can gener-
ate insightful synthesis and integrated understanding of
complex interactions, for example, nutrient effects on fish
(Micheli 1999) or controls on trophic cascades (Borer et al.
2005). In other instances, comparative analysis uses con-
ventional statistics to interpret results from parallel field
experiments conducted in multiple systems to address gen-
eral scientific questions, such as factors controlling ob-
served salt marsh die-offs across broad geographic regions
(e.g., Silliman et al. 2005).

Many synthetic coastal studies have applied methods of
cross-system comparisons to generate new models that
quantify key ecological relationships across scales from
ecosystems to cells. At ecosystem levels, comparative anal-
ysis produced models relating fisheries harvest to primary
production (Nixon 1988; Breitburg et al. 2009) and
explained shifts in the ratio of pelagic-to-demersal species
in fishery harvests (e.g., de Leiva Moreno et al. 2000; Kemp
et al. 2005). The approach has also been applied to relate
denitrification to nitrogen (N) loading (Seitzinger et al.
1984; Seitzinger 1988), and burial plus denitrification to
water residence time in estuaries and lakes (Fig. 2; Nixon
et al. 1996). Population-level comparative analysis of water
clarity and the maximum water depth at which seagrass
survive (Petersen 1918) provides an elegant model for esti-
mating the minimum light required for survival of seagrass
species (Duarte 1991; Duarte et al. 2007). At physiological
scales, comparative analysis has generated many significant
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allometric models describing how metabolism and growth
rate vary with organism size for individual organisms and
populations (Peters 1984; Brown et al. 2004; Harris et al.
2006). Mathematical derivation from physical principles has
shown the theoretical basis for these empirical models (West
et al. 1997). At cellular scales, a model relating algal
chlorophyll-to-carbon ratios to temperature, light and
nutrients derived from comparative analysis of data from
hundreds of cultures, was subsequently tested with field
measurements in natural estuarine communities (Cloern et
al. 1995).

Analysis of Time Series Data Current coastal and estuarine
research is often motivated by questions related to factors
that drive temporal changes in key ecological variables. In
modern ecology, enhancing predictive skills is a fundamen-
tal goal (e.g., Peters 1991) that requires clear understanding
of previously observed temporal changes in important var-
iables (Clark et al. 2001). Thus, synthesis by analysis of
time series data provides a powerful method for acquiring
this understanding from retrospective study of past trends.
There are obvious parallels between this method and syn-
thesis by cross-system comparative analysis. Whereas com-
parative analysis uses time-averaged data from many
systems to develop empirical relationships between a de-
pendent variable (Y) and independent variables (Xi) that may
influence it, time series analysis infers information on how
Xi influences Y by statistically interpreting parallel trends.
This analysis often focuses on identifying and quantifying
periodicity, time lags and shifts in data series for Y and
candidate Xi variables. Diverse statistical tools are applied
for integrated analysis of time series data sets including
Fourier spectral methods, generalized linear regression mod-
els, principal components, classification and regression trees,
change points, autocorrelations and auto-regressions (e.g.,

Box and Jenkins 1976; Hanninen et al. 2000; Weijerman et
al. 2005; Andersen et al. 2008). In some cases, time series
data trends are so striking (and free of autocorrelation) that
synthetic hypotheses can be formulated with simple statis-
tics (e.g., Pauly et al. 1998; Estes et al. 1998; Myers and
Worm 2003). Although multi-decadal time series data for
routinely measured water quality and ecological variables
had been limited two to three decades ago, such data series
are becoming increasingly available for estuaries throughout
the industrial world (e.g., Hagy et al. 2004; Carstensen et al.
2006). Many long term data sets for fisheries, climatic and
socio-economic variables are widely available for the last
century. Together, these data have supported a recent explo-
sion of synthetic coastal studies applying time series analy-
sis (e.g., Miller and Harding 2007; Kimmel et al. 2009).
Very long time series (decades to millennia) of key data can
be derived using paleoecology methods, where biological
and chemical analyses of dated sediment-core strata serve as
proxies for key ecological, anthropogenic, and climatic var-
iables (e.g., Cooper and Brush 1991; Cronin and Vann 2003;
Savage et al. 2010).

A spectrum of scientific questions and management con-
cerns has stimulated synthesis by time series analysis. For
example, the need to understand fluctuations and declining
trends of fisheries harvest has led to numerous studies of
how climate and fishing mortality control fish stocks in
open ocean waters (Ottersen et al. 2006; Andersen et al.
2008). Many synthetic investigations have applied time
series methods to link fisheries patterns and trends to varia-
tions, gradual changes, and abrupt shifts (de Young et al.
2008) in regional multi-decade climate cycles, including the
Pacific Decadal Oscillation (e.g., Mantua et al. 1997) and
the North Atlantic Oscillation (NAO; Stige et al. 2006). In
recent years, similar retrospective time series analysis has
attributed fluctuations and changes in estuarine and coastal
ecosystems to shifts and long term changes in climatic
conditions (e.g., Philippart et al. 2007; Nixon et al. 2009).
For example, analysis of 30 years of data on phytoplankton,
fish and invertebrate landings, and climate concluded that
major synchronous temporal jumps in biological variables
were driven by shifts in climatic cycles (Fig. 3; Cloern et al.
2010). This approach has also been used to explain how
small salinity changes in a Danish coastal lagoon triggered a
chain of ecological responses transitioning from turbid to
clear water conditions (e.g., Petersen et al. 2008). Similar
analyses were applied to distinguish how inter-annual var-
iations in Chesapeake Bay hypoxia were related to interac-
tions between reduced nutrient loading and changes in
climatic drivers (Murphy et al. 2011). On the other hand,
parallel time series for key variables in multiple Danish
estuaries revealed similar phytoplankton trends all linked
to changes in temperature and nutrient loading (Henriksen
2009). Ensemble analysis of contemporaneous long-term

Fig. 2 Percent of the total nitrogen input from land and atmosphere
that is exported from estuaries (solid circles) as a logarithmic function
of mean water residence time in the system (Nixon et al. 1996)

Estuaries and Coasts (2012) 35:1–22 7



data sets for water quality, plankton, benthos, fisheries,
climatic, and oceanographic variables showed abrupt syn-
chronous changes in coastal ecosystems throughout NW
Europe associated with decadal shifts in NAO (Weijerman
et al. 2005).

Balance of Cross-boundary Fluxes Many fundamental
questions about how hydrodynamic, ecological and biogeo-
chemical processes control the fate of matter and energy can
be addressed by quantifying the balance of fluxes for spe-
cific chemicals, energy types or other materials across the
boundaries of particular systems (e.g., Boynton and Nixon
2012). At the level of an estuarine system, flux-balance
analysis can help explain whether an integrated ecosystem
is a net consumer or producer of organic matter (e.g., Kemp
et al. 1997), the relative contributions of fish migration and
harvest to total sources and sinks for an estuarine nutrient
budget (Deegan 1993; Hjerne and Hansson 2002), or the

degree to which outbreaks of gelatinous zooplankton
may affect food availability for striped bass (Baird and
Ulanowicz 1989). Ecosystem scale estuarine N budgets
have been used to quantify the importance of brackish tidal
marshes as sinks for N inputs (Fig. 4, Boynton et al. 2008)
or the relative significance of oceanic or riverine N sources
(Nixon et al. 1995). The focal systems of interest can range
widely in levels of organization from individual organisms
and populations (e.g., Jordan and Valiela 1982), to commu-
nities or habitats (e.g., Risgaard-Petersen et al. 1998), to
whole estuarine ecosystems (van Beusekom and de Jonge
1998). In all cases, however, their respective spatial bound-
aries and temporal scales must be clearly defined. Although
quantities of data assembled to generate a balanced budget
of cross-boundary mass or energy fluxes may be vast and
derived from numerous sources, the fluxes must be mea-
sured with common units and integrated or averaged over
common time frames. In many instances, the budget analy-
sis assumes static steady-state conditions, where the sum of
all sources is equal to the sum of all sinks for the substance
of interest. Alternatively, however, the analysis can also
account for dynamic changes in pool size within the system
boundaries integrated over the time period of interest (e.g.,
Testa and Kemp 2008).

Ecosystem scale budgets have been developed to
quantify sources and sinks of organic carbon (e.g., Twilley
et al. 1992), dissolved oxygen (e.g., Hoppema 1991), inor-
ganic nutrients (e.g., Morris 1991; Smith and Atkinson
1994), salt and heat (e.g., Smith 1994), and suspended sedi-
ments (Schubel and Carter 1977), as well as radio-nuclides
(Turekian et al. 1980) and toxic contaminants (e.g., Marcus
et al. 1993). Calculation of sources generally requires data
on anthropogenic point discharges, while data on

Fig. 3 Time series analysis for harvest of three key fisheries species
measured (blue dots) and predicted from variations in climate cycles
NPOO and PDO. Note that model using both NPOO and PDO fits best,
especially for Dungeness crab (Cloern et al. 2010)

Fig. 4 This N budget for upper of Patuxent River estuary indicates that
two thirds of the N-removal in the region occurred in adjacent tidal
marshes. Based on reports that simulation experiments with a coupled
hydrodynamic–water quality model (which did not include marsh
effects) consistently over-estimated estuarine N levels, it was hypoth-
esized that these tidal wetlands provided a major N sink. Note that
denitrification and burial in these marshes removed 31% of total N
input from Patuxent watershed, despite the fact that these tidal wet-
lands represent only 2% of the watershed area (adapted from Boynton
et al. 2008)
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atmospheric sources are obtained from public monitoring
programs. Diffuse watershed loadings are often compiled
from river monitoring or hydrochemical modeling. Sinks are
usually derived from field-based estimates (e.g., sedimenta-
tion and denitrification), as well as from public data on
fisheries harvests (e.g., Kemp and Testa 2012). Rates of
tidal exchange for a material at the estuary-ocean boundary
are generally derived from analytical or numerical models
(e.g., Boynton et al. 1995; Testa and Kemp 2008). Although
many science questions can drive applications of cross-
boundary flux analysis for synthesis, nutrient budgets tend
to focus on quantifying the relative significance of natural
versus anthropogenic sources and sinks to support eutrophi-
cation management (Savchuk 2005; Artioli et al. 2008).
Carbon and oxygen budgets are often developed to investi-
gate integrated ecosystem production and respiration (e.g.,
Smith et al. 2005). A fundamental problem with ecosystem
budget analysis is the potentially large error that is propa-
gated through numerous calculations for each cross-
boundary flux. Recent studies have, however, applied rela-
tively straight-forward protocols for calculating the associ-
ated uncertainty and found that errors can be constrained to
allow statistical comparisons among fluxes in a calculated
budget (e.g., Habib et al. 2008; Lehrter and Cebrian 2010).

Trophic network models are a special case of synthesis
by the cross-boundary flux balance method, where a steady
state mass-balance is created for physiological and ecolog-
ical inputs to and outputs from each population or trophic
guild (Baird and Ulanowicz 1989; Christensen and Walters
2004). Here, input fluxes for feeding and recruitment and
output fluxes due to mortality, respiration and excretion are
computed (typically, in units of carbon, nutrients, or energy)
for each trophic group, and these fluxes are linked by
feeding and mortality rates that together form a mass bal-
ance for the entire ecosystem. Formal analysis of the trophic
network provides information on total ecosystem production
and respiration, feeding cycles, trophic efficiencies, trophic
dependencies of one group on another, average trophic level
for each feeding guild and total number of trophic levels for
the ecosystem. Integrative information generated from flow
balances in these network models can be used in other
synthesis research including comparative analysis (Pauly
et al. 1998) and simulation modeling (Christensen and
Walters 2004).

System-Specific Simulation Modeling Mechanistic models
are widely used tools for simulating observed or expected
temporal and spatial patterns in coastal systems and for
integrated analysis of physical, biogeochemical, and biolog-
ical controls on ecosystem processes. A substantial number
of hydrodynamic models have been developed to simulate
water circulation in estuaries, bays, lagoons, and inner-
continental shelves and to compute physical responses to

atmospheric and hydrologic forces. These models are often
linked (directly or indirectly) to other models that simulate
biogeochemical and biological processes to address broader
questions of ecological responses to external drivers. Alter-
natively, in situations where physics are thought to be of
secondary importance, ecological models are sometimes
simulated in stand-alone (zero dimensional) modes to ad-
dress science questions. Although much of the synthesis
research discussed here could involve application of these
kinds of numerical tools to test the logic and validity of
hypothesized explanatory models, most simulation model-
ing has been focused on detailed science questions and used
for scenario forecasting. The great advantage of incorporat-
ing these numerical tools into the synthesis process lies in
the ability to explain observed patterns in nature in terms of
mechanistic controls, which are explicitly embedded in
model structures. Several example applications are de-
scribed below for specific ecosystems.

The depletion of dissolved oxygen from bottom waters of
stratified coastal systems (hypoxia and anoxia) is a growing
problem that is often linked to anthropogenic increases in
nutrient loading and to changing climatic factors (e.g., Diaz
and Rosenburg 2008). For example, an analysis of time
series data for Chesapeake Bay revealed an abrupt shift-up
in annual hypoxia extent per unit nutrient loading in the mid
1980s, leading to speculation that this shift was attributable
to loss of crucial ecosystem functions (Hagy et al. 2004).
Although further retrospective data analyses concluded that
changes in physical circulation were likely more important
than shifts in ecosystem structure, mechanistic explanations
were limited (e.g., Kemp et al. 2009; Murphy et al. 2011).
Drawing from observations and analysis for other coastal
systems (e.g., O’Donnell et al. 2008), a recent study hypoth-
esized that Chesapeake Bay’s jump in hypoxia per nutrient
loading was attributable to reduced ventilation of bottom
waters caused by a shift in the direction of prevailing sum-
mer winds that are controlled by the NAO climate cycle
(Scully 2010a). To test the reasoning behind this hypothesis,
Scully (2010b) modified an existing physical circulation
model (Regional Ocean Modeling System) by adding sim-
ple algorithms for oxygen air-sea exchange and respiratory
consumption. Numerical experiments (Fig. 5) showed that
the observed NAO-driven shift in wind direction was suffi-
cient to increase hypoxia by retarding rotational ventilation
of oxygen-depleted bottom waters in Chesapeake Bay
(Scully 2010b).

Other diverse examples have been reported for synthetic
research applying physical circulation and/or ecological
process models to address important science and manage-
ment questions about a particular coastal ecosystem. For
example, a physical circulation model with parameterized
biological oxygen consumption similar to that used in the
above Chesapeake Bay case, was applied to test hypotheses
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about relative roles of biological and physical processes in
dynamics of bottom water hypoxic zones and how they vary
in the northern Gulf of Mexico (Hetland and DiMarco
2008). Similarly, models with detailed physical circulation
and simplified biological processes have also been used to
address large synthetic hypotheses about how water trans-
port and benthic grazing by filter-feeding bivalves interact
to regulate phytoplankton distribution and productivity in
various coastal systems (e.g., Banas et al. 2007; Lucas et al.
2009). Alternatively, models with detailed mechanistic
structure for both physical and biological processes have
also been applied to examine ecological effects of benthic
bivalve grazing, including simulations of the current and
historical levels of benthic grazing control on phytoplankton
biomass in different regions of Chesapeake Bay (e.g., Cerco
and Noel 2007, 2010). In contrast, models with detailed
biological structure and simple parameterized physics help
test hypotheses about factors controlling ecological
responses to different drivers including nutrient loading in
eutrophic systems such as Chesapeake Bay (Madden and
Kemp 1996), Baltic Sea lagoons (Humborg et al. 2000), and
northern Gulf of Mexico (Justic et al. 2003).

General System Simulation Modeling Mechanistic simula-
tion modeling has also been a key method in synthesis
research that addresses general hypotheses concerning eco-
logical and physical processes occurring in bays and estuar-
ies worldwide. An excellent example of such synthesis

research addresses the broad question of how water-
column light attenuation and depth of the upper mixed layer
interact to regulate phytoplankton standing crop in nutrient
rich coastal waters (Wofsy 1983). Starting with a classical
(Riley 1946) differential equation describing phytoplankton
growth, Wofsy (1983) assumed steady-state and light-
limited algal growth to derive an expression that indicates
a direct relationship between light attenuation and depth of
the mixed layer. A cross-system comparison of data com-
piled for eutrophic aquatic systems empirically validated
this hypothesized explanatory model, and further tested the
model logic revealing a similar but off-set relationship for
other systems rich in suspended sediments. This work, thus,
described a homeostatic feature of light-limited coastal sys-
tems whereby vertically integrated (areal concentration)
phytoplankton biomass (as chlorophyll) in the euphotic zone
tends to be constant, while mean volumetric concentration is
related inversely to mixed-layer depth. It also implies that
depths of the mixed layer and euphotic zone will tend to
coincide in these nutrient-rich systems (Wofsy 1983). A
subsequent synthesis study that applied a simple analytical
model to provide formal context for extensive cross-system
comparative analysis (>400 studies) addressed similar ques-
tions of how chlorophyll and light attenuation affect photo-
synthesis for phytoplankton as well as for macrophytic algae
and microalgal mats (Krause-Jensen and Sand-Jensen
1998). Volumetric photosynthetic rates and chlorophyll con-
centrations were also shown to decrease with photic depth

Fig. 5 Comparison of
Chesapeake Bay wind and
hypoxia in 1996 and 1998,
2 years where summer river flow
and wind speed were similar
but wind direction was very
different. a, b Frequency
histograms for observed wind
direction for the 2 years,
c temporal simulation of
Bay hypoxia volume for
May–June in 1996 and 1998
(Scully 2010a, b)
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while areal (vertically integrated) rates and concentrations
were independent of depth, with patterns generally holding
for all aquatic plants across depth scales from 1 mm to
100 m.

An example of a numerical simulation modeling system
developed to represent processes and address general ques-
tions for a broad category of coastal systems is the linked
watershed-river-estuary model devised to simulate the ide-
alized dynamics of the hypothetical “Phison River” and
“Eden Bight” system of Western Europe (Billen and Garnier
1997). This model tested hypotheses about how the coastal
waters of Western Europe have changed over the past cen-
tury in response to industrial development and how future
management actions might mitigate these changes. Model-
ing studies revealed that while elimination of nitrogen from
wastewaters would have little impact on coastal plankton,
phosphorus removal would dramatically reduce algal
blooms. Later studies by these authors applied similar mod-
els calibrated to a specific river-estuary (the Seine) to ad-
dress questions of aquatic ecosystem responses to nutrient
management (Billen et al. 2001; Garnier et al. 2001). In fact,
many synthesis studies have applied models, which were
initially developed and calibrated to address system-specific
synthesis questions, to test broader hypotheses about coastal
systems in general such as spatial variations in ecosystem
metabolism (Hopkinson and Vallino 1995; Vallino et al.
2005) and hysteretic nonlinear responses to changes in
nutrient loading for phytoplankton and seagrass (Fig. 6;
Webster and Harris 2004).

A number of synthesis studies have also developed and
applied simple spatially aggregated simulation models to
test generic hypotheses about controls on broad ecological
processes. For example, a series of numerical ecosystem

models with two to five state variables was developed to
test broad hypotheses that fish production will decline and
trophic transfer efficiency will be unchanged in response to
reduced nutrient loading to bays and estuaries (Kemp et al.
2001). This and subsequent simple model structures (Kemp
and Brooks 2009) suggested that fish production will tend to
remain unchanged across a broad range of nutrient loading,
declining only under very low loading rates. A similar
model structure was used to explore estuarine response
and susceptibility to nitrogen loading and to test a range of
hypothetical responses to changes in tidal flushing (Swaney
et al. 2008). A comparably simple model of nutrients, phy-
toplankton and zooplankton in two adjacent habitats of
differing mean depth tested a hypothesis about how physical
transport between shallow autotrophic and deeper heterotro-
phic habitats affects secondary production and trophic effi-
ciency of the overall estuarine ecosystem (Cloern 2007).
Although these kinds of models do not provide definitive
simulations of estuarine processes, they offer a powerful
tool to examine and test the logic of synthetic hypotheses
involving linkage and integration of multiple mechanisms.

Other Methodological Factors

Many factors influence method selection, application and
effectiveness in synthetic research that addresses hypotheses
about controls on ecological processes, and every synthesis
study has a unique context and motivation that may con-
strain data availability, depth of analysis, and methods ap-
plied. For example, large collaborative synthetic studies
may have more skills and resources available to apply
multiple methods and access diverse data bases. On the
other hand, many elegant synthesis studies have involved
one or two investigators working with standard statistical
methods and limited published data. Reviews of the litera-
ture often lead to insightful synthesis that addresses ques-
tions and generates hypotheses that have driven discovery
and progress in a particular field of study. There are, how-
ever, different levels of literature reviews with some involv-
ing analysis, integration and synthesis of data and
information that are extracted from published reports (e.g.,
Cloern et al. 1995; Krause-Jensen and Sand-Jensen 1998)
while other reviews have more modest goals directed toward
assessing the status of the discipline with limited attention to
synthesis (e.g., Cornwell et al. 1999; Berman and Bronk
2003; Rabalais et al. 2010).

Much of the synthesis research in coastal science has
applied multiple methods to produce robust results. For
instance, nitrogen export from estuaries to the North Atlan-
tic Ocean were derived from cross-system comparative anal-
ysis of N fluxes derived from estuary-specific N budgets
(Nixon et al. 1996; Fig. 2) and from comparative analysis of
watershed N budgets used to develop models that predict N

Fig. 6 Scenario forecasts from general system mechanistic model of
hypothetical shallow lagoon simulating phytoplankton and seagrass
responses to increasing and decreasing loading rates of total nitrogen.
Note the highly nonlinear response trajectories showing hysteretic
patterns for both phytoplankton and seagrass communities (Webster
and Harris 2004)
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loading to estuaries (Howarth et al. 1996, 2006). In another
example, a hypothesis about climate control on seasonal
hypoxia in Chesapeake Bay was inferred from time series
analysis of data on prevailing winds (Fig. 5), and this
hypothesis was then tested using numerical model simula-
tions (Scully 2010a; 2010b). On the other hand, a general
synthetic explanatory model that computes potential N re-
moval by tidal wetlands has evolved from multiple parallel
analyses using different methods, including a system-
specific simulation model (Williams et al. 2006), a mass-
balance calculation (Boynton et al. 2008), and a cross-
system comparative analysis (Jordan et al. 2011). Although
simulation models could be readily applied to test hypothe-
sized controls and interactions inferred from many cross-
system comparisons and time series analyses, there are
surprisingly few examples of such synthetic research that
combines numerical models and data analyses (e.g., Di Toro
et al. 1987; Morrison et al. 1997; Wang et al. 1999).

Teaching Synthesis and Integrative Thinking

Understanding Synthesis to Teach It

The inspiration for this essay derives in part from our keen
interest in developing a foundation for the successful teach-
ing of synthetic approaches to research in courses taught to
undergraduate and graduate students interested in coastal
and estuarine science (Ford and Ishii 2001; Carpenter et al.
2009b). An important way to develop skills for conducting
synthetic research involves a process of “learning by doing.”
Results from assessment studies in IGERT and related ex-
periential graduate student programs, however, suggest a
clear need to develop and implement routine graduate clas-
ses that provide background and foundations for successful
collaboration in synthesis research projects (e.g., Rhoten et
al. 2009). Although a few ongoing efforts are developing
such graduate courses for synthesis in environmental sci-
ence (e.g., Hackett and Rhoten 2009), this process is not
well developed (Sill 2001) and will require long-term con-
certed efforts to get it right (e.g., Andelman et al. 2004).
Indeed, a growing outcry calls for increased focus on teach-
ing synthetic approaches in many fields (Pennisi 2000; Liu
2005) including ecology and environmental sciences
(Carpenter et al. 2009a).

We argue above that progress in coastal and estuarine
science will require enhanced ability to conduct synthetic
research, which, in turn, will require a new generation of
scientists well trained for these investigations. We also argue
that we cannot teach synthesis (or anything else) unless we
fully understand what it is. Toward that goal, we develop
here a definition of synthesis, essential steps for conducting
synthesis research, and a description of synthesis research

methods illustrated by case studies (Table 2). We also at-
tempt to explain how synthesis research is a central (but
often neglected) element in the traditional scientific method.
Assuming that our initial ideas and their future refinements
can provide a foundation for such courses in synthetic
research, we offer here a few strategies and perspectives
for teaching synthesis.

Finding and Analyzing the Problem

The most challenging and rewarding part of synthesis re-
search comes in finding new relationships in existing data or
in recognizing that new observations are difficult to explain
with old models and in the subsequent formulation of an
initial explanatory hypothesis. This is where synthesis re-
search begins. Several authors have emphasized that this
“framing, discovery, or envisioning of the creative [synthe-
sis] question” may be more satisfying than generating the
final research products (e.g., Getzels and Csikszentmihalyi
1964). In any case, innovative synthesis generally grows
from interesting and well-structured scientific questions.
These essential scientific questions often arise from cross-
disciplinary (or “bisociative”) thought, which involves com-
bining separate domains of study to generate new synthetic
ideas (Pickett 1999; Moslemi et al. 2009; Rhoten et al.
2009). Thus, formulation of synthetic scientific hypotheses
commonly emerges from engaging diverse scientists into
lively discussions (Ford and Ishii 2001). Ultimately, inspi-
ration for synthesis research comes from a combination of
personal experiences, the traditions of collaborative studies,
and the larger multi-disciplinary culture of science (e.g.,
Peters 1991). We caution, however, that not all scientific
questions and problems are equally amenable to synthesis
research. Some are too large and vague or generally lacking
in data to be evaluated and tested with current capabilities.
Challenging problems are good, but “impossible” problems
are not. Although formal programs like IGERT and NCEAS
provide graduate students exposure to the synthesis process,
this experience often excludes the first step, which is iden-
tifying the synthesis question. Typically, this problem arises
because that first step normally occurs in the process of
developing a successful NSF proposal, well before students
convene with the synthesis team.

Training the Mind to See Patterns and Anomalies

So, how do we find and recognize an appropriate question to
initiate synthesis research? Broadly speaking, one reads the
literature and considers data from diverse sources. In exam-
ining data presentations and visualizations, one must recog-
nize patterns, shapes, trends, periodicities, and gradients in
data series and in graphs of Y versus X relationships. Typi-
cally, this effort requires intense searching through endless

12 Estuaries and Coasts (2012) 35:1–22



data presentations, asking what drives a given pattern and
how to explain parallel patterns among multiple variables.
The search for patterns in data is fundamental; however,
recognizing anomalies, outliers and other divergences from
these patterns is equally important. These nonconforming
data should, in fact, grab our attention because they repre-
sent new information that begs explanation. These precious
anomalies are sometimes referred to as hot spots, focal
points, holes, spikes, events, and shifts in background
patterns.

We also need to ask questions about how ideas and
relationships that are well described in one field of
study might apply to other ostensibly unrelated fields.
Analogous, parallel or “isomorphic” relationships de-
scribed in a particular discipline or system may also
apply to a diverse spectrum of disciplines or systems
(e.g., Von Bertalanffy 1972; Sill 2001). Although outside
the normal realm of science, analogies and metaphors are
often useful for generating ideas through “thought-games”
(e.g., Sill 2001). How well do relationships between varia-
bles derived from one coastal system (or one kind of system)
apply to comparable variables in another system or kind of
system? How might relationships between variables derived
from cross-system comparisons apply for any one of these
systems over time? Sometimes we need to question how
traditional mechanistic explanations (for how one process
controls another one) might be different under alternative
conditions.

Variations in background patterns are often large and
obvious, but other times they are more subtle and difficult
to discern. Large “regime shifts” are often evident in coastal
ecosystems where, for example, a multi-decadal relationship
between nutrient loading and hypoxia abruptly doubles over
2–5 years (e.g., Hagy et al. 2004; Conley et al. 2009;
Steckbauer et al. 2011) or where a 30% increase in salinity
in 1 year causes a 300% increase in water clarity that
persists for decades or more (Petersen et al. 2008). In syn-
thetic cross-system comparisons, obvious but initially unex-
plained outliers can, upon further examination, reveal
effects of factors not included in the original model (e.g.,
Boynton and Kemp 2000). In time series analysis, effects of
extreme weather events (e.g., Boynton et al. 1982) or shift-
ing climate cycles (e.g., Cloern et al. 2010) are readily
visible and quantitatively detectable using statistical meth-
ods. It is typically easy to see these large divergences from
expected patterns. Recognizing other more subtle changes in
data series or mismatches between new data and old models
may require greater scientific acuity, a trait which grows
from experience but which we must learn to teach in a new
curriculum of synthesis science. Although the formulation
of hypotheses and models ultimately involves a creative
leap of inductive reasoning, which is fundamentally difficult
to teach, advances in artificial intelligence programming

may eventually facilitate this learning experience (e.g.,
Flener and Schmid 2008).

Recognizing patterns and anomalies becomes easier if we
broaden our knowledge base to become aware of major
concepts, paradigms and methods in several fields of study
beyond our own area of expertise. In a sense, we can strive
to become a “Renaissance Person” with broad knowledge
from diverse disciplines. Obviously, this effort requires a
time commitment to read literature and hear lectures in other
fields, but for some scientists this multidisciplinary self-
training might be thought of as an avocation (Rhoten and
Parker 2004), which enriches one’s specific disciplinary
vocation. Some colleagues have found this Renaissance
expansion of one’s multidisciplinary knowledge tends to
evolve through participation in synthesis research activities
(Carpenter et al. 2009a; Hackett et al. 2006). For graduate
students, however, beginning students are often more suc-
cessful in synthesis activities than are advanced students
(Rhoten et al. 2009), who are concerned about career risks
associated with less focused, more creative synthesis activ-
ities (McConnell et al. 2011). While diverse knowledge and
skills are valuable for synthesis, collaborators generally
need a depth of knowledge in their specialized discipline
to enhance their contribution to the group (e.g., Moslemi et
al. 2009). Thus, young scientists might be best served to
focus on developing a depth of knowledge in their specific
discipline while diversifying their breadth of knowledge
through collaborations in multidisciplinary synthesis proj-
ects (e.g., Wake 2008).

Learning Quantitative and Qualitative Skills

Although many of the steps in synthesis that we have outlined
are qualitative in nature, the overall process and ultimate prod-
ucts of synthesis research need to be quantitative and testable.
Synthesis research is not magic; it involves demanding and
sometimes frustrating work through a cycle of generating, re-
shaping, discarding, and re-creating ideas and hypotheses
(Leopold 1978). Fortunately, many powerful and easily ap-
plied tools and resources are available to facilitate the hard
work of synthesis research (e.g., Andelman et al. 2004).

The online availability of large and diverse databases
represents a huge resource for building and testing synthetic
models in coastal and estuarine science. Ability to access
and manipulate these data may require a few basic quanti-
tative skills, including familiarity with query-based data
systems that make accessing, manipulating, analyzing, and
visualizing these data particularly efficient (Andelman et al.
2004). Many existing data management cyber-infrastructure
systems have been transformative in facilitating application
of data to synthesis research that addresses challenging
problems (Ball et al. 2008; Murphy et al. 2011). Recognizing
this need, programs such as NCEAS maintain expertise and
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support in these areas as an essential component of a syn-
thesis center (Hackett et al. 2006). In addition to the explo-
sion of increasing data availability, there has been a parallel
expansion in statistical and other analytical techniques now
readily available for application to ecological problems.
Thus, an ever-expanding toolbox of nonparametric, nonlin-
ear, multivariate methods are available for building models
using one of many commercial or open-source software
systems (e.g., SAS, Matlab, R, and PEST) to support syn-
thesis research (e.g., Carpenter et al. 2009a). The once rare
and specialized skill of numerical simulation modeling has
become widely accessible to nonspecialists with user-
friendly software like Stella, Simile, and Spatial Modeling
Environment, and with well-supported open-source physical
circulation and biogeochemical models like the Regional
Ocean Modeling System (e.g., Scully 2010b). Similarly, a
range of numerical and analytical tools for trophic network
analysis and simulation are also well-supported as down-
loadable open-source packages (e.g., Ecopath with Ecosim,
Christensen and Walters 2004). All of these tools offer
quantitative power for synthesis efforts.

The selection of appropriate tools and the overall skills
needed to construct integrative models of one type or an-
other both come with the experience of actual synthesis
activities. Details regarding potential uses and methods of
application for these quantitative tools, however, involves
mental skills that also need to be learned early in formal
classrooms and laboratories of graduate schools (Hackett
and Rhoten 2009; Rhoten et al. 2009). Fortunately, all
collaborators in synthesis research do not need to be profi-
cient in the use of all quantitative methods because, in large

multidisciplinary synthesis groups, some participants will
have the technical skills others lack and vice versa (Carpenter
et al. 2009b). Thus, experiences gained by involvement in
synthesis research can facilitate one’s abilities both to apply
appropriate tools and to discover rich questions that inspire
future synthesis studies.

To be successful, collaborators in multidisciplinary syn-
thesis research also need several key social skills to build an
efficient research team. While an environmental science
classroom may not teach these social skills, their value for
the goals of synthesis can be discussed. Since synthesis
research often involves diverse groups of scientists, partic-
ipants must be able to articulate and communicate complex
ideas between and among individuals from different disci-
plines. Use of formalized conceptual models can help orga-
nize and communicate ideas (Rhoten et al. 2009) and
catalyze creation of positive group dynamics with all mem-
bers contributing to discussions on the basic structure of
how something works. This process can use one of many
languages from simple box-and-arrow diagrams to icon-
based systems available on line (e.g., http://ian.umces.edu/)
to more formal symbology of the Odum energy circuit
language (Odum and Odum 2001). Many other social skills
are important for productive and creative collaborations in a
synthesis research group. We combined the early ideas
suggested by Likens (1998) with those presented in more
recent publications to distill and assemble a list of social
attributes needed for successful synthesis, including inquis-
itiveness, curiosity for new ideas, tolerance and respect,
team orientation, open-mindedness, willingness to share
and ability to see the “big picture” (Table 1).

Table 1 A summary of key professional and social skills for conducting synthesis research

Personal characteristics Qualities and skills needed for synthesis Research benefits and importance

Professional Tested native intelligence Confidence with complex problems

Expertise in specific research area Bring specific knowledge to synthesis process

Critical, logical thinker Conceptual understanding of complex problems

Pattern recognition and visualization Sorting through large data sets to develop models

Quantitative skills (statistics, models, data management) Quantitative analysis and model building

Writing and speaking skills Key to interdisciplinary communication

Social and psychological Inquisitive attitude Needed to go beyond disciplinary boundaries

Willingness to develop and try new ideas Tackling innovative high risk/high reward ideas

Tolerance and respect for unusual ideas Creativity involves trying novel untested ideas

Interest in “Big Picture” issues Need to understand context at larger scales

Team orientation, interdisciplinary Finding synthesis at disciplinary intersections

Good listener and open minded Synthesis occurs with merging of new and old ideas

Willingness to share (ideas, data, and publications) Integration of information leads to new synthesis

Constructive criticism Avoids crushing creative ideas in early development

References for this table: Carpenter et al. 2009a, b; Graybill et al. 2006; Hackett and Rhoten 2009; Likens 1998; Pickett 1999; Moslemi et al. 2009;
Rhoten et al. 2009; Sill 2001; Wake 2008
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Learning Synthesis from Analysis of Case Studies

Previous essays have emphasized that effective teaching of
synthesis should involve analysis and discussion of pub-
lished examples of synthesis research (e.g., Pickett 1999;
Moslemi et al. 2009; Musante 2004; Andelman et al. 2004).
In the above section of this essay discussing methods of
synthesis research, numerous examples of synthesis studies
in coastal and estuarine science are discussed, while high-
lighting a few exemplary cases. This initial group of case
studies could be analyzed for teaching synthesis in under-
graduate and graduate classes (Leopold 1978). These and
other examples of synthesis research in coastal and estuarine
science synthesis papers could also be examined to identify
our proposed sequence of steps in synthesis (Table 2;
Fig. 1). In classroom or laboratory settings, students could

be asked to address “find-and-discuss” questions like the
following inquiries. What was the central question that
motivated and organized this research, and how was it
discovered and formulated? How did the authors assemble
data and what time and space scales and boundaries were
defined? How were data integrated and critical relationships
discovered? What statistical, modeling or visualization tools
were selected for use in this step of the process? What kind
of explanatory models were used to resolve the problem?
Which of the five general synthesis methods were used and
was a process included or proposed for testing the validity
and generality of the new model? In a sense, such classroom
exercises could serve as proxies for first-hand student expe-
rience in conducting synthesis research. Perhaps, clever
teachers could bring life to their classrooms by recreating
a vicarious experience for students to imagine or mimic the

Table 2 Summary of ideas for conducting, teaching, and supporting synthesis research in estuarine and coastal science

Conducting, teaching, and supporting synthesis Explanations and comments References

Steps in synthesis research

Identity challenging science problem This flit step in the synthesis process is exciting and rewarding Leopold 1978

Assemble relevant data Process is facilitated by web-based data and data management
tools

Andelman et al. 2004

Integrate data by identifying linkages among units Powerful statistical, numerical and analytical tools available for
application

Hackett et al. 2006

Define alternative models that explain or test problem For some environmental problems there are multiple
mechanistic controls

Platt 1964; Sill 2001

Select simpliest model that maximizes explanation Strive for elegant solutions that cut to the crux of the problem Ford and Ishii 2001

Mental exercises to build synthesis skills

Search for unconventional but general explanations Fresh ideas, data, and tools needed for some complex problems Pickett 1999

Use isomorphisms, homologies analogies Identify related patterns in diverse multi-disciplinary data Von Bertalanffy 1972

Tackle hard problems, but avoid impossible ones Avoid problems that are untestable vague with limited data Likens 1998

Develop conceptual models with links and causality Conceptual models to organize, communicate, and stimulate
ideas

McConnell et al. 2011

Use consistent time, space, and complexity scales Integration and synthesis requires coherent scales for data
analysis

Andelman et al. 2004

Broaden knowledge base Need teams of experts who are knowledgable in other key
disciplines

Carpenter et al. 2009a, b

Work in team oriented interdisciplinary groups Need to respect and appreciate the cultures of “other scientific
tribes”

Wake 2008

Look for the Big Picture; find the “Macroscope” Need to understand the Larger context and hierarchical structure
of problem

Pickett 1999

Develop diverse quantitative skills Synthesis team members need to contribute Quantitative and
qualitative skills

Rhoten et al. 2009

Study many synthesis examples Analyze case studies into essential steps and methods for
insight and practice

This paper

Institutional support for synthesis

Reward multi-disciplinary research Need to support interactions among disciplines to enhance
synthesis

Moslemi et al. 2009

Recognize and reward collaborative research Administrators need insight to fairly evaluate productivity and
significance

Rhoten and Parker 2004

Increase funding for synthesis research Social importance and complexity of environmental problems
requires funds

Graybill et al. 2006

Emphasize team aspect of synthesis research Transition needed from traditional individual values to group
or shared values

Liu 2005; Wake 2008

Facilitate but do not institutionalize synthesis Beyond synthesis centers, smaller informal synthesis teams
need support

Carpenter et al. 2009a, b
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kinds of discussions, debates, and arguments that might
have taken place during the original study.

Synthesis for Environmental Management

There are growing concerns about the spectrum of complex
environmental problems that challenge the health and resil-
ience of coastal and estuarine ecosystems (e.g., Gunderson
et al. 2006). Changing climatic and associated environmen-
tal conditions, including increased sea level and ocean acid-
ity, as well as altered patterns of droughts, floods, and
extreme storms, are causing global-scale modifications in
coastal systems. In addition, widespread increases in anthro-
pogenic disturbance of coastal systems at local and regional
scales together manifest the globally expanding “human
footprint” (e.g., Diaz and Rosenburg 2008). Thus, effects
of climate-change, eutrophication, overfishing, and habitat
destruction across local-to-global scales create a suite of
interwoven environmental problems that can only be under-
stood through multidisciplinary synthetic approaches. Devel-
opment of effective strategies to manage the maelstrom of
degrading coastal ecological processes also requires the inte-
grated holistic understanding of these ecosystems that is ac-
cessible only through synthesis research. The scale and
complexity of these coastal environmental problems preclude
reliance on conventional reductionist science to provide nec-
essary knowledge for managing these valuable ecosystems.

Synthesis research generates scientific understanding that
can provide guidelines and tools for direct application to
manage water quality and living resources in coastal eco-
systems. Several instances have already been mentioned
above as case studies in our discussion of synthesis meth-
ods. Other synthetic research has demonstrated direct link
between tidal marshes and fisheries harvest (e.g., Turner
1977), as well as economic benefits of wetland systems for
sequestering wastewater nutrients (e.g., Day et al. 2004) and
cost-effective approaches for restoring mangrove wetlands
(e.g., Twilley et al. 1998). Other studies have provided
guidelines and spatial strategies for nitrogen and phosphorus
nutrient management in estuaries (e.g., Paerl et al. 2004;
Paerl 2009). In addition, synthesis research, particularly
comparative analysis and general system models, can aid
“scaling-up” from local studies to more regional and global
management applications (Boesch et al. 2000). Synthetic
models can support ecosystem-based fisheries management
(EBFM), relating multi-population fisheries management to
physical circulation, food production and fishing-related
mortality (e.g., Christensen et al. 1996; Houde 2011).
Cross-system comparative analysis has also enhanced
EBFM in coastal waters across the globe (Megrey et al.
2009; Pitcher et al. 2009; Murawski et al. 2010). “Adaptive
management” is an inherently synthetic approach, which

assesses management effectiveness using simulation model-
ing and monitoring of ecosystem responses to interventions
(e.g., Walters 1986; Gunderson et al. 2006). In principle,
adaptive management projects represent large-scale experi-
mental tests for models derived from synthesis research.
Although adaptive management would improve both man-
agement effectiveness and scientific understanding (e.g.,
Gunderson and Light 2006), resource limitations and social
barriers have too often limited its application (Walters 1997).

Many industrialized nations across the world instituted (two
to five decades ago) extensive long-term programs for monitor-
ing diverse variables that measure key properties of coastal
ecosystems and the external (atmosphere, watershed, and ocean)
processes that drive them. Although, these monitoring efforts
were designed to detect trends of environmental degradation or
improvement, they also represent a treasure trove of information
ripe for synthesis research that improves scientific understanding
of coastal systems, as well as supporting management applica-
tions (e.g., NRC1990). A fundamental problem with many of
these monitoring programs is the fact that they lack mech-
anisms for insuring adequate data analysis to enhance envi-
ronmental management (e.g., Malone et al. 1993; Levin et
al. 2009). Synthesis research using cross-system compara-
tive analysis of monitoring data has produced simple models
used for managing of nutrient loads to specific coastal
systems. For example, empirical models relating nitrogen
and phosphorus loading to phytoplankton chlorophyll were
used in Tampa Bay and other Florida (USA) estuaries to
compute allocations of nutrients to these systems (Morrison
et al. 1997; Steward and Lowe 2010). Similar comparative
synthesis produced models for estimating nutrient load lim-
its for maintenance and restoration of environmental con-
ditions in shallow estuaries along the east coast of North
America (Caffrey 2004; Latimer and Rego 2010). Much more
ambitious research will, however, be needed in the future to
provide synthetic scientific support for dealing with more
complex problems that require integrated management of
water quality, fisheries and habitats under changing climatic
conditions (Duarte et al. 2009). Towards this goal, coastal
synthesis will need an arsenal of well-tested, well-
maintained, and broadly applicable simulation models
designed for both management and research application.

Progress and Future Challenges

A range of institutional and science-based issues continues
to retard the development of synthesis science (Table 2).
Many of these institutional barriers to synthesis are more
cultural in nature because they reflect out-dated philosophical
views on what constitutes excellence in research. Pickett
(1999) offered five common institutional biases, manifest
as too much emphasis on: (1) narrow reductionist methods,
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(2) production of original data, (3) data analysis rather than
integration, (4) critical rather than synthetic arguments, and
(5) experimental studies aimed at hypothesis falsification.
Other institutional barriers may be more operational, in that
the solutions require new approaches rather than a new
culture. Examples include a need for institutions to support
creation of diverse synthesis groups using vehicles such as
seminars, courses, workshops, retreats and small grant pro-
grams (Moslemi et al. 2009). National science institutions
and mission-oriented agencies need to create special and
routine funding opportunities for synthesis research (Graybill
et al. 2006) supporting both shorter-term focused studies for
a few collaborators and longer-term multi-investigator re-
search on complex and difficult issues (Wake 2008; Liu
2005). In addition, academic institutions must devise inno-
vative ways to evaluate individual contributions to collabo-
rative research projects and the publications they generate
(Leopold 1978). Sadly, as we (the authors of this essay)
approached our own tenure decisions in the late 1970s, we
were warned, “stop working together if you expect to be
awarded tenure.” In our naïve but flippant fashion, we simply
ignored the warning and have survived to the present. Fortu-
nately, many such attitudes have changed since then.

We suggest that academic administrators need to delve
more deeply into deciphering roles individuals play in syn-
thesis work rather than simply counting the number of first-
authored papers and citation frequencies. Scientists involved
in synthesis need to take leadership roles, but leadership,
creativity and significant contribution are not always indi-
cated by the order of authorship. Many environmental prob-
lems are simply too large and complex to be tackled using
traditional single investigator approaches. Institutions like
the US NSF should continue to support synthesis centers
like NCEAS and SESYNC to preserve and expand the
“creativity, innovation and productivity” that has emerged
from these centers (Carpenter et al. 2009a). Although some
have argued that that these centers “cannot be matched by
any other mechanism for synthesis,” a limited number of
centers are unlikely to meet the growing need for synthesis
training and research (Carpenter et al. 2009b). Other funding
mechanisms should also be pursued to facilitate synthesis
research by individuals and smaller groups, recognizing a
point mentioned above—that the initial identification and
development of synthesis questions and problems may be
equally or more likely to happen in small informal groups
than in large collaborations. In any case, the need for synthesis
research is too important and too urgent to rely on one funding
model, even though that model has proven to be successful.

Four key challenges emerge for future development of
synthesis in coastal science. The entire environmental sci-
ence community and particularly those studying coastal
systems need to (1) agree on what is meant by synthesis
research and how it is done, (2) develop an efficient system

to fund and reward excellence in synthesis research, (3)
improve mutually supporting linkages between synthesis
research and coastal management, and (4) develop and
support curricula to provide effective vehicles for teaching
synthesis science. We hope this essay will help to address
the first of these challenges by providing an initial definition
of synthesis research, a list of steps required to conduct it,
and a description of synthesis methods with examples of
their applications (Table 2). Although we may have wan-
dered out on an intellectual limb in our attempt to advance
these ideas on synthesis science, our disclaimer is that this
essay is intended as a starting point. We have described
many examples of synthesis in coastal research; however,
it was impossible to be comprehensive, and many excellent
case studies have been omitted. Hopefully, others will cor-
rect our mistakes and provide improved and clarified per-
spectives. We echo comments of our predecessors that
cultural and operational barriers to synthesis need to be
breached and resources to support this research need to be
redoubled. We endorse the formation and operation of en-
vironmental science synthesis centers around the world;
however, support for synthesis research by individuals and
small collaborative teams is equally important. Monitoring
programs are valuable resources that link synthesis research
to environmental management, but initiatives are needed to
promote use of these data both to advance synthesis science
and to enhance coastal management. The development of
diverse open-source simulation models (physics, biogeo-
chemistry, ecology, and fisheries) represents an essential
step for linking synthesis science to management. Research
institutions and management agencies must share responsi-
bility and support for the construction, evolution and con-
tinued maintenance of these models. Perhaps most
importantly, a core of courses is needed to teach the funda-
mental principles of synthesis science and its application to
interesting and important problems. Institutionally spon-
sored programs must continue to provide graduate students
with opportunities to experience synthesis research in large
multi-disciplinary groups. The future of environmental sci-
ence depends on our commitment to these lofty goals.
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