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ABSTRACT

-Large-scale ecological restoration programs are beginning to supplement isolated projects implemented on rivers and
tidal waterways. Nevertheless, the effects of estuary and river restoration often continue to be evaluated at local project
scales or by integration in an additive manner. Today, we have sufficient scientific understanding to apply knowledge
gained from measuring cumulative impacts of anthropogenic stressors on ecosystems to assessment of ecological resto-
ration. Integration of this knowledge has potential to increase the efficacy of restoration projects that are conducted at
several locations but comanaged within the confines of a larger integrative program. We introduce a framework based
on a levels-of-evidence approach that facilitates assessment of the cumulative landscape effects of individual restoration
actions taken at many different locations. It incorporates data collection at restoration and reference sites, hydrodynamic
modeling, geographic information systems, and meta-analyses in a five-stage process: design, data development, analysis,
synthesis and evaluation, and application. This framework evolved from the need to evaluate the efficacy of restoration
projects that are being implemented in numerous wetlands on the 235 km tidal portion of the Columbia River, USA,
which are intended to increase rearing habitat for out-migrating juvenile salmonid fishes.
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he structure and function of

coastal and riverine ecosystems
are affected by the cumulative impacts
of multiple anthropogenic stressors.
Globally, such human land-use activ-
ities are one of the primary causes
of declining health of most coastal
and large river systems (Nilsson et
al. 2005, Halpern, Walbridge et al.
2008). Commonly, these stressors
decrease system resilience to additional
disturbances by altering components
of the stability regime, such as species
composition (Gunderson 2000) and
nutrient composition (Kemp et al.
2005). Many of the terrestrial and
marine systems flanking the world’s
coasts and rivers are being degraded by
multiple stressors that are interacting
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in synergistic, additive, and antago-
nistic ways to alter the functioning of
these ecosystems (Darling and Cété
2008, Halpern, McLeod et al. 2008,
Crain et al. 2008). Recently, a meta-
analysis of the depletion of species
and habitats in estuaries and coastal
seas and the factors that contributed
to these changes summarized informa-
tion dating back to the time of human
settlement on three continents. This
analysis provided evidence that 78%
of recoveries in coastal and riverine
ecosystems were driven by reducing
the expression of two or more anthro-
pogenic stressors, for instance, by
restricting resource exploitation and
pollution (Lotze et al. 2006).

The urgency for restoring coastal
and riverine ecosystems significantly
altered by anthropogenic activities
has stimulated the implementation of
large ecological restoration programs
at scales not previously imagined
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(Steyer et al. 2003, Manning et al.
2006). These programs are attempt-
ing to leverage the research previously
conducted on individual projects to
increase the success of restoration
at landscape scales. Both the size
of the investments needed and the
potential for substantial environmen-
tal and ecosystem services benefits,
highlight the importance of validat-
ing the efficacy of restoration at the
ecosystem level and at the landscape
scale. Therefore, any assessment
protocol will need to integrate the
cumulative effects resulting from the
implementation of multiple restora-
tion projects across larger landscapes.
This methodology needs to be able to
predict outcomes, provide a means of
identifying the projects likely to have
the strongest effect on ecosystems
for prioritization, and function as a
guide for the efficient expenditure of
restoration funding.
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Tidal Marsh

Figure 1. The lower Columbia River (at right) flows west through the Cascade Mountains and Coast Range to the Pacific Ocean, forming the border
between Oregon and Washington. Examples of the tidal channel habitats used by out-migrating juvenile salmonids in the estuarine portion of the river
(at left) are found in tidal forested wetlands in the vicinity of Grays Bay and emergent marshes in the vicinity of Youngs Bay. Photos by H Diefenderfer

The purpose of this paper is to
introduce an approach to assess the
cumulative effects of multiple resto-
ration projects on the 235 km tid-
ally influenced portion of the lower
Columbia River and estuary (LCRE)
(Figure 1). The LCRE is an ideal loca-
tion for which to develop a framework
to assess cumulative effects because it
has many of the same stressors affect-
ing coastal and riverine ecosystems
worldwide. The Columbia River is
regulated by some 30 major dams,
and the hydrograph (water level as a
function of time) is affected by minor
dams, diking, irrigation, and other
water withdrawals (Kukulka and
Jay 2003a, 2003b). Other stressors
include agriculture and industry. More
than 100 restoration, enhancement,
and conservation projects are under-
way or planned by numerous agencies
and nongovernmental organizations.
The goal of many restoration activi-
ties in the LCRE is to repair habitat
connectivity and quality and thereby
allow salmonid fishes to regain the

benefits from estuarine rearing areas
on the Pacific Coast of North America
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(e.g., Reimers 1973, Healey 1980,
1982, Levy and Northcote 1982, Lev-
ings et al. 1986, 1991, Levings 1994,
Magnusson and Hilborn 2003).

The goal of this research was to
develop, implement, and validate
a framework for assessment of the
cumulative effects of the numerous
ecosystem restoration projects by mul-
tiple entities throughout the LCRE.
Cumulative impact, as opposed to
effect, is legally defined as “the impact
on the environment which results
from the incremental impact of the
action when added to other past, pres-
ent, and reasonably foreseeable future
actions regardless of what agency . . . or
person undertakes such other actions”
(40 CFR § 1508.7). The analysis of
cumulative impacts is complicated
by ecological processes that may be
additive, synergistic, or countervailing
(i.e., antagonistic). Further, the poten-
tial modes of accumulation are numer-
ous and include time crowding, space
crowding, time lags, cross-boundary,
indirect, landscape pattern, nonlin-
ear changes at triggers or thresholds,
and compounding (multiple sources
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or pathways) (Council on Environ-
mental Quality 1997). Given the
breadth of this definition, cumula-
tive impacts are rarely fully addressed
in documents related to the National
Environmental Policy Act of 1969,
as amended (42 USC §4321 et seq.).
A process for including cumulative
impacts in policy has been impeded
by definitional problems, often lim-
ited analytical scope, and a lack of
appropriate data and demonstration
models. Quantification methods used
in environmental documents have
mostly focused on additive and not
synergistic or antagonistic impacts
(USEPA 1999, Reid 2004).

Our review of the literature identi-
fied no examples of explicit consid-
eration or measurement of cumula-
tive effects in ecosystem restoration
programs. The nearest instance noted
the inherent symmetry between
identifying cumulative impacts in a
landscape and prioritizing areas for
restoration and protection. In this
case, Gosselink and others (1990)
aimed to “improve ecological func-
tion by enhancing spatial pattern” of



riparian forested wetlands and used
landscape indicators such as patch size
frequency distributions that integrate
ecological processes over large scales.
Similarly, an early wetlands-specific
method linked landscape indicators
(e.g., agricultural area) to synoptic
indices of values, functions, and effects
of interest (e.g., non-point-source
nitrate load) (Leibowitz et al. 1992).
Advances in landscape ecology and the
analysis of spatial data have enabled
many landscape-scale indicators to be
generated and measurably linked to
impacts on aquatic systems (Gergel
et al. 2002).

The existence of nonlinear relation-
ships is widely known in ecology, for
example, the response of stream bio-
logical conditions to increased imper-
vious surface in the watershed (Allan
2004). The potential significance of
“positive interactions” at various levels
of the biological hierarchy or various
geographic scales has recently received
additional consideration (Kemp et al.
2005, Halpern et al. 2007). How-
ever, although the term cumulative
effects now often replaces cumulative
impacts (Reid 1998) and appears to
expand the scope of the original defi-
nition to potentially include desirable
outcomes, its role in the science of
restoration ecology has been minimal.

In viewing the cumulative effects
of multiple restoration projects in the
LCRE over time, the estuary itself
becomes the experimental unit. From
this perspective, there is only one such
experimental unit: the estuary as a
whole. Consequently, classical forms
of statistical analysis based on the
experimental principles of replication
and randomization are not relevant.
Other forms of less direct scientific
inference must be used to provide evi-
dence for the benefits of estuary habi-
tat restoration on salmonids. Hence,
the inferential problems of demon-
strating the cumulative effects of habi-
tat restoration on salmon returns are
not wholly dissimilar from trying to
prove or disprove the “greenhouse”
effect on global warming. A single,
definitive, indisputable experiment

does not exist, nor will it ever exist.
Instead, inference will depend on a
preponderance of evidence substantial
enough to be considered sufficient by
reasonable individuals (Shipley 2000,
51). Thus, assessing cumulative effects
in the context of ecological restoration
for the LCRE necessitated the devel-
opment of an approach that is based
on levels-of-evidence reasoning.

In this paper, we demonstrate the
construction of an inferential case for
measuring the cumulative response of
an ecosystem to a large habitat resto-
ration program. This case uses causal
criteria (Surgeon General’s Advisory
Committee on Smoking and Health
1964, Hill 1965, Fox 1991, Suter et
al. 2002), which are standard to levels-
of-evidence and weight-of-evidence
approaches (Dorward-King et al.
2001, Downes et al. 2002), as a guide:
from the initial experimental design
for field-data collection, for modeling
and meta-analyses, and finally for the
synthesis and evaluation of cumula-
tive effects. Through this effort, we
have verified that a levels-of-evidence
approach is a valuable tool to assess
the cumulative effects of ecological
restoration actions, although this tool
does need to be modified based on
understudied aspects of an ecosystem
(Clements et al. 2001). We document
the levels-of-evidence approach and
application and discuss the specific

modifications needed for the LCRE.

Elements of a Levels-of-
Evidence Approach

While detecting synergy or nonlin-
ear effects is a central challenge in
cumulative effects assessment, synergy
alone is insufficient to inform either
program evaluation or the prioriti-
zation of new projects; additive and
antagonistic effects must be included
in the analysis. Whereas synergy pro-
duces a total effect that is greater than
the sum of the individual effects of a
set of discrete actions, in the presence
of antagonism the total effect will be
less than the additive model would
predict. Further, assessment methods
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previously developed to address eco-
logical degradation might effectively
be applied to the reverse situation:
evaluating ecosystem restoration. In
particular, tools from the science of
ecotoxicology—systematic approaches
to assess existing and potential impacts
of stressors on ecosystems (Landis and
Yu 1999, Luoma etal. 2001)—provide
insights on how to begin to integrate
cumulative effects in evaluating res-
toration success. Ecotoxicologists use
a system of reasoning called weight of
evidence to estimate the adverse effects
on ecosystems caused by complex
stressors, typically combinations of
toxins (e.g., Johnston et al. 2002, Sta-
ples et al. 2004). Weight-of-evidence is
a logical system used to relate measur-
able indicators in the ecosystem to a
target assessment endpoint (Norton et
al. 1992, Menzie et al. 1996).

At an interdisciplinary workshop,
this approach was successfully used
by ecologists and ecotoxicologists to
incorporate habitat alterations as a
stressor (Clements et al. 2001); the
process they developed indicated that
the design for inference based on the
preponderance of evidence must be
complex enough to detect responses
to multiple stressors. Therefore, the
design must include experimen-
tal studies, field exposure-response
tests, and research into ecological
processes to reduce uncertainties.
Likewise, other researchers have built
on the approach with a “relative risk
model” for regional-scale risk assess-
ment to incorporate land-use change
and address the problem of “mul-
tiple stressors from multiple sources
affecting multiple endpoints in a
heterogeneous environment” (Landis
and Wiegers 2007). The weight-
of-evidence approach has also been
adapted for assessing risks to wildlife
posed by environmental contami-
nants (Fairbrother 2003) and more
recently for watershed-scale ecological
risk assessment (Bruins and Heberling
2005).

This type of approach to infer-
ring causation gained prominence
in the 1960s when used by doctors
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Box 1. The six elements of a levels-of-evidence approach (Downes et al. 2002) and
the nine aspects of association or causal criteria considered in an inferential process

(Hill 1965).

Additional causal criteria, numbered 10 and 11, are used in more recent weight-of-evidence studies (Dorward-King

et al. 2001).

Elements

Causal Criteria

1. Define each causal criterion and decide how it will be examined and

measured.

2. Use the literature to review all of the effects of the human activity and to
extract information required to evaluate each effect on response variables,

using each of the causal criteria.

3. For each response variable identified under Element 2, conduct a separate
literature review examining the main natural sources of variability in the

absence of the human activity.

4. List the effects associated with the human activity and evaluate the amount
and kind of evidence supporting each effect (indicators).
5. Consider whether the monitoring design could be improved by factoring

oV NOOLBWN-=

- —d

in natural influences on monitoring variables into the design and removing

these as potential explanations.

6. Decide how evidence will be used to draw inferences about human impacts.

. Strength of the association

. Consistency of the association

. Specificity of the association

. Temporal relationship of the association
. Biological gradient (or dose-response curve)
. Biological plausibility

. Coherence

. Experiment

. Analogy

. Complete exposure pathway

. Predictive performance

in occupational medicine and public
health as the basis for socially and
economically significant recommen-
dations (Surgeon General’s Advisory
Committee on Smoking and Health
1964, Hill 1965). Hill (1965) outlined
nine different aspects of association
that, in his view, required study before
causation could be claimed, although
none could prove the case alone and
none was indispensable (Box 1). To
these causal criteria, ecotoxicologists
have added others relevant to the disci-
pline such as complete exposure pathway
and predictive performance (Dorward-
King etal. 2001). Epidemiologists and
others in the medical sciences have
formalized levels of evidence for the
systematic review of literature to sup-
port the practice of evidence-based
medicine (Sackett et al. 1991, 1996,
De Rosa and Hansen 2003), although
the simplifications required to “grade”
evidence using a hierarchical approach
have received some criticism (Glasziou
et al. 2004). Such criteria have also
been used in ecoepidemiology (Fox
1991).

Further applications have included
inferring causes of aquatic ecosystem
impairment (Downes et al. 2002,
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Suter et al. 2002). Levels of evidence,
as applied by Downes and others
(2002) to human impacts on water-
ways, emphasizes a meta-analysis of
the literature, applying principles of
experimental design and statistics. The
approach for river ecosystems outlined
by Downes and others (2002, 260)
additionally incorporates evidence
for and against alternative hypoth-
eses, without necessarily differen-
tially weighting the causal criteria in
the final argument. The term /levels
of evidence, as used in the scientific
literature, does not always describe
one fixed approach, but it almost
always implies explicit consideration
of the relative merits of various sorts
of evidence brought together to build
an inferential case for the most likely
hypothesis to explain cause and effect
(e.g., McArdle 1996).

In our view, this approach to infer-
ring causation appeared equally appli-
cable to evaluation of the cumulative
effects of habitat restoration on a large
waterway. Because such an approach
has not been tested in this way, we
undertook a multiyear study to apply
the levels-of-evidence approach to
evaluate the effects of restoration
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actions on the LCRE (Diefenderfer
et al. 2005, 2007). The chief merit of
a levels-of-evidence approach for this
application lies in the construction
of an inferential case for the occur-
rence of cause-and-effect in a complex
ecosystem, an argument made robust
through its basis in multiple causal
criteria.

We assessed the correspondence
between our research questions, avail-
able information about the study area,
and six elements of a levels-of-evi-
dence approach (Box 1) previously
reported for estimating adverse effects
on ecosystems (Dorward-King et al.
2001, Downes et al. 2002). Where
reported elements of a levels-of-evi-
dence approach were incongruent
with or inadequate for assessment of
the cumulative effects of ecological
restoration, we expanded upon exist-
ing methods as described in greater
detail in the next section.

Causal Criteria

In his introduction to the causal cri-
teria, Hill (1965, 7) wrote: “In what
circumstances can we pass from this
observed association to a verdict of
causation? Upon what basis should we



proceed to do so?” We paraphrase his
definitions of causal criteria (Box 1,
Element 1), which remain consistently
in such general use (e.g., Dorward-
King et al. 2001, Downes et al. 2002,
Suter et al. 2002) that we accepted
them at the outset of this study.
Strength (1) refers to the magnitude
of the effect of an exposure relative to
nonexposure, and consistency (2) to its
repeated observation in varied times
and circumstances by multiple observ-
ers. Specificity (3) concerns the limita-
tion of the association to particular
sites and effects. To describe the zem-
poral relationship (4) of the association,
Hill uses the old example of the cart
and the horse. He acknowledges the
difficulty of identifying an environ-
mental metric for the measurement
of the biological gradient (5), or dose-
response curve. He finds biological
plausibility (6) not a necessary condi-
tion of causation because knowledge
of the mechanism depends on the state
of the science, while he argues for the
importance of coherence (7) or a lack
of serious conflict between the cause-
and-effect interpretation and known
facts about the case under consider-
ation. Only occasionally is evidence
available from experiment (8) in Hill’s
view, and sometimes it is reasonable to
judge likely cause-and-effect by anal-
ogy (9) to a similar system. Finally,
from more recent developments in
ecotoxicology, we have the complete
exposure pathway (10), or the ability
of the cause to physically reach the
biological or ecological receptor, and
predictive performance (11), or whether
the cause-and-effect hypothesis is
able to correctly predict outcomes
(Dorward-King et al. 2001).

We found that although all causal
criteria were applicable to the study,
some were likely to be more or less
useful. For example, our literature
review (Diefenderfer et al. 2005)
found that no experimental evidence
existed for whether hydrological
reconnection actually restored habi-
tats in the LCRE. Thus, a study was
designed and carried out to gener-
ate the necessary data. We assumed

that any ecological restoration action
would produce specificity of effect, for
example, the sudden reconnection to
tidal dynamics could relatively easily
be tied to a specific cause such as dike
breaching. Due to the paucity of data
in the LCRE on restoration actions
and background ecological variability,
it became clear that analogous cases,
for example, other West Coast systems
such as the Salmon River and Fraser
River, would be important contribu-
tors to the preponderance of evidence
in this approach.

Effects of Human Activity

The human activity (Element 2), that
is, restoration activity, being measured
in the LCRE is expected to catalyze a
series of ecological changes that have
been assumed to be beneficial. The
site-specific actions implemented in
the LCRE consist of two main types
of activities: hydrological reconnec-
tion and riparian revegetation. The
hydrological reconnection projects,
which constitute the primary focus
of this study, include dike breaches
and removals, tide gate and culvert
removal and replacement, and grading
and channel excavation.

Tidal inundation is being restored
to increase the availability of the habi-
tats most reduced in area by the his-
torical construction of dikes and the
alteration of the hydrograph. In the
lower 74 km of the estuary alone, the
initial literature review suggested that
77% of the tidal forested wetlands
(swamps) and 65% of the native tidal
marshes have been lost, and an esti-
mated 150 km? of estuary habitat has
been converted to diked floodplain,
uplands, and nonestuarine wetlands
(Thomas 1983). The several stressors
particular to the LCRE involve first,
logging, stump removal, and grading,
followed by cattle grazing and associ-
ated compaction of the soils, planting
of non-native species, fertilization, and
excavation of drainage ditches (Allan
2004, Martin 1997, Diefenderfer et al.
2008, Diefenderfer and Montgomery
2009). Therefore, the aim of restora-
tion actions is to ameliorate multiple
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land-use stressors that have affected
the LCRE for a century or more and
altered its hydrologic regime, tem-
perature regime, microtopography,
and processes linked to the fate and
transport of sediments and large wood.

Variability in the Absence
of Human Activity

It is almost impossible to measure the
variability in ecological functions in
the absence of human activity (Ele-
ment 3) because humans have modi-
fied and altered their environments for
millennia (Brown 2002). The environ-
ment continues to respond to these
changes, and therefore it is difficult
to identify the threshold at which a
particular land use will decrease the
system’s resiliency, which complicates
efforts to measure natural variability.
Like in many threatened yet under-
studied systems worldwide, projects to
restore tidal ecosystems are proceeding
simultaneously with research attempt-
ing to reduce uncertainties (Lee and
Lawrence 1986) so that the risk of
repercussions from restoration prac-
tices can be minimized. In the LCRE,
neither the ecology of the plant com-
munities inhabiting the riverscapes
nor the contributions of these habitats
to salmon population viability are well
understood (Small et al. 1990, Bottom
et al. 2005).

To assess the potential variability
of these riverscapes in the absence
of human activity, literature values
were used. Several important earlier
compendiums exist, including 7he
Columbia River Estuary and Adjacent
Ocean Waters (Pruter and Alverson
1972), “Columbia River Estuary” in
Changes in Fluxes in Estuaries: Impli-
cations from Science to Management
(Dyer and Orth 1994), and a spe-
cial issue entitled “Columbia River:
Estuarine System” (Small 1990). Small
(1990) reviewed and compiled much
of the earlier research on the physical
and biological processes of the LCRE
(CREDDP 1984a, 1984b). Much of
the literature reviewed was necessar-
ily “gray literature”—unpublished
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reports on the Columbia River system
funded by governmental agencies.
Several major studies documented
the salmon migration characteristics
in the LCRE (Rich 1920, Reimers
and Loeffel 1967, Bottom et al. 1984,
Dawley et al. 1986, Ledgerwood et al.
2004, Schreck et al. 2005, Roegner et
al. 2005).

Based on our literature review
(see Diefenderfer et al. 2005), three
key elements stand out concerning
background variability in the LCRE
system. First, the spatial and temporal
variability of salmon out-migrations
is extremely high and is complicated
by multiple life-history patterns and
hatchery operations. Second, plant
community composition on the
LCRE varies according to elevation
of the floodplain relative to water
levels; from highest to lowest there are
riparian forests and forested wetlands
(swamps), shrub-dominated wetlands,
and emergent marshes. Thus, plant
communities vary on ecological gra-
dients longitudinally along the main
stem Columbia River and laterally
away from the main stem. Third, the
floodplain hydrologic regime is vari-
ously governed by the intersection of
regulated Columbia River flows origi-
nating in snowpack during parts of
the year, flows from tributaries of the
estuary (many of which have heavily
logged watersheds), and oceanic tides
and sea level. We concluded that the
Columbia River historically exhibited
a “polymodal unpredictable” hydro-
logical regime as defined by Junk
(Junk and Piedade 2005, Junk 2008)
and that the hydrograph varies on
multiple spatial and temporal scales.

Indicators of Restoration Effect

The selection of measurable indica-
tors of restoration effect (Element 4)
poses a challenge as well as an oppor-
tunity for understanding the eco-
system better (Walters and Holling
1990). Selection of measurable indica-
tors requires the synthesis of what is
known about the system, application
of the state of the science concerning
similar systems, and on-the-ground
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ecological investigation of potential
indicators. Furthermore, the consis-
tent application of restoration moni-
toring protocols (e.g., Neckles et al.
2002) is fundamental to regional
assessments. Therefore, an effort was
made to develop such protocols for the
core biological and physical indicators
for the LCRE (Roegner et al. 2009).
In particular for the LCRE, salmon
population status is not a suitable indi-
cator of the cumulative effects of habi-
tat restoration in the estuary because
of numerous confounding influences.
Fisheries scientists have documented
synergisms between anthropogenic
impacts on the environment that pro-
duce detrimental effects on fish popu-
lations by mechanisms such as hypoxia
(Jackson et al. 2001), or augmentative
effects through, for example, marine
protected areas or harvest restrictions
(Russ et al. 2004). Salmon popula-
tions are sensitive to basin-wide and
oceanic conditions as well as estuary
habitats due to complex life histo-
ries and migration patterns (Kareiva
et al. 2000). Their status, in essence,
represents compounding effects from
multiple sources. Modeling, however,
has shown that salmon populations
would benefit from improved survival
in the estuary (Kareiva et al. 2000).
The properties of the estuarine eco-
system that support salmon need to
be monitored during recovery. Eco-
logical indicators with clear cause-
and-effect relationships provide the
clearest predictive ability (National
Research Council 2000). As this study
attempts to link the changing pattern
and quality of habitats in the estuary
with effects on juvenile salmonids, it
deals with biocomplexity. This requires
assessing how site-specific changes fol-
lowing restoration affect habitat avail-
ability and quality relative to multiple
juvenile salmon life-history strategies
that exhibit differing spatial and tem-
poral patterns. Because it is not pos-
sible to measure every feature of the
study area, the challenge is to iden-
tify key measurable linkages between
habitats and salmon that are sensitive
to proposed restoration. Significant
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uncertainties in these relationships
remain; therefore, in addition to
developing protocols for effectiveness
monitoring at restoration and refer-
ence sites (Roegner et al. 2009), we
simultaneously initiated field research
to validate and further develop the
suite of indicators important for each

habitat type.

Improvements to the
Monitoring Design

Based on our literature review, an
established monitoring design (Ele-
ment 5) for evaluation of the cumu-
lative effects of ecosystem restoration
does not exist. Therefore, for restora-
tion monitoring in the LCRE, we con-
sidered variations of two basic sam-
pling designs: Before After Control
Impact (BACI), which incorporates
before-and-after sampling at con-
trol and restoration (“impact”) sites
(Green 1979), and Accident Recov-
ery (“Recovery”), which incorporates
after-only sampling at reference and
restoration sites (Skalski et al. 2001).

One measure of restoration suc-
cess is for values of postrestoration
monitored indicators to converge with
those of the reference site (Kentula et
al. 1992, Simenstad and Thom 1996,
Raposa 2002). The Recovery model
tests the parallelism hypothesis (Skal-
ski et al. 2001): how a treatment site
recovers in comparison to a relatively
undisturbed reference site, as opposed
to comparison to “before” conditions
at a control site (Miller and Simenstad
1997, Skalski et al. 2001, Hood 2002,
Thom et al. 2002, Steyer et al. 2003).
While the Recovery model does not
require multiple data-collection times
before implementation of restoration
actions, data collected prior to restor-
ing a site remain highly desirable to
document the initial response to the
restoration process as well as to assess
interannual or seasonal variability in
the reference and restoration sites
(Skalski et al. 2001). The rationale
for the design we used for restoration
monitoring in the LCRE is developed

in the next section.



Inferences about the Cumulative
Effects of Restoration

To make inferences about the cumu-
lative effects of restoration (Element
6), a principle from the weight-of-
evidence approach articulated by
Dorward-King et al. (2001) was fol-
lowed: analysis of effects should be
initiated with the simplest of models,
assuming zero interaction, additive
accumulations, and only necessary and
sufficient causes. Upon this founda-
tion, statistical tests may be applied
to experimentally sequenced projects
with the potential to detect nonlinear
effects from time and space crowding
or increased project size. Our semi-
quantitative approach to develop evi-
dence regarding cumulative ecosys-
tem response to multiple restoration
projects includes 1) the development
of predictive ecological relationships
through sampling at project and refer-
ence sites; 2) the detection of syner-
gies at scales larger than the project
through statistical tests and hydrody-
namic modeling of paired, clustered,
and sequenced sites; and 3) an addi-
tive model of publicly available moni-
toring and other spatial data. These
analyses are discussed in detail below.

Assessing LCRE
Ecosystem Restoration

Assessing cumulative effects in the
context of ecological restoration for
the LCRE necessitated the develop-
ment of an approach that is based
on levels-of-evidence reasoning and
consists of five stages: design, data,
analysis, synthesis and evaluation, and
application (Figure 2). A few prob-
lems arose while applying the causal
criteria in the early stages of the study,
as described previously. In particular,
the relative absence of existing data
compared with the sources typically
available to ecotoxicological or medi-
cal studies suggests that the levels-
of-evidence approach should be used
with caution in ecological restoration
programs. This uncertainty necessi-
tated a greater emphasis on designing

Design

Data

Analysis

Synthesis &
Evaluation

Application

Figure 2. Assessment of the cumulative effects of ecosystem restoration by a modified levels-of-
evidence approach. As shown at left, the design stage is followed by data collection and assembly
from multiple sources, analysis using several methods, synthesis and evaluation of cumulative
effects, and application to decision making within an adaptive management framework.

new data-collection and analysis
methods to support Elements 2—4 of
the levels-of-evidence approach when
it is applied to ecological restoration.

The existing literature concerning
both background variability in a large
West Coast drowned-river estuarine
ecosystem and the effects of hydrologi-
cal reconnection restoration actions in
the LCRE were insufficient to conduct
an a priori meta-analysis according to
the standards prescribed by Downes
et al. (2002). Therefore we developed
and are implementing both intensive
and extensive data collection that
will serve as the basis of future meta-
analyses to inform cumulative effects
assessment. In ecological restoration,
there is usually a trade-off between
spatially extensive and locally intensive
efforts in the allocation of scarce sam-
pling resources. Intensive sampling of
both restoration and reference sites
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decreases uncertainties about funda-
mental ecological processes and thus
provides a model of the restoration
process. This model serves as the basis
for the inferential framework used to
assess restoration success from more
cursory, extensive observations across
the broad geographic area. The entire
process is designed to be implemented
within an adaptive management

framework (Thom 1997, 2000).
Design

Due to the paucity of literature on
the effects of the human activity in
the LCRE, a descriptive, nonquan-
titative meta-analysis of existing eco-
system restoration data (Table 1) was
used to partly satisfy the data needs
of Element 4 of the levels-of-evidence
approach. This process consisted of
attempting to separate direct effects,
typically short-term, from longer-term
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Table 1. Restoration measures and their potential direct, indirect, and cumulative effects based on a literature
review at the outset of the study. The terms habitat capacity, habitat opportunity, and realized function are categories
of indicators relevant to salmonid fishes (Simenstad and Cordell 2000).

Restoration

Salmon-Specific

Measure Direct Effects Indirect or Long-Term Effects Cumulative Effects Effect

Dike breach and Tidal inundation, Vertical accretion (Callaway 2001,  Total wetted area and hydroperiod Habitat

dike removal fish access and Cornu 2005, Frenkel and Morlan (Williams and Orr 2002); fluxes opportunity
usage (Williams ~ 1991); plant community and (e.g., organic matter, nutrients, Habitat capacity
and Zedler detritus (Frenkel and Morlan 1991, man-made chemicals) (San Fran- Realized function
1999), land use  Thom et al. 2002); soils (Callaway  cisco Estuary Project 2000); food
(Williams and 2001, Frenkel and Morlan 1991, web, channel allometry (Coats et
Orr 2002) Portnoy 1999); channel morphol-  al. 1995, Williams et al. 2002); fish

Tidegate and
culvert instal-
lation and

replacement

Channel excava-
tion and site
grading

Invasive plant
species removal

Riparian
or wetland
revegetation

Tidal inundation,
fish passage

Channel area,
tidal inundation,
fish access and
usage (Miller
and Simenstad
1997)

Reduced com-
petition (Reeder
and Hacker
2004)

Bank stabiliza-
tion, com-
petition with
invasive species

ogy (Callaway 2001, Frenkel and
Morlan 1991); hydrodynamics
(Williams and Orr 2002); macro-
invertebrate and fish community
(Williams and Desmond 2001)

Plant community and detritus
(Warren et al. 2002); soils, hydro-
dynamics, macroinvertebrate and
fish community (Raposa 2002,
Swamy et al. 2002)

Channel morphology, plant com-
munity, and detritus (Craft et al.
2002, Simenstad et al. 1993), soils
(Craft et al. 2002)

Colonization by the same or other
species (Reeder and Hacker 2004)

Plant community (Josselyn and
Buchholz 1984), overhanging veg-
etation, shade, large woody debris,
soils (Morgan and Short 2002)

rearing and forage habitat mosaics
(Williams and Desmond 2001)

Total wetted area and hydroperiod
(Warren et al. 2002); fluxes (e.g.,
organic matter, nutrients, man-
made chemicals) (San Francisco
Estuary Project 2000); food web,
channel allometry (Coats et al.
1995); fish rearing, forage, and
spawning habitat mosaics

Total wetted area and hydroperiod
(Williams and Orr 2002); fluxes
(e.g., organic matter, nutrients,
man-made chemicals) (San
Francisco Estuary Project 2000,
Simenstad et al. 1993); food web
(Simenstad et al. 1993); channel
allometry (Coats et al. 1995, Wil-
liams et al. 2002); fish rearing and
forage habitat mosaics (Miller and
Simenstad 1997)

Organic matter flux, food web

Organic matter flux, food web, fish
habitat area (Miller and Simenstad
1997)

Habitat
opportunity
Habitat capacity
Realized function

Habitat

opportunity
Habitat capacity
Realized function

Habitat capacity
Realized function

Habitat capacity
Realized function

or indirect effects at the site scale. Fur-
ther, although this category was not
explicitly described in the source litera-
ture, a cumulative effects category was
assigned for the effects that occurred
at larger spatial scales or that might
be described as emergent properties
relative to the biological hierarchy. The
cumulative effects category included
the food web; materials fluxes; channel
allometry, wetted area, and hydrope-
riod; and fish rearing, spawning, and
foraging habitat mosaics. In addition,
by applying the causal criteria to our
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review of the literature, hypotheses at
multiple scales were developed that
guided the selection of indicators
(Figure 2, “Design”).

Based on the literature review,
hydrologic reconnection restoration
actions proposed throughout the
LCRE were hypothesized to produce
1) site-scale ecological structures and
functions that are more similar to
those of reference sites; and 2) estu-
ary-wide ecological structures and
functions that are more similar to
conditions prior to land conversion
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for agriculture and the construction
of dams. Furthermore, if an increase
in available tidal wetland habitats
occurred, it was concluded that the
fitness of out-migrating juvenile sal-
monids would likely increase; existing
literature and major concurrent stud-
ies necessarily were used to verify this
assumption, so we recommend that
field tests be conducted in the LCRE.
The predictions made during this
phase of the assessment were quali-
fied by the lack of specific information
concerning the background variability



defined in Element 3: salmon out-
migration patterns, gradients in plant
community types, and the hydrologic
regime.

On this basis, the overarching
working hypothesis was developed:
the habitat restoration activities in the
lower Columbia River and estuary have
a cumulative beneficial effect on salmon.
At the landscape scale, we hypoth-
esized that restoration actions in the
LCRE will produce increased habitat
connectivity and an increased area of
Sfloodplain wetlands trending toward
historical levels present prior to land
conversion for agriculture and the con-
struction of dams. All hypotheses con-
cerning the specific changes to wetland
habitats and to the uses of those habi-
tats by fishes are ancillary to the work-
ing hypothesis (Figure 3). Specifically,
each indicator listed in Table 2 has
a corresponding ancillary hypothesis
stating that it will #end toward refer-
ence site conditions as measured by the
control chart method described herein.
Thus, the working hypothesis would
be supported by evidence built from
a compilation of positive indicators
and the absence of indicators would
provide evidence for its rejection.

The hypothetico-deductive method
(Popper 1963, Harvey 1969, Romes-
burg 1981) provides a conceptual
framework for such investigations.
The approach begins with a research
hypothesis that makes predictions
about observable facts that should be
true if the research hypothesis is true;
these ancillary hypotheses are directly
testable, which allows the predic-
tions to be confirmed or refuted. In
this way, the hypothetico-deductive
method builds support for or against
the working hypothesis. The hypo-
thetico-deductive method is a useful
approach for gauging the prepon-
derance of evidence for a hypothesis
that itself is not directly testable. In
the hypothetico-deductive method,
rejection of even one of the ancillary
hypotheses may bring the validity of
the research hypothesis into question.
The overall consequences of such a
rejection will depend on how strong a

Lack of Support )

Working :

Hypotheses 2 %
yp ?@, y’ »(,
“x “x
< \

Reject Reject
: : :
| 1 |
v v v
( Lack of Support )

Figure 3. Conceptual diagram of the hypothetico-deductive method illustrating the overarch-
ing working hypothesis and the testable ancillary hypotheses (AH). The working hypothesis of
this study is that habitat restoration activities in the lower Columbia River and estuary have a
cumulative beneficial effect on salmon.

Table 2. The core monitored indicators (from Roegner et al. 2009) and
higher-order indicators for a cumulative effects assessment.

Category Indicator
Core Indicators: Ecosystem Controlling Factors and Structures
Hydrology Water-surface elevation, catchment area, tidal exchange

volume, wetland delineation
Temperature, salinity, dissolved oxygen

Topography/bathymetry Elevation, sediment accretion rate, channel cross-sectional
area

Water quality

Landscape Photo points, aerial photos

Vegetation Percentage cover, species composition, species richness,
similarity index

Fish Presence, abundance, species composition, size structure

Higher-Order Indicators: Ecosystem Processes and Realized Functions

Habitat availability Area-time inundation, wetted-channel edge length, flood-
plain wetted area

Material flux Flux rates for nutrients, chlorophyll, dissolved
organic matter, plant biomass, total organic carbon,
macroinvertebrates

Fish usage Residence time, diet, growth rate, fitness, prey availability,

stock

rejection (i.e., p-value) and how many
ancillary hypotheses are being tested
and their outcomes. In this approach,
the working hypothesis that the cumu-
lative effects of habitat restoration are
benefiting salmonids may be tested
using a series of ancillary tests of
hypotheses. Logical deduction does
not permit absolute determination of
the truth or falsity of a hypothesis, but
nor do other options, including ran-
domized or controlled experiments,
which are rarely feasible in ecologi-
cal studies, and path analysis (Shipley
2000, 50).
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The purpose of the design therefore
was to quantify both background vari-
ability and ecological changes in the
estuary using the indicators in Table
2. In each case, the conditions on the
pasturelands were hypothesized to
converge on conditions found in the
paired reference sites after restoration
actions were taken. For instance, the
site-scale hydrologic regime indicated
by water-surface elevation would begin
to reflect that of the tidal regime and
river flows; sediments would accrete
in the compacted areas to raise land
elevations; and plant communities
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would become more similar to existing
remnant communities in nondiked
areas. The fish community structure in
restored sites was surveyed under this
design (Roegner et al. 2010), while
the realized function of habitat usage
by salmon (residence time, growth
rate, survival rate) was derived from
analogous cases in West Coast North
American estuaries in the temperate
zone, and from concurrent studies in
the LCRE. At larger spatiotemporal
scales, the material flux from restored
tidal wetlands was predicted to affect
the food web of the main stem river,
and the increase in cluster size of
reconnection projects to have a non-
linear effect on floodplain wetted area.

Data

A data set sufficient for cumulative
effects assessment was lacking on the
LCRE. Therefore, consistent with
the requirements of Element 2 of the
levels-of-evidence approach, data were
generated from field collection, pub-
licly available geographic information
system (GIS) spatial data, and hydro-
dynamic model predictions (Figure 2,
“Data”). Fundamental research was
initiated to reduce uncertainties about
ecological structures and processes
such as the relationships between
elevation and plant communities
under existing hydrologic regimes, the
site- and landscape-scale controls on
channel development, and the flux of
macrodetritus from tidal wetlands to
the main stem food web.

A focus on habitat-forming processes
has become the accepted approach to
evaluating effects of watershed restora-
tion. This focus is particularly relevant
to a spatially complex region such as
the LCRE and to spatially and tem-
porally complex populations such as
salmon. It shifts the focus of restora-
tion objectives and prioritization to
identifying disruptions of processes
and building an understanding of
the mechanisms by which historical
dynamics have been changed through
land uses (Beechie and Bolton 1999).
It also may help to avoid pitfalls such

as performance measures suited to
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some but not all parts of a study area,
restoration of stable structures at the
expense of dynamic functions that
maintain habitat mosaics, or restora-
tion of habitat for one species at the
expense of another (Roni et al. 2002).

Based on the hypotheses in the
design stage, key monitored indicators
were identified (Table 2) and protocols
were developed for collecting data in
the field (Roegner et al. 2009). These
core indicators include salmon habi-
tat usage in the estuary by juveniles
or spawning adults—not population
size or status, because these would
reflect much larger spatiotemporal
influences. Additional indicators were
intensively monitored or derived for
characteristics that can be categorized
as fish habitat opportunity, capacity,
and realized function (after Simen-
stad and Cordell 2000), reflecting the
needs of salmonid fishes.

Fish habitat opportunity refers to the
ability of salmon to access and utilize
available habitat. On the restoration
sites located in the LCRE, channel
density may be a poor indicator of
this, because it can remain unchanged
before and after restoration due to
the relict channel networks existing
behind some dikes (Diefenderfer et al.
2008). Instead, floodplain wetted area
represents the active floodplain area
in each reach; the floodplain wetted
area is produced by the combination
of hydrologic controls such as local
tributaries, direct rainfall, ground-
water, and main stem flow and tides
(Naiman et al. 2005). To measure this
indicator, we have developed an area-
time inundation model for restoration
sites under study by combining data
collected on topography and water
levels, which allows for calculation of
the hectare-hours of available habi-

tat during any time period of interest

(e.g., the out-migration of a specific
endangered salmon stock) (Diefender-
fer et al. 2008). The total edge length
of tidal channels hydrologically con-
nected to the main stem also represents
habitat opportunity for salmonids and
other species (Simenstad and Cordell
2000), and a nexus of terrestrial and
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aquatic ecosystems where materials
flux can occur (Naiman and Décamps
1997). Habitat capacity, or those attri-
butes that promote fish production,
can be quantified through materials
flux—the productivity and export of
macrophytic organic matter, nutri-
ents, and macroinvertebrates—which
represents the primary link from the
tidal wetlands to the broader aquatic
ecosystem and affects the food web
for higher organisms (Kremer et al.
2000). The realized function of the
habitats or fish response—measured as
fish residence time, growth rate, and
survival rate—provides the necessary
link between habitat restoration and
salmonid fitness.

Continuing the intensive moni-
toring of indicators of changes at
selected sites on the LCRE is strongly
recommended (Table 2).

Analysis

The levels-of-evidence approach to
cumulative effects assessment incor-
porates four main areas of analysis:
ecological relationships, effective-
ness monitoring data, net ecosystem
improvement, and spatial and tem-
poral synergies (Figure 2, “Analysis”).
Due to the relative lack of existing lit-
erature at the outset of most ecological
restoration programs, meta-analyses
may be conducted on field-collected
data (both intensive and extensive
monitoring) during the implementa-
tion phase. This would allow a resto-
ration ecologist or manager to assess
the effectiveness of practices being
implemented and if necessary alter
implementation practices to improve
success in an adaptive management
framework.

Ecological Relationships—DPredic-
tive ecological relationships can be
developed by intensively monitor-
ing the indicators (Table 2) before
and after restoration at types of sites
identified in the monitoring design:
paired sites, which match restoration
areas with reference sites represent-
ing target habitat types (in this case
swamps and marshes); and sequenced
sites, which are near one another and



receive restoration treatments sequen-
tially. An example of what we term
the before-after-restoration-reference
(BARR) design on paired sites is the
use of the Czekanowski index in plant
community analysis to estimate simi-
larity in species composition and cover
(e.g., Bray and Curtis 1957, Thom et
al. 2002) before and after restoration
at restoration and reference sites. Tem-
porally sequenced sites facilitate the
analysis of large-scale and long-term
outcomes at sets of spatially conjoined
sites on which restoration actions are
implemented or modeled in sequence,
and at a set of sites representing a
decades-long time series of accidental
dike breaches before the present time.

Effectiveness Monitoring Data—
Intensively monitored sites should rep-
resent all types of restoration actions,
the primary cover types in which the

actions will be implemented, sig- -

nificant landforms (e.g., islands and
floodplain tributaries), and portions
of the landscape expected to function
differently (e.g., brackish and fresh-
water regions). To complement such
intensive monitoring at selected res-
toration sites, extensive monitoring of
several key indicators is recommended
at many if not all other restoration
sites. Instead of the meta-analysis of
existing literature common to levels-
of-evidence approaches (Downes et
al. 2002, Glasziou et al. 2004), meta-
analyses of the intensive and extensive
monitoring data specific to the LCRE
are conducted under the modified lev-
els-of-evidence framework for ecologi-
cal restoration (Figure 2, “Analysis”).
The meta-analysis entails compiling
the available data and examining
whether conditions at restoration sites
are trending in the desired direction,
that is, toward conditions at reference
sites, and its power'depends on having
the largest number of metrics possible
that are robust for determining the
response of processes and functions.
Intensively monitored. The purpose
of effectiveness monitoring is to assess
whether restoration measures achieve
project and program goals and objec-
tives. Testing for a simple change in

. > Upper Control

Mean of Reference

Response

Restoration Site
(State B)

Initial Condition at
Restoration Site (State A)

Time

Figure 4. Conceptual framework for monitoring restoration effectiveness using only reference
sites as a target for recovery. Control chart methods rely on repeated sampling at the refer-
ence sites to establish control limits that describe a range of population responses, such that a
prescribed proportion of the population falls within their bounds. For example, the limits ji + 30"
contain approximately 99.7% of a normally distributed population.

€Cosystem Structures Or processes is
unnecessary because a physical change
was intentionally performed, although
measurement of outcomes may be of
ecological interest. Instead, the pur-
pose is to assess whether the restora-
tion activity produced the desired shift
from some state A to state B. Auxiliary
questions may include how rapidly the
shift occurred and the relative costs of
alternative restoration activities.

We take the view that incorporating
control sites—replicate locations with
habitat traits similar to those of the
subject site prior to restoration—in
the monitoring design is an unneces-
sary luxury if the difference between
states A and B is great (Figure 4). In
other words, if the ranges of charac-
teristics at restoration and reference
sites do not overlap, then there should
be little or no risk of falsely conclud-
ing restoration success (i.e., reaching
state B) when the site is still within
the range of the initial state A. In this
case, only reference sites—replicate
areas considered representative of the
desired outcome of the restoration
action—are needed to assess the status
of recovery. These replicate areas are
used to characterize the spatial het-
erogeneity of the target habitat and
any temporal shift in the target over
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time due to climate shift, matura-
tion, and so on. Hence, the habitat
goal of the restoration may be best
viewed as a range of conditions, itself
subject to natural change over time
(Thom 1997). Restoration success is
defined and evaluated as the subject
site merging into the range of refer-
ence conditions and tracking reference
site responses over time.

Using only reference sites as part of
an effectiveness monitoring design is
analogous in many ways to accident
assessment designs (Skalski 1995),
in which typically there are multiple
reference sites and multiple poten-
tially impacted sites in the evaluation.
Unlike impact assessment, in accident
assessment, data from before the event
are not available because the event
was unexpected, and therefore other
strategies need to be used to differenti-
ate natural variation from the effects
of the accident. Recovery of affected
sites following some environmental
accident is defined by the affected site
approaching the range of reference
conditions and subsequently sharing
their same temporal trajectory over
time. Skalski and Robson (1992)
suggested using repeated measures
analysis in conjunction with a test for
parallelism to assess recovery. Recovery
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Box 2. An additive model of cumulative net ecosystem

improvement.
CNEI = AF,AP,

i=1

where

(1)

n = number of restoration projects

AF = change in ecological function

A = project size (area)

P = probability of success of the restoration action.

In this model, any relevant indicators of ecological function and area may
be used. The probability of success reflects the initial levels of disturbance,
restoration strategy applied, stochastic events, and past results in the system.

was achieved when the reference and
impact sites began tracking each other
through time, in other words, paral-
lelism (Skalski et al. 2001). However,
in monitoring the restoration of a
single site, standard tests of parallel-
ism cannot be performed. There is no
between-site, within-treatment vari-
ance, only within-site measurement
error at the restoration site.

For cumulative effects assessment
in the LCRE, trends in core moni-
tored indicators at restoration sites
and at a network of corresponding
reference and status monitoring sites
are analyzed using a control chart
method (Figure 4). Shewhart con-
trol charts (Grant and Leavenworth
1972, Duncan 1974, Burr 1976)
use this principle to establish con-
trol limits to monitor production
processes in manufacturing. A varia-
tion of this concept could be used
to assess whether a restoration site
merges into the range of reference
conditions (Figure 4). Wheeler (1995,
205-225) provides statistical power
calculations for control charts.

A potentially powerful alternative to
control charts is the cumulative sum,
or cusum, technique, which consists of
a sequential test of hypotheses that can
be presented graphically. Unlike con-
trol chart methodology, which exam-
ines the data for the existence of sta-
bility, the cusum method sequentially
tests whether a target value has been
achieved. In restoration activities, a
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reasonable value for the target is the
mean from reference sites. The cusum
plot is more difficult to produce than
a control chart and “is so homely that
only its parent could love it” (Wheeler
1995, 311), but it can be focused
on the objectives of restoration sites
achieving a new state. Both the con-
trol chart and cusum techniques can
contribute to analyses of intensive
effectiveness monitoring data.

Extensively monitored. The extensive
indicators comprise a rapid assessment
of whether the project is on track to
meeting its goals, for example, a wet-
land delineation for tidal reconnec-
tion projects and a survey of planting
success for revegetation projects. The
extensive monitoring data are col-
lected using site evaluation cards, the
purpose of which is to succinctly sum-
marize the performance of restored
sites relative to key indicators. The site
evaluation card, from which data can
be easily summarized and extracted,
reports short-term performance of
restored sites and often represents the
basic set of information needed for
accounting by project sponsors and
supporting programs, for example,
the reduction of passage barriers or
increase in area of available habitat.
The site evaluation cards include
quantitative and qualitative metrics
to allow extrapolations from extensive
to intensive indicators using statistical
relationships between the two types of
indicators.
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The site evaluation card also can
be used to report information in sup-
port of the cumulative effects analysis,
including direct input into the cal-
culation of net ecosystem improve-
ment. Critical to the meta-analysis is
clearly identifying the linkage between
the intensive indicators used to assess
performance at individual sites, the
indicators used for extensive sampling
at all sites, and values for properties at
the landscape scale.

Net Ecosystem Improvement—~Assess-
ing cumulative effects presupposes the
existence of a set of restoration proj-
ects within a landscape. The condi-
tion of the set of landscape units is
dynamic in response to natural and
anthropogenic disturbance processes;
thus, not all units can be expected to
be in an optimal condition for salmon
habitat. For this reason, the analysis
of frequency distributions to docu-
ment changes in targeted habitat types
has been recommended (Naiman et
al. 1992, Reeves et al. 1995, 2004,
Hemstrom et al. 1998).

On the LCRE, the GIS facili-
tates examining multiple stressors
and land cover at three scales: in
ascending order, these are 2,072 sites
(mean size 67 ha), 60 management
areas derived from U.S. Geological
Survey sixth-field hydrologic unit
code boundaries (mean size 9,704
ha), and the historical floodplain from
the river mouth to river kilometer 235
(see Thom et al. 2011). The analy-
sis using GIS by Thom and others
(2011) includes numerous stressors—
those anthropogenic modifications
that act on controlling factors and for
which geographically complete data
sets exist. The environmental condi-
tions that drive ecosystem structure
and function are termed controlling
factors (Groffman et al. 2004). The
term functions is used here to mean
indicators of ecological structures
and processes that would occur in an
unstressed ecosystem, for example,
juvenile salmonid feeding on macro-
invertebrates in tidal wetlands (Dief-
enderfer et al. 2009). These relation-
ships are described in our ecosystem



conceptual model of the Columbia
(Borde et al. 2005).

For the purpose of cumulative
effects assessment, a simple equation
(Box 2) allows us to sum the cumu-
lative net ecosystem improvement
(Figure 2, “Analysis”) from restoration
sites across the landscape (Thom et al.
2005, Diefenderfer et al. 2009). Based
on the rationale for indicators devel-
oped in this study, the additive model
evaluates 1) two ecological functions,
macrophytic biomass export and mac-
roinvertebrate export; 2) one struc-
ture, plant similarity index; and 3) one
stressor, passage barrier reduction (i.e.,
hydrologic connectivity). Depending
on response and in the presence of
positive synergistic effects, equation
(1) will tend to underestimate actual
benefits. It is a conservative base model
of the sort reccommended by Dorward-
King et al. (2001), and its advantage
is in the relative ease of calculation.
The base model also makes use of
cumulative effects landscape indica-
tors with some promise of nonlinear
relationships to aquatic communities
and ecosystems, such as frequency and
size distributions of habitat types or
land cover, and indices of fragmenta-
tion (Gosselink et al. 1990, Leibowitz
et al. 1992, Spies and Turner 1999,
Gergel et al. 2002).

Spatial and Temporal Synergies—
Several features of large-scale restora-
tion programs have the potential to
contribute to a cumulative response by
the ecosystem, among them the spatial
configuration and number of restora-
tion projects, temporal trends in resto-
ration events, the physical size of resto-
ration sites, and the total restored area
in a landscape (Figure 2, “Analysis”).
Theoretically, these have the poten-
tial to produce additive effect, posi-
tive synergy (i.e., a total effect greater
than the sum of effects from individual
actions), or the reverse or negative
synergy, known as an antagonistic or
countervailing effect.

While a single restoration event has
little or no opportunity to benefit from
interactions with disturbed neigh-
boring sites, neighboring restoration
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Figure 5. Hypothetical relationships between (a) number of restoration projects in a cluster and
mean response per project under the null (H_: no relationship) and alternative (H,: cumulative
effects) hypotheses; (b) the magnitude of environmental response and size of the restoration
area under the null (H_: proportionality) and alternative (H,: cumulative effects) hypotheses;
(c) temporal patterns of site response and one or more interventions at nearby restoration sites;
and (d) ecosystem response and area of viable habitats.
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activities may be affected by mutual
feedback. If this is the case and there
is a positive synergy, then the aver-
age response per restoration project
should increase as the cluster size of
the projects increases (Figure 5a).
In this scenario, the experimental
design would consist of restoration
clusters of size 1, 2, 3, and more, rep-
licated and randomized within the
landscape, and initiated concurrently
to eliminate confounding size with
duration or time. However, because
multiple hydrologic restoration sce-
narios cannot be implemented on
the same river reach, hydrodynamic
modeling of alternative configurations
of dike breaches is used to quantify
compounding, indirect, and cross-
boundary effects of projects on the
fundamental controlling factor on
estuary biota, the hydrologic regime.

If cumulative effects based on proj-
ect area exist, the magnitude of the
response should be disproportionately
larger at larger restoration sites (Figure
5b). The study design would consist
of multiple restoration sites of dif-
ferent sizes restored at the same time
and repeatedly monitored. Log-linear
regression of response versus size could
then be used to test the significance
of the slope term (i.c., B) some years
postrestoration.

As the slope of a biological response
variable at an isolated restoration site
decreases toward a new state, if that
site is joined by others, the temporal
pattern of site response may be altered,
and positive synergistic effects may
be evident if the biological response
variable at early restored sites again
increases (Figure 5¢). The experimental
design would consist of a set of isolated
replicate restoration events, where res-
toration processes are allowed to reach
a new level of response. A random
sample of these sites would then be
selected for nearby intervention; the
rest would remain in isolation. The
working hypothesis is that response
output from the sites with a nearby
restoration would increase compared
to sites in isolation. The statistical test
of cumulative effects would be based
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on a time-by-treatment interaction.
The design could be augmented with
additional restoration activities over
the course of time.

At a program scale, it is possible
to test for the effect of total area of
viable sites on ecosystem indicators
(Figure 5d). The shape of this curve
could be influenced by direct relation-
ships between structure and function
(e.g., Bradshaw 1987) or asymptotic
functions such as the effect of bio-
diversity on some ecosystem func-
tion indicators (e.g., Nacem 2000).
Assessing and predicting the cumula-
tive effects of restoration requires a
means to document the trajectory of
net ecosystem improvement, ideally
from a prerestoration baseline toward
historical conditions. Multiple system
states may occur (Thom et al. 2005,
Suding and Gross 2006); therefore,
system state and development are best
tracked by monitoring a set of predic-
tive biological and physical indicators
(Thom 1997). These should be sensi-
tive enough to detect both increases in
total functioning area caused by suc-
cessful restoration projects throughout
a landscape, and decreases caused by
continuing impacts.

Restoration program funding often
limits the ability to implement designs
such as these because they require the
existence of reliable historical data
and a large number of projects where
field collection has been designed to
provide before-and-after monitoring
data over large spatial scales. There-
fore, researchers need to draw upon
evidence from the literature, from tar-
geted field-data collection, and from
modeling resources, within a defen-
sible inferential framework such as
levels of evidence to support a cost-
effective cumulative effects assessment.

Synthesis and Evaluation

The purpose of this stage (Figure
2, “Synthesis and Evaluation”) is to
assemble the results of all analyses
and examine each result as indicated
by its role within the larger design
to determine whether the additive,
synergistic, and countervailing effects
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of all habitat restoration projects in
the LCRE produce site-scale ecologi-
cal structures and functions that are
more similar to those of reference sites,
and estuary-wide ecological structures
and functions that are more similar to
conditions prior to land conversion
for agriculture and the construction
of dams. Broadly, this defines ecosys-
tem restoration in the LCRE for our
purposes.

To make this determination,
results of all analyses are synthesized
and evaluated relative to the causal
criteria (Box 1). Evidence from our
investigations of restoration projects
before and soon after implementation
will be augmented by analysis of data
from the historically breached sites
to enhance the temporal scale, and
by hydrodynamic modeling of vari-
ous spatial configurations to increase
the spatial scale of our findings. To
the extent possible, ecological find-
ings from intensive monitoring are
extrapolated to extensively monitored
restoration sites using both GIS and
statistical methods. Ideally, portions
of the analysis and synthesis should
be repeated periodically as more proj-
ects are implemented, in particular the
meta-analysis, net ecosystem improve-
ment calculation, and cumulative
effects assessment.

Application

The results of the synthesis and evalu-
ation are intended to be applied at the
LCRE scale, yet are relevant at the
basin scale because the approach to
monitoring salmon habitat restoration
actions in the tributaries of the upper
Columbia River basin also is based on
levels of evidence (U.S. Army Corps
of Engineers et al. 2007). The use of
similar causal criteria throughout the
Columbia River basin could facilitate
assessment of salmon recovery at larger
scales. The results will be useful to
evaluation of the overall LCRE habitat
restoration effort, conduct of Water
Resources Development Acts pertain-
ing to the LCRE, and implementation
of protection and offsite mitigation
measures for listed salmonids in the



Columbia River basin that are affected
by the operation of the federal hydro-
system. Prioritization and adaptive
management processes for restoration
program investments are informed by
the understandings developed through
this type of approach (Diefenderfer et
al. 2009, Thom et al. 2011).

Our analyses of ecological relation-
ships inform understanding of a refer-
ence condition, produce more appro-
priate measurable indicators, and
document the immediate effects of
restoration actions on the target spe-
cies. Examples of such useful results
include 1) specification of the role
of large wood in the pool spacing of
spruce swamp reference sites (Dief-
enderfer and Montgomery 2009);
2) determination of suitable indica-
tors of habitat opportunity through
elimination of channel density and
development of a method to index
the continuously changing amount
of wetted area (Diefenderfer et al.
2008); and 3) survey results for fish
community structure in tidal channels
recently reconnected to the main stem
river by restoration actions (Roegner
etal. 2010).

In general, answers to questions
such as the following would be useful
to managers: What suite of projects
results in an increase in habitat oppor-
tunity for juvenile salmon? What suite
of projects produces a decrease in frag-
mentation and an increase in connec-
tivity, closer to historical conditions?
What suite of projects results in max-
imum flood attenuation, sediment
trapping, nutrient processing, return
of marsh macrodetritus, and other
ecosystem functions? These types of
questions are addressed through the
adaptive management process, a for-
malized transfer of information from
project practitioners, other researchers,
and syntheses such as ours to regional
ecosystem restoration planning pro-
cesses. Lessons learned can then be
disseminated within the LCRE and
to other regions.

Discussion

With large-scale, multiagency estuary
restoration programs operating on all
continental U.S. coasts, the National
Research Council (NRC) has called
on the U.S. Army Corps of Engi-
neers’ (Corps’) river basin and coastal
systems managers to use integrated
large-scale systems planning, adap-
tive management methods, expanded
postproject evaluations, and a collab-
orative approach (NRC 2004). Citing
numerous benefits, the NRC also rec-
ommended that “the Corps’ primary
environmental mission should be to
restore hydrologic and geomorphic
processes in large river and coastal sys-
tems’ (NRC 2004, 59). In the after-
math of hurricanes Katrina and Rita
in 2005, the Corps adopted actions
for change in its practices including
“design for expected and unexpected
changes” over longer time periods,
operation of projects “as parts of larger,
integrated systems,” and incorpora-
tion of nonlinear processes in plan-
ning criteria (Department of the Army
2006).

The LCRE is a highly complex
example for initial implementation
of these practices, and significant
uncertainties remain in our funda-
mental understanding of the system.
While monitoring programs often aim
to measure simple attributes that are
tightly linked to indicators of interest,
the LCRE is an open system defined
in space by the extent of tidal influ-
ence on the Columbia River and
not including the plume. As a river-
dominated estuary characterized by
high-volume fluctuating inputs and
outputs, it is inadvisable to view the
LCRE as an equilibrium system even
over short time frames. This estuary
may be viewed as a complex system
in that it displays properties such as
emergence, nonlinear relationships,
relationships with feedback loops,
and nested complex adaptive sys-
tems. Emergent properties of estuaries
include the export of organic matter
to offshore waters (Odum 1980), and
nonlinear relationships in the estuary
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include the exponential relationship
between river flow and sediment
transport (Sherwood et al. 1990).

The challenge, here and in other
restoration programs, is to conduct
large-scale restoration while simul-
taneously improving our ability to
predict outcomes. Toward this end,
cumulative effects assessment meth-
ods can incorporate both additive and
synergistic (positively and negatively
synergistic) effects. Within the frame-
work described herein, the base GIS
additive model is augmented by other
methods: tests for synergistic effects
using hydrodynamic model output,
development of predictive ecological
relationships through the analysis of
field-collected data, and meta-analy-
ses of effectiveness monitoring data
using the causal criteria of a levels-of-
evidence approach. This approach to
restoration program evaluation docu-
ments changes to both stressors and
functions, in view of the facts that
the removal of stressors is associated
with recoveries of coastal waterways
(Lotze et al. 2006), although human
activities continue to affect functions
in the majority of ocean and coastal
environments (Halpern, McLeod et
al. 2008).

The literature review conducted for
this study indicated that cumulative
effects assessments of ecological resto-
ration programs were scarce or nonex-
istent. Therefore, the development and
early implementation of the cumula-
tive effects approach articulated in this
paper provides the following insights:

* Project-scale or additive evaluations
of ecological restoration are insuffi-
cient to represent synergistic or coun-
tervailing effects within large-scale
restoration programs.

Implementing suites of projects in
spatiotemporal clusters and sequences
permits statistical testing for syner-
gistic effects, and, if coordinated
implementation is not possible, then
hydrodynamic modeling may be a
useful alternative.

Strategies to evaluate the cumula-
tive effects of restoration projects on
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an ecosystem are usefully linked in a
levels-of-evidence approach to infer
causation.

Uncertainties about ecological rela-
tionships (e.g., target species-habitat
and habitat size-function) may be
reduced concurrent with initial res-
toration projects, leading to better
project design and assessment in an
adaptive management framework.

* Known modes of effect-accumula-
tion and stressor-reduction may be
assessed at multiple spatial scales
through meta-analysis, statistical
tests, analysis of field-collected data,
hydrodynamic modeling, and GIS.
For cost-effectiveness, publicly avail-
able spatial data on functions and
stressors may be coupled with eco-
system process indicators intensively
monitored at a subset of paired res-
toration and reference sites, and
a smaller set of indicators exten-
sively monitored at restoration and
reference sites estuary-wide.
Ecological research at sites where res-
toration type actions (e.g., accidental
dike breaching) have occurred his-
torically can provide a larger tem-
poral dimension for analyses and
thereby improve current predictions
of restoration outcomes.

The research summarized here
revealed several distinctions between
the levels-of-evidence approach devel-
oped to analyze cumulative effects of
ecosystem restoration programs and
typical investigations of cumulative
impacts. Ecological restoration occurs
in understudied ecosystems, whereas
the levels-of-evidence approach was
founded on meta-analysis of a large
body of existing literature. Further-
more, in past research, deleterious
impacts have more commonly been
the priority than beneficial effects. In
fact, ecological restoration research and
monitoring are minimally funded rela-
tive to epidemiological and ecotoxi-
cological studies, so the development
of sufficient data is a challenge. Fur-
thermore, ecological restoration does
not rely on laboratory research but on
field-collected data, so there is a lack

126 ¢ March/June 2011

of controlled studies. Thus, while we
structured our synthesized approach to
cumulative effects assessment by levels
of evidence, our approach requires that
most data be developed through the
ecosystem restoration program and not
be acquired from existing literature.
Meta-analyses therefore are conducted
on extensive and intensive effective-
ness monitoring data, not on existing
literature. Also, time frames for recov-
ery may be much longer and more
gradual than the typical impact study,
requiring monitoring, assessment, and
adaptive management to be conducted
over similarly lengthy periods.

The framework presented here dem-
onstrates how to build an inferential
case for or against the suitability of
a particular hypothesis using levels
of evidence (McArdle 1996) for the
special case of ecological restoration
(Figure 2):

Hypothesis. In the LCRE example,
the working hypothesis does not con-
cern whether human impact occurred,
like an ordinary levels-of-evidence
study, but rather whether the cumu-
lative effects of the habitat restoration
activities in the estuary are benefit-
ing salmon in the Columbia River
basin. Ancillary hypotheses concern
whether the nature and extent of the
effects of the planned human activi-
ties produced restoration sites more
congruent with reference sites in terms
of environmental conditions and fish
habitat usage, and a LCRE ecosystem
more congruent with historical condi-
tions or one lacking anthropogenic
impacts. Testable ancillary hypoth-
eses were generated for the specific
indicators of habitat condition and
cumulative effects listed in Table 2.

Experimental design. The BARR
design described herein can be used
to assess changes to these indicators
at paired restoration and reference
sites throughout the study landscape.
The control chart method can be used
to assess sites collectively against the
range of background variability occur-
ring in a suite of reference sites (Steyer
et al. 2003, Borde et al. 2009). In the
approach developed herein, intensive
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monitoring of the paired restoration
and reference sites quantifies the exis-
tence and magnitude of the effects
at the site scale. The meta-analysis of
intensive and extensive sampling of
all restoration sites is coupled with
an additive model in GIS to general-
ize the effects across the landscape.
The assessment of sequenced histori-
cally breached sites is used to extend
the appropriate time frame for pre-
dictions. Hydrodynamic modeling
is used to experimentally vary the
number of replicate restoration actions
to quantify potential synergistic or
antagonistic effects.

Analogous cases. Values from the
literature are used to link the inten-
sively and extensively monitored indi-
cators to emergent properties of the
ecosystem relevant to salmon habitat
opportunity, capacity, and realized
function. Relevant literature includes
the LCRE and analogous cases, for
example, West Coast North American
large river and estuary systems in the
temperate zone.

The continuing goal for scientists is
to elucidate relationships among indi-
cators in order to effectively measure
ecosystem response with limited data
on the river-floodplain system. Newly
emerging analytical methods and tech-
nologies will improve our ability to
measure the cumulative effects of res-
toration. Scientists have been develop-
ing methods to assess the cumulative
impacts of anthropogenic stressors
on ecosystems for decades; however,
during this same time period a net loss
of coastal and wetland ecosystems has
simultaneously occurred in the United
States (Jackson et al. 2001, NRC
2001). Perhaps the knowledge gener-
ated by investigations such as these
can still be applied to return some of
these systems to a more resilient state.
Monitoring on a project-by-project
or additive basis is unlikely to reflect
the interactions produced in nature
during the process of restoration. The
framework introduced here should
be further tested for its applicabil-
ity to other systems where restoration
projects are being implemented.
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