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Ecosystem restoration is a common tool for re-establishing ecosystem

processes, structures, and functions to improve biodiversity and services in

coastal and estuarine ecosystems. In the Salish Sea, salmon habitats have been

fragmented, reduced in size, and diminished in quality, and the ecosystem

processes that form and sustain these habitats have been degraded and

disrupted as well. This loss is especially prevalent in estuaries, where up to 90%

of former salmon habitat has been lost or compromised. Salmon species are

integral to the identities and cultures of people in the Pacific Northwest, yet

salmon abundances remain at historic lows, especially in urbanized areas. Recent

investments in restoration are creating rearing habitat and repairing lost

ecosystem function. However, restoration efforts in this region have largely

proceeded at the site scale, with less attention to big-picture thinking

regarding how restoration will effectively recover degraded or lost habitats for

target species. As a result, no landscape-scale evaluation program exists, and the

cumulative benefits of multiple interventions are unknown. We describe

innovative methods for science synthesis related to the evaluation of

cumulative effects of ecosystem restoration for Pacific salmon, using years of

existing, but disparate data. Building from previous work on cumulative effects

evaluation and incorporating a hierarchy of hypotheses approach, we propose

using causal inference across numerous hypotheses in a framework to assess the

cumulative benefits to Pacific salmon from multiple estuarine restoration

projects. We present the framework as a method that can be used to address
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many complex questions and provide examples from the Salish Sea where the

approach is being implemented. The framework draws on science synthesis from

numerous fields and uses a hierarchy of hypotheses, causal analysis at multiple

scales, and a new hierarchy of synthesis for assessing multiple lines of evidence

documenting restoration effects on Pacific salmon. We propose causal inference

to synthesize dissimilar data streams, in our case, to identify various

manifestations of cumulative effects of restoration and benefits to salmon, and

to further inform restoration and recovery planning. A unifying framework would

allow for the detection of thresholds at which restoration provides measurable

improvement and would greatly advance understanding of the effects of

restoration on ecosystems.
KEYWORDS

ecosystem restoration, cumulative effects, causal analysis, synthesis, salmon, estuary
1 Introduction
Ecosystem restoration is an increasingly common tool for re-

establishing ecosystem processes, structures, and functions to

improve biodiversity and services in coastal and estuarine

ecosystems with legacy land-use changes. Such restoration efforts

reflect a worldwide challenge to recover habitat (Silliman et al.,

2015) for migratory bird populations (Casazza et al., 2021),

intertidal invertebrates (Needles et al., 2015), diadromous species

(Chen et al., 2014; Bartz et al., 2015), and other species in the face of

widespread local anthropogenic impacts (Greene et al., 2015;

Brophy et al., 2019; Murray et al., 2022) and climate-driven

coastal change (Pontee, 2013). However, many of these efforts are

proceeding at the site scale with less attention to big-picture

thinking regarding connectivity and how restoration will

cumulatively address recovery of degraded or lost habitat mosaics

and species (Sánchez-Arcilla et al., 2022). In some systems,

coordinated efforts have explicit goals to increase connectivity

within the ecosystem (e.g., Floodplains Reimagined in California’s

Central Valley, https://floodplainsreimagined.org/; REST-COAST

in EU countries, https://rest-coast.eu/), yet research on the

cumulative benefits of restoration across landscapes is nascent.

The U.S. Federal listing of Puget Sound Chinook salmon

(Oncorhynchus tshawytscha) under the Endangered Species Act

prompted a wide range of recovery and protection efforts

throughout the species’ life cycle, spanning the natal headwaters

where the fish spawn, as well as the streams, rivers, and estuaries

that provide important rearing opportunities along their migration
02
to the Pacific Ocean, where they mature (NOAA, 2007). Since 1999,

over 3,400 acres have been restored in nearshore and estuarine

systems in Puget Sound (Puget Sound Partnership, 2023), with

additional projects occurring within the U.S.-Canada

transboundary Salish Sea ecosystem (DFO, 2023). Given the

documented value of functional coastal wetlands (Barbier et al.,

2011) and major investments in restoration efforts in many nations

(de Groot et al., 2013; Wainger et al., 2017), understanding the

cumulative effects of multiple restoration actions within and across

landscapes and seascapes is necessary for effective management, yet

methodology for such synthesis is lacking (NASEM, 2022).

The pressing need for synthesizing data from multiple

restoration actions across a large spatial scale (basin-wide), and

over a long period of time (decades), can be met using an approach

called cumulative effects evaluation (CEE, Diefenderfer et al., 2016).

While assessments of the cumulative impacts of multiple stressors

on species and ecosystems have been implemented in response to

the National Environmental Policy Act for many decades (Preston

and Bedford, 1988; Smit and Spaling, 1995; Foley et al., 2017), the

further development and application of a conceptually similar

approach for the cumulative effects or assumed benefits of

restoration (Box 1) is relatively new. The purpose of a cumulative

effects evaluation is to analyze the combined effects produced from

a suite of restoration actions across a landscape to inform

programmatic adaptive management and recovery planning.

Here, we assess cumulative effects as the collective results of

human actions across a landscape that aim to produce beneficial

outcomes resulting in net ecosystem improvement (Thom et al.,

2005; WSAS, 2022a, b).
BOX 1 Definition of cumulative effects as used here.

Cumulative Effects in the context of ecosystem restoration are the “…collective additive, synergistic, and antagonistic effects of all restoration activities that occur within a
setting defined by common or connected characteristics of hydrology, geomorphology, ecology, ecological function, and biodiversity.” NASEM (2022; p.61).
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Methodologies for assessing cumulative effects are relatively

new and draw from science synthesis (Carpenter, 2009; Kemp and

Boynton, 2012) and systematic review and weight of evidence

approaches (Hill, 1965). An evidence-based method to evaluate

the cumulative effects of restoration actions was developed and

successfully implemented in the Columbia River estuary

(Diefenderfer et al., 2011, 2016) and has gained traction and

acceptance in other coastal and fluvial regions (Diefenderfer et al.,

2021; LaPeyre et al., 2022; NASEM, 2022; Gladstone-Gallagher

et al., 2023, 2024). Researchers have investigated landscape-scale

effects of ecological restoration actions in other large-scale coastal

systems, including Northeastern U.S.A. coastal states (Burdick et al.,

1997; Burdick and Roman, 2012; McKown et al., 2024), Florida

Everglades (LoSchiavo et al., 2013), Gulf of Mexico coast

(Peyronnin et al., 2013; Diefenderfer et al., 2022), and the San

Francisco Bay (Kimmerer et al., 2005) and Sacramento deltas

(DiGennaro et al., 2012), enabling synthesis at ecosystem scales,

where suitable data exist. Notably, a National Academies of Science,

Engineering, and Medicine (NASEM) committee proposed using a

cumulative effects evaluation framework to evaluate the effects of

Gulf Coast ecosystem restoration efforts in response to the

Deepwater Horizon oil spill in 2010 (NASEM, 2022; Greening

et al., 2023; Davenport et al., 2024), demonstrating the need for,

and perceived benefits from, large-scale evaluation.

As efforts toward species recovery build and older habitat

restoration projects mature, our ability to use long-term

monitoring to detect change increases. This is especially true

where comprehensive monitoring of fundamental structures and

processes has occurred at the site scale. However, regional scale

effects of conservation actions, while likely critically important, are

challenging to detect due to limitations in assessment methodology

(Osenberg et al., 2006; Bisson et al., 2024) and the high degree of

noise in coastal systems (Cloern et al., 2016). Uncertainty is

increased by physical processes that change at numerous time

scales and where much habitat remains heavily impacted (Bilby

et al., 2024). Nevertheless, we believe empirical data collected

piecemeal over decades within and across watersheds enables the

development and implementation of novel methods for addressing

landscape- and seascape-level effects of multiple site-scale

restoration actions.

We outline here innovative methods for synthesis related to the

evaluation of cumulative effects of ecosystem restoration for Pacific

salmon. Building from the work of Diefenderfer et al. (2016) and

Heger et al. (2021) and using over 20 years of restoration site data

across numerous projects, we have developed a synthesis

methodology (Carpenter, 2009) to assess the cumulative benefits

to Pacific salmon from multiple restoration projects. Our

methodology draws on previous work on science synthesis

(Pickett, 1999; Kemp and Boynton, 2012; Diefenderfer et al.,

2022) and uses a hierarchy of hypotheses approach (Heger et al.,

2021) for assessing multiple lines of evidence using causal analysis.

This is the first evidence-based cumulative effects evaluation to be

performed at this scale in Puget Sound, although other efforts to

evaluate beyond site-scale effects have been implemented in this

region (Dethier et al., 2016; Bisson et al., 2024). While we apply our
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methodology to restoration of estuaries important to Pacific

salmon, the approach is generalizable to any system, species, or

problem where multiple, disparate data streams exist and where

synthesis would further understanding and improve management.

Here, we provide a framework for synthesizing and evaluating

the cumulative effects of restoration and demonstrate the

application for habitat restoration designed to benefit Pacific

salmon populations during their juvenile life stages in a subbasin

of the Salish Sea. We document our approach including: the

development of conceptual models that frame the research

questions and describe the systems and species, describe a

hierarchy of hypotheses that emerges from key research

questions, identify and organize of lines of evidence, and detail an

analytical framework involving causal analysis, collectively aimed at

evaluating cumulative benefits using disparate datasets. We are

currently applying the CEE framework to ecosystem restoration in

the Whidbey Basin, Washington as an example of using the

analytical approach at the system scale for addressing research

questions, here related to restoration benefits for juvenile Pacific

salmon. This article documents advances in the cumulative effects

evaluation framework and describes a novel method for

science synthesis.
2 Study system: estuarine restoration
in Whidbey Basin, Washington

As part of the greater transboundary Salish Sea ecosystem,

Puget Sound is one of the largest estuaries in the United States.

Whidbey Basin (Figure 1), one of Puget Sound’s distinct

hydrographic subbasins, is home to three of Puget Sound’s largest

river deltas (the Skagit, Stillaguamish, and Snohomish Rivers).

These three rivers collectively represent the largest freshwater

inputs (a combined 60% of the freshwater inflow) to Puget Sound

(Khangaonkar et al., 2011). In addition to freshwater input from the

three major rivers, Whidbey Basin receives saltwater input via

Deception Pass in the northwest, Swinomish Channel from

Padilla Bay in the northeast, and via Possession Sound in the south.

The basin supports 10 of the 22 extant Chinook salmon

populations in Puget Sound, and provides habitat for all salmonid

species that historically occurred in the region (Ford, 2011).

Chinook salmon use estuaries for feeding and growth, refuge, and

migration as they transition from their natal freshwater habitats to

the marine environment as juveniles. Additionally, recent evidence

shows unexpected comingling of populations, where non-natal

populations occupy nearshore marine and estuarine delta habitats

(Beamer et al., 2013; LeMoine et al., 2022), emphasizing the

importance of these areas in providing a suitable habitat mosaic

for multiple populations during their early life histories.

More broadly, Pacific salmon are integral to the identity and

culture of the Salish Sea region, yet salmon abundances remain at

historic lows, especially in urbanized areas (Pearsall et al., 2021).

Many Pacific salmon stocks have not experienced significant

positive population change since they were first Federally listed

under the Endangered Species Act (ESA) in 1999 (NOAA, 2007;
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Puget Sound Partnership, 2023). The causes of Puget Sound salmon

population declines from historical levels are numerous and

interconnected, related to their complex life history and use of

diverse habitats across their life cycle, migrating from headwater

streams to the ocean and back. Causes differ across salmon
Frontiers in Marine Science 04
populations, but include: overharvest, poor water quality and

contamination, habitat loss, barriers to migration such as culverts

and dams, ocean conditions, and others (NOAA, 2007). Salmon

habitats throughout the Salish Sea have been fragmented, reduced

in size, and diminished in quality, while the ecosystem processes
FIGURE 1

Whidbey Basin’s nearshore habitat areas across the three contributing watersheds (Skagit, Stillaguamish, and Snohomish Rivers, north to south, blue
lines), connection to the marine waters via Deception Pass and Swinomish Channel to the north and Possession Sound to the south, and habitat
types (color shading, based on Brophy et al., 2019).
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that form and sustain these habitats have been degraded and

disrupted (Simenstad et al., 2011; Thom et al., 2012; Dethier

et al., 2016). While changes in harvest management even before

the Federal listing slowed population declines, reversing historical

habitat loss has been the focus of recovery actions since the Federal

listing (PSP, 2022).

Investments in ecosystem protection and restoration in

Whidbey Basin are significant. State agencies, Tribal and local

governments, and non-profit organizations have all implemented

restoration projects in this region. Over $122M for land acquisitions

intended for conservation and protection purposes and over $97M

for restoration of salmon habitat have been invested in the Basin

since 2000 (Washington State Recreation and Conservation Office’s

PRISM database project data query for years 2000–2022, accessed

16 June 2023). Restoration and protection actions have occurred at

72 sites within the Whidbey Basin study area, representing a total of

over 1,200 ha of tidal wetland area and beach habitats. Actions

included shoreline armoring (e.g., seawalls and riprap used to

reduce erosion) removal or modification, beach nourishment

supplementation, tidal structure placement or modification (e.g.,

tidegates, floodgates, culverts), dike or levee removal or lowering,

dike or levee structural breaching, channel creation or

rehabilitation, overwater structure removal, creosote (piling and

log) removal, invasive species removal, and native vegetation

planting. The diversity of actions has resulted in restoration of

multiple habitat types with varied outcomes, and yet, much of the

three estuaries and associated nearshore habitats remains impacted

by anthropogenic activities.

Given extensive habitat loss and continued depressed

abundances of Pacific salmon in the Salish Sea, Federal, State,

Tribal, and other entities working in the Whidbey Basin have

implemented habitat restoration actions, maintained long-term

habitat and species monitoring data, and performed numerous

targeted research studies providing decades of site-specific data

and producing reports and peer-reviewed articles documenting

results. Efforts to implement and study estuary restoration within

the urbanizing Salish Sea have led the way in addressing how

ecosystem restoration benefits target species (Simenstad et al., 1982;

Levings and MacDonald, 1991; Simenstad and Thom, 1996;

Simenstad and Cordell, 2000). Evaluation of project success has

occurred at the local, or site scale, and monitoring efforts vary

considerably by project or location. Generally, site-specific results

indicate restoration benefits to salmon (Simenstad and Cordell,

2000; Bottom et al., 2005; Ellings et al., 2016; Beamer et al., 2019),

but effective restoration planning requires understanding the effects

of restoration beyond project boundaries and population-specific

domains (Simenstad et al., 2000). Meanwhile, there is increasing

evidence that lack of estuarine habitat is limiting salmon

productivity (Greene and Beechie, 2004; David et al., 2016; Davis

et al., 2022; Sawyer et al., 2023), and accordingly, investment in

restoration actions is increasing (Jaeger and Scheuerell, 2023; Bilby

et al., 2024). Large-scale and comprehensive evaluations are

necessary to inform and address critical scientific uncertainties,

design or engineering improvements, and the effectiveness of

implemented restoration actions.
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3 Methods: cumulative effects
evaluation

Building from the basic elements previously established for

cumulative effects evaluations (scope and key research questions,

conceptual models, hypotheses and indicators, lines of evidence,

causal criteria analysis, cumulative effects modes, and conclusions;

Diefenderfer et al., 2011, 2016), we developed a new, detailed

framework for synthesis and evaluation grounded in our

understanding of ecosystem science and regional salmon ecology

to drive synthesis methodology forward and assess the cumulative

effects of restoration. There are three primary components to the

CEE framework presented here: 1) the Hierarchy of Hypotheses, 2)

Causal Analysis, and 3) Hierarchy of Synthesis (Figure 2). The first

component leverages existing expertise to identify research

questions, create conceptual models to articulate understanding,

and generate a suite of nested hypotheses. The second component

uses observation, primarily through existing data and publications,

to build lines of evidence related to each hypothesis, and applies

causal criteria analysis for evaluation. The final component,

Hierarchy of Synthesis, uses the causal analysis to draw inferences

about the cumulative effects of ecosystem restoration across tiers of

nested hypotheses and to derive conclusions. In this article, we

present the key aspects of the analysis, synthesis, and evaluation

framework, define terminology (Supplementary Appendix A), and

provide details of application to our study system.
3.1 Hierarchy of hypotheses

3.1.1 Scope and key research questions
Identifying key research questions and scope for the evaluation

is foundational to CEE design. This provides purpose for the

evaluation and addresses scientific uncertainties. Furthermore, it

is necessary to draw boundaries for the evaluation’s scope to direct

the associated analyses. These steps can be undertaken during

workshops involving experts with knowledge of the ecosystem,

the species of concern, and with interest, generally, in cumulative

effects evaluation.

Of primary interest in our case is the need to address scientific

uncertainties related to the effectiveness of restoration actions in

achieving salmon recovery (Puget Sound Science Panel, 2020).

Therefore, the goal of this CEE is to identify the cumulative

effects of restoration projects on Chinook salmon populations in

the Whidbey Basin, WA, USA, focusing on two key research

questions: 1) What are the benefits from restoration of estuarine

habitats for salmonid populations in the Whidbey Basin in the face of

continued impacts? 2) After restoration is implemented, what are the

trajectories of juvenile salmon population characteristics, and how

are they linked to habitat improvements in the Whidbey Basin?

The current analysis focuses entirely on juvenile Chinook

salmon, given their population status, importance, and the heavy

reliance on various estuarine and nearshore marine habitats during

the juvenile life stage. We drew boundaries for the scope of the

project (e.g., in space and time, as well as in topical focus) to aid in
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honing tractable research questions and directing analyses. The

research team (authors of this paper) carried out these tasks in

workshops that included regional experts with knowledge of the

ecosystem, Pacific salmon, and cumulative effects evaluation,

organized by the Puget Sound Partnership, a Washington state

agency coordinating habitat restoration and protection efforts in

Puget Sound. Our CEE is bounded from 1990 to present, given the

available data, timeline for salmon population listing (1999, for

most populations), and the implementation of the majority of

restoration actions in the basin. The focal components and scope

of the Whidbey Basin CEE are outlined in Table 1.
Frontiers in Marine Science 06
3.1.2 Conceptual models
The first step to address the research questions is development

of a set of conceptual ecosystem models to articulate understanding

and linkages relevant to the research questions and scope of

evaluation. Conceptual ecosystem models are science-based

representations of complex human-natural systems (Heemskerk

et al., 2003; Kelble et al., 2013). They illustrate critical

interdisciplinary connections and are integral to a CEE, providing

a visualization of hypothesized causal relationships that underpin

understanding of the system and how it might respond to

restoration actions (King and Hobbs, 2006). The models identify

the elements of the ecosystem that are critical to evaluating effects

(here, of benefit to salmon) and employ underlying knowledge, both

evidence and causal inference, to show connections between these

elements. The intent is to strike a balance between being overly

simple and excessively complex, because it is essential that the

models be easy to understand and communicate. In addition to

guiding research, conceptual models are useful communication

tools for visually representing ideas and connections (Heemskerk

et al., 2003). To this end, we developed three conceptual models,

each focused on a different aspect of salmon use of the ecosystem.

The conceptual models organized existing knowledge of the system,

salmon, and restoration and were foundational to the CEE in

structuring the questions, analyses, and inferences within.

The three conceptual models we developed are: Chinook

Salmon Life History Context Model to articulate relationships

between Chinook salmon use of the estuary and adjacent habitats;

Spatial Context Model to describe the Whidbey Basin and physical

drivers within; and Restoration Context Model, both detailed and

simplified, to demonstrate linkages between restoration actions and

habitat structure and function. All models are fully described in

Supplementary Appendix B to demonstrate the specificity of the

conceptual models and utility for a CEE. We present the simple

Restoration Context Model (Figure 3) for clarity in describing

subsequent analytical steps.

The Restoration Context Model (Figure 3) focuses on

restoration actions and their connections with habitats and the

greater landscape and seascape. Landscape-scale controls (e.g.,

geology, elevation, aspect, topology/bathymetry, etc.) interact with

natural processes (e.g., river flow and tidal inundation) to influence
FIGURE 2

Cumulative effects evaluation framework described herein, with incorporation of three main elements: 1) Hierarchy of Hypotheses, including
defining research questions, developing conceptual models, and articulating hypotheses, 2) Causal Analysis, focused on generating lines of evidence
and assessing causal relationships, and 3) Hierarchy of Synthesis, building causal inference and determining cumulative effects.
TABLE 1 Scope for the Whidbey Basin cumulative effects evaluation.

Topic Scope Rationale

Geographic
Area

Whidbey Basin
estuary and
nearshore
marine habitats

Large proportion of regional salmon
recovery and monitoring activities; regionally
significant area for Chinook
salmon populations.

Focal
Species

Chinook salmon
(Oncorhynchus
tshawytscha)

Populations have declined dramatically, are
listed under the ESA, and are a focus of
restoration and conservation efforts region-
wide. Other anadromous salmonids to be
included where appropriate or as data
are available.

Focal
Life Stage

Juvenile
Chinook
salmon
outmigrants

Restoration and conservation of estuarine
delta and nearshore habitats is intended to
benefit the juvenile life stage (transition from
freshwater to marine waters) of
Pacific salmon.

Habitat
Types

Nearshore
beaches, deltas,
embayments,
and associated
intertidal and
subtidal areas

These are the predominant nearshore habitat
types in Puget Sound and have been the
focus of restoration efforts in the Whidbey
Basin; all are documented salmon
rearing habitats.

Timeframe 1990s to present Data acquisition started in the mid-1990s in
the Skagit watershed; ESA listings
commenced in 1999; Chinook Salmon
Recovery Plan adopted in 2007
(NOAA, 2007).
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habitat conditions, as well as biotic responses at any site. Landscape

connectivity is an important structural component that influences

many processes and functions (Beamer et al., 2005, 2024;

Chamberlin et al., 2022a); therefore, this concept is described in

all conceptual models (Appendix B), and with respect to restoration

specifically, in the Restoration Context Model. Restoration strategies

are increasingly considering the influence of landscape connectivity

in restoration design (Rudnick et al., 2012) and reconnecting habitat

is a frequent goal of salmon habitat restoration (Littles et al., 2022).

Connectivity is also an important factor in evaluating responses to

restoration actions, for example, access by juvenile Chinook salmon

to restored habitats for rearing and foraging.

3.1.3 Tiers of hypotheses
Conceptual models and hypotheses are coupled in a CEE

framework in that conceptual models depict relationships and

expected responses based on existing understanding and theory,

from which hypotheses are drawn. Conceptual models were used to

identify hypothesized relationships and inform testable hypotheses,

which were articulated in nested tiers to drive analyses (Figure 4).

We used the interrelated conceptual models described above and in

Supplementary Appendix B to develop a series of hypotheses

(Table 2) for the Whidbey CEE, following a “Hierarchy of

Hypotheses” approach (Jeschke et al., 2012; Heger et al., 2021),

with the aim of evaluating evidence for cumulative effects.

A “Hierarchy of Hypotheses” approach (Heger et al., 2021)

moves the investigation from a single overarching hypothesis (Tier

1, drawn from the key research questions), to general domain-

specific hypotheses, in our case relative to habitat restoration

actions and salmon response (Tier 2), and finally to more specific,

testable hypotheses (Tier 3). This hierarchical approach facilitates

building causal understanding across several levels of specificity and

reflects the nested processes and scales that occur in nature (Wiens,

1989; Wiens et al., 1993; Cantor et al., 2017). For the CEE, this same
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structure is used to draw inference from analysis related to those

hypotheses (see Hierarchy of Synthesis below).

A Tier 1 hypothesis is analogous to the “Overarching

Hypothesis” of Heger et al. (2021), which is defined as an

“unspecified assumption derived from a general idea, concept or

major principle.” The Tier 1 hypothesis in our CEE is an umbrella

statement about the cumulative effects of restoration on ecosystems

with respect to salmon and is directly tied to the key research

questions. For this study, the null hypothesis is that there is no

evidence of cumulative effects of restoration actions.

Tier 2 hypotheses are akin in the hierarchy to “Operational

Hypotheses,” defined by Heger et al. (2021) as a “narrowed version

of an overarching hypothesis, accounting for a specific study design.

Operational hypotheses explicate which method (e.g., which study

system or research approach) is used to study the overarching

hypothesis.” Tier 2 hypotheses do not imply a specific study

design, and in fact, were designed to enable the inclusion of

multiple studies through meta-analytic methods. Tier 2

hypotheses identify the specific system elements and response

pathways used to draw inferences about the cumulative effects of

habitat restoration on species and encompass the variation in

spatial setting and characteristics of salmon and responses to

restoration as articulated in the conceptual models.

In this CEE, the Tier 2 hypotheses were structured around five

functional domains needed to address the question of cumulative

effects of restoration for juvenile salmon (Table 2). Habitat-specific

hypotheses were structured around two habitat elements: habitat

structure (the amount, accessibility, and quality) and ecosystem

processes (characterization and complexity of the habitat) following

Schlenger et al. (2011; Figure 3; Table 2: Tier 2 hypotheses 1 and 2).

For hypotheses regarding salmon functional attributes, we focused

on three response pathways: growth, distribution and migration,

and abundance and survival (Table 2: Tier 2 hypotheses 3, 4, and 5,

respectively). We considered aspects of rearing (primarily growth,
FIGURE 3

Simple restoration context model. This conceptual model shows actions, processes, structure, and functional responses that may influence and be
altered by generalized restoration actions (green box). Gray text in the Landscape Controls box indicates extrinsic factors not explicitly considered in
the Whidbey Basin cumulative effects study but that may be important across larger time/spatial scales.
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but also habitat availability), as well as distribution and abundance,

as functional attributes. Migration and distribution account for the

use of preferred habitats in space (whether for feeding or rearing),

and abundance and survival account for both the numbers of fish

using habitats (a measurable quantity) and their ability to complete

the estuarine phase of their life history (i.e., realized function,

Simenstad and Cordell, 2000), although this is difficult to parse

from marine survival overall. These domains support evaluation

of whether restoration has altered habitat and produced a

biological response.

The most detailed and specific hypotheses are the Tier 3

hypotheses. Nested within each Tier 2 hypothesis, a suite of Tier 3

hypotheses articulate central assumptions about specific mechanisms

of habitat restoration to biological response. These hypotheses are

what Heger et al. (2021) term “Mechanistic Hypotheses,” and defined
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as a “narrowed version of an overarching hypothesis, resulting from

specialization or decomposition of the unspecified hypothesis with

respect to assumed underlying causes.” The Tier 3 hypotheses

represent various alternative hypotheses to the null hypothesis of

no cumulative effects of restoration for species recovery. With 4–7

hypotheses nested within each Tier 2 hypothesis, Tier 3 hypotheses

pose central assumptions about specific mechanisms by which habitat

and fish respond to restoration actions (Table 2). The Tier 3

hypotheses are specific enough to be testable, but broad enough to

encompass multiple mechanisms, complex feedbacks, and expected

non-linear responses. These complex responses would be difficult to

discern with a single response variable or even via a single study,

necessitating the more complex approach to evaluation

proposed herein.

Implicit in each of the Tier 3 hypotheses is the variety of

habitats that have been restored in the Whidbey Basin, from

river-dominated delta sites to subtidal marine nearshore sites, and

the protracted time within which restoration has occurred (late

1990s to present). In each location or site, the dominant processes

vary, creating differences in primary structuring forces. At the site

scale, a restoration project could have a large effect on structure and

habitat processes; however, as the spatial scale increases, the local

effect of that one restoration project could be undetectable given

other ecosystem processes, similar to the riverscape concept

(Fausch et al., 2002). The suite of hypotheses explicitly addresses

spatial scale, where each is evaluated at the site or landscape scale.

This structure acknowledges that ecological interactions change

depending on the spatial extent (i.e., scale) that is observed (Wiens,

1989). Tiered hypotheses leverage information from prior

evaluation of restoration actions, typically within a study, at the

site scale, with the intent of the CEE to draw inferences at a broader

geographic scale.

The same attention to scale is necessary when thinking about

time with respect to organism life-history (Montero-Serra et al.,

2018), especially for species like Pacific salmon that use multiple

habitats across time. We also acknowledge that restoration trajectory

(Simenstad and Thom, 1996; Borja et al., 2010) will evolve over time,

all while surrounding conditions continue to change (Cloern et al.,

2016; Coleman et al., 2020; Bilby et al., 2024). Additionally,

restoration actions have occurred across several decades, meaning

some sites have had more time to develop, or degrade, than others. In

some cases, attributes of space and/or time are explicitly posited for

exploration, but in other cases the inherent variability of multiple

habitat types and differing dates of action are implied.

Scale can be invoked to address the effect of restoration on natural

processes at site, system, and subbasin levels. Understanding the

effects of time and space in any ecosystem and building the CEE

analysis to accommodate relevant scales is essential for drawing

causal inference. The goal of CEE is to move beyond site-scale

inference, but because sites form the scale of observation from

which we build our lines of evidence, we use this hypothesis

framework and the Hierarchy of Synthesis (below) for drawing

inference at broader scales.
FIGURE 4

Hierarchy of hypotheses for the cumulative effects evaluation.
Defining key research questions, crafting conceptual models, and
articulating the nested hypotheses initiate the analysis. We also
define mitigating factors, those factors that may limit inference,
such as climate change or continued habitat loss. The Whidbey CEE
project conceptual model showing the linkages between salmon life
history, the Whidbey Basin study area, and restoration context is at
the top. Causal Analysis is the subsequent analytical step.
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3.2 Causal analysis

3.2.1 Monitored indicators and lines of evidence
Causal Analysis (Figure 5) involves identifying monitored

indicators and lines of evidence, a step central to CEE

methodology (Diefenderfer et al., 2011, 2016). For each Tier 3

hypothesis, a suite of relevant monitored indicators (e.g., water

temperature, channel morphology, fish abundance) was identified

from conceptual models, research questions, and existing

experimental and observational data. An initial evaluation of

available data collected within the Whidbey Basin indicated

reasonable coverage of fish and habitat data across the habitat
TABLE 2 Tier 1, 2, and 3 hypotheses.

Hypothesis
ID

Hypothesis description Geographical
scale

Overarching hypothesis

Tier 1* Restoration actions benefit juvenile Chinook salmon contingent
on life history variation, the spatial structure of the Whidbey
basin, and external factors that drive habitat conditions.

Habitat structure

Tier 2
1.0

Restoration increases available habitat and improves
habitat structure.

1.1 Restoration increases available
rearing habitat.

Site

1.2 Restoration increases habitat availability
unevenly among habitat types and/
or watersheds.

Landscape

1.3 The effect of restoration on habitat structure
is contingent upon a site’s location in the
Whidbey basin.

Variable

1.4 Restoration creates reference-condition-like
habitat structure.

Site

1.5 Restoration-related effects on habitat
structure change over time, trending toward
a reference condition.

Site

Habitat processes

Tier 2
2.0

Restoration improves natural processes and shifts habitats
toward reference conditions.

2.1 Restoration of natural processes is dependent
on location within the Whidbey Basin and
the dominant processes at that location.

Landscape

2.2 Extent of restoration of natural processes
within restored areas is influenced by larger
scale freshwater and marine forcing.

Site

2.3 Restoration increases tidal connectivity,
thereby improving salinity and
temperature regimes.

Site

2.4 Restoration improves tidal inundation,
thereby improving material exchange.

Site

Salmon growth

Tier 2
3.0

Restoration promotes juvenile Chinook salmon
growth potential.

3.1 Restoration improves growth potential
differentially among Chinook salmon life
history types.

Variable

3.2 Increased variability in rearing conditions
through restoration promotes growth
potential for juvenile Chinook salmon.

Variable

3.3 Increased tidal connectivity through
restoration promotes growth potential for
juvenile Chinook salmon.

Site

3.4 Restoration improves juvenile Chinook
salmon growth potential as mediated
by competitors.

Variable

Salmon movement and distribution

Tier 2
4.0

Restoration influences movement patterns and distribution of
juvenile Chinook salmon.

(Continued)
TABLE 2 Continued

Hypothesis
ID

Hypothesis description Geographical
scale

Salmon movement and distribution

4.1 Restoration actions differentially benefit
migrant fry compared to other life
history types.

Landscape

4.2 Restoration sites with higher landscape
connectivity support higher densities of
juvenile Chinook salmon.

Landscape

4.3 Restoration site location within the Whidbey
basin influences relative abundance of
different Chinook salmon populations.

Landscape

4.4 Restoration effects on Chinook salmon
densities differ by restored habitat type
(delta, beach, embayment).

Variable

4.5 Restoration actions that increase habitat
connectivity within a site increase juvenile
Chinook salmon densities across that site.

Site

4.6 Increases in habitat availability from
restoration improve total capacity to
support salmon.

Landscape

4.7 Restoration actions increase
seasonal abundance.

Variable

Salmon abundance and survival

Tier 2
5.0

Restoration improves abundance and survival of juvenile
Chinook salmon.

5.1 Restoration influences survival differently
among life history types.

Various

5.2 Restoration increases landscape complexity,
thereby decreasing predation pressure on
juvenile Chinook salmon.

Site

5.3 Restoration sites with higher connectivity
offer greater benefits for survival than
seaward restoration sites.

Landscape

5.4 Restoration influences survival and
abundance differently among habitat types.

Variable

5.5 Restoration improves juvenile Chinook
salmon abundance or survival as mediated
by predators.

Site
*Tier 1 (dark blue) is drawn from the key research questions, Tier 2 hypotheses (light blue) are
broad hypotheses about aspects of salmon ecology and habitat, and Tier 3 (no shading) are
specific testable hypotheses nested within their broader Tier 2 domains.
The spatial scale of inference is identified for each Tier 3 hypothesis in the third column.
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types identified in our conceptual models and among the three river

systems, with deficiencies in some regions and habitat types. With

such robust existing data, leveraging existing but disparate

information is a substantial undertaking, as is extracting data

conducive for meta-analyses. This work is currently on-going for

our CEE, and in subsequent publications we will present the study-

specific results.

Each hypothesis is evaluated using one or more lines of evidence

(Table 3), bringing multiple forms of inference together. While we

developed lines of evidence similar to the approach described by

Diefenderfer et al. (2011) and as recommended previously

(NASEM, 2022; Greening et al., 2023), the framework herein

centers the lines of evidence on review of existing literature, given

the numerous published reports and vast quantities of data

available, owing to years of collective monitoring and reporting.

We used an evidence-based literature review adapted from previous

approaches (Norris et al., 2012; Diefenderfer et al., 2016) that

incorporates a weighting and scoring scheme to rank the strength

and consistency of evidence for each hypothesis as a primary means

of evidence (J. Hall, Cramer Fish Sciences, unpublished). The

weighting scheme accounts for the robustness of a monitoring

study design and includes scoring elements to reflect the overall

study design and the level of spatial and temporal replication. The

study scores are then summed and used to weight the available

evidence for sufficiency and strength of evidence for each

hypothesis via the literature review.
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The reliance on an exhaustive literature review means that not

all hypotheses will need new analyses. Currently, we have identified

approximately 1,000 sources (published papers, gray literature,

unpublished data sets) associated with the Whidbey Basin that

are derived from decades of data collection among project partners

and collaborators. Still, the published record may be insufficient to

evaluate some hypotheses, necessitating traditional empirical

analyses (e.g., population trends analysis, habitat response to

restoration), spatial analyses (e.g., land change evaluations), or

modeling (e.g., hydrodynamic or bioenergetic modeling). In some

cases, published literature or data to address a hypothesis may be

absent or sparse enough that the line of inquiry is identified as a

critical uncertainty (Figure 5, with additional detail in

Supplementary Appendix C). The development of lines of

evidence identifies hypotheses where evidence is sufficient for

evaluation and others where better understanding is needed.

Where possible, multiple lines of evidence are applied

collectively to a specific Tier 3 hypothesis, increasing strength of

support. This inference represents deductive and inductive types of

reasoning, elucidates additive and synergistic cumulative ecosystem

responses to restoration actions within a complex landscape, and

incorporates growing understanding of the specific ecosystem being

investigated. In many cases, a hypothesis will have multiple lines of

evidence associated with available information in the form of data,

analyses, and publications. For example, to evaluate Chinook

salmon growth, we could include measures of individual growth,
FIGURE 5

Causal analysis for the cumulative effects evaluation. Lines of Evidence are developed for the Tier 3 hypotheses, including literature review and
empirical analyses, and evaluated with causal analysis. Critical uncertainties, those that cannot be addressed with existing information, emerge from
the review for each hypothesis.
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simulated growth from bioenergetics models, and reported

measures of individual growth from published literature from

systems similar to those within the Whidbey Basin. Inherently,

lines of evidence require a strong understanding of the diversity and

quality of data available, which includes measured data, as well as

synthesis reports and publications, both within the study system

and among similar systems. Through extensive literature review,

including scoring and weighting based on sampling design and

robustness, existing information is being used to determine support

for the causal criteria, specifically for the consistency of association.

The literature review and scoring are key steps in evaluating

hypotheses; hypotheses that have multiple lines of evidence indicate

the potential for causal inference, and thus, causal criteria analysis

can be performed. The evidence-based literature review also

identifies data gaps and key uncertainties that cannot be

addressed with existing data or tools. Gaps and uncertainties may

then be addressed by considering literature and data from other

similar systems, or through new analysis of existing data, modeling,

or development of research plans or recommendations. In addition

to systematic literature review, novel analyses are underway to

specifically address changes in habitat availability from habitat

restoration and responses in juvenile Chinook salmon

distribution across the Whidbey Basin.
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3.2.2 Causal criteria analysis
Within each Tier 3 hypothesis, lines of evidence are evaluated

using causal criteria (Table 4). Causal criteria analysis (CCA) has

provided ecologists with a powerful tool for quantifying (putative)

cause-effect linkages. Within a CCA, causal criteria (Table 4) are

arguments to evaluate strength of cause-effect relationships and are

applied to multiple lines of evidence for specific hypotheses

(Figure 5). Causal criteria then provide a “checklist” whereby the

observed association between a cause and effect for a given

hypothesis is evaluated (Table 4). Generally, CCA is conducted

on a suite of hypotheses or causal pathways described for a given

system under study (Norris et al., 2012).

In the CEE for Whidbey Basin, we evaluate a restoration action

and some response within salmon habitats or salmon populations.

The application of causal criteria provides the basis for causal

inference supporting or refuting a given hypothesis in the

analysis. For a given Tier 3 hypothesis, each relevant causal

criterion is scored to reflect the strength of support across all

available lines of evidence. This approach is common among

other causal analyses (see Diefenderfer et al., 2011; Norris et al.,

2012). For Tier 3 hypotheses, the established methods described by

Norris et al. (2012) apply causal criteria across lines of evidence and

then score the strength of the causal relationships. We refine this

scoring to employ a scale from 0 to 3, corresponding to no support,

weak support, moderate support, and strong support for the

hypothesis. Scoring using causal criteria is the initial step of

building causal inference.
3.3 Hierarchy of synthesis

Once the lines of evidence have been identified for each

hypothesis, hypotheses are evaluated in a step-wise fashion,

starting with Tier 3 hypotheses, the most granular within the
TABLE 3 Lines of evidence for the CEE framework, with descriptions,
adapted from Diefenderfer et al. (2016); Greening et al. (2023).

Lines of evidence Description

Literature Review*

Evidence-based review of
the literature

A systematic review of hypothesized causes and
effects via information synthesized from multiple
publications and gray literature using a scoring
scheme for developing strength of support.

Novel Analyses*

Meta-analysis of restoration
action effectiveness

The statistical synthesis of the results of separate
studies; primarily uses reported effect sizes, or
effect sizes derived from reported data in reports
and published literature that address stated
hypotheses and identifies direction and
magnitude of a response.

Empirical analysis Empirical analysis includes experimental and
observational analyses rooted in traditional
statistical design, as well as traditional and
community science observations.

Spatial analysis A suite of tools that measure changes across the
landscape; effective in teasing apart complex
relationships among ecosystem stressors and
responses that have spatial inherent
spatial attributes.

Modeling Predictions from physics-based or ecological
models (e.g., hydrodynamic model, individual-
based models, bioenergetics, cumulative net
ecosystem improvement model, etc.); encompass
the flow of materials and energy based on
empirical data, in addition to capturing complex
interactions among ecosystem components,
processes, and services.
*The two main categories of lines of evidence are systematic literature review and
novel analyses.
TABLE 4 Causal Criteria as invoked in the Hierarchy of Synthesis, from
Diefenderfer et al. (2016).

Causal criteria Description

Strength of association Magnitude of the effect

Consistency of association Consistent direction of the effect documented by
multiple observers under various circumstances

Biological Plausibility Knowledge of the mechanism

Biological gradient Gradient in the cause and response level

Experimentation Manipulation of the cause

Specificity of association Limited to specific sites and effects

Temporality Effect follows the cause

Analogy Comparison to similar systems

Coherence Lack of conflict between cause-and-effect
interpretation and known facts

Complete exposure pathway Cause can reach the receptor

Predictive performance Prediction of restoration outcome
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Hierarchy of Hypotheses framework (Figure 6). The results of the

causal criteria analysis of Tier 3 hypotheses are aggregated to

evaluate the corresponding Tier 2 hypotheses, which are then

used to evaluate the overarching Tier 1 hypothesis. Our approach

uses causal synthesis to draw inference about the hypotheses, as

described below and for which we provide an example from our

study system and research questions. The Hierarchy of Synthesis

herein builds on Heger et al. (2021) by providing a framework to

develop inference from causal analysis through Hierarchy of

Hypotheses and the associated syntheses.

Because ecosystems are generally described as hierarchical

(Pickett et al., 1989; Menge et al., 2015), we evaluate relevant

ecological concepts across five different topical domains

(the Tier 2 hypotheses) at the site and landscape scales (Table 2),

taking advantage of hierarchical inference fundamental in our

analysis. This approach builds on the Causal Analysis (section

3.2) across levels of hierarchy by assessing the Tier 2 (domain)

hypotheses using the information gained in the Tier 3 causal criteria

analysis. Results are used as inference for Tier 2 and Tier 1

evaluation, forming the Hierarchy of Synthesis. The linkage of

CCA (Norris et al., 2012) with Hierarchy of Hypotheses (Heger

et al., 2021) is formalized to form a Hierarchy of Synthesis

(Figure 6) unique to this study design, thereby utilizing the nested

analyses to gain inference at increasingly broad scales. Ultimately,

this approach uses causal inference to draw conclusions about the

cumulative effects of ecosystem restoration via this hierarchical

synthesis (see Box 2 for distinctions regarding terminology).
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3.3.1 Causal inference and synthesis
Causal inference relies on integrating evidence from multiple

sources using a variety of methodological approaches to address

complex problems (Hernán and Robins, 2023). The development of

causal inference through the analysis of causal criteria has

historically been used in medical sciences (Hill, 1965); however, it

has been increasingly used in evaluation of ecosystem responses to

human actions (Norris et al., 2012; Vilizzi et al., 2015). Intrinsic to

our analysis is the goal of evaluating the cumulative effects of

restoration via multiple testable hypotheses centered around

juvenile salmon access to, use of, and benefit from restoring

habitats across the seascape using disparate data collected over

different time periods and multiple sites. Using conceptual models,

we set the stage for causal inference by articulating causal pathways

and the hierarchy of hypotheses allows for the testing of hypotheses

to build and synthesize inference.

We established our testable hypotheses in hierarchy (Hierarchy

of Hypotheses, Figure 4) to facilitate synthesis of results, from the

most granular hypotheses (Tier 3, with associated indicators and

lines of evidence) to an overarching hypothesis aimed at identifying

support for cumulative effects of restoration (via causal inference).

For Tier 2 hypotheses, the average and standard deviation are

calculated across all causal criteria for the nested Tier 3 hypotheses

(no support, weak support, moderate support, and strong support).

We then repeat the approach for the Tier 1 hypothesis, using the

scores of causal strength from the Tier 2 causal synthesis. For both

Tier 1 and Tier 2 syntheses, narrative statements related to the
FIGURE 6

Hierarchy of synthesis for the cumulative effects evaluation. The evaluation of Tier 3 hypotheses and the synthesis from Tier 3 to Tier 2, and again
across all Tier 2 hypotheses to the overarching research question in Tier 1, reflects the causal synthesis approach. Numbers within the trapezoids
refer to specific hypotheses (e.g., for Tier 2, hypothesis 1 has 5 Tier 3 hypotheses which are all evaluated to draw inference about the Tier 2
domain hypothesis).
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hypotheses are produced to summarize the key subject findings and

assessments, giving context to the evidence for support.

To envision scoring and synthesis of results, given that the

current analysis is ongoing, we simulated data for several

hypotheses using expert opinion from the research team. We

sought to test the full CEE methodology and tested various

scoring schemes to determine sensitivity and robustness across

causal criteria. Our scoring system identifies the strength and

consistency in results and provides narrative statements to further

substantiate findings. It also accomplishes the parsing of negative

results (where a hypothesis is refuted) from lack of support (where

evidence is neutral, equivocal, or differing among various lines

of evidence).

Here we demonstrate scoring among Tier 3 hypotheses, and we

further qualify the results with a brief narrative of key findings. For

the example used previously, Tier 3 Hypothesis 2.1 (Box 3), we

would have a score (Figure 7, mean=2.8, standard deviation=0.64),

indicating strong support and include a summary statement such

as: Natural processes are highly variable yet have spatial gradients in

Whidbey Basin. Detecting changes from restoration to natural

processes is hindered by large scale forcing from marine and fluvial

sources, strong variability, alternate causal mechanisms, and

variable restoration designs. In this way, we combine quantitative

and qualitative observations gained through analyses to support

inference. Where discrepancies exist (leading to increased variance
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in the score and greater uncertainty), the narrative can detail

sources of uncertainty. This process is repeated for the roll-up

from Tier 2 to our overarching hypothesis (simulated results

depicted in the bottom row of Figure 7), allowing an overall

evaluation of our primary research question. Through evaluation,

we build inference from Tier 3 hypotheses to support or refute

Tier 2 hypotheses, and ultimately, the Tier 1 hypothesis. The novel

aspect in this approach is applying CCA at the most granular level

of hypotheses (Tier 3) and drawing inference across the Hierarchy

of Hypotheses to yield a synthesis of causal inference.
3.4 Summary of methodology

In summary, we have both incorporated and advanced prior

methods for the synthesis of disparate data sets in examining

ecological restoration in several ways. Identifying key research

questions and building models of existing understanding

(conceptual models) and testable hypotheses (hierarchy of

hypotheses) around them, enables inquiry across a range of

domains relevant to the research question. Here, we were

concerned with using site-scale responses to draw inference at the

watershed or larger scale, a subbasin incorporating three estuaries.

The suite of conceptual models we generated is similar in its

interdisciplinary habitat-population detail to the basis of
BOX 2 Definitions of analytical terminology. For a full glossary, see Supplementary Appendix A.

Observations are the data and reports of monitored indicators relevant for each hypothesis.

Lines of Evidence are the collective observations (including literature review, analyses, and models) upon which causal analysis is applied (Table 3 herein); under a
hierarchy of synthesis framework, they are also be the results of causal synthesis of hypotheses within a domain when evaluating the higher tier (Tier 3 to Tier 2, Tier 2 to
Tier 1).

Causal Criteria are a suite of philosophical arguments (Hill, 1965) applied to observations that help describe the causal relationship within an argument (e.g., causal
pathway or hypothesis), Table 4, herein.

Causal Criteria Analysis is specific evaluation and scoring of lines of evidence for a specific Tier 3 hypothesis using causal criteria.

Causal Inference is an overall evaluation of causality of an argument that synthesizes the causal criteria analyses across related hypotheses.

Hierarchy of Synthesis is the approach to work up through the hierarchy of hypotheses, in which lines of evidence for Tier 3 hypotheses are used in aggregate to build
causal inference that supports the next tier of hypotheses (Tier 2) and then the overarching hypothesis (Tier 1).
BOX 3 An example of the Hierarchy of Hypotheses approach to illustrate the causal pathways underlying the CEE analysis.

To illustrate the Hierarchy of Hypotheses (Figure 4), an example follows. Starting with the overarching (Tier 1) hypothesis, which states that restoration benefits Chinook
salmon, we evaluate one of our five operational hypotheses (Tier 2, Hypothesis 2.0), “Restoration improves natural processes and shifts habitat toward reference
conditions.” This Tier 2 hypothesis posits restoration has a positive effect on the natural processes that form habitat and determine habitat quality, from which Chinook
salmon can benefit. In effect, this assertion sets up the initial hypothesized causal pathway by which restoration results in improved natural processes and increases
available habitat. As stated above, Tier 2 hypotheses are not meant to be testable, but rather serve to structure relevant aspects of salmon response.

Tier 3 hypotheses are specific enough to build inference to evaluate the Tier 2 hypothesis. An example is the hypothesis Restoration of natural processes is dependent on
location within the Whidbey Basin and the dominant processes at that location (Tier 3, Hypothesis 2.1). The Spatial Context Model can be used to frame the analysis of this
hypothesis to a) identify how near or far a site is from fluvial or marine forcing factors and b) to evaluate how habitat processes related to restoration are influenced by
location in the delta. In addition, salmon functional response hypotheses that include distribution and migration pathways can be evaluated in the context of restoration
location and the effects on habitat process, available habitat, and other aspects of habitat capacity, as related to spatial location.
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restoration analysis and synthesis in the recovery of wading birds in

the Florida Everglades (Trexler and Goss, 2009; Beerens et al.,

2015). We have included three tiers of hypotheses in a nested

approach to facilitate specificity per Heger et al. (2021). This

facilitates “rolling up” of causal inferences from the testable Tier

3 hypotheses, through operational Tier 2 hypotheses in multiple

domains, to the key research questions. We use causal inference,

specifically causal criteria analysis (Norris et al., 2012), on existing

data and observations, to identify lines of evidence supporting

benefits to salmon from restoration interventions in a hierarchy

of synthesis. This synthesis methodology poses specific hypotheses

for understanding ecosystem change and salmon response because

of recovery actions. The synthesis approach builds on existing work

while adding to available approaches used for causal inference in

ecological and restoration science.
4 Results: identifying cumulative
effects

Cumulative effects evaluations attempt to disentangle the

multiple ecological processes influencing target species, as a result

of restoration interventions, and draw inference beyond the site

scale (Diefenderfer et al., 2021). Here, since the null hypothesis is

that there are no cumulative effects of restoration actions,
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identifying cumulative effects is one of the fundamental

challenges in this inquiry. Multiple possible mechanisms or

modes of cumulative effects can describe change within an

ecosystem restoration context (e.g., through time lags or

ecological thresholds; Diefenderfer et al., 2021; Greening et al.,

2023). While modes of cumulative effects are based upon

phenomena common in ecology, it is important to recognize that

in the context of restoration, an action (typically initiated by humans)

may precipitate a state change. But much restoration effectiveness

monitoring is done on a short-term timeframe, at the local scale, with

incomplete documentation (Nilsson et al., 2016) and likely does not

capture complex responses. Modes of cumulative effects provide

hypothesized mechanisms for cumulative effects of multiple

restoration efforts beyond simple additive or incremental changes

at the site scale. Previously described modes of cumulative

effects, such as compounding, cross-boundary, and time lags

(Supplementary Appendix D, Diefenderfer et al., 2021) can help

contextualize the insights that emerge through causal inference and

hierarchy of synthesis in our analysis. The ecological concepts

underlying those modes are integrated into our hypotheses, so the

inferences are conceptually connected.

Describing how cumulative effects manifest in this system

(Diefenderfer et al., 2021) will depend on the outcomes of the

analyses currently underway. Given current knowledge, we

anticipate specific modes of cumulative effects related to each

hypothesis. For example, those modes related to the spatial
FIGURE 7

Simulated causal inference. Top row, H1-H5, depicts the simulated Tier 3 scoring (black dots and error bars) within each Tier 2 hypothesis (H1-H5)
and narrative statements as follows: H1: All Tier 3 hypotheses exhibited moderate to strong support with low deviation among causal criteria. H2:
Three of four Tier 3 hypotheses exhibited moderate to strong support, while one showed weaker support. There was low deviation among causal
criteria. H3: All Tier 3 hypotheses exhibited moderate support with moderate causal deviation. H4: All Tier 3 hypotheses exhibited moderate to
strong support, with two having much stronger support than the others. All Tier 3 hypotheses exhibited a wide range of causal deviation. H5: Four of
five hypotheses exhibited less than moderate support, with some contraindications. Deviation among causal criteria was highly variable across
hypotheses. Bottom figure shows a simulated summary of Tier 2 scoring and variance based on synthesis of Tier 3 hypotheses (blue dots and
associated error bars) and Tier 1 score and variance based on Tier 2 hypotheses (red dot and associated bars). The resulting hierarchical narrative is:
1) Restoration improves habitat processes and extent across populations (H1 and H2), resulting in moderate benefits to growth and shifts in
distribution. Benefits to changes in migration and abundance and survival remain equivocal (H3, H4, and H5); 2) Across all hypotheses, there was
weak to moderate support for cumulative effects of habitat restoration for juvenile salmon.
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domain (e.g., Landscape Pattern, Cross Boundary, and Space

Crowding) are likely to emerge from the hypotheses related to

habitat structure and habitat processes (Tier 2 Hypotheses 1 and 2,

and their subordinate Tier 3 hypotheses), as well as fish movement

(Tier 2 Hypothesis 4). Given our conceptual models and the spatial

context implicit and explicit in our hypotheses, the detection of

cumulative effects related to the spatial domain is possible with this

methodology. In essence, cumulative effects detection at the

landscape scale is embedded in our hypotheses. Other cumulative

effects that function in the temporal domain, such as time lags and

compounding effects, are also likely to be detectable with this

methodology, given the decades of diverse data available.

Cumulative effects evaluation is inherent in our hierarchical

framework of hypotheses and synthesis. In this framework, various

expressions of cumulative effects underlie Tier 3 hypotheses and

serve as demonstrable statements about the benefits of multiple

restoration efforts. Using a multi-method framework (e.g.,

multimodel ensembles) is a recommended approach to

identifying cumulative phenomena (Hodgson and Halpern, 2019),

and here, multiple lines of evidence aid in addressing hypotheses

and drawing inference through causal analysis to illustrate modes of

cumulative effects. Understanding the mechanisms associated with

these cumulative effects will enable improvements in restoration

efforts moving forward, taking advantage of learning gained from

previous assessment and inference gained at larger scales here.
5 Conclusions

We provide a framework for synthesizing and evaluating

disparate data streams across multiple scales, specifically applied

to detecting the cumulative effects of ecosystem restoration for

juvenile salmon. We have developed an integrated, comprehensive

update to CEE methodology, rooted in current understanding of the

study system, and positioned to evaluate testable hypotheses related

to cumulative effects using existing data. This information is critical

to informing ongoing monitoring activities and the adaptive

management of ecosystem restoration worldwide and, in our case,

for salmon recovery in the Salish Sea region. Our methodology

could be useful to many research arenas where a singular hypothesis

is insufficient for addressing complex responses.

We offer advances in CEE methodology, including a formal

Hierarchy of Hypotheses based on Heger et al. (2021), a robust

causal criteria analysis using existing data and literature, rooted in a

comprehensive and quantitative literature review, and a novel

Hierarchy of Synthesis. The latter is analogous to the Hierarchy

of Hypotheses, drawing on causal inference along two axes:

horizontal across a given tier of hypotheses and vertical between

hierarchical tiers. Despite the lack of documented responses to

restoration at the population level, this approach will enable

evaluation of potential outcomes occurring beyond site-scale

projects in a highly dynamic environment. Results can inform

programmatic adaptive management decisions, policy changes,

funding allocation, as well as future restoration actions and

science. The benefits of ecosystem restoration go beyond salmon
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habitat, and this framework could be adapted to more general

ecosystem response to restoration, or other problems of synthesis.

Identifying cumulative effects is a challenge in a dynamic system

with high levels of noise. We recognize that a range of success is

possible with respect to restoration outcomes, meaning support for

a given hypothesis could be variable. Failure to meet restoration

objectives and realize benefits to salmon may be due to poor design,

incorrect implementation, or mitigating and extrinsic factors (i.e.,

those factors that might limit the success of restoration actions, such

as adjacent land use, or that cannot be controlled, such as sea level

rise and heat waves due to climate change). Similarly, a lack of

effectiveness monitoring, reporting, or adaptive management,

undoubtedly limit our ability to draw inference. In all evaluations,

accurately measuring cumulative effects will be impeded due to

some combination of the above and the pervasiveness of

anthropogenic impacts that remain in the study system.

The nature of analysis and evaluation herein is made possible by

the programs and associated datasets that have been stewarded as

restoration projects were implemented and thereafter. While we are

grateful for the productive collaboration, the analytical lift

associated with merging disparate datasets and findings argues for

consistent monitoring at a landscape-scale with appropriate

analytical design to evaluate the effectiveness of site-based actions

when multiple interventions occur along a species’ migratory

pathway. A coordinated and dedicated monitoring effort would

foster detection of cumulative effects through appropriate research

questions and concomitant sampling designs developed with the

intention of detecting such effects at scales of ecological relevance.

While the methodology is generally applicable to multiple

research problems, for purposes of a CEE for salmon habitat

restoration in the Whidbey Basin nearshore, we provide details

related to salmonid use of estuaries to 1) provide context for others

assessing restoration benefits for salmonids, and 2) provide the scale

of detail we considered in developing our methodology.

Formalizing the spatial, life-history, and restoration models that

we drew upon to generate this methodology is what allows us to

implement some of the highly specific, yet broadly germane,

hypothesis testing. It is also important to note that increased

understanding of population-specific juvenile salmon

distributions suggests mixing in estuaries may occur more

frequently and at greater magnitudes among populations and

habitats than previously believed (Rice et al., 2011; Hayes et al.,

2019; Chamberlin et al., 2022b). Thus, cross-watershed boundary

recovery planning is important and supports the need to synthesize

and evaluate cumulative effects of multiple restoration projects

beyond the watershed. As salmon from multiple populations may

use and benefit from restoration sites across the seascape, existing

paradigms of estuarine use during salmon outmigration may need

to be refined, along with objectives related to restoration.

Through the adaptation and development of the cumulative

effects assessment framework described here, we have built on

science synthesis, which occurs through collaboration among

communities of practice with ready access to data, metadata, and

varied analytical tools (Halpern et al., 2020). Using a multi-

institutional collaboration to develop our approach, we concur
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with previous researchers that such collaborations leveraged

capacity and led to additional productivity and creativity

(Hampton and Parker, 2011; Diffendorfer et al., 2023). While

much of the innovation in our approach is directly related to the

extensive knowledge of salmon in estuaries and the available data

within the research team network, the wide range of experience

represented by the team also fostered new ideas and innovation for

complex ecosystem analyses and syntheses (Diffendorfer

et al., 2023).

Synthesis occurs when disparate data, concepts, or theories are

integrated in ways that yield new knowledge, insights, or explanations

(Pickett et al., 2007). With our framework, we have developed a

methodology that allows the detection of cumulative effects to

emerge from existing data, while recognizing that the majority of the

landscape in the systems under study remains highly impacted by past

and present anthropogenic disturbance (Hodgson et al., 2020;

Sobocinski et al., 2022). The complex life history of Pacific salmon

means other insults, experienced beyond estuarine residence, may

negatively impact survival. Nevertheless, estuarine rearing is known

to be important for salmon growth (Healey, 1982; Chalifour et al.,

2021), which in turn confers a survival advantage (Beamish et al., 2004;

Duffy and Beauchamp, 2011; Greene et al., 2024).Withmuch estuarine

habitat lost to development and agriculture since colonization (Brophy

et al., 2019), habitat restoration is one tool for improving life-stage-

specific survival. Without a unifying monitoring and synthesis scheme,

site-scale successes may fail to account for broader benefits. Detecting

thresholds at which restoration provides measurable improvement

would greatly advance understanding of the effects of restoration on

ecosystems. Establishing a solid analytical foundation and applying

rigorous synthesis methods for evaluating the cumulative effects of

restoring habitats, benefits both Pacific Northwest salmon recovery

efforts and other regional ecosystem restoration worldwide.
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