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Evaluating spatial and temporal
trends in ecological indicators at
dredged material placement sites
Bertrand H. Lemasson 1*, Kyle S. Tidwell 2,
Chanda J. Littles 2, Sean T. Carroll2, Hans R. Moritz2,
Emily R. Russ 3 and Martin T. Schultz 3

1U.S. Army Engineer Research and Development Center (ERDC), Environmental Laboratory, Newport,
OR, United States, 2U.S. Army Corp of Engineers, Portland District, Portland, OR, United States, 3U.S.
Army ERDC, Environmental Laboratory, Vicksburg, MS, United States
The beneficial use of dredged material (BUDM) is increasing and studies have

demonstrated ecological benefits, but confidence among stakeholders continues

to lag. Primary hurdles for BUDM practitioners lie in identifying approaches that can

assuage local concerns, while adopting general metrics to quantify ecological

benefits that are transferable and economically feasible. While controlled

experiments will advance the practice, managers must first evaluate their portfolio

to determine where to focus their efforts. Here we demonstrate how stakeholder

feedback and existing data can be combined to provide relatively low-cost, generic

evaluations of ecological change at dredge material sites over time that can be

communicated to stakeholders and inform future efforts. We evaluated vegetation at

12 sites over 24 years using the normalized difference vegetation index (NDVI)

derived from archival satellite imagery. We also leveraged count data from a series of

long-term surveys on a local species of concern, the Streaked Horned Lark

(Eremophila alpestris strigata), across 10 sites, varying from 8–20 years in duration.

Bayesian generalized linear mixed models were fit to both metrics to determine

whether they changed over time across a hydrogeomorphic gradient. NDVI showed

significant growth over time but maintained relatively low levels (0.04 – 0.38) – a

reflection of the dominant vegetation types (sparse shrubs and grasses) and spatial

heterogeneity. Parameter significance was evaluated using 68% and 95% credible

intervals. Initial NDVI levels were negatively correlated with growth rate, with sites

having higher starting levels of NDVI displaying less change over time than thosewith

lower levels. Most Streaked Horned Lark counts remained either steady or increased

over time, suggesting relative stability in nesting locations. Neither the NDVI nor lark

counts were significantly affected by the hydrogeomorphic gradient. An additional

spatially explicit evaluation of associations between lark locations and NDVI values

within a recent breeding season revealed a steady increase in potential habitat area

along the hydrogeomorphic gradient, extensive potential habitat outside the dredge
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material placement areas, and potential habitat expansion within the monitored

areas. These efforts demonstrate how archival data can be leveraged to quantify

historical ecological trends at BUDM projects to improve the practice’s transparency

with stakeholders and guide future efforts.
KEYWORDS

dredged material disposal, beneficial use, streaked horned lark, habitat benefits,
NDVI, Bayesian
1 Introduction

Waterways have been dredged to facilitate navigation since the

bronze age (Morhange and Marriner, 2010) and modern times have

witnessed an increasing level of scrutiny given to the economic and

environmental tradeoffs of dredging activities (Bolam and Rees,

2003). Initial approaches typically focused narrowly on managing

the costs associated with contaminated sediments (Lee et al., 1991;

Cura et al., 2004; Hong et al., 2010). Most of this material, however,

is uncontaminated (95% in the United States; U.S. Army Corps of

Engineers (USACE), 2015) and the practice has expanded to

capitalize on the potential beneficial uses of dredged material

(BUDM) using non-contaminated sediment, such as for shoreline

stabilization, beach nourishment, and habitat improvement.

Positive ecological outcomes from BUDM projects have been well

documented in a variety of studies (Dawe et al., 2000; Shafer and

Streever, 2000; Suedel et al., 2021; Taddia et al., 2021; Harris et al.,

2025), yet while awareness of the ecological potential of BUDM is

increasing among stakeholders and practitioners, confidence in its

performance lags (Solanki et al., 2023). Studies linking dredge

material placement actions to improved ecological outcomes can

vary in the placement conditions used and the metrics reported.

Predicting ecological outcomes at BUDM sites across regions also

faces the same challenge of transferability that impacts most

ecological predictions due to factors like non-stationarities,

biological interactions, and variation in species and their traits

(Yates et al., 2018). Quantifying how ecological processes have

changed at BUDM sites across time and space can improve

transparency to stakeholders and provide a priori information to

guide regional monitoring and field experiments.

Several challenges present themselves when selecting ecologically

relevant indicators to quantify changes at BUDM sites, namely that

they be locally meaningful, broadly relevant, and economically feasible.

In some cases, certain species can have cultural and economic value

(Atlas et al., 2020) or may be legally prioritized for monitoring by state

or federal agencies because they are listed under the Endangered

Species Act (Evans et al., 2016). While monitoring for threatened or

endangered species can have local value and aid in broader attempts to

address the current biodiversity crisis (Kindsvater et al., 2018), it also

results in having different ecological indicators at sites scattered over

vast distances – making statistical comparisons over time across
02
locations difficult. Existing examples of BUDM studies across

locations over time tend to rely on a variety of metrics and involve

extensive field monitoring (Shafer and Streever, 2000; Berkowitz et al.,

2022a, b; Staver et al., 2024; Harris et al., 2025). Funding constraints are

an important barrier to meeting ecosystem restoration goals globally

and monitoring costs tend to limit investment (Zu Ermgassen and

Löfqvist, 2024). Most restoration projects are significantly biased

towards low-cost efforts (Katz et al., 2007; Barnas et al., 2015), which

limits the types of response metrics available to measure changes in

condition and underscores the need for a relatively frugal approach.

Insights to addressing the above constraints can be found

amidst ongoing efforts in the Lower Columbia River (LCR) and

estuary, which is located along the border of Washington and

Oregon in the United States and contains numerous historical

and currently active dredged material placement sites.

Stakeholders in the LCR have previously expressed interest in

increasing and conserving habitat for species listed under the

endangered species act at BUDM sites (Littles et al., 2024),

including regional Salmonid stocks (i.e., Oncorhynchus

tshawytscha and O. mykiss), Columbian white-tailed deer

(Odocoileus virginianus leucurus), and the Streaked Horned Lark

(Eremophila alpestris strigata) (USFWS, 2013). Salmon habitat

restoration has long been a priority in the region, and numerous

studies have developed conceptual and statistical models linking

salmon abundance, density, growth, and biomass to various habitat

covariates and predictors (Johnson et al., 2003; Diefenderfer et al.,

2013; Sather et al., 2016; Weitkamp et al., 2022; Roegner and

Johnson, 2023). However, available salmon models require

intensive monitoring and data acquisition that has not been

widely replicated across BUDM sites. Columbian white-tailed

deer are a species of conservation concern and states have been

monitoring subpopulations in the LCR (Azerrad, 2023), but

detailed spatial and temporal data on their occurrence and

potential associations with habitat covariates are not readily

available. Streaked Horned Lark are monitored at dredged

material placements by the U.S. Army Corps of Engineers and

provide a readily available spatio-temporal metric to quantify

ecological responses at BUDM sites.

While leveraging the availability of Streaked Horned Lark

monitoring data provides a locally relevant response metric at

relatively low additional cost, as the monitoring is legally
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mandated, it lacks transferability nationally. We therefore also

adopted the normalized difference vegetation index (NDVI) as a

proximal measure of vegetative biomass. NDVI can be readily

extracted retrospectively from satellite imagery archives and

strongly correlates with above ground net primary production

(Pettorelli et al., 2005). Additionally, NDVI can be applied across

vast spatial scales (Nemani and Running, 1997) and has been used

to evaluate susceptibility to disturbance effects like flooding (Rosado

and Alexandre, 2020), assess changes in biodiversity (Hurlbert and

Haskell, 2003; Turner et al., 2003), and predict species distribution

patterns, including the Streaked Horned Lark (henceforth referred

to simply as lark; Hatten et al., 2019). Terrestrial vegetation is also a

valuable resource for the remaining species of concern to regional

stakeholders. Vegetation, in the form of overhanging trees or marsh

plants, can provide thermal and physical refuges for migrating

Salmonids, along with habitat for protein rich food (i.e., insects;

Raleigh et al., 1986; Sommer et al., 2001). Likewise, vegetation

stands provide both refuge and forage for Columbian white-tailed

deer (Azerrad, 2023).

In this study we used a series of generalized linear models to test

the hypothesis that our ecological indicators, NDVI and lark counts,

have i) changed over time at historic dredge material placement

sites in the region, and ii) whether any observed changes varied

across the river’s hydrogeomorphic gradient. Environmental

gradients have long been recognized as drivers of species

distribution patterns and diversity across spatial scales (Chase and

Myers, 2011) and hydrogeomorphic gradients serve as important

drivers of physical and biological processes along estuarine-river

continuums, e.g., how flood frequency and intensity can impact

biotic distribution (Lake, 2000), community composition (Borde

et al., 2020; Diefenderfer et al., 2024), and functional diversity

(Abgrall et al., 2017). Quantifying how NDVI and lark counts have

changed over an extensive period of time across numerous

designated dredged material sites was our primary objective, yet

recent efforts have demonstrated associations between NDVI levels

and suitable lark habitat. Hatten et al. (2019) found that NDVI

accounted for a majority of the variation explained by models fit to

observed lark locations at dredged material placement sites. We

therefore followed the above analyses with a qualitative spatial

analysis using the most recent breeding season data (2023) to

identify additional question or opportunities to inform future work.
2 Methods

2.1 Study region

Our case study sites are located within the lower reaches of the

LCR and shown in Figure 1. The Columbia River is the fourth

largest in the United States in terms of annual river discharge

volume (Kammerer, 1990), draining an area of approximately

673,000 square kilometers between the Canadian Rockies and the

Pacific Ocean. Of the total freshwater annually discharged into the

Pacific Ocean between the Canadian border and San Francisco,

California, the Columbia River accounts for approximately 60%
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during the winter and up to 90% during the summer. The span of

river extending from the ocean (river kilometer, rkm 0) to the head

of tides at Bonneville Dam (rkm 233) is often referred to as the LCR.

Fluvial discharge affects the local hydraulics of various reaches of

the LCR differently, based on distance upstream (inland) from the

ocean. The hydraulics of the river below rkm 56 are governed by

estuarine processes and tidal action, while areas upstream of rkm 56

are increasingly dominated by fluvial discharge. Most of the

sediments in the LCR are continually shifting spatially but are

consistent in their composition; consisting primarily of sand rather

than silt due to the strong, turbulent currents that tend to flush finer

grains away. In terms of the overall LCR and estuary, average

bottom sediments are characterized as having 1% gravel, 84% sand,

13% silt, and 2% clay (Hubbell and Glenn, 1973).

Figure 1 illustrates the spatial extent of the LCR as addressed

within this paper (rkm 22.5 to 140) and shows four of the river’s

eight hydrogeomorphic reaches, extending laterally into the

historical floodplain of the main river and its tidally influenced

tributaries (Simenstad et al., 2011). Each of the four applicable

reaches (B-E) display different attributes of river morphology,

bedforms, tributary interaction, and hydraulic or tidal conditions

that interact to drive flow and inundation patterns that impact the

composition of ecological communities and their activity (Borde

et al., 2020). Briefly, Reach B defines the inland extent of the salinity

intrusion. It represents a convergence from open and peripheral

bays into a confined fluvial valley with a mosaic of islands, shoals,

and tidal channels. Reach C is confined to a valley that bisects the

Coastal Range but still contains large, swampy mid-channel islands,

tidal channels, sloughs, and flood plains. Tidal influence persists in

this reach but slowly diminishes as one moves upstream. The river

becomes mostly confined in Reach D by broad bottomlands whose

narrow floodplains are dissected by tidal and backwater channels.

Fluvial discharge dominates river hydraulics for much of the year.

Tidal fluctuations have a minor influence (0.30 – 1.52 m) on the

river’s hydraulics in Reach E, where the river becomes narrowly

confined by bedrock valley sides and terrace deposits. Flood

discharges here have produced prominent channel migration bar-

and-swale morphology on the islands and floodplains, which

themselves are thinly capped by fine sediments deposited from

overbank flooding.

Figure 1 also illustrates the sites that were used in the analyses.

The set of sites used varied a little when fitting models to the NDVI

data (section 2.2) and the lark count data (section 2.3); these

distinctions are noted in the figure and explained in the

respective sections. When exploring lark-NDVI spatial

associations explicitly, we relied on the most recently available

breeding season’s data only (2023), which excluded Sandy Island

because no larks were found that year. The set of sites used in these

analyses all share similar dredge deposition approaches but can vary

with respect to the amount of material placed, where it is placed,

and how often. Given the sediment composition of the system, most

dredge material is composed of sand and is either piped upland

onto the islands, used to replace eroded shorelines or extend them,

and in open water. For example, sites like Pillar Rock and Miller

Sands Islands began with open water placements in the 1950’s.
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Placement activity then extended to beach nourishment and upland

placements in the 1970’s to improve stability and continue to

the present.
2.2 Regional changes in NDVI

2.2.1 Satellite imagery
We selected 12 historic dredged material placement sites along

179 rkm of the LCR for a targeted assessment of potential ecological

benefits. Analyses were spatially confined to a region of interest

(ROI), which is a polygon delineating each site’s study area. ROIs

were defined using data from imagery and tabular records

synthesized by Hatten et al. (2019). The ROIs used in this

analysis were confined at each site to areas that had no record of

receiving dredged material deposition for at least the last 30 years,

which includes all sites depicted with a leaf in Figure 1. Satellite

imagery was taken from the Landsat 7 data, which have a 30 m

resolution (U.S. Geological Survey (USGS), 2025a). Images were

gathered, filtered, and processed using Google Earth Engine

(Gorelick et al., 2017). Below we review our reasoning and steps
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taken in additional detail. The code necessary to replicate these

efforts is included in the Supplementary Material.

Within each site’s ROI we filtered and integrated all images

from 1999–2023 to calculate NDVI values. NDVI is derived from

the ratio of near-infrared (NIR) and red reflectance captured by

satellite sensors and defined as NDVI = (NIR – RED)/(NIR + RED).

NDVI values are continuous within a closed interval of [-1,1],

whereby values can include the extremes of -1 and 1. NDVI values

less than 0.1 are typically filtered out as non-vegetated (Pettorelli

et al., 2005; Shen et al., 2015), but we retained small values, 0 <

NDVI ≤ 0.1, to allow dry, non-vegetated areas to be included in this

analysis. Shrubs and grasses result in values between 0.2 - 0.5, and

values of 0.6 - 0.9 are found with the dense vegetation pattern

typical of temperate or tropical forests (U.S. Geological Survey

USGS, 2025b). Following convention, satellite images containing

more than 10% cloud cover were filtered out, along with NDVI

values less than 0 (NDVI ≤ 0 generally represent water and elevated

moisture levels in the air from cloud cover that can increase

measurement error; Justice et al., 2007; Shen et al., 2015; Hamel

et al., 2009; Martinez and Labib, 2023). At each site, all available

satellite images from each year were combined into a stack. This
FIGURE 1

Study sites and hydrogeomorphic reaches within the Lower Columbia River study region. Study sites were defined spatially using region of interest
(ROI) polygons detailed in the methods. Locations used in the models fit to NDVI trends over time by site are labelled with a leaf icon, while those fit
to lark counts are marked with the bird’s black silhouette (methods discussed in sections 2.2 and 2.3, respectively). In section 2.4 we collected all
NDVI values found at lark locations identified in the 2023 breeding season across all dredged deposit sites except for Sandy Island that had no larks
that year.
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stack of images was then collapsed down to a single layer by

retaining only the maximum recorded NDVI value per cell,

providing a matrix of peak vegetative potential at the site within

that year. Finally, we calculated the spatial mean of this peak growth

across the site, thereby collapsing the matrix of maximum NDVI

values to a single spatial average. The process was repeated across

years at each site.

2.2.2 NDVI modeling
We fit a series of Bayesian generalized linear mixed models to

the terrestrial NDVI data to test our hypothesis regarding whether

levels of NDVI have changed over time and whether any observed

changes varied across the river’s hydrogeomorphic zones. As

previously stated, the maximum NDVI values observed at a given

site were averaged over the ROI to provide a mean value per site per

year. Note that while the values being modeled represent averages,

we simply retain the NDVI abbreviation when referring to this

metric to avoid confusion with predicted means. The filtering

procedures described in section 2.2.1 further restricted the data to

an open interval of (0,1), which excluded the endpoints of 0 or 1.

These constraints reflect the NDVI values expected at our sites, but

do not conform to the assumptions of a Normal distribution. To

properly account for the nature of these data, we used generalized

linear models with a Beta distribution as the likelihood function.

In addition to the limited range of values the data could exhibit,

our sites were unevenly spread out across the reaches, the precise

age of the sites was unknown beyond being 30+ years old, and we

were interested in how these values changed over time. We

therefore adopted a multi-level approach, also known as a mixed-

model, to account for these obstacles by grouping the data by site.

The use of generalized linear mixed-models can also result in

improved parameter estimates when the data are expected to be

more similar over time (temporal correlation) within a group than

across them (Zuur et al., 2009). Sites were included as a random

intercept, which helped account for repeated measures within sites

and for the potential for additional variability in the initial

conditions across sites, given the uncertainty in deposition age.

We also explored whether allowing the slopes to vary by site

improved the predictive performance of our models.

With the above considerations our null model was:

NDVIi ∼ Beta(mi, f) (1)

logit(mi) = asite½i� (2)

aj ∼ Normal(�a,s) (3)

�a ∼ Normal( − 1:0, 0:5) (4)

s ∼ Exponential(1:0) (5)

f ∼ Gamma(4:0, 0:1) (6)

where the distribution of each observation, NDVIi, was

expected to vary according to a Beta distribution with mean mi
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Equation 1 and concentration parameter f. Equation 2 is our null

model,M0, for the mean expected value, which is an intercept only

regression in which the mean response is not expected to change

based on any covariates. The asite½i�,   term reflects that the intercept

varies by site for each observation i and represents our random

intercept. Equation 3 states that for each of the j sites, the intercept

is expected to vary according to a Normal distribution around a

mean of �a with variance s. The hyperparameters �a and s are

themselves drawn from Normal and Exponential distributions,

respectively. Values for the hyperparameters in Equations 4 and

5, along with the parameters for the Gamma distribution of f in

Equation 6, represent skeptical priors based on expected

associations between NDVI values and vegetation classes

(Pettorelli et al., 2005; U.S. Geological Survey USGS, 2025b), and

prior predictive simulations.

We then proceeded to fit a series of models to include the effect

of time (years) and space (hydrogeomorphic reach) on the expected

response, mi. We fit two models to account for time:

M1 : logit(mi) = asite½i� + b1yearS (7)

M2 :  logit(mi) = asite½i� + b1,site½i�yearS (8)

where yearS is the range of years standardized to increase from

0 to 23. Beginning with model M2 in Equation 2 we allowed both

the intercept and slope to vary by site to reflect the potential for sites

to differ in both their initial NDVI levels and their rates of change

over time. Importantly, the a and b parameters in models M2

onward covary, which enables us to identify additional structural

dependencies between them. One example of interest is discerning

how rates of change in primary productivity over time vary with the

initial amount of productivity established. Lastly, spatial effects

were implicitly included by encoding the hydrogeomorphic reach

where sites were located and assuming that reach had an

independent (M3, Equation 9) or interactive effect (M4, Equation

10) with time:

M3 :  logit(mi) = asite½i� + b1,site½i�yearSi + b2reachi (9)

M4 : logit(mi) = asite½i� + b1,site½i�yearSi + b2reachi + b3(reachi · yearSi) (10)

Models were run using the Stan statistical platform (Stan

Development Team, 2024) within the R software environment

(version 4.42; R Core Team, 2024) under the brms package

(Bürkner, 2017). All models were run with Hamiltonian Markov

Chain Monte Carlo simulations using 4 chains for 10,000 iterations

that each included 5,000 iterations as warm-up periods. Model

convergence was based on a visual inspection of the chains and

posterior predictive checks. These efforts were supplemented by

verifying the effective sample size to ensure that enough

independent samples were drawn from the posterior (McElreath,

2020) and the Gelman-Rubin convergence diagnostic, R̂ (Vehtari

et al., 2021). Parameter significance was evaluated using 68% and

95% credible intervals (CI). Models were compared based on

predictive accuracy using differences in the expected log predictive

density (DELPD). Pareto smoothed importance sampling was also
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used to identify points that had outsized influence on the posterior

distributions of each model. This technique identified several (two to

four) influential points in both our preliminary model fits using non-

informative (default) prior distributions and in our final models that

used restrictive prior distributions. These points were subsequently

linked to satellite images that had poor coverage, resulting in

estimates that were heavily biased by missing data, and

subsequently fell well outside yearly fluctuations (see

Supplementary Figure S1 in the Supplemental Materials). These

values were omitted from our final analyses. Inspection of

autocorrelation trends in the parameters of our final models did

show signs of autocorrelation in our slope parameters, which

decayed rapidly to zero after three to four lags. As a precaution,

we explored whether including an autoregressive-term using

different lags (up to four) improved the performance of our top

models – it did not (see Supplementary Table S1 in the Supplemental

Materials for details). Lastly, the effective sample sizes of our final

models were all greater than an order of magnitude beyond what

would be considered sufficient to generate reliable estimates from the

posterior distribution (Bürkner, 2017).
2.3 Regional changes in lark abundance

We performed two analyses regarding lark abundance (counts)

and their spatial distributions. First, we evaluated the long-term

spatial and temporal trends in lark counts across all reaches between

2004 and 2023 with generalized linear mixed-models, as in section

2.2 for NDVI. Next, we used satellite imagery to calculate lark-

specific NDVI values based on 2023 lark survey data and evaluated

how lark geospatial use explicitly varied across reaches and within

dredged material sites, as further described under section 2.4. Below

we detail data collection, processing, and analytical methods and

attempt to highlight the differences between the regional analysis of

NVDI above and these directed lark specific analyses.

2.3.1 Lark survey data
Since this species of lark (E. a. strigata) was listed as threatened

in 2013, the U.S. Army Corps’ Portland District has been required

to monitor its population in the LCR and attempt to place dredged

material in a manner that supports the continued existence of this

species (U.S. Fish and Wildlife Service (USFWS), 1998; Anderson,

2013). Available lark survey data also predate listing and provides a

temporal dataset between 2004 and 2023 to investigate how trends

in their abundance and habitat use might vary between dredged

material locations. While sampling protocols evolved over time, the

sampling period, baseline biotic parameters, and level of effort to

survey larks has remained consistent across years (Pearson, 2003;

Pearson and Hopey, 2005; Pearson et al., 2016). The surveys that

began in 2004 were limited to sites in Reach B and Reach C, but

efforts were expanded to include all dredged material placement

sites when the species was listed as threatened. As a result, data in

Reach B and C spanned from 2004-2023, data from Reach D from

2016-2023, and Reach E from 2014-2023. Surveys were conducted

during peak breeding season (May to June) and report the number
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of birds observed through visual sightings and their locations,

providing presence-only data. Multiple surveys were conducted at

each site across the breeding season and annual abundance

estimates represent the highest count for any one survey for that

year. Annual lark surveys used in this analysis are labelled with a

lark silhouetted in Figure 1 (N = 10).

2.3.2 Lark modeling
In contrast to the regional NDVI analysis, which was confined to

historical deposition areas (≥ 30 years since last known deposition),

lark occupancy and abundance surveys were collected across all areas

established by dredged material placement and therefore not limited to

historical deposition areas. We adopted the same modeling procedure

used in the regional NDVI analysis to determine if lark counts changed

over time and hydrogeomorphic reach, albeit that these counts, Ci,

were assumed to follow a Poisson distribution with a log link

(Equations 11, 12). The Poisson distribution is well suited to model

count data (McElreath, 2020) and is preferred to transforming the

counts themselves to conform to assumptions of normality (O’Hara

and Kotze, 2010). Our lark null model, M0, was:

Ci ∼ Poisson(li) (11)

log(li) = asite½i� (12)

aj ∼ Normal(�a,s) (13)

�a ∼ Normal(2:0, 0:5) (14)

s ∼ Exponential(1:0) (15)

where the hyperparameters in Equations 13–15 reflected

skeptical priors based on predictive simulations guided by previous

population surveys (Pearson and Altman, 2005; Pearson et al., 2016).

Aside from the change in likelihood and link function, lark models

M0-M4 followed the same structure as those adopted in the regional

NDVI analyses. All models were run using the same system as the

regional NDVI analyses and followed identical diagnostic and model

evaluation procedures. There were again modest signs of temporal

autocorrelation that dampened quickly, yet effective samples sizes

were well above necessary levels and the inclusion of auto-regressive

terms spanning several orders were not found to improve model

predictive performance (see Supplementary Table S2 in the

Supplemental Materials).
2.4 Lark-NDVI associations

2.4.1 Satellite imagery
Whereas the previous analyses used a series of statistical models

to evaluate coarse-grained spatial and temporal patterns in our

metrics, here we adopted a simpler qualitative analysis with finer

spatial resolution that we limited to areas with lark presence data.

We then linked each recorded lark position to a localized estimate of

NDVI. We will refer to the resulting lark-specific values as NDVIL
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to distinguish them from the spatially averaged NDVI values used

in statistical analysis described in section 2.2. These NDVIL values

were then used to identify potential lark habitat across all

monitoring areas within each reach. We used the same study sites

as section 2.3, except Sandy Island in Reach E, which had no lark

detections in 2023, and restricted our efforts to the 2023 lark survey

data for tractability given the higher spatial resolution of the work.

Satellite imagery was extracted from the Sentinel-2 satellite

using Google Earth Engine (Gorelick et al., 2017), and NDVIL
values were calculated for each 10 m2 cell that had a recorded lark

occupancy. We elected to use Sentinel-2 satellite imagery, which

began data collection in 2015, as it has greater resolution (10 m2)

than the Landsat imagery (30 m2). Data processing was identical to

the regional NDVI study (see section 2.2.1) except that imagery was

filtered to collections with less than 20% cloud cover instead of 10%

because the increased spatial resolution, relative to the Landsat 7

data, compensated for average elevated condensation in the images.

Post processing of satellite imagery with these restrictions resulted

in a range of five to nine usable images per reach during the

breeding season from May to June. Second, in contrast to the

regional NDVI analysis, NDVIL values less than zero were included

because they have been linked to observed lark locations (Hatten

et al., 2019).

2.4.2 Spatial associations
Linking observed lark positions to NDVI values and then using

this information to define suitable lark habitat was done as follows.

Satellite images of a given region are available periodically based on

their orbits and may not overlap directly with a survey. To

compensate for this disconnect we calculated NDVI values from

all satellite images available during the breeding season for each

bird’s location and recorded their average value over time, which

defines NDVIL. We then grouped these NDVIL values by reach.

Based on the findings of Hatten et al. (2019), we assumed that those

NDVIL recorded at observed lark locations reflected suitable lark

habitat. However, rather than use the entire observed range of

NDVIL values to define suitable habitat, we adopted a more

conservative estimate based on the observed mean and standard

deviation. The reason for this is two-fold. We might expect some

variability in vegetative growth at a location over the nesting season,

with the true estimate of NDVI being greater than or less than the

value present at the time of observation. A similar concern arises

spatially because the estimated home range of these birds is far

larger (approximately 14,000 m2; Slater and Treadwell, 2019) than

the resolution of the Sentinel-2 imagery (≤10 m2). These birds tend

to be found in patchy habitats with sparse vegetation (Pearson and

Altman, 2005; Pearson and Hopey, 2005), so that each point

observation could be either overestimating or underestimating the

vegetative areas where the birds spend more time.

Count data at lark monitoring sites were collected across the

entirety of the dredged material area, which could include both

regions of historic (≥ 30 years old) and contemporary (< 30 years

old) deposition. We therefore added a set of ROIs representing

those regions where dredged material were < 30 years old. Together

these two sets of ROIs captured each site’s monitoring area. The
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number of cells in each set of ROIs (e.g. ≥ 30 years old and < 30

years old) that fell within the defined range of suitable habitat were

summed by reach and converted to square kilometers. Lastly, we

applied the same process to all areas outside our ROIs within the

boundaries of each hydrogeomorphic reach (shown in Figure 1) as

an estimate of potential non-surveyed suitable lark habitat.
3 Results

3.1 Regional changes in NDVI

Figure 2A shows the overall changes in NDVI over time and

across sites and reaches. Trends were generally positive across the

system, varied across reaches, but not significantly, and displayed an

interesting correlation between their rate of change and average

peak production level. In Figure 2B we see the D ELPD values for

each of the 5 models explored, with the best model, M2, given a

value of zero for comparison. The three best performing models

(starting from the bottom of Figure 2B) each included both a

random intercept and slope term. Figure 2C shows how the

average rate of increase in NDVI from the simplest top model,

M2, displayed a modest, significantly positive trend across sites

(b1 =   0:009½0:001,   0:016�   95%  CI). While modelM2was the top

ranked model, it is informative to contrast models M2 and M4 for

inference since their predictive performances were equivalent. An

examination of the b3 coefficient for the interaction between yearS

and reach in M4 shown in Figure 2D suggests that the strength in

the overall trend in NDVI over time did tend to be stronger in the

lower regions (Reach B and Reach C) than in the upper regions

(Reach D and Reach E), where we saw little evidence of any

significant change (relative to a b3 = 0, indicated by the vertical

dashed line).

One reason for using site as a random intercept in the models

was due to uncertainty regarding the last known date of deposition

within the 30+ year ROIs. Of the 12 sites investigated here, three

displayed noticeably different initial conditions from the population

average, Rice, Miller, and Welch Islands, which were all located in

Reach B (see Supplementary Figure S2 in the Supplemental

Material); suggesting that concerns over the impact of having

varying deposition ages are likely limited to these few sites. An

inspection of our varying levels (the asite½i� and b1,site½i� terms) also

revealed a strong negative correlation between the initial

productivity level and the rate of growth across sites, shown in

Figure 2E. In this figure we can also see how Miller and Rice Islands

have distinctly lower initial levels of NDVI and Welch Island has

the highest.
3.2 Regional changes in lark abundance

Figure 3A shows differences in the average trends of lark

abundance across sites and reaches. Counts remained constant or

showed modest increases throughout the region, with some

exceptions. The top model did not include reach as a predictor
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(M2) and the model comparisons shown in Figure 3B demonstrates

that the DELPD values did not support any predictive gain by the

inclusion of reach in models M3 and M4. The net positive trend

seen across the region (population average) shown in Figure 3C

from model M2 was likely driven by the pronounced increase in

larks observed at Rice Island, which can be seen exceeding 40 in the

Reach B trends shown in panel A, along with the more modest gains

at sites in Reach C. The remaining sites showed either modest

increases (N = 3, Reaches B and C), stable patterns over time (N = 5;

reaches B, D, and E) or a decrease (N = 1, Reach B). Abundance did

tend to increase more in Reach B and Reach C, but panel (D) in

Figure 3 shows how the pronounced overlap in slope values did not

support a significant effect of reach.
3.3 Lark-NDVI spatial associations

Figure 4 shows the distributions of lark-specific NDVIL values

across all reaches. These NDVIL values had a global mean of 0.16 ±

0.13 (SD), which was subsequently used to define potential lark

habitat (Table 1). These lark-specific NDVIL values tended to

increase in magnitude and variability as one moved downstream
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from reach E to B (Table 1; Figure 4). In Figure 5A we see that more

potential lark habitat was found within the younger < 30-year-old

areas, rather than in the older ≥ 30-year-old areas. An example

illustrating the lark distributions by deposition age is shown in

Figure 6 for Rice Island. Further, we observed a pattern of

increasing placement area and more potential lark habitat than

non-lark habitat downstream in reaches B and C. Lastly, Figure 5B

shows that there was vastly more potential lark habitat across all

reaches outside of the dredged material placement sites rather than

in them. Collectively, we identified more (48.7 km2) potential lark

habitat outside of dredged material areas versus within (3.1 km2)

the dredged material placement areas evaluated in this study.
4 Discussion

Habitat development is one of the primary goals for USACE

BUDM projects (U.S. Army Corps of Engineers (USACE), 1987) to

promote more economically, socially, and environmentally

sustainable dredged material management approaches. A

principal challenge of BUDM projects is that local objectives and

constraints can vary across projects, yet we must balance these
FIGURE 2

Spatio-temporal patterns in NDVI across a hydrogeomorphic gradient in the Lower Columbia River along the Oregon-Washington boundary from
2000-2023. (A) shows predicted trends and observed NDVI (points) across time by site and grouped by hydrogeomorphic reaches. Trends are from
model M4 with 95% credible intervals and the raw data (grey points). (B) shows the mean model rankings (+/- 1 standard error) using differences in
expected log-point density (DELPD) of each model with respect to the best performing model (M2). (C) shows the distribution of the slope
parameter b1 for time from model M2, along with a point estimate of its mean, 68% and 95% credible intervals. (D) shows how the same parameter
in model M4 differs across reaches (yearS: reach interaction) using the interaction term from model M4. (E) shows the correlation between site-level
estimates (mean) intercept and slope values (i.e., the random effects), taken from model M2, with their mean +/- 95% credible intervals. Median
correlation value between the random intercept and slope terms was r = -0.70.
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FIGURE 3

Spatio-temporal patterns in Streaked Horned Lark counts across the hydrogeomorphic gradient in the Lower Columbia River along the Oregon-
Washington boundary. (A) shows lark counts across time by site, grouped by hydrogeomorphic reaches. Trends are from model M4 with 95%
credible intervals and the raw data (grey points). Temporal coverage varied across reaches; Reach B and Reach C ranged from 2004-2023, Reach D
from 2016-2023, and Reach E from 2014-2023. (B) shows the mean model rankings (+/- 1 standard error) using differences in expected log-point
density (DELPD) of each model with respect to the best performing model (M2). (C) shows the distribution of parameter b1 from model M2, along
with a point estimate of its mean, 68% and 95% credible intervals. (D) shows how the slope varies by reach through the interaction term, b3, using
the interaction from model M4.
FIGURE 4

Distribution of NDVIL measurements taken at lark locations in 2023 across reaches of interest in the lower Columbia River. Point and error bars
represent the mean value ± 1 standard deviation that was then used to define lark suitable habitat by reach.
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factors with the need to adopt a holistic view to advance the practice

in general. There is also a need to help stakeholders relate to how

ecological processes have evolved historically at dredged material

placements within their region to inform community discussions.

Here we used general statistical tools to quantify how two different

ecological indicators have changed over time at dredged material

placement sites. We used satellite-derived NDVI values and lark

counts from monitoring data because they enabled us to adopt

metrics that were locally meaningful, broadly relevant, and

economic. Lark counts were an indicator requested by

stakeholders, the use of NDVI values is easily transferable at the

continental or global scale, and both approaches leveraged existing
FIGURE 5

Area of dredged material sites and potential Streaked Horned Lark habitat based on NDVI measurements associated with 2023 lark detections in the
lower Colombia River. (A) shows the distribution of potential lark habitat defined by NDVI values within 0.16 ± 0.13 (SD) on placement sites less than
30 years old (brown), greater or equal to 30 years old (blue), and the balance of the placement site that had NDVI values outside those measured for
larks (green). (B) illustrates total potential lark habitat area identified outside (black) vs. inside (gold) the dredge material placement areas.
TABLE 1 Summary of 2023 Streaked Horned Lark NDVI habitat analysis.

Reach
Lark observations

(n)
NDVI X ±

(SD)
NDVI
range

B 107 0.18 (0.14) 0.0003 – 0.60

C 39 0.16 (0.11) 0.006 – 0.61

D 17 0.08 (0.05) 0.005 – 0.35

E 3 0.04 (0.04) -0.003 – 0.08

B - E 181 0.16 (0.13) -0.0006 – 0.56
NDVI values derived from lark survey data are presented with descriptive statistics that
describe the range of potential habitat across the four reaches of the study in the Columbia
River.
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data that could be readily analyzed. While these efforts represent

preliminary analyses, they could easily be expanded to help

managers determine what to monitor and where and how to

concentrate future efforts in a fiscally conservative fashion.

Our NDVI analysis revealed several insights, including a

significant overall increase in vegetation across the portfolio,

disentangled which reaches were driving that pattern, and

identified an association between the rate of vegetative growth

and the initial level of vegetation present. Overall, we detected a

positive, albeit modest, degree of change in NDVI over time across

dredge material sites throughout the study system. All averaged

NDVI values were restricted to ranges representative of early

successional flora, such as sedges, grasses, and shrubs. We did not

find significant reach-level differences in NDVI across the

hydrogeomorphic reaches, but sites in the lower Reaches B and C

clearly drove the positive trend. Differences in the observed rates of

change may be explained by differences in inundation patterns and

vegetation community composition across the hydrogeomorphic

reaches (Jay et al., 2016; Borde et al., 2020). Hydrogeomorphic

reaches B and C used here, described by Simenstad et al. (2011), are

characterized by tidally dominated zones that experience less overall

inundation than the fluvially dominated zones located upstream.

Lacking detailed information of each site’s history was a

concern that we addressed by including site as a random

intercept in our models. Only Miller Sands, Welch, and Rice

Islands showed notably different initial conditions from the

remaining islands, with Rice and Miller Sands having some of the

lowest initial NDVI values and Welch the highest. The remaining

sites showed little differences in their initial conditions (see

Supplementary Figures S1 and S2 in the Supplemental Material).

Regarding the overall levels of NDVI observed, a variety of factors

may have played a role, including community composition,

successional stage, and underlying spatial heterogeneity. Recent

analysis of the marsh-associated sections of Miller Sands and

Welch Islands found a high proportion of invasive species (Borde

et al., 2011), and observations during lark monitoring suggest that

the presence of invasive species extends to the upland portions of

the sites where European beachgrass (Ammophila arenaria) and

scotch broom (Cytisus scoparius) are pervasive and seemingly

dominant. Interestingly, Berkowitz et al. (2022a) found that the

Miller Sands site displayed nearly equal levels of dominant species

richness in the vegetation community between contemporary and

historic levels. So, while species richness has changed very little,

evidence suggests that community composition has shifted over

time. Miller Sands had initially lower NDVI values that increased

more rapidly over time than Welch Island, which had

comparatively higher initial levels of NDVI that increased more

slowly (Supplementary Figure S1 in the Supplemental Information).

It is therefore more likely that successional stage or space

availability had a greater impact on the average level and rate of

change in NDVI at these locations than species composition. Given

the correlation between initial NDVI levels and their rate of increase

shown in Figure 2E, this pattern manifests across the portfolio.

Linking the rate of growth between native and non-native flora

using higher resolution imagery could enhance our ability to extract
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more ecological detail from this type of analysis and address the

question of what role invasives play directly.

While our Bayesian analysis accounted for large-scale spatial

effects at the reach level, it ignored the more granular effects at the

site level because NDVI values were averaged across each site.

Defining the ROIs to use was a primary challenge in this work

because some areas were the result of sediment accretion from

nearby depositions, and not from direct placement and thus fell

outside of the ROIs. Sediment accretion patterns also tended to

fluctuate over time. Most sites also contain a variety of habitats,

including shoreline, recent emergent vegetation, and mature

vegetation (e.g. shrubs and trees) on the upland dominated

sections that was averaged over. Figure 6 illustrates how this

summary statistic can obscure spatial variability in the case of

Rice Island. The historic dredged material ROI contained peripheral

areas devoid of much vegetation, while other locations contained

shrubs and trees, e.g., the northern tip on the westward side of the

island. Modeling relative changes in NDVI variability (e.g., by using

the coefficient of variation) may provide additional insights across

locations on how variation changes across projects. Nonetheless,

while the spatial heterogeneity on display at Rice Island highlights

the need for additional (spatial) resolution in evaluating ecological

changes over time, the site’s overall performance still showed

growth over time – underscoring the value of this initial

assessment approach.

In contrast to the NDVI patterns, we found no significant

increase in the average lark breeding population counts over time or

any evidence of reach effects. This lack of significance is still

informative, the trends are generally positive for efforts to protect

the species, and certain sites suggest additional detail worthy of

further investigation. Lark abundances were positive overall, with

only one site showing a negative trend (Pillar Rock Island), another

showing notable growth (Rice Island), three displaying modest

increases (Miller Sands Island in Reach B, and Brown and Crims

Islands in Reach C), and the remaining half of the sites were

generally stable over time (see Figure 3A for site-level trends by

reach; Supplementary Figure S3 in the Supplemental Materials for

individual site-level trends). At a minimum, these trends suggest

that the sites have provided reliable nesting grounds for this species

over time. Most of the observed variation in counts at the majority

of sites did not fluctuate beyond expectations (i.e., were within the

95% credible intervals of the trends). Adding more temporal

structure did not improve the predictive value of the models, but

there is clearly more complexity in some of the trends compared to

the NDVI data. An exploration of placement activity at sights

showing larger than expected fluctuations suggested that

placement activities may have had less of an impact on the

number of birds than where they were observed within sites. For

example, Miller Sands and Brown Islands both showed stronger

than average fluctuations around the expected counts over time.

These birds predominantly nest in the upland regions at Miller

Sands, yet there was no upland placement of dredged material there

across the historical period evaluated (placements were done along

the shoreline); a pattern suggesting that count fluctuations can

occur without direct habitat impacts and may arise from sampling
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errors and demographic stochasticity alone. At Brown Island the

observed count decreased after an upland placement event in 2014

but increased after a similar placement in 2019. This species is also

both rare and cryptic, so it is difficult to interpret small fluctuations

in survey counts across years. Upland placements of sand vary in

location across each placement activity, resulting in a shifting

mosaic of soil patches of different deposition age that may vary in

vegetation patterns.

Locations with larks did not, on average, display pronounced

levels of vegetation, i.e., NDVI. This is not unexpected because these

birds prefer low vegetated areas (Pearson, 2003; Pearson and

Altman, 2005; Pearson and Hopey, 2005), and many of these

placement sites are actively managed to keep conditions favorable

for the larks. Indeed, most of the lark habitat in the monitored areas

were found in those less than 30 years old, which are also those

areas that were disturbed more recently by dredged material

placements. The site displaying the greatest increase in abundance

over time was Rice Island; a site whose NDVI values over time

showed only a modest increase from their relatively low initial

conditions (see Supplementary Figure S1 in the Supplemental

Material for NDVI growth rates by site). Due to habitat

degradation throughout the Pacific Northwest, the lark’s range is

believed to have been largely restricted to managed lands that

provide disturbed soils with short, emergent vegetation that the

birds prefer. The LCR dredged material islands used in this study

support approximately 10% of the population and are a vital part of
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the lark’s range (Pearson and Altman, 2005). We identified almost

50 km2 of NDVI-based potential habitat outside the dredge material

placement areas and 0.8 km2 of potential habitat within the ≥ 30-

year-old placement areas that have not been extensively surveyed

for larks. These new locations may warrant consideration for future

surveys, given the assumption that most lark habitat is confined to

managed lands (Pearson and Altman, 2005).

Even though this lark species displays a preference for the

younger, less vegetated areas afforded by dredged material locations

< 30 years old and displays higher abundance in reaches with more

available area, there appears to be a limit to this tendency. For

example, Reach C has more potential habitat than Reach D

(Figure 5A) and more lark overall (Figure 3A), yet Reach D has

more dredged material area – a pattern that draws the distinction

between available area and potential (i.e., suitable) habitat. Dredged

material placement occurs more frequently (almost every year) at

the sites in Reach D than those in Reach C, resulting in a larger

overall footprint that is perhaps less attractive habitat for this

species due to the frequency of disturbance.

We note that the NDVIL estimates used to define potential lark

habitat in our study were, on average, greater than those reported by

Hatten et al. (2019), but within one standard deviation of their

reported estimates (their values: mean NDVIL = 0.08 ± 0.09 [SD]

and a range of -0.20 - 0.34). It is possible that our approach over-

estimated the amount of potential habitat, but the effect is likely

small given the overlap in average NDVIL values observed at lark
FIGURE 6

Streaked Horned Lark observations on Rice Island in 2023. Dredge material placement polygons are colored by time since last known deposition
and lark locations are marked with icons. Potential habitat based on the suitable NDVI range derived from all lark observations is shared in green.
The general location of the island is shown in the inset figure and can be seen in Figure 1.
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locations between our studies. The differences in mean observed

values also does not indicate a biologically meaningful departure in

expected vegetation levels (i.e., values < 0.2 tend to be sparsely

vegetated; U.S. Geological Survey USGS, 2025b). Also, while

presence-only data remain one of the most available for

predicting species distribution patterns (Santini et al., 2021), these

data neglect where species are not found and can introduce

sampling biases that can influence spatial inference (Fithian et al.,

2015). As such, approaches like the ones adopted here should be

followed-up with more rigorous spatially-explicit methodologies to

confirm observed trends beyond those observed at the dredged

material placement sites.

Methodologically, the primary benefit of using multi-level models

in these cases was that the models were able to offset uncertainty from

data poor sites by ‘borrowing’ information from data rich sites to help

inform population-level trends (i.e., by pooling information across

groups).With a Bayesian approach, efforts can also provide informative

priors to guide future work. Recent work demonstrated a similar

benefit to improve model performance from rare species by

borrowing prior parameter estimates from well-studied ones

(Kindsvater et al., 2018). Such work could build on the current

models by exploring causal connections between placement metrics,

like area, frequency, or soil amendments (Liu et al., 2024), and then

replacing the linear expectations (e.g., Equations 7–10) with predictive

variables or a mechanistic function. With open access to satellite

archives and the growth of tools to freely collate, preprocess, and

analyze imagery data, documenting changes in biomass over large

spatio-temporal scales has become a practical, economic, and

biologically useful means of rapidly evaluating environmental impacts.

Efforts at locations in other regions may find themselves faced

with similar constraints as presented here, where stakeholder

concerns may be prioritized by species of either cultural or

conservation concern. While addressing stakeholder needs is

paramount to building consensus and promoting long-term

support of restoration projects (Kumar et al., 2020), it will be

imperative to also include one or more metrics that have broader

significance, like changes in NDVI or other remote estimates of

biomass. Future efforts could build on our approach to advance the

practice by either testing if incorporating plantings or adding soil

amendments to dredge material significantly increases changes in

NDVI over time, or directing where to begin new population

surveys for species of interest, as with the larks in our example.

Leveraging data on the trends of ecologically salient indicators at

existing or future BUDM sites can also help investigators develop

hypotheses and avoid spurious tests, like assuming a null model of

no vegetation growth at a site if you know a priori that your

vegetation index previously showed growth over time (Popovic

et al., 2024). Evaluating changes in emergent and subaquatic

vegetation communities at BUDM sites could also complement

NDVI results and provide a more holistic view of potential direct

and indirect habitat benefits across a range of elevations. This is

another area of potential investigation as remote sensing and drone

technologies have enabled more robust datasets for submerged

aquatic vegetation at both regional and national scales (e.g.,

Huber et al., 2021; Orth et al., 2022).
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Challenges certainly remain, as increases in biomass at dredged

material islands over time will not always translate to intended

ecological outcomes. For example, in some regions dredged

material islands provide needed sanctuaries for avian species

(Harris et al., 2025), while in others the same process can be seen

as a detriment if the avian species in question negatively impacts

another species of concern (Collis et al., 2024). Further

consideration may also be warranted for selecting the most

relevant metric(s) for capturing the successional changes at

BUDM sites over time, especially as many sites are actively

managed for decades. Despite these hurdles, approaches like those

taken here could help support BUDM practices nationally by

providing data-driven insights to advance the practice and

increase its transparency to our communities.

In conclusion, while there is evidence accumulating that

demonstrates the potential ecological benefits from strategic

placement of dredged material, trust in the process remains low

among partner agencies and stakeholder groups. Long-term

monitoring efforts and controlled field experiments can be costly

barriers to implementing case studies, and there remains a need for

practitioners to gravitate towards response metrics that are

transferable across projects. We have presented case studies driven

by stakeholder feedback to demonstrate how the use of readily

available data can help overcome potential resource constraints,

identify existing ecological trends, and guide future interventions.
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