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Impact of freshwater diversions
on vegetation in coastal
wetlands based on remote
sensing derived vegetation index

Wei Wu1*, Evan Grimes1 and Glenn Suir2,3

1School of Ocean Science and Engineering, The University of Southern Mississippi, Ocean Springs,
MS, United States, 2Environmental Laboratory, US Army Engineer Research and Development Center,
Lafayette, LA, United States, 3School of Geosciences, University of Louisiana at Lafayette, Lafayette,
LA, United States
There exist contrasting results on the impact of large-scale freshwater and

sediment diversions on land gain/loss. To improve understanding on the

efficacy of diversion projects in restoring coastal wetlands, we aim to evaluate

the long-term impacts of diversion-altered salinity and water level on vegetation

productivity in coastal wetlands. Two freshwater diversion projects Caernarvon

and Davis Pond in Louisiana, U.S. and associated reference sites were selected for

inclusion in this study. We implemented multi-level Bayesian models to evaluate

1) how vegetation productivity approximated by Landsat-derived Normalized

Difference Vegetation Index (NDVI) in peak biomass season changed over time

(pre- and post-construction and operation of the freshwater diversions), and 2)

how peak-season NDVI responded to mean and variability of water level and

salinity among a suite of factors that could affect vegetation productivity. Analysis

showed difference in temporal trends of NDVI between the reference and

diversion site for the Caernarvon project with a significant increase at the

diversion site although NDVI negatively responded to diversion at the

beginning. Diversion did not seem to negatively affect NDVI for the Davis Pond

project and NDVI only marginally increased at the diversion site. For both

projects, NDVI negatively responded to water level, while salinity negatively

affected NDVI or showed quadratic relation with NDVI. At the Caernarvon

diversion project, the negative impact of water level on NDVI was greater at

the diversion site than at the reference site. At the Davis Pond project, it was the

salinity that showed different impact between the diversion and reference site.

The temporal increase of NDVI at the Caernarvon diversion site can be explained

by the lower salinity driven by diversion. The quadratic relation between salinity

and NDVI at the Davis Pond diversion project led to only marginal increase at the

diversion site. This study provided uncertainty estimates in temporal trend of

NDVI and the impact of two key abiotic drivers on NDVI. The improved

understanding on vegetation productivity will help predict landscape change in

response to freshwater diversions.

KEYWORDS

normalized difference vegetation index (NDVI), inundation, salinity, variability, Bayesian
models, freshwater diversions
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Introduction

Coastal wetlands provide a wide variety of important ecosystem

services, such as carbon sequestration, nursery habitats, protection

from coastal storms, improved water quality, cultural values, and

recreational opportunities (Costanza et al., 1997; Engle, 2011).

However, coastal wetlands are disappearing rapidly in many parts

of the world. Therefore, extensive efforts have been undertaken to

restore coastal wetlands as an important aspect of wetland

ecosystem management.

Wetland management decisions have historically been guided

by target functions and/or restoration goals, such as the reduction of

salinity or the amount of habitat or wetlands restored, but less

considered has been the management or restoration of hydrologic

cycles (Forbes et al., 2008). However, water level is a primary driver

in wetland ecosystem structure and function. Water regime

variation is increasingly recognized as important in maintaining

wetland functionality and diversity, so better understanding of

water regime effects and abiotic controls on plant communities

can improve future modeling and management of wetlands

resources (Brock and Britton, 1995; Zedler, 2001; Snedden et al.,

2015). Previous emphasis of water level research has been on

relative sea level rise and the gradual inundation of marshes,

where plants have some capabilities to adapt and respond (Morris

et al., 2002; Kirwan et al., 2010; Wu et al., 2020). However, some

hydrologic alterations and water management actions induce

intermittent, instantaneous changes in inundation that fall outside

of typical ranges. The large variability of water level can impose

entirely different vegetation and soil stresses and responses.

Currently, there are data and knowledge gaps associated with the

impact of atypical changes in water levels on wetland plants and

soils (Baustian et al., 2018).

In addition to accelerating sea level rise, climate change will

intensify variability of each component of hydrological cycle (i.e.,

precipitation, surface-water flow, and evapotranspiration), which

will likely lead to more frequent droughts and floods (Lavers et al.,

2015; Lane and Kay, 2021). As a result, hydrologic management is

an increasingly vital component of wetland ecosystem restoration

and management. Recently, long-term and large-scale coastal

ecosystem restoration and management efforts have focused on

hydrologic alterations as a way of enhancing and/or creating

wetlands while promoting beneficial ecological processes (Allison

and Meselhe, 2010; Kearney et al., 2011; Couvillion et al., 2013;

Kenney et al., 2013). The 2017 Coastal Master Plan developed by the

Coastal Protection and Restoration Authority (CPRA) (CPRA,

2017) proposes seven large-scale freshwater/sediment diversion

projects over the next 50 years (Pahl et al., 2020). This approach

to wetland creation is relatively slow, when compared to traditional

measures (i.e., placement of dredged material or vegetation

planting), but can provide nourishment and sediment benefits

over longer timeframes.

In addition to changing water levels, diverting freshwater from a

river channel can alter salinity, nutrient concentrations, and

sediment loading in wetland outfall areas. All of these factors

simultaneously affect vegetation composition, vegetation growth,

and soil organic matter decomposition, which can directly and
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indirectly affect wetland accretion and elevation change (Day et al.,

2007; Day et al., 2009; Elsey-Quirk et al., 2019). There is currently a

lack of data and understanding of how these environmental factors

additively and/or interactively affect wetland vegetation as well as

short- and long-term impacts of freshwater diversions on wetland

restoration, including effectiveness, potential damages, and

economic impacts.

Previous studies exhibit large variability on the efficacy of

freshwater diversions on wetland restoration. Some studies have

noted significant wetland gain that is related to the volume of

water and sediment diverted, particularly increased deposition of

inorganic river sediment or enhanced vertical accretion (DeLaune

et al., 2003; Lane et al., 2006; Day et al., 2009; CPRA, 2012; Day et al.,

2014; DeLaune et al., 2013; Day et al., 2016a; Rutherford et al., 2018;

White et al., 2023). Other studies observed deleterious effects of long-

term freshwater diversion onto the marshes due to elevated nutrients

(Kearney et al., 2011), lack of wetland gains (Metzger, 2007), land

gains near the diversion outlets but loss further away (Brown et al.,

2019), or failing to reduce wetland loss (Hardy and Wu, 2021).

Considering the high levels of uncertainty and cost, there is an

immediate need to evaluate the influence of freshwater diversions

and subsequent changes in environmental factors on wetland plant

dynamics. Therefore, the goal of this study was to fill gaps of data

and information that are required to adequately model and predict

the impacts of freshwater diversions that are proposed for

ecosystem restoration and management. The objectives of this

study are: 1) to evaluate long-term remote sensing-based

vegetation productivity across pre- and post-diversion condition,

and 2) to predict the impact of key abiotic factors (i.e., water level

and salinity) on vegetation productivity in diversion outfall areas

and their corresponding reference areas. Ultimately, this study will

evaluate the impact of atypical changes in water level (i.e., increased

depths and durations of flooding) and salinity (i.e., introduction of

freshwater inputs) on vegetation condition in wetlands with natural

and altered hydrologic regimes. We have two hypotheses: 1)

vegetation productivity decreased initially after the freshwater

diversion began, but eventually increased after adapting to the

novel hydrological regimes, and 2) water level and salinity

significantly affected vegetation productivity and the effect varied

between diversion and reference sites.
Methods

We applied a combination of tools, including remote sensing and

Bayesian models to provide enhanced and efficient scientific

measures for evaluating impacts of changing water regimes. These

tools are especially useful in altered or complex ecosystems with

varied interactions of biotic and abiotic factors (Lai et al., 2013). We

took advantage of long-term remote sensing data and applied a

remote sensing derived vegetation index to approximate peak

vegetation biomass that represents vegetation productivity in

coastal wetlands. The hydrology and salinity data came from the

existing coast-wide reference monitoring system (CRMS). We

applied Bayesian multi-level models that assimilated multi-source

data to make predictions that account for uncertainties from
frontiersin.org
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parameters and model structures. The uncertainties were generally

lacking in previous studies, however, they are important to inform

future use of freshwater diversions for wetland restoration.
Study sites

We selected two representative freshwater diversion projects:

Davis Pond and Caernarvon, and their respective reference sites in

Louisiana, U.S. (Figure 1). The Caenarvon and Davis Pond

diversion projects, which utilize pulsed operations (brief increases

in flow through the diversion structure) with maximum flows of 255

cubic meters per second (cms) (Caernarvon) and 302 cms (Davis

Pond), were primarily designed to mitigate saltwater intrusion from

the Gulf of Mexico, reduce wetland loss, and enhance emergent

vegetation growth (Jenkins et al., 2011; Plitsch, 2014; Peyronnin

et al., 2017; White et al., 2023). The references sites used in this

study were selected based on two primary factors: 1) geographic

zone (i.e., same watershed basin as associated diversion site) and 2)

environmental conditions (e.g., consist of similar vegetation to the

pre-diversion study site). These environmental characteristics are

supported in historic wetland surveys within each of the study and

reference areas (Chabreck et al., 1968; Chabreck and Linscombe,

1997; Linscombe and Chabreck, 2001).

Davis Pond
The Davis Pond study site consists of 2,770 hectares (ha) of

marsh and associated shallow water bodies and is located in
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Barataria Basin, Louisiana (29.88° N, 90.28° W, Figure 1) (Kral

et al., 2012; Keogh et al., 2019). The Davis Pond study site has

historically been a fresh Maidencane community dominated by

Panicum hemitomon (maidencane), Sagittaria lancifolia

(bulltongue arrowhead), Eleocharis macrostachy (pale spikerush),

and Alternanthera philoxeroides (alligatorweed) (Chabreck et al.,

1968; Chabreck and Linscombe, 1997; Linscombe and Chabreck,

2001). This study site comprises the direct outfall area of the Davis

Pond freshwater diversion of the Mississippi River.

The Davis Pond freshwater diversion structure is a restoration

project that began operations in July 2002 (USACE, 2002). Four

4.27-meter culverts were installed and designed to release more

than 280 cms of water when necessary (Plitsch, 2018). Since

construction and operation of the Davis Pond Diversion, the

study site has transitioned to a Bulltongue community dominated

by Sagittaria lancifolia and Zizaniopsis miliacea (giant cutgrass)

(Sasser et al., 2008; Sasser et al., 2014; Coastal Protection and

Restoration Authority (CPRA) of Louisiana, 2019). The project

anticipates protecting 13,355 ha of wetlands and 314,440 ha of

estuaries during its lifespan, and annual economic benefits are

estimated to be over $15 million (USACE, 2002).

The Davis Pond reference site consists of 4,508 ha of wetlands

in the Barataria Basin and is located south of Lac des Allemands,

approximately 17 km west of the Davis Pond study site (29.84° N,

90.52° W, Figure 1). Since the 1960s, the Davis Pond reference site

has maintained a fresh Maidencane vegetation community

dominated by Panicum hemitomon and Sagittaria lancifolia

(Chabreck et al., 1968; Chabreck and Linscombe, 1997;
FIGURE 1

The study area (boundaries in white lines) demonstrating diversion [Caernarvon, (B) and Davis Pond, (D)] and reference sites [Caernarvon Reference,
(A) and Davis Pond Reference, (C)], and Coastwide Reference Monitoring System (CRMS) stations where salinity and water level data were obtained,
in southeastern Louisiana, U.S.
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Linscombe and Chabreck, 2001; Sasser et al., 2008; Sasser et al.,

2014; CPRA, 2019), similar to the Davis Pond freshwater diversion

outfall area prior to the diversion operations. In addition to the

prominent attached emergent vegetation, the Davis Pond and Davis

Pond reference sites consist of some floating marsh mats (Sasser,

1994), which may be more resilient to changes in water regime.

Caernarvon
The Caernarvon diversion project outfall study site, which

consists of 10,912 ha of marsh and associated shallow water

bodies, is located in the Pontchartrain Basin, Louisiana (29.78°N,

89.93° W, Figure 1). From 1949 to 2001 the Caernarvon study site

fluctuated between a brackish and intermediate system (O’Neil,

1951; Visser et al., 2002). Historically the area consisted of a

Wiregrass vegetation community dominated by Spartina patens

(saltmeadow cordgrass), Schoenoplectus americanus (chairmaker’s

bulrush), Eleocharis spp. (spikerush), and Vigna luteola (hairypod

cowpea) (Chabreck et al., 1968; Chabreck and Linscombe, 1997;

Linscombe and Chabreck, 2001). Since 2001, the Caernarvon site

has transitioned to a fresher system, with a Bulltongue community

to the north (dominated by Polygunum punctatum and

Alternanthera philoxeroides) and a Wiregrass community in the

south (dominated by Spartina patens) (CPRA, 2019; Sasser et al.,

2008; Sasser et al., 2014).

Caernarvon Diversion was completed in 1991 and is designed to

release up to 255 cms of freshwater through five 4.57 m culverts, but

has been operated at an average of 62.3 cms from 1993 to 2001

(USACE, 2013; Lopez et al., 2014). The diverted water flows directly

into Big Mar Pond and disperses throughout Breton Sound, providing

numerous habitat and ecosystem benefits (Villarrubia, 2002).

The Caernarvon Reference Site consists of 1,907 ha of wetlands

and is located approximately 23 km west-northwest of New Orleans

in the Pontchartrain Basin, Louisiana (30.03° N, 90.32° W,

Figure 1). Since the 1960s, the Caernarvon Reference site has

been a Wiregrass community dominated by Spartina patens, with

considerable amounts of Eleocharis spp., Schoenoplectus

americanus, Spartina alterniflora (smooth cordgrass), and

Ipomoea sagittata (saltmarsh morning-glory) (Chabreck et al.,

1968; Chabreck and Linscombe, 1997; Linscombe and Chabreck,

2001; Sasser et al., 2008; Sasser et al., 2014; CPRA, 2019), similar to

the historical vegetation community in the Caernarvon diversion

outfall area before the diversion started.
Remote sensing

Data acquisition and processing
Peak-season green biomass that represents vegetation productivity

within the study areas was evaluated using space-borne imagery.

Remote sensing assessments were performed using Landsat 5

Thematic Mapper [TM], Landsat 7 Enhanced Thematic Mapper

Plus [ETM+], and Landsat 8 Operational Land Imager [OLI] for all

diversion and reference sites. The Landsat constellation of sensors,

which span the period of analysis from 1984 to 2018, provide

moderate spatial (30 meter) and temporal (16 day return) resolution
Frontiers in Marine Science 04
imagery (Suir et al., 2018). Landsat data are useful for evaluating long-

term landscape trends, and estimating short-term variations linked to

disturbance events and/or prevailing environmental conditions (Suir

et al., 2011). Raw and processed Landsat data are available through the

Google Earth Engine (GEE) image service. GEE provides Tier 1

surface reflectance imagery, which meets geometric, radiometric,

and atmospheric quality requirements (Kalnay et al., 1996; Chander

et al., 2009; Schmidt et al., 2013). Additionally, since cloud cover can

be a significant limitation to Landsat imagery usage, the GEE uses

aggregation functions (i.e., use of outlier values to remove cloud cover

from neighboring scenes) to create monthly image composites. All

cloud free scenes and composites of Landsat images used in this study,

from 1984 to 2018, were acquired using the GEE.

Normalized Difference Vegetation Index
The Normalized Difference Vegetation Index (NDVI) utilizes a

band ratio of image-derived reflectance between a near-infrared (NIR)

and red band ( NIR−RedNIR+Red , Rouse et al., 1974) to measure an ecosystem’s

ability to capture solar energy and convert it to organic carbon or

biomass (An et al., 2013). Since healthy green vegetation absorbs light

in the red portion of the electromagnetic spectrum and reflects light in

the NIR portion of the spectrum, the NDVI provides a useful relative

measure for assessing vegetation biomass/vigor, and its changes over

time (Carle, 2013; Suir and Sasser, 2019a; Suir and Sasser, 2019b). As

such, this index was used with data collected within the vegetation

peak biomass season to assess changes in green biomass and

vegetation productivity in the diversion and reference areas.

Optical inspections were performed on all scenes and

composites to identify and remove satellite images of poor

quality. ESRI ArcGIS version 10.5 (Redlands, CA: Environmental

Systems Research Institute) was used to process all Landsat-derived

NDVI images for each site. All water and cloud features within the

diversion and reference sites were initially excluded from each

satellite image using the density slicing method (Frazier and Page,

2000; Wang et al., 2002). Since NDVI values less than zero (< 0) are

typical of non-vegetation features (e.g., mud flats and bare earth)

(Reif et al., 2011; Carle, 2013), those were also excluded from each

image. Given the large number of Landsat image pixels per site, and

the spatial variability within site not being the focus of this study,

median NDVI values (from peak biomass season, August to

October) across pixels of each site were used as model response

variables to better evaluate temporal patterns of vegetation

condition and change. In addition, the lack of well distributed

water and salinity spatial data, described below, limited

development of spatial model of NDVI. We applied paired t-test

and Mann-Kendall non-parametric test to compare NDVI between

diversion and reference site for each diversion project, and detect

the temporal trend of NDVI at each site respectively.
Environmental variables

The distribution, abundance, growth potential, and productivity

of wetland plants are influenced by a variety of environmental

factors (Lacoul and Freedman, 2006a), related to geomorphology
frontiersin.org
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(geology and topography), sediment, climate, hydrology, water

quality constituents, episodic events, and competition (Lacoul and

Freedman, 2006b; Allen and Suir, 2014; Suir et al., 2018; He et al.,

2023). Since water level and salinity are key abiotic factors to

vegetation productivity, are directly impacted by freshwater

diversions, and their data is abundant and available in coastal

Louisiana, we focus on them as environmental variables in this

study. The Louisiana Coastwide Reference Monitoring Station

(CRMS) system and data were used to identify ranges of natural

and managed hydrology and salinity in the project and reference

areas (Figure 1). We calculated the average and standard deviation

of daily water level and salinity within growing season (March to

October) for each year and used them as the covariates in the

Bayesian model. We applied paired t-test to compare water level

and salinity between diversion and reference site for each

diversion project.
Bayesian models

Limited data, limited understanding, and natural variability

only lead to large uncertainties in prediction of vegetation

response to environmental and wetland stressors. These responses

are knowledge gaps that have recently limited the modeling and

efficient implementation of wetland restoration through freshwater

diversion measures. Bayesian inference has the advantage of

quantifying uncertainties related to parameters and predictions

through credible intervals (CI) of posteriors (Clark, 2004; Wu

et al., 2012). Therefore, we implemented multi-level (or multi-

scale) Bayesian models (Figure 2) to investigate temporal trends of

peak-season NDVI and how salinity and water level affected it in the

Caernarvon and Davis Pond diversion project areas. For this study,

two distinct spatial scales were evaluated: 1) project scale (includes
Frontiers in Marine Science 05
both diversion and reference sites), and 2) finer site scale (diversion

or reference site).

For each diversion project, we developed two types of models.

The first type of models analyzed temporal trends of peak-season

NDVI with year (in reference to initiation of freshwater diversion)

and its quadratic term as the covariates to capture nonlinear trends,

especially the potential minimum NDVI around or after the

initiations of the freshwater diversions. The second type of

models analyzed the impact of water level and salinity on peak-

season NDVI. Limited availability of water level and salinity data

temporally compared to NDVI data, especially at the reference sites,

reduced temporal coverage in the second type of models. The data

of the first type of models ranged from 1984 to 2018, while the data

of the second type of models ranged from 1996 to 2018 for the

Carnarvon project and from 1998 to 2018 for the Davis

Pond project.

For each type of models, we developed a variety of model

candidates to explore whether the effect of a particular covariate

should be included or its effect differed between diversion and

reference sites (see Supplementary Materials Tables S1–S3). We

compared these models based on deviance information criterion

(DIC) and predictive posterior loss (PPL) (Hooten and Hobbs,

2015). The lower the DIC or PPL, the better the model predicts. We

ranked the models mainly based on DIC, but we compared PPL

when the models had different hierarchies (for example, the models

that accounted for site-specific parameters vs. the models that had

parameters that did not vary by site).

The posteriors of the coefficients for the covariates, particularly,

summarized in the medians and credible intervals (95% CIs, from

2.5% quantile to 97.5% quantile, and 50% CIs, from the first quartile

to the third quartile), facilitated the inference on the long-term

trends of NDVI and abiotic factors’ impact on NDVI. The 95% or

50% CIs of a coefficient represent that there is a 95% probability or
FIGURE 2

Structure of the full Bayesian multi-level model used to identify the effect of water level and salinity on NDVI. The complexity of the model was
decomposed into stages of data, process and parameters (vertical direction) and the association of different spatial scales (horizontal direction).
(Adapted from Wu et al., 2012). The symbols correspond to those in Eq. 5 – Eq. 8. W- mean daily water level, WV – standard deviation of daily water
level, S – mean daily salinity, and SV – standard deviation of daily salinity, s2 – variance, as and bs denote model parameters, and subscript i denotes
year. The project scale includes both diversion and reference site.
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50% probability that this coefficient lies within the intervals. If a

95% CI does not overlap zero, then there is a significant effect of the

corresponding covariate on NDVI. From the posteriors, we can also

summarize the probability of a particular coefficient or prediction

being positive or negative.

Temporal trend models
To represent the peak-season NDVI at Site j (diversion or

reference) in Year i (Dij), let Dij :m1 represent the mean of Dij, and

s 2
s1 represent the variance of D at the site scale. Dij was modeled by

assuming it followed (denoted by ~) a normal distribution (N)

(Equation 1).

Dij ∼ N(Dij :m1,s
2
s1) (1)

To account for nonlinear trends, we included the years passed

(Y) in reference to the diversion initiation years (1991 for

Caernarvon diversion and 2002 for Davis Pond diversion) and its

quadratic term (Y2) as the covariates (Equation 2).

Dij :m1 =   f1(g0j, g1j, g2j) = g0j + g1jYij + g2jY
2
ij (2)

Where g0j, g1j, and g2j represent intercept and coefficients for Y

and Y2 respectively, and j=1 (diversion site) or 2 (reference site). For

some models we compared (not shown here), there was no

subscript j, therefore, g0j, g1j, or g2j became lumped parameters g0,
g1, or g2 that did not vary between the diversion and reference sites.

Therefore, the D at two sites was modeled as in Equation 3.

p(Dijg0j, g1j, g2j,  s 2
s1) ∝

Y2

j=1

 N(Dijj   f1(g0j, g1j, g2j),s 2
s1) (3)

Where ∝ denotes “is proportional to”. The parameters g s at the
site scale were all modeled by assuming they were distributed as (~)

normal distributions (N) with the mean (q0,   q1,   q2)   and variance

(s2
0 ,  s 2

1 ,s 2
2 ) at the project scale (including both reference and

diversion sites) (Equation 4). A lumped parameter that did not

account for site-specific difference skipped this step.

g0j ∼ N(q0,s 2
0 )

g1j ∼ N(q1,s 2
1 )

g2j ∼ N(q2,s 2
2 )

(4)
Models to evaluate the impact of water level and
salinity on NDVI

Mean of the NDVI at Site j (diversion or reference) in Year i

(Dij :m2) was modeled as a linear function of water level and salinity.

The covariates did not only include mean daily water level (Wij) and

salinity (Sij) from March to October, but also their standard deviations

(WVij,   SVij) to represent variability (Equation 5, Figure 2). The

variability is important in dynamic systems but has been rarely

accounted for previously. We also explored the nonlinear response of

NDVI to mean water level and mean salinity by including their

quadratic terms in the models (not described in the equations). We

did not detect multicollinearity based on inflation variance factor using
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“car” package in R for the Caernarvon diversion project (Fox and

Weisberg, 2019). Equation 5 represents the full model for this project.

However, there existed multicollinearity if we included both mean and

standard deviation of salinity for the Davis Pond diversion project,

therefore we removed standard deviation of salinity to eliminate

multicollinearity in the models for the Davis Pond diversion project.

Dij :m2 =   f2(b0j, b1j, b2j, b3j, b4j)

= b0j + b1jWij   + b2jWVij   + b3jSij + b4jSVij (5)

Where b0j,    b1j,   b2j,    b3j,    b4j represent intercept, coefficients
for mean water level, variability of water level, mean salinity, and

variability of salinity respectively with j=1 (diversion site) or 2

(reference site).

Therefore, the D at two sites for a particular diversion project

was modeled as in Equation 6.

p(Dijb0j, b1j, b2j,   b4j,s2
s2)

∝  
Y2

j=1

N(Dijj   f2(b0j, b1j, b2j, b3j, b4j),s 2
s2) (6)

The site-scale parameters bs (b0j,  …   b4j) were all modeled by

assuming they were distributed as (~) a normal distribution (N)

with the means (a0,  …  a4) and variances (s2
p0,  …  s 2

p5) at the

project scale (Equation 7).

b0j ∼ N(a0,s 2
p0)

b1j ∼ N(a1,s 2
p1)

˙˙˙

b4j ∼ N(a4,s 2
p4)

(7)

Bayesian models require prior distributions for unknown

parameters (as,   qs,  s 2s). For computation efficiency, we used

conjugated priors, i.e., the priors and posteriors have the same

probability distribution forms (Calder et al., 2003). As such, the

priors for as,   qs, were normally distributed and the priors for  s 2s

  followed inverse gamma distributions. As we had limited knowledge

on the parameters, we also defined the priors distributions flat to only

weakly influence the posteriors (Lambert et al., 2005).

We derived the joint distribution of unknowns in Eq. 8 using

the second type of models as an example by combining the

parameter (priors), process, and data models.

p(DjW , S,  WV ,  SV , b ,a ,s 2)

∝ p(Djb0j,…, b4j,  s
2
s2)� p(b0j a0,  s

2
p0)�…� p(b4j

�� ��a4,  s
2
p4)

� p(a0)�…� p(a4)

� p(s 2
s2)� p(s 2

p0)…�p(s 2
p4) (8)

We computed the posterior distributions using Markov Chain

Monte Carlo Simulation (MCMC) (Robert and Casella, 2004) in the

software JAGS 4.3.0 (Plummer, 2017). We summarized quantiles,
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95% and 50% credible intervals, and the probability of a particular

parameter being positive or negative based on the posteriors.

We normalized the covariates to increase the speed of

convergence of MCMC for the second type of models (Hooten

and Hobbs, 2015). In addition, we could directly compare the

covariates’ effects based on the magnitudes of their parameters

with these covariates being normalized to the similar ranges (Hardy

and Wu, 2021).
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Results

Temporal trends of water level and salinity

Water level at the diversion and reference sites was not

significantly different from each other for both projects (p-value

of paired t-test = 0.060 for Caernarvon project, and p-value = 0.86

for Davis Pond project) (Figures 3, 4). Meanwhile, salinity at the
A B

DC

FIGURE 3

Time series of water level and salinity and their standard deviations. (A) Mean daily water level from March to October (unit: m), (B) Standard
deviation of daily water level from March to October (unit: m), (C) Mean daily salinity from March to October (unit: ppt), and (D) Standard deviation
of daily salinity from March to October (unit: ppt).
A B

DC

FIGURE 4

Box plots of water level and salinity and their standard deviations. (A) Mean daily water level from March to October (unit: m), (B) Standard deviation
of daily water level from March to October (unit: m), (C) Mean daily salinity from March to October (unit: ppt), and (D) Standard deviation of daily
salinity from March to October (unit: ppt).
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diversion sites was significantly higher than at the reference sites for

both projects (p-value = 5.0×10-5 for Caernarvon project, and p-

value = 2.5×10-4 for Davis Pond project) and it decreased over time.

Variability of water level at the diversion sites was not significantly

different from the reference sites for both diversion projects (p-

value = 0.11 for Caernarvon project, and p-value = 0.12 for Davis

Pond project), however the variability of salinity was significantly

larger at the diversion sites than at the reference sites (p-value =

4.2×10-10 for Caernarvon project, and p-value = 0.0024 for Davis

Pond project).
Temporal trends of NDVI

NDVI values were greater at the Davis Pond diversion and

reference sites with lower salinity than at the Caernarvon diversion

and references sites with higher salinity (Figure 5). Comparing

between the diversion and reference sites, NDVI values were

significantly greater at the Davis Pond diversion site than at the

reference site (p-value = 3.1×10-6), while there did not exist

significant difference between the diversion and reference site for

the Caernarvon diversion project (p-value = 0.34). From the Mann-

Kendall trend test, NDVI increased significantly at the Caernarvon

diversion site (p= 0.00073), but not at the reference site (p=0.73).

NDVI increased marginally at the Davis Pond diversion site

(p=0.085), and stayed similar at the reference site (p=0.54). The

higher the NDVI, the higher the productivity and the more healthy

the plants. Though increased NDVI does not indicate land gains,

healthy plants will likely contribute to increased accretion and land

gains in the long run.

From the modeling results, we did not find a consistent

response of NDVI to diversion between the Caernarvon diversion

project and Davis Pond project. The best temporal model for

Caernarvon diversion project included site variant intercept (g0j)
and site variant coefficient of years passed since diversion initiation

(lapse of years) (g1j) (Table S1; Figures 6A1, 6B1). The coefficient of
squared lapse of year was a lumped parameter that did not

differentiate between reference and diversion site (g2) (Table S1;

Figure 6C1). The best temporal model for Davis Pond project

included site variant intercept (g0j) (Table S1; Figure 6A2) while

the coefficients for both lapse of years (g1) and quadratic term (g2)
were lumped parameters (Table S1; Figures 6B2, 6C2). It is
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important to include the quadratic term to indicate nonlinear

trend as the models that did not include it yielded higher DIC

and PPL (Table S1). Since the parameters (g2) for the quadratic term
of lapse of years were positive (inferred by the positive 95% credible

intervals of g2 in Figure 6C) for both diversion projects, the general

temporal trends of NDVI showed a nonlinear form with the

existence of minimum NDVIs in time (Figure 6D).

For the Caernarvon diversion project, the lapse of years for the

minimum NDVI was not different from zero as both 95% and 50%

credible intervals for it overlapped zero at the diversion site, while it

was positive based on its positive 95% credible interval at the

reference site (Figure 6D1). This indicated that the NDVI values

dropped to the minimum when the diversion initiated at the

diversion site but not at the reference site, therefore, diversion

negatively affected vegetation at the very beginning of diversion. In

more detail, the lapse of years with a minimum NDVI at the

diversion site had a median of 0.7 year and 95% credible interval of

-10.6 to 5.1 years, showing NDVI started the recovery trajectory up

to 5 years since the diversion started. The lapse of years with a

minimum NDVI at the reference site had a median of 9.2 years and

95% credible interval of 4.7 to 13.2 years. When we compared the

lapse of years for the minimum NDVIs between diversion and

reference site, there existed about 99.9% of probability that it was

earlier at the diversion site than at the reference site.

For the Davis Pond diversion project, there was about 99.4% of

probability that the minimum NDVI occurred before the diversion

started at both diversion and reference sites (Figure 6D2). As such,

freshwater diversion did not seem to negatively affect peak season

vegetation biomass even at the beginning. As there was no

difference of the coefficients for year and squared year in the best

model, diversion did not seem to affect the temporal trends of

NDVI for the Davis Pond project.
The impact of water level and
salinity on NDVI

Both mean water level and mean salinity were included in the

best models to predict NDVI for the two diversion projects (Tables

S2, S3). For the Carnarvon diversion project, the impact of water

level on NDVI differed between the diversion and reference site,

while salinity’s impact did not show difference between the two
A B

FIGURE 5

Landsat derived normalized difference vegetation index from 1984 to 2018 at Caernarvon diversion, reference sites and Davis Pond diversion and
reference sites. (A) Time series of medians, and (B) Box plots of the time series of medians.
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sites. Both mean water level and mean salinity showed negative

effect on NDVI. There was an about 95% probability that the effect

of mean water level was more negative at the diversion site

compared to the reference site (Figure 7). Focusing on the

median impacts on NDVI at the diversion site, water level

showed larger impact than salinity. At the reference site, water

level and salinity showed similar impact.

Similarly, both mean daily water level and mean daily salinity

were important to predict NDVI for the Davis Pond diversion

project (Figure 8). Mean water level’s effect on NDVI did not differ

between the diversion and reference site and it was negative. In

contrast, mean salinity’s effect differed between the diversion and

reference site. Different from the Caernarvon diversion project,

salinity’s impact on NDVI showed parabolic relation, indicating a

minimum NDVI at a certain salinity (median of 2.8 ppt and up to

4.7 ppt at the diversion site, and median of 0.15 ppt and up to 3.0

ppt at the reference site). The parabolic relation was not detected for

water level as the inclusion of the quadratic term of water level did

not improve model predictions (Table S3). Salinity’s impact was

larger than the water level’s impact for the diversion site.
Discussion

We developed a multi-level modeling framework to integrate

existing data to evaluate the impact of freshwater diversion on
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vegetation productivity approximated by NDVI in peak biomass

season (August to October) with a focus on NDVI’s temporal trend

and NDVI’s response to salinity and water level. The study was not

about wetland areal gains or losses, instead we focused on gaining

some insights on the mechanisms of vegetation dynamics, which

can help improve understanding on land dynamics. Wetland

restoration involves many other aspects and functions that cannot

easily be detected using remote sensing images, such as soil

processes, belowground biomass, biogeochemical cycle, and

microbial composition. However, in terms of wetland restoration,

vegetation productivity can serve as indicators of other wetland

functions, which generally occur at a more lagged time scale (Suir

and Sasser, 2017).

The varying results for different diversion projects pinpoint

both the need to evaluate these projects separately, and the difficulty

in generalizing the efficacy of diversion projects. Both water level

and salinity were important to predict NDVI, however, water level’s

impact for the Caernarvon project differed between the diversion

and reference site with the larger negative impact at the diversion

site (based on the medians of the posteriors), while it did not vary

between the two sites for the Davis Pond project. The opposite is the

case for the salinity’s impact. Water level and salinity’s impacts

differed in magnitude, driven by diversion attributes, biogeophysical

conditions, and vegetation of the sites. Higher water level decreased

NDVI, consistent with lower end-of-season biomass of Spartina

alterniflora and Spartina patens with increased inundation
A1 B1 D1C1

A2 B2 D2C2

FIGURE 6

Credible intervals for the parameters (A) Intercept (g0), (B) Coefficient for Y (g1), (C) Coefficient for Y2 (g2), and (D) Years passed since diversion
initiated when minimum normalized difference vegetation index (NDVI) occurred (there existed minimum NDVI as the coefficient for Y2 was positive,
calculated as −

g1
2g2

), in the best temporal trend models for Caernarvon diversion project (top), and Davis Pond diversion project (bottom). The labels

for Y-axis: “D” denotes diversion site, “R” denotes reference site, “D-R” denotes difference of diversion and reference sites, and “Both” denotes the
coefficient is a lumped variable that does not vary between reference site and diversion site. The thin line shows the 95% credible interval and the
thick line shows the 50% credible interval. The dot represents median. The grey line with open dot indicates that both 50% and 95% credible
intervals overlap zero, the grey line with grey dot indicates that 50% credible interval does not overlap zero while 95% credible interval does, and the
black line with black dot indicates that both 50% and 95% credible intervals do not overlap zero and the parameter shows statistical significance. The
dashed vertical line represents estimate of 0. Lines to its right represent positive estimates and lines to its left represent negative estimates. Plot
generated using MCMCvis package in R (Youngflesh, 2018).
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(Snedden et al., 2015). The impact of salinity on vegetation was

greater than that of water level at the lower salinity location (Davis

pond sites), consistent with the previous research that shows

salinity is the most important abiotic factor in determining

coastal wetland habitat types (White and Kaplan, 2017; Lin et al.,

2018). On the other hand, the impact of water level was greater at

the higher salinity location (e.g. Caernarvon diversion site).

Furthermore, salinity’s impact on NDVI showed different

functional forms. NDVI monotonically declined with salinity for

the Caernarvon diversion project, while the relation between NDVI

and salinity was parabolic for the Davis Pond diversion project. The

different functional forms either represent a declining (improving)

vegetation condition with higher (lower) salinity (DeLaune et al.,

2005; Snedden et al., 2015) or vegetation community shift driven by

salinity (White and Kaplan, 2017). This was observed at the

Caernarvon Site which experienced a shift from brackish and

intermediate vegetation types between the 1940s and the early

2000s (O’Neil, 1951; Chabreck et al., 1968; Chabreck and

Linscombe, 1997; Linscombe and Chabreck, 2001) to freshwater

vegetation in 2007 and 2013 (Sasser et al., 2008; Sasser et al., 2014).

Lower salinity and higher water levels are generally

accompanied by freshwater diversions. Though salinity was
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higher at the diversion sites than at the reference sites for both

projects (Figures 2, 3), due to their proximity to the ocean, the

reduced salinity due to diversion can benefit vegetation. The

freshwater flow into these areas is expected to nourish and

enhance the marsh vegetation that is going through salinity-

induced stress (Metzger, 2007). Lower salinity could also lead to

shifts in vegetation communities from salt tolerant communities to

freshwater marshes. One study showed vegetation production

increased as salinity decreased within coastal wetlands (Stagg

et al., 2016). On the other hand, higher water levels had negative

impacts on vegetation. In our study, the temporal increase of NDVI

at the Caernarvon diversion site can be explained by the lower

salinity driven by diversion. The quadratic relation between salinity

and NDVI at the Davis Pond diversion project led to only marginal

increase at the diversion site.

The combined effects of inundation and salinity involved large

uncertainties, as evident in the posteriors (Figures 6–8), and noticed

in the previous studies (e.g. Snedden et al., 2015; Brown et al., 2019;

Elsey-Quirk et al., 2019). The large uncertainties summarized in our

Bayesian analysis, lacking in many other studies that mainly focus

on mean response, may partially explain the mixed results on the

previous evaluation of freshwater diversion projects (Metzger, 2007;
W[D]

W[R]

S[R]W[D]-W[R]

S

W[D]

W[R]

S

W[D]-W[R]

FIGURE 7

Credible intervals of the parameters for water level and salinity in the final model to evaluate the impact of environmental variables on NDVI for
Caernarvon diversion project. [D] denotes diversion site, and [R] denotes reference site. S denotes mean of daily salinity, and W denotes mean of
daily water level. If a particular parameter does not have brackets, this parameter does not differ between diversion and reference site. W[D]-W[R]
denotes difference of the parameters for mean daily water level between diversion and reference site. The dot represents median. The thin line
shows the 95% credible interval and the thick line shows the 50% credible interval. The grey line with open dot indicates that both 50% and 95%
credible intervals overlap 0, the grey line with grey dot indicates that 50% credible interval does not overlap zero while 95% credible interval does,
and the black line with black dot indicates that both 50% and 95% credible intervals do not overlap 0. Plot generated using MCMCvis package in R
(Youngflesh, 2018).
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Kearney et al., 2011; CPRA, 2012; Day et al., 2014; Day et al., 2016a;

Rutherford et al., 2018; Brown et al., 2019; Turner et al., 2019;

Hardy and Wu, 2021; White et al., 2023). The different results are

potentially due to differences in assessment methods, data, and data

quality (remote sensing, field measurements, permanent change

data), differences in receiving areas and conditions (e.g., proximity

to river source, fetch, depth), and differences in diversion operation

methods (i.e., diversion volume, timing, frequency) (Snedden et al.,

2007; Day et al., 2009). Day et al. (2016b) showed that large and

infrequent river diversions were more effective to restore

Mississippi Delta and limit displacement of fisheries, water quality

problems and wetland deterioration due to overloading of nutrients,

compared to small and frequent river diversions. Our study is

consistent with this finding. Caernarvon and Davis Pond diversion

projects fall into the infrequent river diversions. Due to the

infrequent diversions, water levels got controlled (not different

from the reference sites), and therefore the potential negative

impact due to higher water level was small. Other ecosystem

models exist to predict vegetation productivity related to coastal

wetland restoration. The primary productivity model in SEDLIB

only accounts for local water depth (Brown et al., 2019), while

Louisiana vegetation biomass model (LAVegMod) accounts for the
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effect of inundation, salinity, nutrients, and temperature (Visser

et al., 2017; Baustian et al., 2018). However, none of the previous

models predicted the uncertainties of the functions between

vegetation productivity and abiotic factors, as done in this study.

The uncertainty information derived from this study can be

factored into these ecosystem models to improve the predictions

of land gains/losses with uncertainties accounted for.

Nutrient and sediment change related to freshwater diversions

are important to impact vegetation productivity and land gains/loss

(Day et al., 2013; White et al., 2023), however, our study did not

account for them due to lack of available data. Hollis and Turner

(2019) and Turner (2011) showed significant decline in root

strength or soil strength after small increases in nutrient

availability. High nutrient did not necessarily lead to decreased

belowground production though (Anisfeld and Hill, 2012; Fox et al.,

2012; Day et al., 2013). Based on the review by Elsey-Quirk et al.

(2019), larger sediment availability is necessary to offset the negative

impact from the larger variability of environmental factors or

excessive nutrients driven by freshwater diversions. On the other

hand, greenhouse studies showed that biomass production of

Spartina patens increased with nitrogen addition, with more

increase in lower salinity than in higher salinity (DeLaune et al.,
W

S[D]

S[D]-S[R]

S[R]

S2

W

S[D]

S[D]-S[R]

S[R] D

S2

FIGURE 8

Credible intervals of the parameters for water level and salinity in the final model to evaluate the impact of environmental variables on NDVI for Davis
Pond diversion project. S denotes mean daily salinity, and W denotes mean daily water level. [D] denotes diversion site, and [R] denotes reference site. If
a particular parameter does not have brackets, this parameter does not differ between diversion and reference site. S[D]-S[R] denotes difference of the
parameters for mean daily salinity between diversion and reference site. The dot represents median. The thin line shows the 95% credible interval and
the thick line shows the 50% credible interval. The grey line with open dot indicates that both 50% and 95% credible intervals overlap 0, the grey line
with grey dot indicates that 50% credible interval does not overlap 0 while 95% credible interval does, and the black line with black dot indicates that
both 50% and 95% credible intervals do not overlap 0. Plot generated using MCMCvis package in R (Youngflesh, 2018).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1202300
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2023.1202300
2005). A greenhouse study conducted at Breton Sound influenced

by river water from the Caernarvon diversion showed that 36% of

added nitrate was assimilated in the above- and belowground

macrophytes, while the majority was removed from gaseous loss

by denitrification (VanZomeren et al., 2012; White et al., 2019).

Adding sediment could raise marsh surface, increase

aboveground biomass and number of regenerating shoots of

Spartina alterniflora (DeLaune et al., 1990). The actual freshwater

or sediment diverted for both Davis Pond and Carnarvon projects

was less than the capacity designed. How and where the sediment

will settle related to freshwater diversion will affect wetland gain or

loss spatially. Our model does not only lack data, but also lacks the

spatial scales needed to address that question. Other research has

shown freshwater diversions are more effective if fine sediment

transport in the system (many rivers have experienced long-term

reductions) is restored (Kemp et al., 2016; Day et al., 2019). Thus,

nutrients and sediment loading data should be collected and

accounted for in future evaluations of the impacts of diversion

projects on coastal wetlands. Other potential abiotic factors that

need to be accounted for include redox potential and sulfide

concentration that can affect vegetation growth (DeLaune et al.,

1983; Twilley et al., 2019).

This study is not the first one to utilize remote sensing data to

evaluate the impact of freshwater diversions on coastal wetlands in

Louisiana. Metzger (2007) applied Landsat images to evaluate wetland

gains and loss until 2005 for the Caernarvon project. Our study

expanded temporal and spatial coverages by including two diversion

projects and the analysis was conducted until 2018. As the impact of

freshwater diversions tends to be long term, the inclusion of longer-

term data is necessary. Another remote sensing-based study (White

et al., 2023) showed land gains in the Davis Pond diversion outfall area

but not at the Caernarvon diversion outfall area. Our study showed a

significant increase of NDVI at the Caernarvon diversion site and a

marginal increase at the Davis Pond diversion site. Meanwhile, NDVI

at the reference sites of the diversion projects did not change

significantly. The increase of NDVI, approximating increased

primary productivity, will likely contribute to increased sediment

accretion that can lead to land gains.

There are many vegetation indices in the remote sensing

literature. Potentially we can compare them to select the one that

best indicated vegetation productivity as in Wu et al. (2018).

However, lack of spatial data of vegetation productivity presents a

barrier for this comparison and analysis of multiple vegetation

indices is beyond the scope of this study that focused on evaluating

how Bayesian models can facilitate the evaluation of freshwater

diversions on wetland vegetation temporally by accounting for the

drivers of salinity and inundation.
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Conclusion

There existed differences between the two diversion projects in

NDVI’s temporal trends and how water levels and salinity impacted

NDVI. Based on the NDVI alone, they increased or marginally

increased over time at the diversion sites but not at the reference

sites for both diversion projects. These indicated that freshwater

diversions helped increase vegetation productivity. Both mean

salinity and mean water level were consistently included in the

NDVI models as important predictors.

This study provides a Bayesian modeling framework that can

help evaluate freshwater diversion projects with uncertainty

accounted for with a focus on the impact to vegetation. It also

shows the importance of investigating the impact of both water level

and salinity on vegetation in addition to the temporal trend

analysis. The inclusion of these abiotic factors aids in gaining a

better understanding of vegetative response to freshwater

diversions, and therefore contributes to improved prediction on

land change and more-informed coastal wetland restoration

decisions in the future.
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