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additions, increased Chl a concentrations to a cat-
egory of ‘poor’ water quality. We conclude that this 
diversion, if continued, will be a negative influence 
on wetland area and will eutrophy the estuary. It is a 
case history example for understanding the potential 
effects arising from proposed river diversions.

Keywords  Nutrient removal · Wetland gain and 
loss · Restoration · River diversion · Eutrophication

Introduction

Humans have changed coastal landscapes as they 
moved some or all of a river’s flow across landscapes 
throughout human histories for a variety of reasons. 
The dikes of the Yellow River, for example, were 
breached in 1128 CE for military reasons, and the 
resulting river avulsion captured the nearby Huai 
river, which later became blocked; the Yellow river 
soon debouched to the south of the Shandong Penin-
sula and into the Yellow Sea. Agricultural expansion 
in England’s Wash began in the late 1500’s and led 
to re-direction of numerous river flows (Ash, 2017). 
The Venetians diverted the Po River in 1604–1607 
by builting the 5  km long Taglio di Po canal going 
from the Venice lagoon to a southeastern lagoon, 
reducing sediment loading in one while gaining in 
the other. The Everglades ecosystem is riddled with 
water re-direction around, into and out of wetlands 
that have changed under various political pressures 

Abstract  Salinity control, nutrient additions, and 
sediment supply were directly or indirectly the ration-
ale for a $220 million coastal wetland restoration pro-
ject (Davis Pond River Diversion) that began in 2002. 
We sampled Mississippi River water going in and out 
of the receiving basin from 1999 to 2018 to under-
stand why wetland loss increased after it began. There 
was a reduction in inorganic sediments, nitrogen (N), 
and phosphorus (P) concentrations within the pond-
ing area of 77%, 39% and 34%, respectively, which is 
similar to that in other wetlands. But the average sedi-
ment accumulation of 0.6  mm  year−1 inadequately 
balances the present-day 5.6 mm year−1 sea level rise 
or the 7.9 ± 0.13  mm  year−1 accretion rates in these 
organic soils. Nutrients added likely reduced live 
belowground biomass and soil strength, and increased 
decomposition of the organic matter necessary to sus-
tain elevations. The eutrophication of the downstream 
aquatic system from the diversion, principally by P 
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(Gunderson & Light, 2006). Eighty-eight percent of 
the Santee River (Charleston, SC) was redirected into 
the Cooper River in 1941 to develop hydroelectric-
ity, only to have part of it redirected back by 1975 
because of shoaling in Charleston Harbor (Bradley 
et al., 1990).

Other river diversions done for a different purpose 
are the ongoing and planned partial diversions of the 
Mississippi River into the adjacent coastal wetlands. 
Louisiana, at the time of planning and construction 
for the first diversion of the Mississippi River water 
into freshwater wetlands, had dramatically high land 
losses (54 km2  year−1 from 1956 to 2010) which 
became a small gain from 2010 to 2016 (Couvillon 
et al., 2017). These losses continue to be the ration-
ale for wetland restoration efforts today. The narrowly 
authorized administrative purpose of the Davis Pond 
Diversion was to control salinity in the estuary; but 
the general expectation in various reports, brochures, 
and science articles was that the “Introduction of 
fresh water, nutrients and sediments from the Mis-
sissippi River via the Davis Pond Freshwater Diver-
sion structure will serve to reduce this land-loss and 
ecosystem degeneration trend in the Barataria Basin” 
(Plitsch, 2018). There was an unsupported conclu-
sion that wetland forests were nutrient limited below-
ground (Schaffer et  al., 2016) when it was known 
that with flooding was a stressor (Megonigal et  al., 
1977). The assumptions were that adding sediments, 
reducing and controlling salinity would enhance plant 
production above and belowground. The anticipated 
consequences of the Davis Pond river diversion were 
estimated to preserve 133.5 km2 of wetlands and ben-
efit 3,144 km2 of marshes and bays during the 50-year 
life of the project (CPRA, 2020). The entire Barataria 
watershed is 6,600 km2, indicating that this one res-
toration effort was supposed to benefit 48% of the 
Barataria watershed. Perhaps this conclusion was an 
administrative overreach, but the diversion was also 
funded with the assumption that sediments that used 
to flow over the levees to build land were lost when 
they flowed offshore beyond the delta. It has since 
been well-documented that most of these sediments 
are largely retained within the river delta to main-
tain the main channel and adjacent wetlands (Allison 
et  al., 2012; Turner, 2017). Furthermore, only about 
2% of the Mississippi River sediments went over the 
natural levees before construction of flood protection 
levees (Kesel, 1989). The vertical growth of modern 

marshes inland of the modern delta tip is not com-
prised inorganic sediments, but mostly of water, air 
and organic matter, making the balance of organics an 
important focal point.

Wetland restoration of the area receiving the 
diverted water did not happen—instead, wetland loss 
increased (Turner et  al., 2019a; Supplemental Fig. 
S1). Why wetland loss rates increased after the diver-
sion was opened is one focus of this paper. A second 
focus is to address the omission noted by Land et al. 
(2016) who highlighted the lack of long-term data on 
the nutrient removal rates of wetlands. Here we pro-
vide results based on monthly water quality measure-
ments made from 1999 to 2016 (17  years) in water 
entering and leaving the receiving basin.

Methods

The Davis Pond Diversion structure and water flow

The study area is where Mississippi River water is 
diverted into and out of a leveed receiving basin in 
southern Louisiana. The Davis Pond freshwater diver-
sion structure is located on the right side of the down-
stream bank of the Mississippi River, 192 km above 
head-of-passes at the tip of the Mississippi River 
Delta and 8  km upstream from New Orleans. The 
Davis Pond structure consists of four 4.3  m square 
gated box culverts feeding a pumping station that 
primes a gravity driven discharge of up to 300 m3 s−1 
of Mississippi River water (Swenson et  al., 2006). 
This water goes into a 3.4  km long by 37 m2 wide 
conveyance channel that enters a 3,768  ha ponding 
area bounded on all sides by 30.6 km of levees. The 
ponding area receives about 2.46 m of rainfall annu-
ally, equivalent to 6% of the average amount of Mis-
sissippi River entering the pond. The holding pond 
has a mixture of fresh marsh and swamp vegetation. 
The water then exits the ponding area through open-
ings in the 2.9 km of rock weir and enters the 1.8 m 
deep and 3,678  ha Lake Cataouatche (‘Cata’ means 
‘lake’ in the Choctaw language and ‘Ouache’ is the 
tribal name), located in the northern portion of the 
Barataria watershed (Fig.  1; www.​mvn.​usace.​army.​
mil/​About/​Proje​cts/​Davis-​Pond-​Fresh​water-​Diver​
sion/.​pdf). Water then exits through the two passes 
on either side of Couba Island, and into the northeast-
ern portion of Lake Salvador. Water from Bayou des 

http://www.mvn.usace.army.mil/About/Projects/Davis-Pond-Freshwater-Diversion/.pdf
http://www.mvn.usace.army.mil/About/Projects/Davis-Pond-Freshwater-Diversion/.pdf
http://www.mvn.usace.army.mil/About/Projects/Davis-Pond-Freshwater-Diversion/.pdf
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Allemands enters at the western end of 1.8  m deep 
Lake Salvador and enters Bayou Perot to mix with 
the westward moving water from the Intracoastal 
Waterway that seasonally peaks with spring floods 
(Swarzenski, 2003). Water then enters Little Lake 
that had an average salinity from 1994 to 2016 of 1.81 
(SEM ± 0.15) (Turner et al., 2019b), before becoming 
saltier as it mixes with the Gulf of Mexico within the 
Barataria Bay estuary further south. The 30-cm tidal 
range in Barataria Bay is dominated by meteorologi-
cal rather than astronomical drivers that distinguishes 
the Gulf of Mexico (GOM) estuaries from other 
coastal US estuaries (Turner, 2001). Tidal influences 
are further diminished in the Lake Salvador area and 
northward and are 0.3 m in Lake Cataouatche.

There are two possible sources of water that might 
dilute water in Lake Cataouatche if concentrations 
are low enough: (1) rainfall and (2) water from Lake 
Salvador as it mixes with Lake Cataouatche through 
the Couba Island passes. The annual rainfall volume 
is about 6% of the total water volume coming from 
the diversion, so rainfall is not a meaningful diluent. 
The Lake Cataouatche volume is turned over every 
17 days by water coming in through the diversion, on 
average, for an equivalent volume of 6%. Das (2010) 
estimated that the daily tidal prism was 1.9  ×  106 
m3 compared to 130 × 106 m3 for Lake Cataouatche 
and surrounding wetlands, and a tidal exchange of 
5.1 × 106 m3 and 520 × 106 m3 in Lake Salvador. The 
daily tidal flushing exchanges for Lakes Cataoutache 

Fig. 1   The location and design of the Davis Pond diversion of 
Mississippi River water into wetlands of the Barataria water-
shed. Water flows from a conveyance channel into a ponding 
area constrained by guide levees and into Lake Cataouche. It 
then leaves on either side of Couba Island and into Lake Sal-

vador, to Little Lake, and then to Barataria Bay. The colored 
inset depicts the sampling station locations (white dots) where 
water samples were taken. Two other stations are in Little Lake 
(black dots)
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and Salvador are, therefore, 1.5% and 1%, respec-
tively, and much lower than the flushing from the 
diversion water. As will be shown below, the water in 
the immediate vicinity of Couba Island is of nearly 
identical concentrations as in Lake Cataoucatche. The 
concentrations in rainfall, of course, are much lower. 
We conclude that mixing of water and its constituents 
in Lake Cataoutche is dominated by inflow from the 
diversion, not from mixing with rainfall or by water 
in Lake Salvador.

The project was authorized by the Flood Control 
Act of 1928, (PL 70-391) and the Flood Control Act 
of 1965, (PL 89-298) and further amended by the 
Water Resources Development Acts (WDRA) of 
1986 (PL 99-622). The initial construction of 8 major 
contracting elements began in November 1996 and 
ended in February 2002. The diversion was officially 
opened for the first time on 26 March 2002. The ini-
tial $120 million cost for these structures increased 
by an estimated $100 million in 2006 (Brown, 2006) 

to repair damages resulting from floating vegetation 
that accumulated upstream of the weirs. Other adjust-
ments included adding more gates before the culverts 
and five more kilometers of levees and making nine 
new openings in the rock weir. There is no published 
monitoring of the area for vegetation composition 
in the ponding area for before or after the diversion 
opened that we know of.

Sampling

We collected water samples from August 1999 
through December 2016 for a total of 267 trips to: 
(1) one station from a bridge that crosses east-to-west 
over the northern end of the conveyance channel, (2) 
four stations in Lake Cataouatche, (3) one station 
each in the eastern and western channels of Couba 
Island where water leaves Lake Cataouatche, and (4) 
four stations in Lake Salvador (Figs. 1, 2). Two other 
stations were sampled in Little Lake (Fig. 1). Water 

Fig. 2   An aerial image of the ponding area with turbid river water entering from the lower right and then flowing towards south-
wards to exit into Lake Cataouatche at the top of the photo
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samples were collected from 1999 to 2016, but Lake 
Cataouche was sampled only from 2002 to 2007.

Briefly, we collected surface water in pre-rinsed 
Nalgene bottles, transported them in a cooler to the 
laboratory within 3 h where they were filtered upon 
arrival to determine the Chl a concentration. The 
inorganic carbon, inorganic minerals, and the total 
carbon (C), nitrogen (N) and phosphorus (P) con-
centrations were run on unfiltered samples. Portions 
were frozen for analysis of inorganic fractions identi-
fied below. Freezing samples may result in a potential 
10% increase in the absolute concentration of phos-
phate (Chapman & Mostert, 1990). Monthly Chl a 
concentrations in Little Lake for 1974 to 1995 were 
collected by a related environmental monitoring pro-
gram and are in Turner et al. (2021).

Water quality analysis

All water quality methods used are reported in Turner 
et  al. (2019b), which employed standard laboratory 
practices for standards, blanks, and analytical rep-
licates. Suspended sediment matter samples were 
filtered through pre-weighed grade C borosilicate 
glass fiber filters (1.1 μm) that were pre-combusted at 
550  °C for 1 h. The post-filtration filters were dried 
at 60  °C for 24  h and re-weighed to determine the 
total suspended matter (TSS); then they were heated 
to 550  °C for 1.0  h and re-weighed again to deter-
mine the amount of inorganic and organic suspended 
matter.

Inorganic forms of N, P, and silicate (DSi) were 
determined in unfiltered water samples that were 
frozen until determination using either a Technicon 
Autoanalyzer II (USEPA Method 353.2 for ammo-
nium and nitrate + nitrite (DIN), USEPA Method 
365.2 for phosphate (DIP), and Technicon Method 
186-72  W/B for silicate) or a Lachat Quick-Chem 
8000 Flow Injection Analyzer using the Lachat 
Methods approved by USEPA: Method 31-107-
06-1-B for ammonium, Method 31-107-04-1-C for 
nitrate + nitrite (herein ‘nitrate’), Method 31-1-115-
01-1-H for inorganic phosphate (DIP), and Method 
31-114-27-1-C for DSi.

We compared differences in the concentration of 
inorganics in water samples that were filtered or unfil-
tered using 0.45 µm pore-size filters and found no sig-
nificant differences between them. The Coefficient of 
Determination (R2) for nitrate + nitrite, ammonium, 

phosphate and silicate was 0.99, 0.99, 0.87 and 0.97, 
respectively, for 67, 67, 66, and 67 samples, respec-
tively. The R2 for the standard curve was > 0.98 for all 
nutrient analyses.

The total C, N and P determinations were done on 
unfiltered water samples that included inorganic and 
organic forms and the particulates. The concentra-
tion of Total Carbon (TC) was measured using a Shi-
madzu® TOC-5000A Analyzer. Total Organic Car-
bon (TOC) was measured by acidifying samples with 
HCl and then sparging before analysis to remove the 
inorganic Carbon (IC). Total nitrogen (TN) and total 
phosphorus (TP) concentrations were measured using 
a Technicon Autoanalyzer II or LaChat Quick-Chem 
after persulfate wet oxidation digestion (Raimbault 
et al., 1999).

Water for Chl a determinations was filtered 
through Grade F borosilicate glass fiber filters 
(0.7 µm) and the filters put in 5 ml of dimethyl sul-
foxide–90% acetone (40:60 by volume) for 2 h in the 
dark to extract the Chl a (Lohrenz et al., 1999). The 
Chl a concentration was estimated using a Turner 
Model 10 fluorometer calibrated with a chemical sup-
ply house standard.

Fertilizer use

The amount of nitrogen and phosphorus fertilizer 
used in agriculture for the three parishes surrounding 
the northern Barataria watershed (St. John, St. James 
and Lafourche) from 1945 to 2012 are from Alexan-
der and Smith (1990), Gronberg and Spahr (2012), 
and Brakehill and Gronberg (2017). These parishes 
overlap watershed boundaries and are therefore esti-
mates of fertilizer sales in a whole parish and do not 
precisely represent fertilizer use in only the Barataria 
watershed.

Diversion discharge

The discharge volume into the ponding area was 
measured in the conveyance channel (Station 
DCPBA03) and is reported at the Louisiana Depart-
ment of Natural Resources web site (https://​www.​
sonris.​com/) and by the United State Geological web 
site (Station 295501090190400; https://​water​data.​
usgs.​gov/​usa/​nwis/​uv?​29550​10901​90400).

https://www.sonris.com/
https://www.sonris.com/
https://waterdata.usgs.gov/usa/nwis/uv?295501090190400
https://waterdata.usgs.gov/usa/nwis/uv?295501090190400
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Statistical analyses

We used Prism 9.0.0 software © 2020 (GraphPad 
Software, Inc., La Jolla, CA) for statistical analyses. 
The mean and the standard error of the mean (µ ± 1 
SEM) was calculated for each year or month for four 
station groupings: into Lake Cataouatche, within 
Lake Cataouatche, in the two channels alongside 
Couba Island, and in Lake Salvador. The annual con-
centration of analytes in the conveyance channel and 
the three other station grouping were compared to 
each other for the six annual averages of overlapping 
annual averages. Log transformations of the data were 
made for graphing purposes.

The retention of analytes after leaving the pond-
ing area was calculated as a proportion of the analyte 
entering in the outfall channel going into the pond-
ing area and compared to that found in three station 
groupings representing Lake Cataouatche, the Couba 
Island passes, and Lake Salvador. An ordinary one-
way ANOVA with Dunnett’s multiple comparisons 
test with a single pooled variance was conducted to 
test for a significant difference between analyte con-
centrations in the outfall channel leading into the 
ponding area versus in water leaving the ponding 
area from the three downstream station groups. The 
retention rates of inorganics, TN and TP remaining 
in the outgoing water were graphed as a function of 
the discharge of water into the ponding area, the load-
ing rate (mass per area) and the analyte concentration. 
We used a value for the dry inorganic soil density of 
2.61 g cm−3 (Delaune et al., 1983) to convert the inor-
ganic mineral matter entering the ponding area into 
an average vertical accumulation of mineral matter for 
the entire ponding area. The discharge for individual 
trips were averaged for each year and compared to the 
annual discharge for all days using a linear regression 
analysis. A simple linear regression between fertilizer 

use and Chl a concentration was made that also tested 
if there were differences between significant slopes.

Results

Diverted water quantities

The amount of river water diverted into the ponding 
area in 2002 was 117 million m3 year−1 for when the 
diversion was open and averaged 0.24 million m3 da 
year−1 for the sampling trips when it was opened that 
year (Fig.  3a). The discharge grew to a maximum 
of 11.6 million m3 da year−1 in 2009 and had aver-
age discharge from 2003 to 2016 of 1,574 million 
m3 year−1. The average daily discharge for all years 
was 1.016 times the daily average for the individual 
sampling trips that year. There was strong correlation 
(R2 = 0.85, P < 0.01) between the daily discharge rate 
on trips that year and the annual discharge (Fig. 3b).

Analytic concentrations exiting the ponding area

All four sites near the ponding area were sampled 
on the same trip from 2002 to 2007 and the analyte 
concentrations can be compared to see if there were 
differences with water entering the ponding area. 
The concentrations of nitrate + nitrite and phosphate 
in the outfall channel declined when water reached 
Lake Cataouatche, the Couba Island passes, and 
near Lake Salvador. The concentration of ammo-
nium did not decline in the Lake Cataoutche or in 
Lake Salvador but did decline in the Couba Island 
passes (Fig.  4c), whereas ammonium concentra-
tions declined in Lake Cataoutche but not in Lake 
Salvador or Couba Island passes (Fig. 4d). Note that 
the concentration of ammonium is less than 5% of 
the TN and that there was a greater loss of nitrate 

Fig. 3   The water discharge 
volume (m3 year−1) into 
the diversion conveyance 
channel. a Annual amounts. 
b The relationship between 
the average discharge on 
daily trips for that year (m3 
da year−1) and the annual 
discharge for that year (m3 
year−1)
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than TN (Fig.  4e, f). The concentrations of inor-
ganic sediments, TOC, TN and TP (Fig. 4a, b, f, h) 
were lower in all three southerly stations compared 
to the concentration in the conveyance channel. The 
concentration of TN in the conveyance channel was 
nearly twice the nitrate concentration in the three 
downstream areas (Fig.  4f). Less than 10% nitrate 
passed through the ponding area (Fig. 4e). The Chl 
a concentrations were highest in Lake Cataoutche 
and Couba Island passes, but not in Lake Salvador 
(Fig. 4i).

Retention of analytes

The retention of five major analytes in water reaching 
the Couba Island passes for the longer record from 
2002 to 2016 is in Fig.  5. The retention rate varied 
from year to year but had consistent gains in TOC 
and Chl a, moderate losses in TN and TP, and much 
lower amounts departing the ponding area as inorgan-
ics. The average retention for these analytes in water 
leaving the ponding area for inorganics, TN, and 
TP from 2003 to 2016 was 0.29 ± 0.03, 0.55 ± 0.03, 

Fig. 4   Comparisons across 
values and locations of 
the average concentration 
of measured analytes by 
station groupings for data 
from 2002 to 2007 when 
equal sampling efforts were 
made. The mean ± 1 SEM 
of the six annual values 
for each analyte at each 
station grouping is shown 
together with the results 
of an ANOVA testing for 
differences. a Inorganic 
sediments. b Total organic 
carbon. c Silicate. d Ammo-
nium. e Nitrate + nitrite. f 
Total nitrogen. g Phosphate. 
h Total phosphorus. i Chlo-
rophyll a 
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and 0.66 ± 0.05% (µ ± SEM), respectively. In other 
words, about 71%, 45%, and 34% of the inorganics, 
TN, and TP in the conveyance channel, respectively, 
did not exit the ponding area as inorganics (Fig.  5); 
rather, significant amounts were converted to organic 
matter and Chl a which increased (Fig. 5) as the inor-
ganic forms of nitrogen and phosphorous decreased 
(Fig. 4).

The retention of inorganics, TN, and TP are not 
clearly related to variations in discharge, loading 
per area, or analyte concentration (Fig.  6a–i). The 
exception was that the retention of TN declined with 
increases in TN concentration (Fig. 6h).

About half of the TP was trapped coincidentally 
with the inorganic matter (Fig.  7a), and the loss of 
phosphate was closely correlated with the amount of 
TP (Fig. 7b). This proportional loss result is consist-
ent with the expectation that sediments contain phos-
phorus bound to clays. TN retention is also retained 
in proportion to inorganic material (Fig. 7c) but less 
conservatively relative to TP (Fig.  7d), probably 
because of denitrification rather than sedimentation. 
The outlier in Fig. 7a and c is the year of Hurricanes 
Katrina and Rita.

Chlorophyll a in Little Lake

The Chl a concentration in Little Lake was linearly 
related to the use of P fertilizer in the watershed 
before and after the diversion was opened (Fig.  8a). 

The two regression equations correlating Chl a con-
centration with fertilizer had unequal slopes (F = 9.6. 
P < 0.01) with a higher Chl a concentration per P 
fertilizer used after the diversion was opened. The 
diversion was not open before 2002 when P fertilizer 
use declined from 1978 to 1995, whereas the N fer-
tilizer increased as the Chl a concentration declined 
(Fig. 8c, d). There was no relationship between N fer-
tilizer use and Chl a for before or after the diversion 
was opened (Fig. 8b). The N and P use, however, both 
declined after 2002 (Fig. 8). The outlier on Fig. 8a is 
for 2009, which was the exceptionally high P loading 
rate that year. The lower trapping efficiency in 2009 
resulted in a higher proportion of P leaving the Diver-
sion ponding area, and the total P released into Lake 
Salvador peaked that year. These results indicate P 
limitation of Chl a concentration.

Discussion

Loading and removal rates

The N and P loading rates and removal rates are 
within the ranges stated in a review of the scientific 
literature by Land et al. (2016; Table 1). Their litera-
ture search of 5,853 unique records were screened 
for data quality to generate data on 203 wetlands 
located mostly in Europe and North America. The 
loading rate of TN (697 ± 159  kg  N  ha−1  year−1) 
and TP (52.6 ± 11.6  kg P ha−1  year−1) in the Davis 
Pond Diversion are within the range of loading 
rates for the Land et  al. (2016) wetlands (Table  1), 
but almost one tenth of the average values of 
5,050 ± 5,790  kg  N  ha−1  year−1 and 630 ± 730  kg P 
ha−1  year−1. The rates for the Davis Pond receiving 
basin are averaged for the entire area and would be 
highest closest to the point source.

Land et al. (2016) found that TN and TP removal 
rates over a 109 size range varied with loading rate, 
air temperature, and wetland area and they noted that 
“wetlands with precipitation-driven hydraulic load-
ing rates or hydrologic pulsing showed significantly 
lower TP removal efficiencies compared to wet-
lands with controlled hydrologic loading rates”. The 
median removal rates that Land et  al. (2016) found 
were 930 kg N ha−1 year−1 and 12 kg P ha−1 year−1, 
amounting to a median retention rate in the outflow of 
62% for TN and 50% for TP. The average removal rate 

Fig. 5   The annual proportional retention (outflow/inflow) of 
total organic matter, Chl a, Total phosphorous, total nitrogen 
and suspended inorganic matter in water flowing into and out 
of the Davis Pond ponding area at the stations on either side of 
Couba Island. The dotted line at Y = 1 represents equal concen-
trations going into the ponding area and coming out
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in their study was 1,840 kg N ha−1 year−1 and 150 kg 
P ha−1  year−1, for an average TN and TP retention 
rate of 61% and 59%, respectively, which is about 
the same as in for the whole Davis Pond Diversion 
flowpath. They make the point that before their study 
that the average removal rates suggested as sustain-
able (15 years before their article was published that) 
for nonpoint source treatment wetlands were 100 to 
400 kg ha−1 year−1 for TN and 5 to 50 kg ha−1 year−1 
for TP. The range of the median, average, and ‘ear-
lier’ removal rates were 10 to 1,830 kg N ha−1 year−1 
and 0.5 to 130  kg P ha−1  year−1, whereas the 
removal rates in the Davis Pond Diversion were 
316 ± 82  kg  N  ha−1  year−1 and 20.5 ± 6.2  kg P 
ha−1  year−1 which puts the Davis Pond data in the 
middle range of removal rates described by Land 

et al. (2016). The 30 year study in the Houghton Lake 
100  ha wastewater treatment site (Kadlec, 2009a) 
had a TP loading rate of 18.7 kg P ha−1  year−1, and 
a 17.6 kg P ha−1  year−1 removal rate, corresponding 
to a 94% TP removal rate, which was a lower load-
ing rate and higher percent removal rate than for the 
Davis Pond Diversion.

These declines in TN concentration after passing 
through the ponding area are in contrast to changes in 
TN concentrations in samples taken in channels from 
the Barataria watershed from Bayou des Allemands 
to the coast. The samples from channels downstream 
from the watershed show no significant declines that 
cannot be explained by dilution (Turner et al., 2019b). 
The difference in the reduction of TN concentration in 
water going through the diversion flow path and none 

Fig. 6   The retention (outflow/inflow) of inorganic sediments, 
total nitrogen and total phosphorous vs. water discharge into 
the ponding area (a–c), the loading per area (d–f) and the 

water concentration (g–i), respectively. The dotted line at Y = 1 
represents an equal value going into and out of the ponding 
area
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in channels may be because water remains mostly off 
the marsh as it travels toward the coast, whereas water 
goes overland in the constrained diversion channel.

Compromises to roots and soils from nutrient 
enrichment

The nutrient loading to wetland soils in the area of the 
diversion can have a subtle and significant effect on 
wetland soils and plants. The soil bulk density in the 
Davis Pond Diversion is 0.08 ± 0.1  g cm3 (Delaune 
et  al., 2013) which defines them as organic soils. 
Organic soils are negatively impacted as plants and 
soils are subjected to enhanced nutrient availability 
in tundra, salt marsh, brackish marsh and fresh marsh 
(Mack et  al., 2004; Bragazza et  al., 2006; Darby & 
Turner, 2008; Turner, 2011; Deegan et  al., 2012; 
Wigand et  al., 2018; Turner et  al., 2020; Herbert 
et  al., 2020; Krause et  al., 2020). The belowground 
biomass of roots and rhizomes decreases because 
plants put more resources into the above-ground 

biomass when access to nutrients is facilitated; 
root mass may increase in the upper few decime-
ters but decline at lower depths. Plant communities 
may change, therefore, because of the competitive 
advantages for nutrient foraging are altered. The 
first experiment demonstrating reduced root biomass 
accumulations of up to 50% after 3  years of nutri-
ent additions was by Valiela et  al. (1976) who also 
conducted root ingrowth experiments demonstrat-
ing a doubling of root growth in chambers filled with 
sand after several months of nutrient additions. Forty 
years later Graham & Mendelsohn (2016) cleanly dis-
sected why these two responses to nutrient additions 
yielded opposing results. They showed that ingrowth 
chambers represented an accommodation space for 
root growth not existing in field plots. An accommo-
dation space might be created in the field when new 
sediments are added, after flooding stress opens up 
habitat space, or with plant death. To our knowledge, 
though, there are no examples that we know of that 
show stimulation of live belowground biomass in 

Fig. 7   Linear regression 
plots illustrating the rela-
tionship between the annual 
retention of constituents 
into and out of the ponding 
area from 2003 to 2016. a 
Inorganic vs. total phospho-
rous. b Total phosphorous 
and phosphate. c Inorganic 
vs. total nitrogen. d Total 
phosphorous and total 
nitrogen. The dotted line 
represents equal retentions 
going into the ponding area 
and coming out
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Fig. 8   The changing 
relationships of Chl a con-
centrations (µg l−1) in Little 
Lake and the relative use of 
phosphorous fertilizer in the 
watershed for before and 
after the Davis Pond Diver-
sion began operating. a P 
fertilizer use vs. Chl a con-
centration each year for this 
study. A linear regression 
between variables is shown. 
b N fertilizer use vs. Chl a 
concentration. c Annual P 
fertilizer use for each year. 
d Annual N fertilizer use 
for each year. e P loading 
(kg ha−1 year−1) into the 
ponding area and out-
flow. Black circles denote 
concentrations before the 
diversion was opened. Open 
circles denote concentra-
tions after it was opened

Table 1   Comparison with literature. Literature comparison of nutrient loading, removal, and retention rates for the river diversion at 
Davis Pond in the Barataria Basin of southern Louisiana

Loading rate Loading rate Removal rate Percent Percent n References
kg ha−1 year−1 kg ha−1 year−1 kg ha−1 year−1 Removal rate Retention rate

TN Range TN
Median 2,550 21–24,860 930 38% 62% 112 Land et al. (2016)
Average 5,050 ± 5,790 21–24,860 1,810 ± 2,510 39% ± 21% 61% 112
1990 estimates – – 10 to 40 – – –
Median 32 0.3–3,730 12 50% 50% 146 Land et al. (2016)
Average 360 ± 730 0.3–3,730 130 ± 380 41 ± 52 59% 146
1990 estimates – – 0.5 to 5 – – –

TN TN TN
14 year average 697 ± 159 – 316 ± 82 39 ± 19 61% This study

TP TP TP
52.6 ± 11.6 − 20.5 ± 6.2 34 ± 17 66% This study
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intertidal marshes in existing soils, except where new 
accommodation space is provided for organic soils, as 
for example, when using ingrowth cores or sediment 
additions. The availability of sediments for deposi-
tion may compensate for less organic contributions, 
but it would be a premature, we think, to suggest that 
nutrient additions to organic soils will have the same 
effect as in mineral soils (Mozdzer et al., 2020). For 
example, the bulk density is about 0.24 g cm3 in the 
Graham & Mendelsohn (2015) Sagittaria lancifolia 
L. dominated oligohaline marsh study. They showed 
that sediment trapping there compensated somewhat 
for the diminished amount of live root biomass in the 
upper 50 cm when fertilized.

A further consideration is that wetland soil 
strength can be reduced by adding either N or P. 
The loading rates in the Davis Pond Diversion are 
comparable to those used in multi-year field experi-
ments completed in floating freshwater marshes in 
the Salvador Wildlife Management Area that borders 
Davis Pond Diversion and in the anchored freshwater 
marshes located on the other side of the Mississippi 
River in the Joyce Wildlife Management Area near 
Hammond, LA (Turner et  al., 2020). These experi-
ments exposed wetlands to 3 different surficial addi-
tions of slow-release Osmocote® (450, 1,360 and 
2,260  kg  N  ha−1, and 140, 430 and 710  kg P ha−1, 
respectively), and single doses of super phosphate 
(Ca(H2PO4)2; 520  kg P ha−1), or calcium nitrate 
(Ca(NO2)2; 250 kg N ha−1) to measure soil shear vane 
strength in the 0 to 100 cm soil depth. These loading 
rates from the field experiments are amounts applied 
to the experiment plots. The averages from the diver-
sion flow path are for the entire area but applied at the 
northern end of the diversion flow path. The loading 
rates would be 10 times higher, for example, in the 
first 10% of the area nearest the entry point and low-
est after it traversed the entire flow path. Turner et al. 
(2020) found that after six years that the average soil 
strength loss for the upper 100  cm in the anchored 
marshes ranged from 16 to 25% for all treatments, 
and that the weakest point in the 100 cm profile lost 
15 to 23% of its soil strength. The equivalent loss in 
the floating marsh ranged from −  1 to 18% for the 
entire profile, and 15 to 45% for the minimum loss at 
one of the 10 cm intervals. Interestingly, there was lit-
tle change in soil strength in the top 30 cm, whereas 
there were decreases below 30  cm. Total biomass 
and soil strength are generally well-correlated among 

species in the upper 15 cm of the soil profile (Sasser 
et  al., 2018). A loss of soil strength will result in a 
higher susceptibility to erosion.

The loss of soil strength below the weakest point 
in the soil depth is where the vegetative mats sepa-
rated from the attached mat at nutrient-enhanced 
marsh at Hammond, LA (Turner et  al., 2008). This 
is a recognized cause of enhanced nutrient availabil-
ity to marshes—it occurred at sites where partially 
treated sewage was added to wetlands in Houghton 
Lake, MI and Hammond, LA (Kadlec & Bevis, 2009; 
Turner et al., 2018) and is nicely illustrated in Fig. 3.3 
in Kadlec and Wallace’s encyclopedic review of con-
structed wetlands (2009; p. 1344) which summarized 
it this way: “Macrophyte roots have diminished in 
quantity and moved to higher horizons. As a result, 
the upper peat layers have greatly reduced strength 
since there are fewer live fibers. The dead roots have 
not consolidated, probably due to the new water 
regime, which provides little or no chance for drying. 
One result of these changes is greatly impeded foot 
travel”. Multiple laboratory experiments measured 
the tensile strength of individual brackish marsh roots 
exposed to different nutrient loading and showed 
a 50% decline in tensile strength (Hollis & Turner, 
2019a, 2021).

Consequences for decomposition

A second consequence of increased nutrient avail-
ability is the increased decomposition that develops 
where soils are oxygenated. Vascular terrestrial plant 
decomposition is almost always faster with nutrient 
enrichment at levels that are commonly found today 
in wetlands (Webster & Benfield, 1986; Enriquéz 
et  al., 1993; Bodker et  al., 2015; Kominoski et  al., 
2015, Rosemond et al., 2015; Song et al., 2019). Vari-
ous literature reviews conclude that plant communi-
ties undergoing increased nutrient availability tend to 
have faster growth rates, weakened cellular structure, 
expanded aerenchyma, allocate less biomass to roots, 
have higher nutrient concentrations in their biomass, 
and have leaky nutrient cycling, while carbon stor-
age in the individual plant is higher (Aerts & Chapin, 
2000; Poorter & Nagel, 2000). Darby and Turner 
(2008) demonstrated in Barataria Bay that the addi-
tion of P, not N, was the important nutrient involved 
in this reduction in live root biomass for salt marshes. 
Peat soils are comprised of a small amount of coarse 
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material and a larger amount of fine-grained organic 
and mineral materials. It is sufficient that the coarse 
fibric root material which supports and holds together 
the fine-grained soil is weakened to destabilize the 
peat and bring about its collapse (Swarzenski et  al., 
2008).

Sediment trapping compared to SLR

The average amount of inorganic sediments left 
in the entire ponding area for all years (2002 to 
2016) was 0.23 ± 0.18  g  cm−2  year−1, equivalent to 
0.62  mm  year−1 if the bulk density is 2.61  g  cm−3 
(Delaune et  al., 1983). This rate is less than 10% of 
the 7.9 ± 1.3  mm  year−1 accretion rate measured for 
three cores by Delaune et  al. (2013) taken from the 
center of the ponding area, whose volumetric accu-
mulation is attributed to organic accumulations, as 
elsewhere (Turner et al., 2001). The rise in sea level 
for the Gulf of Mexico measured at Key West, FL, 
was 5.6 ± 0.86 mm year−1 from 1997 to 2016 (Turner 
& Rabalais, 2019). The inorganic sediment loading 
into the ponding area is grossly insufficient to bal-
ance the vertical accretion necessary to sustain these 
wetland systems exposed to these sea level rise rates. 
That means that organic matter accumulation, prin-
cipally from belowground processes, is the domi-
nant controlling factor contributing to vertical accre-
tion. Whatever sediment leaves the ponding area will 
contribute insignificantly to vertical accretion in the 
downstream wetlands. Accretion rates may appear to 
be significant in a small portion of the ponding area, 
but not at the scale of the entire ponding area.

Eutrophication

The introduction of nutrients into an estuary are a 
well-documented and ubiquitous source of water 
quality problems causing fish kills, hypoxic zones, 
closed oyster beds, wetland loss, and reduced sea-
grass habitats (NRC, 2000; Cloern, 2001; Anderson 
et al., 2002; Howarth, 2006; Cloern & Jassby, 2008; 
Deegan et  al., 2012; Chorus et  al., 2020, 2021). 
Bricker et  al.’s (1999) survey of 138 estuaries in 
the US showed that 60% of them exhibited moder-
ate to serious nutrient enrichment problems. A more 
recent national review of water quality in the United 
States (National Coastal Condition Report IV 2012; 
Tables 1–5) classified water quality as ‘good, fair, and 

poor’ with the cutoff for ‘poor’ being Chl a concen-
trations above 20 µg Chl a l−1. That upper limit has 
already been exceeded in Little Lake (Fig. 8) because 
of the added P from the Davis Pond Diversion, not 
the nitrogen cycling that is the focus of many studies 
(Delaune et  al., 2005; Rivera-Monroy et  al., 2010). 
The proposed diversions on the east and west bank 
of the Mississippi River (Mid-Breton Diversion and 
Mid-Barataria Diversion, respectively; Turner et  al., 
2019a) will deliver ten times more water volume into 
wetlands than at Davis Pond. It is not unreasonable, 
we think, to expect that Chl a concentrations will 
be even higher in the receiving basins if more diver-
sions are built and that more wetland loss will occur, 
particularly after flooding vegetation (Brown et  al., 
2019). Eutrophication will surely be higher with 
larger diversions. The consequences for moving nutri-
ents beyond the immediate area of sediment deposi-
tion at the outfall and into organic soils are obvious. 
For Davis Pond Diversion, the induced eutrophica-
tion occurs 40  km from the diversion outfall north 
of Couba Island. Why would the effects be different 
in the far field, beyond where sand deposition occurs 
near the outfall channel? There may be other nuances 
and unknowns to the effects, including to fish, plants 
and people, but assuming no additional impacts 
seems unrealistic.

Conclusions

Four outcomes from this analysis conflict with the 
rationale to open the Davis Pond Diversion in 2002:

1.	 The quantity of inorganics in the water diverted 
into the ponded area are grossly insufficient to 
make more than a minor addition to accretionary 
processes;

2.	 The removal rates of TN and TP are less than 
40% for the entire ponding area;

3.	 The loading rates are at levels used in multiyear 
field studies that demonstrate lower belowground 
biomass;

4.	 TP is the limiting factor in this aquatic ecosys-
tem, and so the effects of the diversion extend far 
outside of the diversion area to cause eutrophi-
cation in Little Lake (40 km away) and lower its 
water quality to the ‘poor’ category.



	 Hydrobiologia

1 3
Vol:. (1234567890)

Wetland restoration in the outflow area is not 
occurring; net wetland loss rates increased after the 
diversion opened. The introduced nutrients in the 
diverted water likely caused less, not more, below-
ground production, both inside and outside of the 
ponding area. The cumulative effect on soils is to 
reduce the elevation capital and carbon storage neces-
sary for marsh sustainability in the ponding area and 
beyond. It is therefore unrealistic to expect wetland 
restoration in the ponding area.

Scientific understanding advances with an appreci-
ation of ignorance—because everything is not known, 
and because new information may contradict expec-
tations (Turner, 2009). Management decisions, there-
fore, are informed by both successes and failures. 
Here there seems to be mismatches with the facts that 
we know now and the management decision made 
years ago. The consequences of nutrient enhance-
ments were largely unknown in 2002, but a simple 
analysis of the quantity of inorganic material in the 
diverted water would have shown that they could not 
make a significant volumetric contribution to com-
pensate for sea level rise in the ponding area. The 
results of this analysis imply that the area of wetlands 
in the ponding area will continue to decline as a result 
of the diversion and that the estuary downstream will 
eutrophy and cause further wetland loss there too. 
Continuing to operate this diversion would be a fail-
ure to recognize the outcomes developing over the 
last 18 years. The diverted flow from the Mississippi 
River resulting from the proposed Mid-Breton Sound 
or Mid-Barataria Diversions will be ten times higher 
than from the Davis Pond Diversion. The results from 
the Davis Pond diversion may inform understanding 
of how the proposed two larger diversions, if built, 
will affect Louisiana’s coastal wetlands beyond the 
immediate area of sand deposition.
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