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ABSTRACT: Spatial and temporal variability characterize submerged aquatic vegetation (SAV)
assemblages, but understanding the complex interactions of environmental drivers of SAV assemblages remains elusive. We documented SAV composition and biomass across a salinity gradient
in a coastal estuary over 12 mo. Ten macrophyte species were identified. The dominant species,
Ceratophyllum demersum and Myriophyllum spicatum, accounted for over 40% of total biomass.
Only Ruppia maritima occurred across the salinity gradient. Salinity, water depth and clarity
delineated 3 assemblages: a saline assemblage, and 2 groups of fresher-water species, one associated with deeper water and lower water clarity and the other associated with shallow water and
higher water clarity. These assemblages exhibited intra-annual variation, with at least 5 times
more biomass in late spring/mid-summer compared to early winter. This pattern was consistent
across the estuary, although the difference between peak and low biomass varied by habitat type;
brackish exhibited the greatest magnitude. This variation is likely due to higher variation in salinity and the species composition of this habitat. As climate change and coastal restoration impact
timing and range of salinity, water depth and clarity in this region, these data can be used to help
inform predictive models and management decisions.
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1. INTRODUCTION
Spatial and temporal environmental variation control species distributions and abundances by defining
habitat conditions that structure vegetation communities (Weiher & Keddy 1995, Wiens 2000). Describing this variation across multiple scales and identifying factors that control change remains a critical
challenge for predicting vegetation communities and
resulting habitat changes (Horne & Schneider 1995).
Extensive research to understand drivers of habitat
change and variation in terrestrial systems (Pickett &
Cadenasso 1995) has expanded to include aquatic
ecosystems (Harrison 1982, Chrysoula & Papaster*Corresponding author: mlapeyre@agcenter.lsu.edu

giadou 2007). Understanding the relative influence
of different factors structuring these aquatic communities remains critical to informing coastal management and restoration by enabling more accurate
modeling and predictions of changing submerged
aquatic vegetation (SAV) with climate change and
coastal restoration.
Within coastal aquatic systems, highly productive
shallow water habitats are influenced by the confluence of terrestrial and marine forces which control
water characteristics, including salinity, turbidity,
light and nutrients. The relative influence of terrestrial and marine factors establishes gradients, which
define habitats and drive species assemblages. These
© E. R. Hillmann, K. DeMarco and outside the USA, the US Government 2019. Open Access under Creative Commons by Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
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gradients vary across and between estuaries, and
inter- and intra-annually in response to landscape
variation, climatic cycles, disturbance and management. Along estuarine environmental gradients, SAV
distribution and biomass vary spatially and temporally, responding rapidly to changing water salinity,
light and nutrient conditions resulting from precipitation, storm events and human activities (Frankovich et al. 2011, Correia et al. 2012, DeMarco et al.
2018, Patrick et al. 2018). The resulting temporal and
spatial variation in the environment determine the
composition of SAV assemblages through direct and
indirect impacts on species survival, reproduction
and growth rates, ultimately defining the distribution, abundance and composition of the community
(Fourqurean et al. 2001, Patrick et al. 2018).
In southern Louisiana, USA, shallow water areas
extending across the salinity gradient remain largely
controlled by freshwater inputs from precipitation,
large rivers and wind and storm events (Bianchi & Allison 2009). Within these areas, SAV species serve as
foundation species, yet assemblages, biomass and
controls on patterns of intra-annual variation of SAV
along this estuarine gradient have not been thoroughly described. In general, greater species diversity
and biomass are observed during summer months,
with declines in winter months (Dunton 1994, Cho &
Poirrier 2005a), while fresher SAV assemblages tend
to have higher diversity and biomass compared to
brackish and saline assemblages (Chabreck 1972, Cho
& Biber 2016). Across the northern Gulf of Mexico, a
2 yr survey documented 14 species of SAV across the
estuarine gradient, with up to 11 species occurring
within each salinity zone, but significantly greater biomass within the fresher assemblages (Hillmann et al.
2016). However, within Louisiana, the few studies of
SAV intra-annual variation have mostly been limited
to 1 salinity area (brackish), and provide conflicting
reports, with 1 study reporting 2 peaks of SAV biomass in Ruppia maritima-dominated assemblages
(Joanen & Glasgow 1965), and 1 study finding no seasonal pattern of SAV abundance (Merino et al. 2005).
Temporal and spatial variation in SAV assemblages across the salinity gradient likely reflect multiple and co-varying environmental controls. For
example, salinity and light availability are often
identified as 2 critical controls on individual species
and SAV presence (Koch 2001, Cho & Biber 2016,
DeMarco et al. 2018). However, past studies in
Louisiana have reported general trends of deeper
waters in upstream freshwater areas of the estuary,
as compared to more down-stream saline areas (i.e.
Penfound & Hathaway 1938, Snedden & Steyer

2013). How this trend in water depths affects light
attenuation across the estuarine gradient is also
related to water turbidity, which may depend on soil
types, riverine inflows and solar radiation patterns
throughout the year. Similarly, sediment anoxia
drives sulfide accumulation, which tends to be associated with higher salinity habitats; in emergent
marshes, this reduces the number of species able to
adapt, decreasing species diversity (Howarth & Teal
1979). Lastly, the more down-estuary saline habitats
tend to be areas with greater fetch, as opposed to the
small interior ponds typical of the fresher habitats;
this resulting landscape exposes these more saline
areas to increasing wave action and turbulence,
which can limit SAV distributions and impact species
assemblages (Koch 2001, DeMarco et al. 2018).
The coast of southeast Louisiana is rapidly changing, likely with shifting environmental resources,
including SAV. Therefore, the main objective of this
study was to examine intra-annual variation in SAV
biomass and assemblages across a salinity gradient.
Specifically, the goals were to (1) examine intraannual trends in SAV biomass, and (2) compare SAV
biomass and species assemblages across the estuarine gradient. Using Barataria Basin, Louisiana, as our
study area, we hypothesized that (1) SAV exhibits
intra-annual variation; (2) SAV biomass and species
number will be negatively associated with increasing
salinity; and (3) species assemblages are unique
across the salinity gradient, and can be delineated
into 4 groups (fresh, intermediate, brackish, saline)
based predominantly on salinity zonation of emergent marsh vegetation (Visser et al. 2013). Identifying the drivers of intra-annual SAV variability
across the estuarine gradient, especially within rapidly changing coastal areas such as southeastern
Louisiana, will enable more accurate modeling and
predictions of changing SAV with climate change
and coastal restoration.

2. MATERIALS AND METHODS
2.1. Study area and sampling design
This study took place within an estuary located
within the Louisiana coastal plain in southeast
Louisiana from February to December 2015. Calendar year 2015 was representative of recent years in
terms of average high (26°C) and average low
(18°C) temperatures, was within the normal range
(0−12 d) of days below freezing (2015 = 3 d), but
ended on the high end of annual precipitation
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(~181.4 cm), within a 10 yr annual range of
136.9−183.9 cm (NOAA 2019). The Louisiana coastal
plain supports one of the largest areas of coastal
wetlands in the USA, but has lost approximately
4877 km2 of land since the 1930s due to management of the Mississippi River, oil and gas canals,
subsidence, sea-level rise and tropical storms (Peyronnin et al. 2013). For the study, we examined sites
within Barataria Basin, Louisiana. This basin encompasses approximately 1214 km2, and is bordered on
the north and east by the Mississippi River, on the
west by Bayou Lafourche and on the south by the
Gulf of Mexico. Barataria Basin consists of a mosaic
of diverse estuarine habitat types: forested swamps,
fresh through saline marshes, extensive shallowwater habitats with sediment bottoms, oyster reefs,
SAV and floating aquatic vegetation habitats and
barrier islands.
Within Barataria Basin, 16 study sites stratified
across 4 salinity zones, defined by marsh habitat
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type (fresh, intermediate, brackish, saline; Visser et
al. 2013) were selected (Fig. 1). Sites were randomly
located within the designated habitats, in shallow
water areas of potential SAV habitat (Hillmann et
al. 2016), and located within 1 km of a coast-wide
reference monitoring station (CRMS) (http://lacoast.
gov/crms2/home.aspx). CRMS provide continuous
water quality data (salinity, temperature [°C], water
level [m]). If a randomly assigned site failed to land
on an existing SAV bed, the site was moved (just
on the initial site visit) to an existing SAV bed
within the vicinity. Thereafter, the site was located
at the new location and tracked over time, regardless of SAV presence. Within each habitat type, 4
sites were selected and sampled in triplicate
approximately bi-monthly (February, April, May,
July, August, October, December) through most of
2015 (4 habitat types × 4 sites = 16 total sample
sites × 3 subsamples (replicates) per site × 7 dates =
336 samples).

Fig. 1. Location of study sites distributed across Barataria Basin, Louisiana, USA. Inset (upper right) shows the location of
Barataria Basin along the northern Gulf of Mexico, USA
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2.2. Field data collection
Sites were accessed and sampled from boats. Upon
arrival at each site, water salinity and temperature
(°C; measured with a YSI-85, YSI), photosynthetically
active radiation (PAR, µmol m−2 s−1; measured with
an LI-1400, LI-COR), dissolved oxygen (DO, mg l−1;
YSI-85, YSI), pH (Hach Pocket Pro+) and turbidity (in
nephelometric turbidity units [NTU]; Hach 2100Q)
were sampled approximately 0.25 m above bottom
sediments. After recording water characteristics,
SAV was sampled by throwing a 0.25 m × 0.25 m
floating PVC quadrat haphazardly 3 times from the
boat. Within each quadrat, water depth was measured using a metric measuring stick (± 0.01 m), and
SAV presence/absence was recorded. When SAV
was present, all aboveground (AG) biomass within
the quadrat was harvested down to the sediment surface. Belowground biomass (BG) was collected at
each site by coring 3 times to a depth of 30 cm just
outside each replicate quadrat using a 10 cm diameter PVC corer with plunger. Any AG biomass
attached to BG cores was removed in the field. All
AG and BG samples were placed in individually
labeled plastic bags, kept on ice and transported to
the laboratory at the Louisiana State University Agricultural Center, where samples were stored at 4°C
until processing. In February 2015 only, 1 soil core
was collected at each site and used for determination
of bulk density (BD; g cm−3) and organic matter (OM;
%). A 5 cm diameter PVC corer with a plunger was
pushed into the soil to a depth of 20 cm. Extracted
cores were placed into individually labeled plastic
bags, stored on ice and transported to the laboratory
for processing.

2.3. Laboratory processing and calculations
AG biomass samples were washed to remove sediment, debris and epiphytic material, and biomass
was then separated by live and dead tissue to species
level. Separated AG samples were dried at 60°C to a
constant weight, and weight was recorded (± 0.001 g).
Species-specific live AG biomass values were obtained per site by averaging species subsample values. The total live AG biomass values for each site
were calculated by summing all species-specific live
AG biomass values per subsamples, and then obtaining a mean (± SE) value for each site. BG samples
were rinsed on a 1.4 mm mesh screen to remove sediment and debris. Samples were separated into live
and dead roots, dried at 60°C to a constant weight,

and weight was recorded (± 0.001 g). BG could not be
separated to species level. Mean live BG biomass
values (± SE) were calculated by averaging live BG
subsamples by site. Live AG biomass and live BG
biomass values were summed by site to obtain total
biomass values per site. The root to shoot ratio (RSR)
was determined by dividing the dry weight of live
AG biomass by the dry weight of total live BG biomass. To examine variation in total live biomass
across habitats, the ratio of maximum to minimum
biomass was calculated for each habitat type by averaging biomass in July and December by habitat type,
and then dividing the mean of July by December.
Soil cores (n = 16) were dried at 60°C to a constant
weight. Dry weight was recorded (± 0.001 g) and
used to calculate BD by dividing dry weight by the
volume of the core. After drying and weighing, cores
were homogenized using a mortar and pestle. To
determine percent OM, triplicate 4.0 g subsamples of
each core were weighed out and burned at 550°C for
4 h using the loss on ignition method (Heiri et al.
2001).

2.4. Analysis
Differences in environmental variables (salinity,
water depth, PAR, DO, pH, turbidity, temperature)
were tested across salinity zone (habitat) and sample
date (month) using a repeated measure generalized
linear mixed model with a Gaussian distribution and
identity link function (Proc Glimmix, SAS Institute
2010). Soil properties (BD, OM) were tested using the
same model, but with only habitat as a factor. We
examined the independent and interactive effects of
month (February, April, May, July, August, October,
December) and habitat (fresh, intermediate, brackish, saline) on the independent environmental variables. The residual effect was the repeated measure
of sampling the same site 7 times throughout the
year. AG live biomass, BG live biomass and RSR
were log10(x + 1) transformed and analyzed using the
same model as for environmental variables. For all
tests, a significance level of α = 0.05 was used. Unless
indicated differently, mean ± SE is reported. Tukey’s
HSD tests were run when significant differences
were found.
For examination of SAV assemblage−environment
relationships, canonical correlation analysis (CCA) with
backward selection was performed with CANOCO
software (ver. 4.5; ter Braak & Smilauer 2002) to analyze the relationship between SAV assemblages (species-specific biomass) and environmental variables
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Table 1. Results of repeated measure generalized linear mixed model by habitat, month and habitat × month for salinity,
temperature (°C), dissolved oxygen (DO; mg l−1), pH, water depth (m), photosynthetically active radiation (PAR, µmol m−2 s−1)
and turbidity (NTU). *p < 0.05, **p < 0.01, ***p < 0.0001

Habitat
Month
Habitat × Month

df

Salinity
F

Temp.
F

DO
F

pH+
F

Depth
F

PAR
F

3, 113
6, 110
18, 99

26.75***
50.84***
8.24***

7.07**
118.42***
2.52*

8.36**
16.89***
2.87**

6.42**
9.05***
3.24**

3.76*
15.22***
2.35*

8.76**
3.05*
0.73

(salinity, turbidity, PAR, DO, pH, water depth) separately for summer (July) and winter (December) samples. Species-specific biomass was log10(x +1) transformed for the CCA to improve normality, and rare
species were down-weighted. A Monte Carlo simulation test was used to determine statistical significance
of canonical axes with 1000 simulations on the full
model.

3. RESULTS
3.1. Water and soil characteristics

Turbidity
F
0.11
3.27**
1.28

than in February (8.7 ± 0.8 mg l−1). pH was significantly lower in the fresh habitat compared to brackish and saline, and lowest in May (6.7 ± 0.3 H+) as
compared to October (8.2 ± 0.1 H+).
PAR and turbidity differed by single effects only
(Table 1). Specifically, PAR differed significantly by
habitat, with significantly higher values in saline
habitat compared to fresh, intermediate and brackish
habitats, which did not differ from one another. PAR
was significantly greater in February (826.9 ± 226.4
µmol m−2 s−1) compared to December (117.0 ± 48.3
µmol m−2 s−1). Turbidity differed significantly only by
month, with turbidity significantly higher in February and April than in May.
Soil OM and BD were similar across all habitat
types. Mean OM was 36.2 ± 4.9%, and mean BD was
0.3 ± 0.1 g cm−3.

Salinity, water temperature, DO, pH and water
depth differed significantly by the interaction of
habitat and month (Tables 1 & 2). Salinity was lowest
at fresh SAV sites and did not vary
significantly throughout the year
Table 2. Mean (± SE) and range of environmental properties and soil proper(month), while other habitats had
ties by habitat. DO: dissolved oxygen, PAR: photosynthetically active radiation
higher salinities, with distinct seasonal patterns marked by higher
Fresh
Intermediate
Brackish
Saline
winter salinities and lower summer
Water quality
salinities (Fig. 2). Water temperature
Salinity
0.2 ± 0.1
0.6 ± 0.6
4.9 ± 3.1
9.4 ± 4.2
followed an expected annual trend,
0.1−0.8
0.1−1.9
0.7−12.5
3.3−16.4
with lower temperatures in winter
Temperature
23.1 ± 1.1
25.1 ± 1.0
26.4 ± 0.95
26.4 ± 0.95
compared to summer months, and
(°C)
12.7−30.3
10.6−34.4
13.4−33.6
15.6−33.9
was lower at fresh sites compared to
DO (mg l−1)
4.0 ± 2.5
7.1 ± 3.5
7.7 ± 7.7
7.1 ± 2.4
brackish and saline sites (Table 2).
0.3−8.3
1.1−16.0
2.5−10.7
3.1−11.8
Water depth was significantly greater
6.9 ± 0.7
7.5 ± 1.2
7.8 ± 0.8
7.6 ± 0.6
pH+
5.0−7.9
4.9−9.7
5.6−8.9
6.6−8.6
in the fresh habitat compared to
Water clarity
saline habitat, but neither differed
Water depth
0.7 ± 0.3
0.5 ± 0.2
0.5 ± 0.2
0.4 ± 0.2
from intermediate or brackish habi(m)
0.3−1.6
0.2−1.0
0.2−1.0
0.1−1.0
tat. Water depth was lowest in FebruPAR
271.1 ± 400.4 285.9 ± 286.5 299.7 ± 275.8 649.9 ± 455.6
ary (0.36 ± 0.04 m) compared to all
(µmol m−2 s−1)
0.02−1316.8 9.49−1073.0 2.52−992.6 44.8−1514.7
other months, which did not differ
Turbidity
35.3 ± 36.7
32.2 ± 28.1
29.9 ± 16.7
25.4 ± 11.8
(NTU)
1.4−111.0
4.8−126.0
11.0−96.7
23.9−56.0
from one another. DO was signifiSoil properties
cantly lower in fresh habitat comOrganic matter
34.2 ± 13.6
47.7 ± 13.5
28.5 ± 2.1
34.4 ± 7.4
pared to intermediate, brackish and
(%)
10.9−72.1
12.6−77.8
22.6−32.2
0.1−1.0
saline habitats, which did not differ
Bulk density
0.4 ± 0.2
0.2 ± 0.1
0.3 ± 0.1
0.3 ± 0.1
from one another. DO was signifi0.1−0.7
0.1−0.5
0.3−0.4
0.2−0.3
(g cm−3)
cantly lower in May (4.3 ± 0.6 mg l−1)
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Within each habitat type at least 1
site was found devoid of SAV at
least once throughout the study
year, although 85% of observations of no SAV occurred at either
brackish or saline sites, but with
no clear temporal trends. Total live
biomass (AG + BG) differed significantly by month (F6,110 = 3.03, p =
0.0104) and habitat (F3,113 = 9.07, p
= 0.0020), but not their interaction
(Fig. 3A,B). May and July biomass
(May: 63.8 ± 21.8 g m−2; July: 52.0
± 21.6 g m−2) were significantly
greater than December biomass
(5.2 ± 2.9 g m−2), and this pattern
was similar across the salinity gradient. Fresh habitat (90.1 ± 19.8 g
m−2) and intermediate habitat total
live biomass (60.5 ± 13.8 g m−2)
were similar and significantly
higher than brackish (5.0 ± 1.8 g
Fig. 2. Mean daily salinity recorded at Coastwide Reference Monitoring Stations
(CRMS) located within 1 km of the study sites. CRMS were grouped by habitat
m−2) and saline live biomass (6.0 ±
(fresh, intermediate, brackish, saline)
3.2 g m−2), which also did not
differ from one another. RSR did
not differ by salinity zonation,
3.2. SAV biomass
month or their interaction (Fig. 4). The ratio of maximum:minimum biomass was highest in brackish
SAV presence (biomass) was not observed at
habitat (880) compared to fresh (29), saline (18) and
every site in every habitat type throughout the year.
intermediate (5).

Fig. 3. Mean ± SE total live biomass (g m−2; aboveground + belowground biomass) (A) by sampling month through 2015, and
(B) by habitat type . There were no significant interactions of habitat × month
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out the year, with 1 species (M. spicatum) accounting
for 79% of total biomass. Saline sites only supported
1 species (R. maritima) throughout the year.

3.4. SAV− environment interactions

Fig. 4. Submerged aquatic vegetation root to shoot ratio by
habitat presented as median, quartiles, minimum and maximum values and outliers. There were no significant differences by habitat or month

3.3. SAV assemblages
Ten species of SAV were identified across the estuarine gradient throughout the year (Table 3). Ceratophyllum demersum, Hydrilla verticillata, Najas
guadalupensis and Myriophyllum spicatum were
dominant among fresh and intermediate sites, while
Ruppia maritima and M. spicatum were dominant at
brackish and saline sites. The number of species differed only by habitat (F1,115 = 21.34, p = 0.0004). Fresh
and intermediate sites contained more species (1.6 ±
0.14) compared to brackish and saline sites (0.43 ±
0.07; Table 3, Fig. 5). Fresh sites consisted of 7 species across the year, of which 3 represented over 98%
of the total biomass (C. demersum, Cabomba caroliniana, H. verticillata). Intermediate sites supported
9 species, of which 3 represented 97% of the biomass
(M. spicatum, N. guadalupensis, Vallisneria americana). Brackish sites only reported 4 species through-

Both the July and December CCA results divided
the SAV species into 3 subgroups. The first 2 axes
explain 79.3% (July) and 55.5% (Dec) of the variation between species (July: F = 6.23, p = 0.0020;
Fig. 6A, December: F = 15.237, p = 0.0040; Fig. 6B). In
both cases, the first axis describes 48.2 and 29.8%
(July and December, respectively) of the variation
and largely differentiates between salt-tolerant and
freshwater SAV species. Specifically, R. maritima is
strongly associated with higher salinity and is distinct
from freshwater SAV species. The second axis
describes 37.7 and 25.7% (July and December, respectively) of the variation and differentiates between 2 groups of freshwater SAV species along an
axis largely controlled by water depth and PAR.
Specifically, the first group (H. verticillata, C. caroliniana), is associated with greater water depth,
which largely describes freshwater communities located in the upper estuary. The second group (N.
guadalupensis, M. spicatum) is associated with
higher PAR and shallower water depths, which are
conditions often found throughout the middle intermediate to brackish regions of the basin.

4. DISCUSSION
Differences in salinity and water clarity (water
depth, PAR, turbidity) defined SAV assemblages
across the estuarine gradient, with high intra-annual

Table 3. Submerged aquatic vegetation biomass (mean ± SE; g m−2) by species across the estuarine gradient (fresh, intermediate, brackish, saline) in Barataria Basin, Louisiana, USA. No data are presented when species were not reported within
a salinity zone
Species

Common name

Cabomba caroliniana
Ceratophyllum demersum
Heteranthera dubia
Hydrilla verticillata
Myriophyllum spicatum
Najas guadalupensis
Potamogeton pusillus
Ruppia maritima
Vallisneria americana
Zannichellia palustris

Carolina fanwort
Coontail, hornwort
Water stargrass
Waterthyme, hydrilla
Eurasian watermilfoil
Water nymph, najas
Lesser pondweed
Widgeongrass, ruppia
Eelgrass, wild celery
Horned pondweed

Fresh

Intermediate

Brackish

27.5 ± 9.9
32.5 ± 8.0

0.1 ± 0.1
3.5 ± 2.1
0.2 ± 0.2

0.1 ± 0.04

25.2 ± 10.6
1.7 ± 1.2
0.002 ± 0.002
0.02 ± 0.02
0.3 ± 0.3

26.6 ± 9.3
12.3 ± 6.3
0.01 ± 0.01
0.2 ± 0.1
14.2 ± 4.5
0.07 ± 0.07

Saline

3.6 ± 1.5
0.07 ± 0.07
0.9 ± 0.4

6.3 ± 3.4
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Fig. 5. Species assemblages based on species
biomass (g m−2) in the 4
habitat types (fresh,
intermediate, brackish,
saline) in July and
December (left and
right columns, respectively), which reflect the
minimum to maximum
biomass values across
salinity zones (habitat
types). For all groups,
the number of species
and overall biomass
decreased in December.
Full species names are
given in Table 3

variation. Across the estuarine gradient, intra-annual variation of biomass
followed similar patterns with an
early winter low (December), and a
peak biomass in late spring to midsummer (May, July). However, the
magnitude of biomass, diversity and
species assemblages varied by habitat and water clarity (water depth,
PAR, turbidity). Greater biomass and
diversity occurred in fresh and intermediate environments, compared to
brackish and saline. Furthermore,
across all non-saline habitats, water
clarity (depth, PAR, turbidity) distinguished 2 SAV assemblages with
areas characterized by shallow water
and increased PAR supporting a species assemblage distinct from areas
characterized by deeper and lowerlight environments. The dynamic
nature of SAV assemblages across
the estuarine gradient suggests that
species-specific responses to salinity
and water clarity may be dominant
drivers of SAV.
Strong intra-annual variation in
SAV biomass occurred, with the highest biomass observed in late spring to
mid-summer and the lowest in early
winter; this pattern extended across

Fig. 6. Canonical correlation analysis of submerged aquatic vegetation species in relation to environmental variables (salinity,
temperature, dissolved oxygen [DO], pH, water depth photosynthetically active radiation [PAR], turbidity) for (A) July and (B)
December. Full species names are given in Table 3
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the estuary, although the magnitude of changes differed. The ratio of maximum:minimum biomass was
high across all habitat types (≥5), with the brackish
habitat having the highest ratio (880), followed by
fresh (29), saline (18) and intermediate (5) habitats.
This variation in ratios likely reflects the composition
of species assemblages unique to each habitat type,
combined with the variation of controlling factors.
For instance, the extremely high ratio for brackish
habitat may partially reflect the response of Myriophyllum spicatum (77% standing stock), which has
low tolerance for temperatures below 15°C (Smith &
Barko 1990). In coastal Louisiana, waters generally
are below 15°C during winter months, and this
resulted in a minimum of 0.01 g m−2 in the winter, relative to the mean high of 8.8 g m−2 in summer in
brackish habitat. This high ratio may also reflect the
high variability of salinity in the brackish habitat,
with salinity above 10 multiple times, and a peak
above 20 in late fall, which is thought to be lethal to
M. spicatum (Gleason & Cronquist 1991). Ultimately,
however, brackish SAV biomass, in comparison to
the other habitats along the estuarine gradient, supported, even at its max, relatively low biomass of
SAV, suggesting that brackish SAV within this region
may be particularly vulnerable to continued changes
of temperature, salinity or other factors. Similarly, the
maximum biomass in fresh areas reflects the growth
with increasing temperatures in areas also dominated by light and temperature sensitive species (e.g.
Hydrilla verticillata, Cabomba caroliniana, Ceratophyllum demersum = 98% fresh standing stock). C.
demersum in particular increases biomass production at temperatures above 20°C (Wilkinson 1963).
Although not examined in this study, biotic interactions may also be important in structuring these
communities, likely having differential impacts
across gradients of varying abiotic stress (i.e. Grime
1979). These findings, similar to patterns noted in
other sub-tropical regions (i.e. Fourqurean et al.
2001, Cho & Poirrier 2005a, Lirman et al. 2008), suggest the need to more fully examine SAV intraannual patterns within monitoring surveys to account
for shifts in SAV assemblages and habitat availability
throughout the year.
SAV intra-annual variation corresponded with
variation in environmental conditions including
salinity, water depth, water clarity and temperature.
Salinity was the dominant factor driving species
assemblages, biomass and species number, matching
findings from past studies along the Gulf coast and in
other regions (i.e. Carter et al. 2009, Borgnis & Boyer
2016, Cho & Biber 2016, Patrick et al. 2018). Overall,
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SAV biomass and species number were consistently
higher in the fresh and intermediate assemblages
throughout the year. Fresh and intermediate assemblages were composed of up to 10 species, while
brackish and saline assemblages were restricted to 2
consistently present species, similar to findings
reported across other regions reporting up to 3 species in the higher salinity zones (Orth & Moore 1988,
Dunton 1990, Merino et al. 2009, Frankovich et al.
2011). For example, only 2 species, Ruppia maritima
and Zostera marina are found in the saline areas of
Chesapeake Bay (Patrick & Weller 2015), and only 3
species (Halodule wrightii, Thalassia testudinum,
Syringodium filiforme) dominate many saline lagoons
in Texas, with only 1 species, R. maritima, reported in
some saline Mexican lagoons (Flores-Verdugo et al.
1988, Dunton 1996). Interestingly, most of these
reported studies come from saltier habitats (> 20)
than Louisiana’s saline zone; however, the overall
number of species in these zones is similar, and the
presence of R. maritima is a constant across most
saline zones, including in estuarine habitats with
variable salinity pulses.
Within highly variable estuarine environments, tolerance to salinity stress appears to limit the species
assemblages as all but the fresh habitat experienced
periods of salinity above 10 during the year. While 2
of the dominant fresh and intermediate assemblage
species, M. spicatum and Vallisnaria americana, tolerate short exposures to salinities up to 15 (i.e. Gleason & Cronquist 1991, Frazer et al. 2006), others, such
as H. verticillata, only tolerate salinities as high as 5
for any period of time (Frazer et al. 2006). Both the
fresh and intermediate sites had mean annual salinities below 5 in this study, although the intermediate
sites were exposed to 2 short salinity pulses above 5
during the year. It is likely that the timing and length
of these exposures may be important in structuring
SAV assemblages. Although some studies examined
the interactive effects of temperature and salinity
pulses on species (Doering et al. 2001, La Peyre &
Rowe 2003, Frazer et al. 2006, Strazisar et al. 2015),
few have looked at the interactive effects on species
assemblages. The large maximum:minimum biomass
ratios at intermediate sites could be reflecting the
November pulse of salinity above 15, which reduced
the number of species present in July by close to
50%. Similarly, confounding variables of sulfide toxicity (Howarth & Teal 1979) and greater wave exposure (DeMarco et al. 2018) normally associated with
higher salinity areas may also explain some of the
differences in species assemblages along the salinity
gradient and are not captured in this study.
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Within the fresher areas of the study, water depth
and clarity further separated these non-saline SAV
assemblages into 2 assemblages. Specifically, SAV
growing in shallow and clear waters (Najas guadalupensis, V. americana, M. spicatum) formed distinct assemblages from SAV found in deeper and
more turbid environments (H. verticillata, C. caroliniana). C. caroliniana and H. verticillata have
adaptations that enable them to grow in deeper
waters. For example, H. verticillata has been shown
to survive in depths greater than 5 m, due to its ability to grow long branching stems to reach the surface (Langeland 1996). In contrast, V. americana is
generally found in waters of less than 0.3 m (Martin
& Uhler 1939). While water depth and light are
important factors structuring SAV assemblages (i.e.
Kemp et al. 2004, Cho & Poirrier 2005b), comparisons among studies and regions are difficult, as
water depth and water clarity are both used as
proxies for light in some studies, while direct light
measurements were recorded in others, which limits
our ability to differentiate explicitly. In past SAV
work, depth limits have been suggested to be related to light availability (i.e. Cho & Poirrier
2005a,b). For seagrass, presence and growth have
been suggested to occur to depths experiencing
8−25% surface irradiance of light (i.e. Duarte 1991,
Dennison 1993, Dunton 1994). Data from the present
study found presence of SAV under conditions of
0.1−87.3% surface irradiance (mean 29.3 ± 4.1%),
based on discrete sampling (Hillmann et al. 2017).
Both the fact that our study explored SAV across an
estuarine gradient with a range of species, and had
only discrete data points, make relationships difficult to identify and suggest the need for more continuous data collections to better understand SAV
habitat requirements.
Shifting biomass, abundance and composition of
SAV assemblages results in concomitant changes in
the ecological services SAV provide. For example,
shifts from brackish or saline assemblages to more
freshwater assemblages may influence resilience
and shoreline protection services. Marine seagrasses
often contain more biomass belowground than
aboveground (Pulich 1985), with slender growth
forms able to tolerate higher wave disturbance.
SAV species farther up-estuary are morphologically
more diverse, fragile and exhibit very sensitive
growth patterns. Subsequently, freshwater SAV
species may be more susceptible to exposure and
storms, and possibly less effective at shoreline protection than their marine counterparts, although
almost no studies exist to describe the effects of

freshwater SAV on erosion. One of the most common species in the freshwater SAV habitats, C. demersum, contributed significantly to total SAV biomass, despite no real root system (Mishra et al.
2006). The pervasiveness of C. demersum throughout the basin may even partially explain the low
RSR (~0.1) compared to SAV and seagrass RSR elsewhere, which has been reported to range between
1 and 5 (Dunton 1996).
Coastal Louisiana, and Barataria Basin specifically,
continue to experience rapid land changes, from subsidence and erosion (i.e. Couvillion et al. 2017). This
land loss, combined with changing freshwater inputs
from climate change (Keim et al. 2011), and ongoing
and proposed coastal management activities (CPRA
2017) impact salinity, water depth and water clarity
throughout the basin and the coast. Our results provide specific input to inform predictive models for the
coast, and can be useful in informing habitat suitability models for species dependent on SAV habitats
(i.e. CPRA 2017). Furthermore, how these changes
combine with the timing and range of future minimum and maximum temperatures may be critical in
understanding long-term SAV shifts. For instance,
increasing temperature is expected over the next
100 yr, with the greatest increase expected to occur
in the summer months (Keim et al. 2011). In southern
Louisiana, where summer water temperatures already exceed 32°C, understanding thermal tolerances of SAV species will be critical to inform models
of SAV distribution. The timing and magnitude of
changes may be important in predicting future SAV
distributions, ultimately impacting habitat, refuge and
food resource availability for dependent fish and
wildlife species.
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