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Abstract

The Atchafalaya River Basin (ARB) in southcentral Louisiana, USA, is a structurally and biotically diverse floodplain of Atchafa-
laya River (AR), which is the largest distributary of the Mississippi River. Annual floodplain inundation facilitates the exchange of
nutrients and organic material between the AR and its floodplain, giving rise to the high productivity of the river-floodplain system.
Production within the ARB is driven by periphytic algae, phytoplankton, and aquatic macrophytes, however, very little is known
about periphytic algal assemblages in floodplain systems or how loss of annual flooding impacts these assemblages. In this study,
we use artificial substrates to sample periphytic algae bi-weekly (January 2019 — September 2019) from ARB sites with active river
connections and from a permanently-isolated floodplain system (Lake Verret). Our results showed that connection to the river caused
spatiotemporal shifts in periphytic algal assemblages in the ARB. Overall, ARB sites had a higher density of algal cells compared
with non-ARB sites, and for ARB sites with more active river connections, total algal density was greater nearer to river inputs,
particularly for cyanobacteria and centric diatoms, with diatoms dominating periphyton assemblages year-round. In contrast, the
river-isolated system was dominated largely by chlorophytes. In both isolated and connected systems, sites with heavy macrophyte
cover showed increased densities of euglenoids, chrysophytes, and xanthophytes. Shifts in periphytic algal assemblages due to
floodplain alterations, such as the disconnection of a floodplain from its river source, could impact higher trophic levels and should
be considered in future wetland management decisions.
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Antecedentes

La llanura aluvial del rio Atchafalaya (ARB por sus siglas en inglés) en el centro-sur del estado de Louisiana, EEUU, es una llanura
aluvial grande y diversa que rodea al rio Atchafalaya (AR); el cual es el distributario mas grande del rio Mississippi y recibe 30% del
flujo total diario del Mississippi y el rio Red juntos. La inundacién anual fomenta el intercambio de nutrientes y material organico
entre el AR y su llanura aluvial y se sospecha que da lugar a la gran productividad del sistema rio-1lanura aluvial. La produccién
primaria dentro del ARB se debe a las algas perifiticas, el plancton y los macréfitos acuaticos, sin embargo, no se sabe mucho
sobre los grupos de algas perifiticas dentro de los sistemas de llanuras aluviales o de como las inundaciones anuales prolongadas
afectan a estos grupos. En este estudio se utiliz6 un sustrato artificial para tomar muestras de las algas perifiticas de forma quincenal
(enero -septiembre del 2019) de sitios dentro del ARB activamente conectados al rio y de sitios en un lago de la llanura aluvial
permanentemente aislado (lago Verret). Nuestros resultados demuestran que la inundacidn anual del rio genera desplazamientos
espacio-temporales de los grupos de algas perifiticas dentro del ARB. De forma general, los sitios dentro del ARB tuvieron mayor
abundancia de algas comparados con los sitios fuera y, adicionalmente, la composicion de las comunidades dentro de estos grupos
también mostr6 diferencias importantes. Especificamente, en los sitios del ARB activamente conectados al rio, la abundancia total
de alga era mayor ente mas cerca de las conexiones al rio estuvieran; particularmente, las cianobacterias, las algas diatomeas cén-
tricas y las diatomeas fueron las principales componentes del perifiton durante todo el afio. De forma contrastante, en el lago de la
llanura aluvial aislados fueron predominantes las algas cloroficeas. En ambas regiones, los sitios con alta presencia de macrofitos
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demostraron mayor presencia de algas euglenoideas, criptoficeas
y xantoficeas (sdlo en el lago Verret). Los desplazamientos en
los grupos de algas perifitica debidos a las perturbaciones a las
Ilanuras aluviales, como la desconexién de la llanura aluvial de
su rio fuente, podrian afectar los niveles troficos superiores y
afectar las decisiones en la gestion de los humedales en el futuro.

Introduction

River-floodplain systems are ecologically and eco-
nomically important and fulfill a number of ecosystem
services, including primary and secondary production,
as well as sediment and nutrient storage (Junk et al.
1989; Jardine et al. 2012, 2015; Pettit et al. 2017; Crook
et al. 2019). Floodplains consist of a network of river-
adjacent terrestrial habitats along with seasonally dis-
connected lakes and channels that become inundated
during river flooding. Lateral connectivity between a
river and its floodplain facilitates exchange of nutri-
ents, organic material, fish, and other organisms that
can move into newly available habitat (Junk et al. 1989;
Pettit et al. 2017; Bayley et al. 2018). Macrophytes pre-
sent in floodplain lakes and channels serve as refugia
for macroinvertebrates, which are important prey items
for riverine fishes. The abundance of food sources and
reduced water velocity also make floodplain systems
ideal for fish spawning and juvenile development. Thus,
floodplains typically are highly productive and can sup-
port lucrative commercial fishing operations (Opper-
man et al. 2010).

In river floodplains, basal resources, like aquatic mac-
rophytes and algae, are responsible for carbon fixation
and incorporation of inorganic nutrients to upper trophic
levels (Wetzel 1964; Campos-Silva et al. 2021; Cazzanelli
et al. 2021). Historically, freshwater algal primary pro-
duction was thought to be dominated mostly by phyto-
plankton (Reynolds 1994; Kalff 2002). However, the role
of epiphytic algae has emerged as equally important (Wet-
zel 1983; Liboriussen and Jeppesen 2006; Adame et al.
2017). In river-floodplain systems, the role of epiphytic
algae has not been widely studied, but the influx of inor-
ganic nutrients (i.e., nitrate, nitrite, ammonium, phospho-
rus) onto the floodplain during the flood pulse (Bortolini
et al. 2016) provides resources needed for growth and
production of photosynthetic algae (Lewis et al. 2000;
Ahearn et al. 2006; Sokal et al. 2010). Attached algae
coexist with bacteria and organic material in complex
matrices, creating a thin biofilm (i.e., periphyton) layer
on submerged surfaces. These biofilms are the site of car-
bon and nutrient absorption and cycling (Wetzel 1964;
Flemming 1993; Battin et al. 2016) and are sensitive to
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environmental changes (Mazumder et al. 2017). Anthro-
pogenic changes that alter hydrologic regimes, such as
dams and levees that lower the frequency and duration of
flooding, can impact periphytic algal abundance, assem-
blage composition, and production (Agostinho et al. 2004,
2008).

Nearly all floodplains in the Northern Hemisphere have
been anthropogenically altered (Lewis et al. 2000; Power
et al. 2015), mostly for navigation or agricultural purposes
or for flood control. Modifications to river-floodplain sys-
tems can have deleterious consequences for aquatic pro-
ductivity and biodiversity. When floodplains become dis-
connected from their river sources through dam or levee
construction, biological and chemical exchange between
the river and floodplain is greatly reduced, threatening
ecological integrity of the many processes in these sys-
tems that are tightly linked to flooding (Fernandes et al.
2009; Sokal et al. 2010; Algarte et al. 2016). Isolation
from nearby water sources can severely limit organismal
dispersal and can even lead to extirpation of sensitive spe-
cies (Beisner et al. 2006; Shurin et al. 2009). The Yangtze
River, for example, has been substantially altered to accom-
modate rising population needs, and many of its seasonally
inundated lakes have been permanently severed from their
river connections. These disconnected lakes show a sub-
stantial reduction in the diversity of riverine fishes, largely
because of reduced access to habitat, complete loss of flu-
vial environments, and limited access to spawning grounds
(Liu and Wang 2010). Jiang et al. (2020) recently studied
fish populations in connected and disconnected lakes in the
Yangtze River floodplain and found that fish populations in
disconnected lakes had lower levels of taxonomic distinc-
tiveness than populations inhabiting lakes with active river
connections. In the Parana River, Brazil, isolated flood-
plain lakes had greater environmental heterogeneity and
higher levels of dissimilarity in macrophyte composition
relative to seasonally connected lakes (Quirino et al. 2019).
In addition, the diet of the invertivorous fish Moenkhausia
bonita differed among isolated lakes, but not in connected
lakes, indicating river connectivity was essential to food
dispersal in these aquatic systems (Quirino et al. 2019).

River connectivity is important for algal communities
as well. In floodplain lakes with active riverine connec-
tions, periphyton communities had a higher degree of spe-
cies richness compared to isolated lakes (Agostinho et al.
2008). Similar results were found for species composition
of free-floating algae (Lansac-Toha et al. 2016) as well as
zooplankton, which feed on phytoplankton and have the
potential to significantly influence assemblage dynamics
(Li et al. 2019). In Brazil, phytoplankton richness and
diversity were higher in lakes with active river links due
to increased exchange of riverine algal species and transfer
of nutrients (Bortolini et al. 2016).
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The Atchafalaya River is the fifth largest river by dis-
charge on the North American continent and is the main
distributary of the Mississippi River (Ford and Nyman
2011; Piazza 2014). The Atchafalaya River Basin (ARB)
supports a tremendous diversity of terrestrial, semi-aquatic,
and aquatic species, thought to be fueled by river flooding
events (Rutherford et al. 2001; Colon-Gaud et al. 2004,
Troutman et al. 2007). Floods vary annually in degree and
magnitude, but will typically inundate floodplain habitats,
such as bayous, floodplain lakes, and excavated canals, for
periods ranging from weeks to months. This pulse facilitates
nutrient and organism exchange and drives the enormous
production and biodiversity characteristic of this system,
which supports numerous commercial fishing enterprises
that generate approximately $17 million in fish and crayfish
annually (NOAA 2018). Over the last several decades, the
Atchafalaya River and its basin have undergone substantial
hydrologic modification. Once over 8,000 km?, the ARB
has been constricted to just half of its historic size (Sabo
et al. 1999; Piazza 2014). Permanent lakes, bayous, and
dredged channels on the Atchafalaya River floodplain sup-
port a diverse assemblage of native and exotic macrophytes
(Walley 2007), which in turn provide substrate for highly
productive periphyton assemblages, as well as the organisms
that exploit this rich food source (e.g., Colon-Gaud et al.
2004; Fisher et al. 2012).

In this study, we explored how river flooding in this
modified system impacted periphytic algal assemblages. We
compared periphyton composition in ARB sites with active
floodplain connections to a permanently-isolated floodplain
system, Lake Verret (LV). We hypothesized that, rela-
tive to sites receiving no annual water inputs from a flood
pulse, floodplain sites would: 1) have substantially greater
periphyton density, 2) exhibit different temporal trends in
assemblage composition, and 3) exhibit spatial differences
in periphyton composition related to distance from the flood-
water source.

Methods
Site Locations

The study took place in Iberia and St. Martin Parishes,
Louisiana, USA, and consisted of five ARB sites located in
a 50-km? section east of the Atchafalaya River (Fig. 1). The
inlet of Bayou Postillion at the Gulf Intracoastal Waterway
along the eastern Atchafalaya River Basin guide levee was
designated as the source of Atchafalaya River water for the
five sites. Five additional sites were located in Lake Ver-
ret (LV), a small, shallow wetland (SA = 56.98 km?, mean
depth = 1.5 m) located on the east side of the AR. The sites
located in the ARB and LV sites are approximately 20 km

apart (the distance between the furthest sites is approxi-
mately 31 km). Both the ARB and LV are comprised of
a complex network of natural and artificial channels and
bayous and a few areas of shallow open water. The ARB
and LV share a common climate and geomorphological
origin, with both experiencing precipitation-driven flood-
ing. Prior to the 1940’s, LV shared hydrologic connection
with the AR and experienced annual flood pulses similar
to other ARB floodplain areas. After construction of the
protection levee by the US Army Corps of Engineers, LV
no longer receives these annual pulses from the AR, but
still experiences temporary pulses due to local precipita-
tion events year-round (Report of the Chief of Engineers
US Army 1941). During the spring, both the LV and ARB
floodplains are inundated, with greater inundation in the
ARB due to the combined river and precipitation-driven
flooding, resulting in large expanses of inundated flood-
plains within both systems. Due to the differences in water
sources, floods tend to recede earlier in LV than ARB.
Within the ARB, floodwaters also carry substantial sedi-
ment loads, and the ARB floodplain is actively accreting,
resulting in a loss of open water areas over time and an
increase in coverage of seasonally inundated floodplain
(Piazza 2014). Therefore, an additional consequence of
loss of riverine connectivity between LV with ARB is a
difference in the relative composition of permanently inun-
dated bayous, canals, and open water areas.

Three periphyton samplers (periphytometers) were
deployed at each of the five sites in LV and the ARB and
tethered to trees on shore or on bald cypress (Taxodium dis-
tichum) knees in shallow water on the floodplain near the
active shoreline (i.e., the shoreline defined by the current
state of inundation). Sites were chosen mainly based on
accessibility. In the ARB floodplain, channel width is highly
variable, but channel width at the site locations generally did
not exceed 15 or 20 m. Tree cover varied among sites and
macrophyte density varied throughout the growing season.
Sites were sampled biweekly from January 2019 — Septem-
ber 2019, although high water in the ARB precluded launch-
ing a boat to access sites in March and April.

Periphytometer Design

Periphytometers (15%30 cm) were constructed of 1-inch
PVC pipe and sealed with water-resistant sealant, allowing
the frame to float at the water surface. Four glass microscope
slides (75 mm x 50 mm X 1 mm) were suspended along the
length of the frame within approximately five centimeters
from the surface of the water. Slides were secured with
clear fishing line (4.5 kg test), and plastic clips spaced five
centimeters apart to avoid loss or transfer of biofilm. Glass
slides were cleaned thoroughly with ethanol prior to use and
replaced with fresh slides biweekly.
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Fig. 1 A map showing the

major bayous and periphyton
sampling sites in the Atcha-
falaya River Basin and Lake
Verret during 2019
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Habitat and Water Quality Procedures

Sampling occurred for six months during 2019 at roughly
the same time (&1 h), which was important because algal
chlorophyll expression changes throughout the day (Gargas
et al. 1979; Owens et al. 1980). An AguaFluor Handheld
Fluorometer (Turner Designs, San Jose, CA) was used to
measure chlorophyl (CHL) and phycocyanin (PC) concentra-
tion of algal samples in situ at the time of collection (sterile,
buffer dilution water was used as blank). Surface and bottom
temperature measurements, dissolved oxygen (DO), specific
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conductance, pH, and turbidity were recorded at each site
with a handheld YSI® multiprobe (Yellow Springs, OH).
Water velocity was measured with a handheld velocimeter
(SonTek®, YSI, Inc, Yellow Springs, OH). Tree cover and
macrophyte cover were also recorded for each periphytometer.
Tree cover was scored by a single observer as 0%, 20%, 40%,
80%, or 100%. To estimate macrophyte cover at the time of
collection, a 75-cm X 75-cm frame was placed around each
periphytometer and photographed from 1 m above. Images
were used to estimate the percentage of floating or emergent
plants surrounding each periphytometer.
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To measure inorganic nutrients, water samples were col-
lected in 1-L glass amber bottles that had been combusted at
550° C for 5 h to remove any residual carbon (rinsed twice
with sample water and filled to the brim). Samples were
immediately filtered through 0.45-pm pore filter, and spec-
trophotometry was used to determine nutrient concentra-
tion (Nitrite, NO, N, Method 8507; Nitrate, NO;"N Method
8192; Phosphorus PO43_, Method 8048; Ammonia, NH;™N,
Method 8155; APHA 2018).

To determine rates of respiration, which provides another
estimate of algal density, microbial activity, and nutrient
inputs (Rumschlag et al. 2020; Zhang et al. 2020), samples
for 20-day biological oxygen demand (BOD; unfiltered
sample) were collected in 1-Liter, opaque Nalgene bottles
once per month at each collection site (rinsed twice with
sample water and filled to brim before capping). Samples
were stored on ice until processing. Prior to initial dissolved
oxygen measurement, samples were raised to room tempera-
ture (20° C +2) and a nitrogen inhibitor was added. Dis-
solved oxygen measurements were taken every five days for
20 days; any bottle reading below 3.0 mg L~ was bubbled
with atmospheric oxygen for 5 min and re-measured before
further incubation (APHA 2018).

Samples were also taken from algae scrapings to esti-
mate heterotrophic bacterial abundance. One glass slide was
removed, and a new, single-edge razor blade rinsed in 95%
ethanol solution was used to scrape one-half of the slide into
a sterile centrifuge vial filled with 50 mL of sterile, phos-
phate-buffered dilution water, put on ice for transportation
back to the laboratory, and inoculated onto AR-2 agar for
heterotrophic plate counts (HPC; APHA 2018). Plates were
inverted and incubated at 35° C for 48 h prior to enumera-
tion (APHA 2018) with a standard darkfield colony counter
(Reichert Darkfield Quebec®, 220 V; Depew, NY).

To measure periphyton carbon and nitrogen content,
a single periphytometer slide was placed (algae-side up)
in an individual plastic box for transport. Samples were
dried for 30 min at 60° C, scraped, weighed, and wrapped
in tin capsules for processing. Carbon (total carbon) and
nitrogen (total nitrogen) were measured by heating the tin/
sample unit and measuring the gas products (N* and CO?)
from the combusted material via gas chromatography
(Costech 1040 CHNOS Elemental Combustion, Valencia,
CA; Matejovic 1993).

Algal Identification

Two periphytometer slides were collected biweekly and were
placed in individual plastic bags with 10 mL of a 2% gluta-
raldehyde solution for algal identification. Glutaraldehyde
preservative maintains cell color very well, which assists in
taxonomic identification (Andersen 2005). The bags were
refrigerated overnight so the glutaraldehyde would loosen

the biofilm from the glass slide surface, reducing cell dam-
age when scraped. Periphyton was scraped from the glass
slides with a new, single-edge razor blade into centrifuge
vials with additional 2% glutaraldehyde that completely cov-
ered the algae. Samples were refrigerated at 4° C in the dark.
Extremely dense samples were diluted into 250 mL of gluta-
raldehyde. Prior to enumeration, samples were inverted gen-
tly to homogenize. If further homogenization was needed,
the sample was sonicated for no more than 15 s. This was
enough to break up dense clumps, but not enough to severely
damage or burst a large number of cells. A Sedgewick-rafter
counting slide observed at 400 X magnification (Leitz Labor-
lux K, Leica Microsytems, Wetzlar, Germany) was used to
classify periphyton cells into 8 groups (cyanobacteria, cen-
tric diatoms, pennate diatoms, xanthophytes, euglenoids,
chrysophytes, chlorophytes and unknown/other). Because of
the high cell density, only a subset of cells in each sampled
were counted and algae density was reported as cells/mm?.

Statistical Analysis

Descriptive analyses of periphyton composition were com-
pleted with JMP Pro (vers. 15.1.0, SAS Institute, Inc, Cary,
NC), and all statistical analyses were performed with R
(vers 3.6; R Core Team 2019) based on periphyton com-
position, as density and relative abundance, and measured
environmental variables [nutrient concentrations, tempera-
ture, dissolved oxygen, pH, turbidity, water velocity, specific
conductance, biochemical oxygen demand (BOD), colony-
forming units (CFU), total organic carbon (TC), total nitro-
gen content (TN), carbon/nitrogen ratio (CN), chlorophyll a
(CHL o), phycocyanin (PC), macrophyte density, tree cover
(0-5 scale), site distance from the river water source, and
river stage]. We used a log link-Poisson distribution gen-
eral linear model (GLM; Vers. 3.6; R Core Team 2019)
to analyze differences in total algal density between ARB
and LV sites. To assess temporal and spatial trends in algal
assemblage composition, Lake Verret and ARB data were
analyzed independently with separate canonical correspond-
ence analyses with a permutation test (n=999) for included
variables (CCA; R package vegan, Oksanen et al. 2019);
the explanatory variable distance refers to the straight-line
distance to river source for ARB sites and was excluded
from the LV analysis. The CCA permitted identification of
relationships between periphyton assemblage composition,
based on density, and measured environmental variables. We
chose CCA over other ordination methods because of the
unimodal and constrained nature of the data (Palmer 2019).
Components identified from the CCAs were then used in
log link-Poisson distribution generalized linear models with
the package Ime4 (Vers. 3.6; R Core Team 2019) to further
investigate trends in periphyton assemblage composition.
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Results
Periphyton Assemblage

Periphytic algal density was significantly greater at ARB sites
compared to LV sites (ARB: Mean=2,358.12 cells/mm?,
SE=209.09; LV: Mean=_896.86 cells/mm2, SE=41.99;
P <0.01, SE=222.00) and overall community composition
was also different between the two regions (Fig. 4). Periphy-
ton assemblages in the ARB were dominated by diatoms in all
months sampled. The relative abundance of centric diatoms
was between 12—-18% in January and February, then declined
to less than 7% for the rest of the sampling period, whereas
pennate diatom relative abundance was between 40-56% in
all months. Chlorophytes usually did not exceed 30% of the
total community assemblage. All other algal groups remained
below 1%. In LV, the periphyton assemblage was dominated
by chlorophytes in all months except January and February,
when pennate diatoms were highest (61% and 68%, respec-
tively). Centric diatoms never exceeded 3%. In both LV and
ARB assemblages, cyanobacteria increased in the summer
months, reaching over 20% in July.

Physicochemistry

The 2019 flood began on January 25 when the Atchafalaya
River exceeded 3 m at the Butte la Rose (Gauge 07381515;
Allen et al. 2008; Pasco et al. 2016) and ended on August
21, 2019. Sampling began on January 30 and continued
biweekly until September 25, 2019, after the river entered
the low-water stage (Fig. 2). LV did not experience spring
flooding, but lake height and water velocity were influ-
enced by local wind and rain events. In both ARB and LV
sites (Table 1), dissolved oxygen (DO) showed higher con-
centrations early in the year, which declined in the summer
months. In contrast, differences in the temporal patterns
of nutrient concentrations were evident between ARB and
LV sites. Nitrate (NO;) concentration was relatively low in

Fig.2 Daily Atchafalaya River
stage obtained from the Butte 6
la Rose water gauge (USGS

07381515) from Jan 2019 — Sep s
2019. Horizontal line indicates ~
flood stage (Pasco et al. 2016) v
and gray bar indicates sampling
period

Stage (m)

LV compared to ARB sites, which exhibited higher nitrate
values throughout the sampling period, particularly in Jan-
uary. Nitrite (NO,) concentrations were similar between
the two sampling periods, whereas ammonium (NH,) was
more variable in LV. Ammonium peaked twice in LV in
May and September but was in low concentration during
the other months. In the ARB, there was a single ammo-
nium peak in February, with all other months exhibiting
similar values. Temporal trends in phosphorus concentra-
tions were similar in LV and ARB sites, although ARB
sites exhibited lower concentrations in January and Feb-
ruary. NP ratios indicated nitrogen limitation (ratio < 13;
Hillebrand and Sommer 1999) in LV year-round and in the
late spring and summer months in the ARB.

On average, both Total Carbon (TC) and Total Nitrogen
(TN) were higher for Lake Verret relative to ARB sites,
but both locations showed similar temporal concentration
patterns, with peaks in TC and TN during July and lows
in January. However, the CN ratio was slightly higher for
ARB sites. Macrophyte cover was also higher in the ARB
compared to LV (Figs. 3 and 4), although peak macrophyte
cover occurred in the summer months at both locations and
was dominated by floating taxa, primarily salvinia (Salvinia
minima) and water hyacinth (Eichhornia crassipes). Over-
all, ARB sites located nearer to water sources supported
higher macrophyte densities than sites located deeper in
the floodplain.

Multivariate Analysis: ARB Sites

The first three components of the canonical correspondence
analysis (CCA; Supplementary Table 1; Fig. 5a) explained
the majority (99%) of variation in the data. Component 1
represented mostly temporal changes in periphyton assem-
blages (CCA1; 45% of the variation) and was positively
associated with cyanobacteria and xanthophytes and a neg-
atively associated with centric diatoms. Environmental var-
iables positively associated with CCA1 included specific

Sampling period

01/2019
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Table 1 Summary of physicochemical, chlorophyll, and habitat variables for ARB and Lake Verret sampling sites from January — September

2019
Region
Atchafalaya River Basin Lake Verret
Mean (SE) Min Max Mean (SE) Min Max
River Stage 16.38 (0.25) 5.16 19.89 13.74 (0.32) 5.16 19.05
(23]
Depth 1.43 (0.03) 0.1 2.81 0.48 (0.01) 0 0.86
(m)
Temperature 21.91 (0.38) 8.7 29.15 25.03 (0.36) 9.3 31.55
©
Dissolved Oxygen 2.98 (0.15) 0.17 8.73 4.87 (0.13) 0.14 11.2
(mgL™)
pH 7.18 (0.01) 6.83 8.19 7.57 (0.04) 5.55 9.05
Turbidity (NTU) 14.99 (0.63) 0.36 51.19 15.42 (0.64) 1.96 64.6
Specific Conductance 0.33 0.25 0.46 0.22 0.11 0.33
0.0) 0.0
Water Velocity (m sec™) 0.03 - 0.18 0.02 - 0.22
(0.0 (0.0)
BOD 6.56 (0.08) 2.45 9.95 10.29 (0.16) 4.85 16.95
(mgL™)
Nitrate 0.04 0.01 0.13 0.02 - 0.08
(mg L™ 0.0 (0.0
Nitrite 0.01 0 0.02 0.01 - 0.07
(mgL™h (0.0 (0.0
Phosphorus 0.34 (0.01) 0.12 0.59 0.42 (0.01) 0.13 1.25
(mg L™
Ammonium 0.06 0.01 0.11 0.07 - 0.34
(mg L™ 0.0 (0.0
Colony Forming Units 5,0264.77 (6,698.55) 365 1,175,500.00 63,229.83 (4,752.82) 185 612,750.00
Phycocyanin 0.99 (0.06) 0.06 8.2 0.66 (0.03) 0.06 1.99
Chlorophyll 295,46.48 (3,087.68) 220 373,700.00 10,823.45 (863.00) 262.2 88,682.00
N 0.09 (0.0) 0.01 0.42 0.21 (0.01) 0 0.63
(mgL7)
TC 0.59 (0.03) 0.04 2.57 1.09 (0.04) 0.02 3.04
(mgL™)
C/N 6.55 (0.04) 4.66 11.02 5.27 (0.03) 4.09 7.42
Tree Cover 3.56 (0.05) 1 5 3.78 (0.05) 2 5
0-5)
Macrophyte Cover (%) 45.42 (2.12) - 100 21.93 (1.57) - -

Abbreviations are as follows: BOD Biological Oxygen Demand; TN Total Nitrogen; 7C Total Carbon; CN Carbon Nitrogen Ratio

conductance, water temperature, sampling date, TC, TN,
and phosphorus, with a negative association with DO. The
second component represented primarily spatial features
of environmental data and algal assemblages at ARB sites
(CCA2; 42% of variation). Overall, total algal density was
higher closer to river water input (=-0.01, 0.01 SE, LR
Chi=2281.39, P<0.01) with sites near the Gulf Intra-
coastal Waterway (GIWW) supporting higher cyanobac-
teria and centric diatom densities, greater ammonium con-
centrations, and higher velocity rates. Chlorophytes were

lower in density closer to river inputs but increased in den-
sity further into the floodplain, where tree cover and com-
munity respiration (BOD) were higher. The last component
(CCA3, variation 12%) represented the presence or absence
of macrophytes. Sites heavy in aquatic vegetation tended to
have higher pH levels and showed higher densities of both
chrysophytes and euglenoids compared to sites with less
macrophyte cover. Individual ARB sites (Fig. 5b) exhibited
seasonal changes with respect to the environmental vari-
ables and were characterized by different algal groups over
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Fig. 3 Relative abundance of each algal group from the ARB (left) and Lake Verret (right) during 2019. Sites were inaccessible during June due
to unsafe flooding conditions
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Fig.4 The average percentage of floating (blue) and rooted (red) macrophyte coverage at the time of periphyton collection averaged across sties
for ARB (left) and Lake Verret (right). Error bars represent one standard error

time. Permutation tests completed after the CCA (Table 2)
indicated algal density was particularly influenced by sam-
pling date, site, and DO, although all variables with the
exception of water temperature, CHL, TC, tree cover, and
macrophyte cover were related to periphyton density.

@ Springer

General linear models for each algal group included
only those variables that were significant in the permu-
tation test, although included variables varied by algal
group. Euglenoids (f=-937.10, 52080.00 SE), chryso-
phytes (p=3.79, 17.40 SE), and xanthophytes (p =3.79,
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Fig.5 a Canonical correspondence analysis (CCA) plot for sites in
the ARB. Variables include date (DAT), distance from water source
(DIS), temperature (TMP), dissolved oxygen (DO), pH (PH), turbid-
ity (TRB), water velocity (VEL), tree cover (TRC), macrophyte cover
(MAC), Nitrate (NTA), Nitrite (NTI), biological oxygen demand
(BOD), total carbon (TC), total nitrogen (TN), carbon/nitrogen ratio
(CN), specific conductance (SPC), colony forming units (CFU),
chlorophyll a (CHL), and phycocyanin (PC), chrysophytes (CHRY),
centric diatoms (CENT), pennate diatoms (PENN), euglenoids
(EUGL), chlorophytes (CHLO) xanthophytes (XANT), cyanobacteria
(CYANO). Sites are SOI (dark green), S06 (light green), SO8 (blue),
Site09 (yellow), and S12 (red). b Arrows represent movement of sites
across the CCA over time and were calculated by taking the mean of
CCA values at each sampling date

17.40 SE) did not show significant relationships for dis-
tance from source water, whereas cyanobacteria (f =-2.60,
1.05 SE), chlorophytes (p=-4.83, 1.47 SE) and centric
(p=-170.10, 8.11 SE) and pennate diatoms ( =-14.78,
-12.98 SE) did. Both pennate and centric diatoms showed
negative estimates for distance, indicating that they were
more abundant near river inputs. Centric and pennate dia-
toms also showed large positive relationships with nitrate
(B=13.62, 14.00 SE, respectively) and nitrite (f =192.77,
194.63 SE, respectively). Chlorophytes showed positive
estimates for only nitrite (f=76.08, 78.14 SE).

Table2 A permutation test (999 permutations) was performed with
all explanatory variables to determine significance of each variable
(x=0.05)

Df  ChiSquare F Pr(>F)
Date 1 0.07 137.11 <0.01 *
Site 4 0.09 45.78 <0.01 *
Distance 1 0.01 2247 <0.01 *
Temperature 1 0.00 1.96 0.12
Dissolved Oxygen 1 0.03 52.23 <0.01 *
pH 1 0.01 12.74 <0.01 *
Turbidity 1 0.01 21.93 <0.01 *
Specific Conductance 1 0.01 15.48 <0.01 *
CFU 1 0.02 33.53 <0.01 *
Water Velocity 1 0.01 24.65 <0.01 *
BOD 1 0.00 2.83 0.04 *
Nitrate 1 0.01 14.21 <0.01 *
Nitrite 1 0.01 26.76 <0.01 *
Phosphorous 1 0.01 24.82 <0.01 *
Ammonium 1 0.00 5.29 <0.01 *
PC 1 0.01 10.03 <0.01 *
CHL 1 0.00 1.03 0.34
TN 1 0.00 5.71 <0.01 *
TC 1 0.00 2.56 0.06
CN 1 0.00 4.16 0.01 *
Tree Cover 1 0.00 0.84 0.46
Macrophyte 1 0.00 2.04 0.11
Residual 288 0.15

Abbreviations are as follows: CFU Colony Forming Units; BOD Bio-
logical Oxygen Demand; PC Phycocyanin; CHL Chlorophyll; TN
Total Nitrogen; TC Total Carbon; CN Carbon Nitrogen Ratio

Asterisks indicate significant variables

Multivariate Analysis: Lake Verret Sites

Periphyton assemblages at LV sites differed substantially from
sites located in the ARB. The first three components of the
CCA explained 96% of the variability in the data (Supplemen-
tary Table 2; Fig. 6a). Similar to ARB sites, LV sites showed
changes over time (Fig. 6b). The first component (CCA1; 73%
of variation) described mostly seasonal variation in the data,
with positive loadings for BOD, water velocity, and tempera-
ture, along with CFU, TC, and TN. Algal groups that also posi-
tively loaded on CCA1 were xanthophytes and cyanobacteria.
Negative associations with CCA1 included pennate diatoms,
DO, turbidity, CHL and CN ratio. The second component
(CCA2; 19% variation) reflected areas that favored eugle-
noids, specifically sites high in phosphorus. The third compo-
nent represented sites high in macrophyte cover (CCA3; 4%
of variation) and was also positively related to chrysophytes,
xanthophytes, centric diatoms, and euglenoid densities. The
permutation test (Table 3) indicated that all the environmen-
tal variables were significant to periphytic algal assemblages
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Fig.6 Canonical correspondence analysis (CCA) for Lake Verret
Sites. Variables include date (DAT), temperature (TMP), dissolved
oxygen (DO), pH (PH), turbidity (TRB), water velocity (VEL), tree
cover (TRC), macrophyte cover (MAC), nitrate (NTA), Nitrite (NTI),
phosphorus (PHS), biological oxygen demand (BOD), total carbon
(TC), total nitrogen (TN), carbon/nitrogen ratio (CN), specific con-
ductance (SPC), colony forming units (CFU), chlorophyl (CHL), and
phycocyanin (PC). Sites are VO1 (dark green), V02 (light green), VO3
(blue), V04 (yellow), and VOS5 (red). b. Arrows represent movement
of sites across the CCA over time and were calculated by taking the
mean of CCA values at each sampling date

except nitrate, nitrite, PC, and CN ratios. General linear models
based on significant variables in the CCA indicated most taxa
were more abundant earlier in the year, although sample date
was not significant for all groups. Chrysophytes showed large
positive associations with specific conductance (f=12.62,
18.37 SE) whereas other groups showed no significant, or
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Table3 A permutation test (999 permutations) was performed with
all explanatory variables to determine significance of each variable
(x=0.05)

Df  ChiSquare F Pr(>F)
Date 1 0.05 110.71 <0.01 *
Site 4 0.06 32.11 <0.01 *
Temperature 1 0.07 147.38 <0.01 *
Dissolved Oxygen 1 0.03 63.68 <0.01 *
pH 1 0.01 14.54 <0.01 *
Turbidity 1 0.01 18.61 <0.01 *
Specific Conductance 1 0.00 2.85 0.05 *
CFU 1 0.01 19.38 <0.01 *
Water Velocity 1 0.01 21.57 <0.01 *
BOD 1 0.01 21.77 <0.01 *
Nitrate 1 0.00 1.65 0.16
Nitrite 1 0.00 225 0.09
Phosphorous 1 0.01 16.12 <0.01 *
Ammonium 1 0.00 7.92 <0.01 *
PC 1 0.00 1.60 0.16
CHL 1 0.00 4.88 <0.01 *
TN 1 0.01 13.09 <0.01 *
TC 1 0.00 8.57 <0.01 *
CN 1 0.00 1.15 0.29
Tree Cover 1 0.01 13.56 <0.01 *
Macrophyte 1 0.01 12.25 <0.01 *
Residual 309 0.15

Abbreviations are as follows: CFU Colony Forming Units; BOD Bio-
logical Oxygen Demand; PC Phycocyanin; CHL Chlorophyll; TN
Total Nitrogen; 7C Total Carbon; CN Carbon Nitrogen Ratio

Asterisks indicate significant variables

negative relationships. Pennate diatoms (f=-5.79, 0.16 SE)
and xanthophytes (f=-3.87+1.42 SE) were negatively related
to water velocity, but centric diatoms (=6.25, 7.97 SE), chlo-
rophytes (B=2.16, 2.4 SE), and cyanobacteria (f=2.16, 2.6
SE) were not.

Discussion

In our study, periphyton assemblages in both sampling regions
showed temporal variation and were impacted by several
environmental factors, including temperature, nutrients, and
macrophyte cover. Assemblages in the ARB were addition-
ally influenced by distance from water source. Importantly,
changes to historical flooding regimes in the ARB and other
floodplain rivers that limit distance penetrated by floodwaters
or create full disconnection could significantly alter floodplain
productivity, and river-floodplain connectivity associated rela-
tionships to the structure of floodplain trophic webs should be
considered in the management of floodplain river systems.
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Temporal Effects on Algal Assemblages

Both ARB and LV sites showed seasonal variation in meas-
ured environmental variables, which impacted the dynam-
ics of the algal groups. For ARB sites, CCA1 represented
temporal trends in periphyton composition. In this study, due
to its temporal length, the annual flood-pulse occurs concur-
rently with seasons (i.e., the rising limb occurs through the
spring and early summer and the falling limb occurs mid to
late summer). Therefore, separating the flood impact from
seasonal changes is not possible. However, temporal changes
are relatively predictable in river-floodplain systems (e.g.,
Kaller et al. 2011; Pasco et al. 2016; Kroes et al. 2022).
High water turbidity and increases in DO concentration and
periphyton CN ratio indicated periods of floodplain inun-
dation, which typically occurs in the early months of the
year depending on the timing and magnitude of the Atcha-
falaya River flood pulse (Kaller et al. 2011). Later in the
season, usually in May and June, Atchafalaya River stages
decline, and inundated floodplains drain into canals and bay-
ous, eventually entering the Atchafalaya River to the west
or the GIWW to the east. Temporal changes in periphyton
composition were also evident in LV but were not related to
seasonal rising and falling water levels. The early part of the
year for these sites was characterized by increased DO lev-
els and high chlorophyll-a concentrations. As temperatures
increased later in the year, there was an increase in algal and
bacterial growth, as indicated by TN correlations, as well as
respiration rates (BOD) and microbial associations (CFU).
Although LV does slowly drain into Grassy Lake, directional
north-to-south velocity is negligible, and water movement is
largely due to local wind action. Interestingly, cyanobacte-
ria were highly correlated with increased water movement
in Lake Verret, even though cyanobacteria in lotic systems
have been reported to prefer little to no water movement
(Bellinger and Sigee 2015; Pacheco and Neto 2017). Most
likely, greater densities of cyanobacteria later in the year
were more related to elevated temperatures than the influ-
ence of increased water movement, as seen in other freshwa-
ter lake systems (Beaulieu et al. 2013; Mullin et al. 2020).
Pennate diatoms were largely ubiquitous at ARB sites, as
in other riverine ecosystems (Finlay et al. 2002) and did not
appear on any CCA components, although centric diatoms
were associated with CCA1 and CCA2. In LV, diatoms, par-
ticularly pennate diatoms, significantly declined during the
warmer parts of the year. This is similar to observations from
another group of floodplain lakes in the Yangtze River sys-
tem. There, diatoms dominated phytoplankton assemblages
in lakes with active river connections, such as the ARB.
However, unlike the LV results where chlorophytes were the
dominant taxa, isolated lakes in the Yangtze River floodplain
were dominated by cyanobacteria (Liu et al. 2017), which
might have been related to higher nutrient concentrations in

the isolated systems. In ARB and LV, diatoms were closely
associated with turbidity and high DO, characteristic of
ARB flooding conditions and extensive rainfall in both
locations early in the year. Although high levels of turbidity
generally reduce photosynthetic activity by blocking incom-
ing light (Bellinger and Sigee 2015), it may be that turbidity
levels at this time, although elevated relative to other parts
of the year, were not high enough to impact photosynthe-
sis on the shallowly suspended (5 cm) periphytometers. In
addition, diatoms can be highly sensitive to low DO levels
(Szczepocka et al. 2018), which are highest during river ris-
ing events when water temperature is low, and may provide
optimal conditions for periphyton growth, at least near the
water surface. Interestingly, diatoms typically have high TC
and TN content and are a valued consumer resource (Brett
et al. 2009; Guo et al. 2016). Therefore, we expected they
would have loaded with TC and TN on the CCA axes. Poten-
tially, uptake from the diatoms themselves had depleted TC
and TN prior to sampling, but this seems unlikely, given the
high levels of TC and TN in the ARB (Whitall 2008). Prior
to elemental analysis, periphyton growth slides were viewed
under a dissecting microscope and large macroinvertebrates,
such as chironomid larvae, were removed. However, smaller
grazers, like Cladocera and rotifers, may have been included
and confounded the analyses.

Xanthophytes also varied temporally in their contri-
bution to the periphyton assemblages at both locations.
Xanthophytes can be single-celled or colonial and appear
yellow-green in color due to the accessory pigment diatox-
anthin (Bellinger and Sigee 2015). Members of this algal
group, such as Botrydiopsis arrhizal, are commonly found
in muddy habitats near littoral edges (Bellinger and Sigee
2015; Reynolds 2006), in small water bodies, or in soil
(Reynolds 2006; Bellinger and Sigee 2015; Zhang et al.
2015; Costa et al. 2020). In both regions, this group made
up less than 1 percent of the periphytic algal assemblage but
exhibited its highest abundances in the late summer months
in both regions. Xanthophytes prefer cool, free-standing,
slightly acid water (Gabyshev and Gabysheva 2010), there-
fore, their appearance in Lake Verret later in the season was
somewhat unexpected. However, Reynolds (2006) reported
xanthophyte abundance could be driven by low turbidity
levels, which may explain their loadings on CCAL.

Distance from River Source Impacts Algal
Assemblages

Although temporal influences were important determinants
of algal community structure, there were also significant
spatial effects on periphyton assemblage composition in
the ARB. Areas closer to river water input showed biotic
and abiotic trends that differed from areas deeper within
the floodplain. As the floodplain becomes inundated, rising

@ Springer



23 Page 12 of 16

Wetlands (2023) 43:23

water crests natural levees and begins to move onto the
floodplain. Water velocity increases differentially as river
water rises, with sites nearer river water sources showing
higher water velocities than more distant sites. Dry flood-
plain areas with accumulated organic matter during low-
water are inundated with nitrogen-rich river water, while
hydrologic mixing occurs in connected floodplain lakes
(Kaller et al. 2015; Vargas-Lopez et al. 2020; Kroes et al.
2022). Newly available nutrients (NO;, NO,, NH,) fuel algal
and bacterial growth. In the ARB sites, nitrogen and phos-
phorus sources were inversely related to distance from the
river source and would have been readily taken up by early
colonizers, such as diatoms. In rivers and lakes, diatoms,
particularly large centric diatoms, are typically the first to
exploit influxes of nutrients (Brett et al. 2009; Dai et al.
2012; Bellinger and Sigee 2015; Reynolds 2002; Kiss et al.
2012), explaining why centric diatoms and water nutrients
were related on the CCA. Chlorophytes, in contrast, did not
exhibit substantial seasonal trends observed in other riverine
and lake systems (Sheath and Burkholder 1983; Andersen
et al. 2020), but did appear to be more abundant at sites
located further from river sources, where inorganic nitrogen
was lower. In the ARB, back-water swamps are characterized
by high amounts of canopy cover and decomposition due to
microbial activity (BOD; Battle and Mihuc 2000). Greater
chlorophyte abundance at more distant sites was unexpected
given their requirements for high light intensity and low
shade tolerance (Lemes-da-Silva et al. 2010; Tonetto et al.
2012; Peres et al. 2017). However, it is likely that chloro-
phytes were simply more abundant later in the year when
turbidity had declined, and light levels were sufficient for
photosynthesis, regardless of shading. This is also supported
by their association with BOD, which was also higher later
in the year when water temperatures and community respi-
ration increased. The magnitude and duration of floodplain
inundation can vary substantially in the ARB given annual
variability in the Atchafalaya River flood pulse (e.g., Pasco
etal. 2016). In 2019, the river remained in flood stage until
nearly September. This prolonged inundation, particularly in
the backwater regions most distant from river inputs, could
have provided particularly suitable environmental conditions
for chlorophyte growth for an extended period relative to
more typical flood years (i.e., the more rapid decline in water
quality when cooler water is not present as long in the year;
Kroes et al. 2022).

Macrophytes

Native macrophytes are essential to aquatic ecosystems
because they influence habitat and water quality, which
determines organism abundance and distribution (Caraco
and Cole 2002; Dodds and Biggs 2002; Kaller et al. 2011;
Pasco et al. 2016), as well as also serving as substrate
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for basal resource development (Cazzanelli et al. 2021).
As such, in both ARB and LV, macrophyte cover (CCA3)
appeared influential in driving periphytic algal assem-
blages, but was only significant in LV. Specifically, chrys-
ophytes, euglenoids, and xanthophytes in LV sites were
positively associated with macrophytes. These taxa are
generally present in small numbers but can become domi-
nant under favorable conditions. Chrysophytes, which can
be unicellular, colonial, or filamentous (Reynolds 2006),
tend to be found in cooler, oligotrophic waters that are
low pH, specific conductance, and alkalinity. There have
been very few observations of freshwater chrysophytes
associated with macrophytes, therefore their correlation
with aquatic macrophytes in LV was unexpected (Siver
and Hamer 1989; Siver and Hamer 1992; Bellinger and
Sigee 2015). However, Chrysomorula choaerens has been
observed previously to form dense colonies on aquatic
macrophytes (Wujek 2013), and Tunca et al. (2014) found
several taxa in northern Turkey that commonly occurred
with aquatic macrophytes (i.e. Chromulina sp., Och-
romonas sp. Psuedokephyrion sp.). In 2018, Cao and col-
leagues noted that when P was abundant in heavily veg-
etated ponds, algal communities tended to be dominated
by chrysophytes, rather than cyanobacteria, which were
usually most abundant (Cao et al. 2018). More studies
are needed to better understand the occurrence of chryso-
phytes in disconnected floodplain lakes like LV, as the
current study did not identify chrysophytes to genera or
species. Xanthophytes also generally constitute only a
small portion of the periphytic community, and similarly
to chrysophytes, are rarely found among aquatic plants.
The few occurrences that have been observed tended to
be filamentous (Trebonema sp.) or coccoid (Mischococ-
cus sp.; Ott and Oldham-Ott 2003; Salmaso and Tolotti
2009). It was not unexpected to observe euglenoids among
macrophyte beds in LV, as they are far more common
among aquatic vegetation and can be found in small ponds
or areas with high amounts of decaying organic matter
(Bellinger and Sigee 2015; Wehr et al. 2015; Cao et al.
2018), particularly those dominated by submerged mac-
rophytes (Dokulil and Padisak 1994).. Moreover, it has
been reported that when macrophyte abundance exceeded
40%, euglenoids consistently dominated algal assemblages
(Borics et al. 2003). One of the reasons why euglenoids
can thrive in vegetated areas, where competition for light
and nutrients is high, is because of their mixotrophic strat-
egies that allow proliferation in resource-limiting envi-
ronments. Mixotrophy is also common xanthophytes and
chrysophytes, so it is possible that this strategy is what
allowed them to thrive in competitive environments with
euglenoids in macrophyte-dominated habitats (Tunca et al.
2014; Pribyl and Cepak 2019).
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Conclusions

Alterations to river-floodplain systems threatens habitat
integrity and can contribute to the loss of ecosystem func-
tion and biodiversity. Disconnection of floodplain lakes
from their rivers by installing dams and levees (as seen
in Lake Verret) causes changes in hydrology that can sig-
nificantly alter macrophyte and fish assemblage compo-
sition and function (Liu and Wang 2010; Quirino et al.
2019; Jiang et al. 2020). Periphytic algal assemblages in
the ARB differed from LV, particularly in overall higher
cell abundance, pennate diatom-dominated assemblages,
a seasonal shift from pennate diatoms to chlorophytes,
and a gradient of decreasing overall cell abundance and
a shift from centric diatoms to chlorophytes at increasing
distances into the floodplain. In contrast, in LV samples,
pennate diatoms were replaced by cyanobacteria and
xanthophytes and in the absence of a floodplain gradi-
ent, assemblages were similar among sites. However, in
both systems, vegetated areas were regularly associated
with euglenoids, chrysophytes, and xanthophytes (only
LV). Importantly, distance from the water source had a
substantial effect on both algal community composition
and environmental variables in the ARB floodplain. Over-
all cell abundance decreased further into the floodplain,
with centric diatoms showing higher prevalence closer to
river water sources, characterized by greater velocity and
nitrogen concentrations. Deeper into floodplain habitats,
tree cover and microbial activity were greater, favoring
chlorophytes. Because shifts in the composition of basal
resources could impact higher trophic levels, changes to
historical flooding regimes and their impact on floodplain
trophic webs should be considered in future floodplain
management decisions.
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