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ABSTRACT: Riverine pulse events are hypothesized to benefit estuarine nekton resources by making high-quality habitat available for exploitation; however, few studies focus on the actual nekton
use of this ephemerally flooded habitat during the flood pulse event. We evaluated the effects of
pulsed freshwater flow on nekton density, biomass, diversity and community assembly through 2
winter/spring (February and March) experimental high-flow riverine discharge events in the upper
reaches of the Breton Sound estuary, Louisiana, USA in 2005. Nekton were caught with a 1 m2 drop
sampler at flooded vegetated marsh sites in areas both receiving (inflow) and not receiving (reference) pulsed freshwater flow. Inflow marsh sites had significantly greater water depth and were
flooded for over twice as long as reference marshes. Significantly higher nekton density and biomass
were found at flooded inflow marsh sites than reference marsh sites. Nekton communities were similar and dominated by estuarine resident species (Palaemonetes paludosus, Heterandria formosa,
Gambusia affinis, Lucania parva, Poecilia latipinna, Cyprinodon variegatus). The C-score metric
(EcoSim) indicated that while initial colonization (1 to 3 d) of flooded sites was random, species
assembly following longer-term flooding (7 to 10 d) suggested non-random colonization (p < 0.0001;
EcoSim) and supported the coexistence principle. Despite significant coexistence, subtle differences
in community assembly were seen among the resident guild, with evidence of segregation driven by
water depth (p = 0.002; canonical correspondence analysis).
KEY WORDS: Nekton · Community assembly · Water depth · Freshwater diversion · Drop sampler ·
Estuary · Louisiana
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A general consensus exists among scientists and resource managers that the quantity and timing of freshwater flow to an estuary is central to the maintenance of
estuarine resources (Alber 2002). Significant evidence
documenting the negative effects of reduced freshwater inflow from human activities such as dams, channels
or water withdrawal has led to numerous attempts to
restore freshwater inflow, with the goal of enhancing
estuarine function (Loneragan & Bunn 1999, Gillanders
& Kingsford 2002). In estuaries influenced by large
rivers, restoration of freshwater inflow is accomplished

largely through the restoration of the annual floodpulse event. Physical and chemical changes associated
with restored freshwater flow can have significant effects on estuarine nekton by inundating the surrounding floodplain and making high-quality habitat available for exploitation (Gillanders & Kingsford 2002). It
has been hypothesized that this habitat flooding may
be a key factor linking estuaries to high levels of secondary production, and, more recently, that fish may
provide an essential link in the movement of energy
within and through the estuarine system via the horizontal transport of allochthonous energy off the marsh
surface and into subtidal habitats (Kneib 2000). While
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MATERIALS AND METHODS
there have been a number of studies examining the effects of riverine flooding on fisheries of forested floodStudy area. Breton Sound is a 271 000 ha estuary in
plain ecosystems (e.g. see Winemiller & Jepsen 1998),
the Mississippi River deltaic plain in southeast
few studies in estuarine environments have focused on
Louisiana (Fig. 1). It is microtidal and consists of bays,
fisheries-related effects during riverine flood pulses.
lakes, bayous, canals, and fresh, intermediate, brackOverflow events, common during seasonal flood
ish, and saline marsh types. The upper estuary is sepapulses, transfer large amounts of sediment and nutrirated geographically and hydrologically by Bayou
ents to the floodplain and affect the spatial and tempoTerre Aux Boeufs, a relic Mississippi River distributary.
ral variability of environmental conditions (salinity,
This study took place in the upper Breton Sound
sediment, and physiochemistry), which in turn may
basin, in emergent marshes subject to flooding from
influence species composition, abundance, distribution
the Caernarvon Freshwater Diversion structure
and primary and secondary production (Alber 2002).
(Caernarvon). Prior to the construction of Caernarvon,
Large freshwater flows, characteristic of flood pulse
the estuary had experienced significant land loss
events, may influence the biotic community structure
(>18 000 ha; Barras et al. 2003) due to isolation from
and production both by positioning dynamic habitat
riverine input and natural and anthropogenic habitat
(salinity) relative to static physical habitat (Browder &
alteration (USACE Caernarvon Freshwater Diversion
Moore 1981) and by making ephemeral habitat availfact sheet; www.mvn.usace.army.mil/prj/caernarvon/
able for exploitation (Rozas 1995, Kneib 2000). Both
caernarvon.htm). Caernarvon became operational in
mechanisms result in strong associations with fish
1991 and was designed to moderate salinities and reincommunity structure (Kushlan 1976, Kneib 2000).
Natural delta subsidence and sea
level rise coupled with anthropogenic
alteration of hydrologic flow regimes,
severance of river flooding, and canal
dredging have combined to create
coastal wetland loss rates in Louisiana
of 64 to 91 km2 per year (Barras et al.
2003). A key component of Louisiana’s
coastal restoration program involves
re-establishing fluvial connectivity to
the delta through the construction of 5
active freshwater diversions, ranging
in discharge from 7 to 297 m3 s–1. One
of the largest diversion projects in
Louisiana, the Caernarvon Freshwater
Diversion, dramatically influences the
supply of fresh water, sediment, and
nutrients into the Breton Sound estuary (Lane et al. 2004, Snedden et al.
2007a) and provides a unique opportunity to examine the effects of freshwater flow on estuarine fisheries.
We studied the effects of freshwater
pulsing from the Caernarvon structure
on estuarine nekton by investigating
the ephemeral habitat use resulting
from flooding. Specifically, we examined the effects of freshwater flow on
estuarine nekton in marsh habitat of
the upper Breton Sound estuary,
Louisiana, during 2 seasonal floodpulse events in 2005 by comparing
Fig. 1. Breton Sound estuary, Louisiana, USA and the location of the Caernarnekton abundance, biomass, diversity,
von Freshwater Diversion. Shaded areas show the locations of the inflow (light
and community assembly in treatment
gray) and reference (dark gray) areas used in this study. Map is adapted from
Snedden et al. (2007b)
(inflow) and reference (no flow) areas.
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troduce controlled river inflows to Breton Sound. The
structure is located at the head of Breton Sound and is
capable of delivering substantial amounts of fresh
water (227 m3 s–1) and allochthonous sediments (4.5 ×
108 kg yr–1) to the basin (Snedden et al. 2007a). Dominant emergent vegetation in upper basin marshes consists of Spartina patens (Saltmeadow cordgrass) and
Schoenoplectus americanus (Chairmaker’s bulrush).
Yearly experimental high-flow freshwater pulsing of
the diversion structure began in spring 2001 to simulate seasonal flood-pulse events and provide opportunity for controlled experimentation. Pulses release
periodic large fluxes of river water into the basin and
are capable of inundating upper basin marshes
(~5700 ha) for several days (Snedden et al. 2007a,
2007a,b). Without the riverine pulse, inundation of
upper basin marshes is dominated by meteorological
forcing as occurs in marshes east of Bayou Terre Aux
Boeufs, which are hydrologically separated from diversion flow (Rozas et al. 2005).
Site selection. Potential sampling sites (in the inflow
and reference areas within the upper 57 km2 of the
estuary) were identified using Digital Ortho Quarter
Quadrangle (DOQQ) images and field reconnaissance.
The area west of Bayou Terre Aux Boeufs receives
diversion flow and was identified as the inflow area,
and the hydrologically separated area east of the
bayou was selected as the reference area.
Nekton and environmental data collection. We collected nekton samples in vegetated marsh habitat
through both winter/spring pulsed freshwater releases
in 2005 (February 14 to 28, March 12 to 28). Sampling
was restricted to days when the marsh was flooded,
resulting in more sites sampled in the inflow than
reference area (Table 1). In the inflow area, flooding
was a function of the time required for the experimental pulse event to flood the marsh surface. In the reference area, flooding was determined by meteorological
conditions and, therefore, occurred less frequently
during both pulse events.
Table 1. Number of days and sites sampled during both
(February 14 to 28, March 12 to 28) Caernarvon experimental high-flow pulse events in 2005. Nekton sampling in both
inflow and reference areas was restricted to days that the
marsh surface was flooded. Maximum structure discharge
during both pulse events was 184 m3 s–1
February
Inflow Reference
Number of days
sampled
Number of sites
sampled

March
Inflow Reference

9

4

9

2

66

18

75

12
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Sites were sampled with a 1.14 m cylindrical (1 m2)
drop sampler. The drop sampler was suspended
approximately 3 m from the bow of the boat and 1 m
above the marsh surface by a telescoping aluminum
boom. A drop sampler was chosen because it provides
many advantages for sampling flooded marsh habitat
including effectiveness at cutting through underground plant runners, high catch efficiency, and complete enclosure of the water column (Rozas & Minello
1997). In addition, the telescoping boom allowed sampling in the flooded marsh 2 to 3 m from the edge
where most nekton biomass on the marsh surface
occurs (Kneib 2000). Each sampling site was
approached slowly and quietly. The outboard motor
was shut off, and the boat was allowed to drift to the
vegetated marsh edge. In areas that were too shallow
to drift, investigators quietly pushed the boat into position. Once in position, the sampler was dropped and
seated securely into the marsh substrate.
After the sampler was dropped, the location of the
sampler was logged with a Garmin GPS III, and a suite
of environmental variables was collected inside the
sampler. Water temperature (°C), conductivity (mS),
salinity (psu), dissolved oxygen (DO, mg l–1), and
pH were measured with a handheld YSI 556 MPS
(YSI Environmental). Turbidity (NTU) was measured
with a fluorometer (Aquafluor 8000, Turner Designs).
Five water depth measurements (mm) were taken
inside the sampler with a meter stick, and hourly water
depth was downloaded from nearby recorders (Inflow
area — USGS 073745253, http://waterdata.usgs.gov/
usa/nwis/uv?site_no=073745253; Reference area —
USGS 073745257, http://waterdata.usgs.gov/nwis/uv
?format=gif&period=31&site_no=073745257). Percent
cover and species composition of emergent vegetation
was visually estimated inside the sampler, and stems
were clipped at the substrate and returned to the lab
where they were identified and sorted by species and
counted.
After environmental variables were measured, nekton inside the drop sampler were collected with 10 successive dip net sweeps (in opposite directions) by 2
investigators concurrently. After dip netting, retained
water was pumped through a 1 mm mesh plankton net
into a 1 mm mesh cod-end bag (Sea-Gear). Remaining
organisms were removed from the marsh substrate by
hand. Organisms were preserved in 10% formalin and
returned to the laboratory for processing.
In the laboratory, samples were sorted, and nekton
were identified to the lowest feasible taxon and
counted. Total length of fish, shrimp, and crayfish
and carapace width of crabs were measured to the
nearest mm. Individuals of each species in a sample
were pooled and weighed (g wet weight) to determine biomass.
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Data analysis. Data were tested for normality with
the Shapiro-Wilks test. Nekton density and biomass
were log transformed to achieve normality. Data are
reported as mean ± SE, and significance level is
reported at α = 0.05, unless indicated differently.
Environmental variables: Relationships between
environmental variables were investigated with correlation analysis. Differences in environmental variables
(salinity, DO, temperature, stem density, turbidity,
water depth) were compared by treatment (inflow
and reference), experimental pulse (February and
March), and interactions (Treatment × Pulse) using
multivariate analysis of variance (MANOVA). Significant MANOVA models were investigated further with
univariate ANOVA.
Nekton density, biomass, diversity: ANOVA (PROC
MIXED) was used to test for statistical differences in
density, biomass and diversity between treatments
(inflow and reference marsh) and experimental pulses
(February and March). Alpha (α) diversity was calculated with both Shannon-Wiener diversity (H’) and
evenness (E). Sorenson’s Similarity Index (C s) was
used to compare beta (β) diversity between treatments
and pulses.
Nekton communities: The C-score metric (Gotelli
2000) was used to examine community assembly
dynamics in flooded habitat. This metric tests for nonrandom species assembly patterns. Using EcoSim
(Gotelli & Entsminger 2006), we calculated the C-score
for an observed presence-absence matrix and tested
that value against C-score values resulting from 5000
random matrix simulations in which species occurrences (row totals) remained fixed and sites (column
totals) were equiprobable (SIM2; Gotelli 2000). The
SIM2 algorithm was used because it has the lowest
incidence of Type I error (<10%) with field sampling
data (Gotelli 2000). Non-significant C-score values for
the observed data indicate that species colonized
flooded habitat randomly (independent). Observed
C-score values that are significantly less than simulated scores suggest more species co-occurrence than
expected by chance (species aggregation; Stone &
Roberts 1992, Gotelli 2000). Significantly greater
C-score values suggest less species co-occurrence than
expected by chance (deterministic assembly rules;
Stone & Roberts 1992, Gotelli 2000). Investigation of
pairwise relationships can identify species pairs that
either drive or differ from the suggested co-occurrence
patterns (Arrington et al. 2005). Species were included
in the C-score analysis if we caught more than 3 ind.
in the samples (Gauch 1982). An initial C-score was
calculated (1) for the entire data set (all sites), (2) for
inflow and reference areas separately and (3) for 2
flooding durations in the inflow area: short (1 to 3 d)
and long (7 to 10 d).

Canonical correspondence analysis (CCA; CANOCO
version 4.5; ter Braak & Smilauer 2002) was used to
investigate potential associations between taxa and
environmental variables at all sites. CCA is a directgradient analysis that relates community-variation patterns to environmental variation. Species were
included in the CCA if we caught more than 3 ind. in
the samples (Gauch 1982). All environmental variables
used in the MANOVA were included (salinity, DO,
temperature, stem density, turbidity, water depth).
Additionally, variables for each month, as well as a
‘days flooded’ variable were included to investigate
timing effects. Environmental variables were tested for
significance with 1000 Monte Carlo simulations
(CANOCO 4.5; ter Braak & Smilauer 2002).

RESULTS
Environmental variables
During 2005 experimental pulse events, the marsh
was flooded for 69% (February pulse) and 64% (March
pulse) of the sampling period in the inflow area and for
31% (February pulse) and 14% (March pulse) of the
sampling period in the reference area. Flooding in the
reference area was driven solely by meteorological
and tidal forcing throughout the study; in contrast, the
freshwater inflow obscured tidal periodicity in the
inflow area soon after diversion pulsing began (Fig. 2).
Feb-I

Feb-R

Mar-I

Mar-R

Marsh-I Marsh-R

2.0
1.6

Level (m)

112

1.2
0.8
0.4
0
11

14

25

28

Day of month (February / March)

Fig. 2. Hydrograph showing water and marsh level before and
during both experimental high-pulse flow events in 2005.
Pulse dates were February 14–28 and March 12–28. Feb-I:
February pulse inflow area; Feb-R: February pulse reference
area; Mar-I: March pulse inflow area; Mar-R: March pulse
reference area; Marsh-I: marsh level inflow area; Marsh-R:
marsh level reference area. Source datum for stages and water
level in the inflow area was the National Geodetic Vertical Datum, NGVD. Because there was no surveyed water level
recorder in the reference area, stages and marsh level were
based on an investigator-created datum, transferred from
USGS 073745257 (http://waterdata.usgs.gov/nwis/uv?format=
gif&period=31&site_no=073745257; NGVD)
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B
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b
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A
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A

1.0
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Nekton density, biomass, and diversity

B

40

1.2

A total of 6521 ind. of 16 taxa were collected. Six resident species (Palaemonetes paludosus, Heterandria
formosa, Gambusia affinis, Lucania parva, Poecilia
latipinna, and Cyprinodon variegatus) comprised 95%
of the total abundance (Table 3). Density ranged from
0 to 485 ind. m–2 during the study. Both density (F1,153 =
5.35, p = 0.02) and biomass (range 0 to 162.5 g m–2;
F1,153 = 8.59, p = 0.003) were significantly higher at
inflow sites as compared to reference marsh sites
(Fig. 3).
Mean Shannon diversity (H’ = 0.87 ± 0.03 SE) and
evenness (E = 0.72 ± 0.02 SE) did not vary by pulse or
treatment (Fig. 3). Rank-abundance curves (pooled
across both pulses) show that flooded inflow marsh
sites were strongly dominated by a single species (geo-

B

30

0

Mean nekton density
(ind. m–2)

During the February pulse, the inflow marsh was inundated ~36 h after the diversion structure was opened.
Inflow marshes dewatered completely between pulse
events, and in March, marsh inundation began
approximately 84 h after Caernarvon was opened.
Results from the MANOVA indicated a significant
main-effects model for pulse (F6,162 = 23.02, p < 0.0001)
and treatment (F6,162 = 4.90, p = 0.0001). A posteriori
tests of main effects showed both pulse and treatment
effects for salinity and DO and a Pulse × Treatment
interaction effect for turbidity (Table 2). Water temperature and stem density showed no significant difference in main effects (Table 2). Water depth was positively correlated with stem density (p = 0.04) and
negatively correlated with DO (p = 0.004) at inflow
sites. When flooded, mean water depth on the marsh
surface was significantly higher at inflow sites than
reference sites (p = 0.006; Fig. 3).

A

A

A

0.8
0.6
0.4
0.2
0.0
Reference inflow

Reference inflow

February

March

Fig. 3. (a) Water depth (cm), (b) nekton density (ind. m–2), and
(c) Shannon-Wiener diversity (H’) at flooded marsh sampling
sites during the Caernarvon experimental high-pulse flow
events in 2005 (data are mean ± SE). Samples — dark grey:
reference; light grey: inflow. Capital letters denote significant
statistical differences within and between pulse events. Mean
biomass (g m–2) and mean Shannon-Wiener evenness, E,
(both measures not shown) followed the same pattern as
density and diversity, respectively

Table 2. Environmental characteristics of samples in inflow and reference areas during Caernarvon experimental highpulse flows in 2005. Data for inflow and reference areas are mean ± SE (range). Effects — P: pulse; T: treatment. *p < 0.05;
**p < 0.01; ***p < 0.001
Variable

Inflow area

Reference area

February (n = 66) March (n = 75)

February (n = 18) March (n = 12)

F
P

T

Salinity (psu)

0.3 ± 0.01
(0.2–0.7)

0.2 ± < 0.01
(0.2–0.2)

1.0 ± 0.27
(0.3–4.7)

0.7 ± 0.07
(0.3–1.0)

Dissolved oxygen (ppm)

5.7 ± 0.22
(1.8–9.4)

2.2 ± 0.08
(1.0–4.3)

4.4 ± 0.57
(0.9–8.3)

1.8 ± 0.19
(1.4–3.8)

Water temperature (°C)

17.3 ± 0.35
(11.3–23.2)

18.4 ± 0.50
(10.5–28.1)

18.6 ± 0.31
(15.5–21.6)

18.5 ± 0.84
(15.6–24.6)

0.4

1.3

0.7

Turbidity (NTU)

15.9 ± 1.14
(0.8–50.0)

14.9 ± 1.06
(0.9–38.3)

14.1 ± 3.65
(1.7–56.3)

23.7 ± 5.38
(3.4–60.8)

3.8

3.4

05.6*

117.6 ± 19.12
(0.0–618.0)

128.6 ± 15.77
(0.0–449.0)

167.8 ± 38.63
(0.0–512.0)

214.9 ± 37.72
(54.0–402.0)

0.9

0.0

0.4

Stem density (stems m–2)

05.4* 0016.2***

P×T

105.3*** 06.0*

2.1
2.3
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Table 3. Mean nekton density (ind. m–2) by species during the February and March 2005 Caernarvon experimental high-pulse
flow events in Breton Sound, Louisiana, USA. Data are mean ± SE (SE unavailable in some cases). Gray shading indicates the
species of highest density by pulse and treatment
Common name

Inflow area
February
March
(n = 66)
(n = 75)

Fishes (total = 12 spp.)
Heterandria formosa
Gambusia affinis
Lucania parva
Poecilia latipinna
Cyprinodon variegatus
Fundulus chrysotus
Lepomis macrochirus
Fundulus pulvereus
Lepomis punctatus
Lepomis microlophus
Anguilla rostrata
Notropis spp.
Pooled fishes

Least killifish
Mosquitofish
Rainwater killifish
Sailfin molly
Sheepshead minnow
Golden topminnow
Bluegill
Bayou killifish
Spotted sunfish
Redear sunfish
American eel
Shiner

12.4 ± 2.4
11.2 ± 3.6
8.5 ± 2.5
2.9 ± 0.7
2.9 ± 0.8
1.3 ± 0.3
1.0 ± 0.0
1.0
1.5 ± 0.5
0.0 ± 0.0
1.0
1.0
8.9 ± 1.2

32.6 ± 11.8
10.5 ± 2.2
3.2 ± 0.5
2.6 ± 0.5
2.9 ± 0.8
1.4 ± 0.2
1.8 ± 0.5
2.0
1.0
2.0
0.0 ± 0.0
0.0 ± 0.0
13.0 ± 3.4

1.0 ± 0.0
10.4 ± 4.0
17.0 ± 12.5
8.1 ± 4.3
2.0 ± 1.0
1.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
8.1 ± 2.3

1.5 ± 0.5
4.7 ± 2.7
9.2 ± 4.2
8.8 ± 1.6
7.3 ± 4.3
1.0 ± 0.0
0.0 ± 0.0
1.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
6.1 ± 1.5

1980
0840
0483
0181
0107
0018
0011
0005
0004
0002
0001
0001
3633

Crustaceans (total = 4 spp.)
Palaemonetes paludosus
Cambarellus spp.
Procambarus spp.
Calinectes sapidus
Pooled crustaceans

Riverine grass shrimp
Crayfish
Crayfish
Blue crab

28.8 ± 5.3
2.8 ± 0.4
2.2 ± 0.3
2.0
15.8 ± 3.0

15.2 ± 4.2
2.9 ± 0.4
2.3 ± 0.3
1.0
8.3 ± 2.0

13.1 ± 6.3
1.0
1.5 ± 0.3
0.0 ± 0.0
8.6 ± 4.1

13.6 ± 8.0
0.0 ± 0.0
1.0 ± 0.0
0.0 ± 0.0
11.1 ± 6.5

2577
0174
0134
0003
2888

metric pattern of species abundance), while flooded
marsh sites in reference marshes were less single-species dominated, showing closer to a log-normal pattern
of species abundance (Fig. 4). The dominant species at
inflow sites switched, from Palaemonetes paludosus
during the February pulse to Heterandria formosa during the March pulse (Table 3). With the exception of
some rare species, assemblages were similar during
both 2005 February and March pulses (13 species in
common; Cs = 0.90). Assemblages were less similar
between reference and inflow areas (10 common species; Cs = 0.77), largely due to the lack of Centrarchids
(Lepomis spp.) at reference sites.

Nekton community assembly

Nekton abundance (N)

Species

Reference area
February
March
(n = 18)
(n = 12)

Total
abundance

250
200
x 10

150
100
50
0
0

2

4

6

8

10

12

14

16

Species rank
Fig. 4. Species rank curves for nekton assemblages caught at
flooded marsh sampling sites during the Caernarvon experimental high-pulse flow events in 2005. Samples — black: inflow; grey: reference. Nekton abundance for inflow samples
was an order of magnitude higher than the y-axis

C-score analysis
Results of the C-score analysis for the entire data set
indicated significantly more co-occurrence than
expected by chance (Cobs 491.9, Csim 608.4; p < 0.0001)
and were likely largely driven by the dominance of
resident species in the assemblages. This relationship
was found for both reference (Cobs = 11.4, Csim = 32.0;
p < 0.0001) and inflow treatments (Cobs = 491.3, Csim =
545.0; p < 0.003), as well as for sites continuously
flooded for 7 to 10 d during each pulse (Cobs = 35.0,
Csim = 43.4; p < 0.001). Non-significant C-score values

for the observed data were found for sites flooded for
short duration (1 to 3 d), indicating random colonization of flooded habitat at those sites. Investigation of
pairwise species scores for the entire data set revealed
particularly high C-scores for Palaemonetes paludosus
and Heterandria formosa (1000.0), P. paludosus and
Gambusia affinis (900.0), H. formosa and Poecilia latipinna (1190.0), H. formosa and Lucania parva (1325.0),
and L. parva and G. affinis (1598.0), suggesting that,
even though these species largely co-exist, they were
segregating, at least some of the time.
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Canonical correspondence analysis
Correlation analysis showed a significant positive relationship (p = 0.002) between water depth and days
flooded. Therefore, only water depth was included in
the full model. Forward selection of environmental
variables for CCA analysis of all sites showed that water depth (F = 21.25, p = 0.001), DO (F = 5.50, p = 0.001),
and salinity (F = 3.62, p = 0.03) were statistically significant. The first 2 axes represented 94% of the speciesenvironment relationship. Axis 1 was largely a depth
axis, correlated positively to water depth (0.64). Axis 2
correlated most strongly with salinity (0.35). DO was
influential on both axes (Axis 1 = –0.34, Axis 2 = –0.31).
Investigation of the species-environment relationships
(Fig. 5) shows that a number of the dominant species
(Poecilia latipinna, Cyprinodon variegatus, Palaemonetes paludosus, and Lucania parva) were associated
negatively with depth. P. latipinna also associated
closely with salinity. Conversely, Heterandria formosa
associated strongly and positively with depth.
Further investigation of the top 6 species in relation
to depth (Fig. 6) reveals a difference in abundances
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with depth. Highest abundances of Palaemonetes
paludosus, Lucania parva, Poecilia latipinna and
Cyprinodon variegatus were found at shallower sites,
and both Gambusia affinis and Heterandria formosa
were found in highest abundances at deeper sites.

DISCUSSION
This study documented higher nekton densities and
biomasses in marshes receiving high-volume freshwater flow than in marshes not receiving pulsed flow.
Differences in density and biomass were attributed
mostly to differences in water depth and flooding
duration caused by the pulses. Communities were
largely similar and consisted mainly of marsh resident species. An examination of individual species
also revealed an apparent habitat preference related
to water depth.

Water depth and flooding duration

Axis 2

Though marsh inundation events
occurred
at both the inflow area and
1.0
the reference area, water depth and
P. latipinna
inundation periods were greater for
marshes in the inflow area during the
Salinity
2005 experimental freshwater pulses.
F. pulvereus
Throughout Breton Sound, estuarine
water levels respond to meteorologiC. variegatus
cally-induced fluctuations outside the
estuary over the continental shelf
Procambarus
spp.
L. punctatus
(Snedden et al. 2007b). Fluctuations of
Cambarellus spp.
this nature comprise most of the subtiF. chrysotus
L. macrochirus
dal sea level variability in regions outG. affinis
side the diversion’s influence. Closer to
P. paludosus
the diversion, variability attributable to
H. formosa
freshwater inputs through Caernarvon
L. parva
exceeds that attributable to meteoroWater depth
logical forcing, and this dynamic is
C. sapidus
reflected in the greater flood durations
observed at inflow sites.
Unlike the deterministic semi-diurnal
tidal inundation regimes of typical East
Dissolved
Coast coastal marshes, flooding events
oxygen
in Breton Sound are driven by relatively stochastic processes that occur
over longer timescales: (1) meteorologi–1.0
Axis 1
–1.0
1.0 cal forcing (4 to 7 d; Chuang & Wiseman 1983); (2) a semi-annual contiFig. 5. Association of environmental variables and nekton species based on
nental shelf sea-level regime that is
canonical correspondence analysis for all sites in Breton Sound estuary through
primarily composed of seasonal pat2 (February and March) high-flow pulse events of the Caernarvon Freshwater
terns in wind forcing and thermosteric
Diversion structure in 2005. Displayed environmental variables are statistically
significant at α = 0.05. Bold: dominant species (see Table 3 for full names)
sea level fluctuations (Current 1996);
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in our study, and in comparable studies
of nekton densities in flooded marsh
habitat (i.e. Rozas et al. 2005). When
comparing studies, the effects of (1) location, (2) timescale of flooding (i.e. prolonged river-induced vs. diurnal flooding), (3) timing, and (4) gear-type
(abundance vs. density) all need to be
considered. The closest comparable
study (Rozas et al. 2005) used a drop
sampler in Breton Sound to investigate
pulsing effects from Caernarvon and
found total mean nekton densities of approximately 20 ind. m–2 in vegetated
shoreline habitat downstream (inflow
area) from the Caernarvon diversion in
May 2001, following pulsed freshwater
releases earlier in the season. Rozas et
al.’s (2005) study primarily investigated
salinity effects of pulsing and took place
farther down basin than our study and
at a time when marsh flooding was
largely forced by meteorological tides.
In another Louisiana study, Castellanos
& Rozas (2001) used a 1 m2 throw trap
and found densities of over 30 ind. m–2
at sites vegetated with Schoenoplectus
americanus in flooded backmarsh habitat on the Atchafalaya River delta. Because their study took place during
summer, a time when Atchafalaya River
Fig. 6. Top 6 nekton species abundances as a function of water depth during
discharge is typically low, the effects of
Caernarvon experimental pulse events. Samples from all sites (inflow and
pulsed freshwater delivery were not exreference) and pulse events (February and March) were combined
amined. Rather, their study focused on
tidal flooding by marine processes (Ekand (3) pulsed freshwater releases of Mississippi River
man transport and thermal expansion of water). In
water through Caernarvon (14 d). In our study, these
Georgia, Kneib (1997) used simulated aquatic micropulses of river water contributed to inundation times in
habitats to collect nekton during ebb tides in flooded
the inflow area that were twice that observed in the
saltmarsh sites on Sapelo Island. He reported mean
reference area, as well as provided enhanced nekton
densities of 11.7 ind. m–2 and estimated densities of
access to marsh overflow habitats, and increased the
marsh residents ranging from 1.8 to 16.7 ind. m–2 in
potential residence time in these habitats. Nekton do
flooded intertidal marsh sites. In 2 studies using a 1 m2
not appear to be negatively impacted by the relatively
throw trap in the Florida Everglades, Green et al. (2006)
stochastic flooding regime as some of the highest denreported mean densities of 6.6 ind. m–2 at freshwater
sites in the Taylor River drainage, and Williams &
sities of estuarine nekton in North America are
reported for Gulf coast estuaries (Rozas 1995). This
Trexler (2006) documented mean fish densities of
21.6 ind. m–2 (range 5.0–42.0 ind. m–2) in freshwater
may be due to the fact that once on the marsh surface,
nekton can occupy the habitat for long periods of time.
marsh during the wet season (June to September).
Because our study took place during late winter and
early spring, the link between riverine input and
Nekton densities
nekton densities is more apparent. Studies that track
nekton densities during this time of year in the Gulf of
Increased flooding depth and duration at inflow
Mexico (i.e. February, March) are rare, as most, such as
marsh sites were associated with higher densities
those mentioned above, examine the period from late
spring to early fall, when nekton densities on the marsh
(> 40 ind. m–2) than reference marsh sites (~15 ind. m–2)
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are typically highest. However, studies that have
tracked abundances throughout the year typically
found that relative abundances were lowest during the
late winter/early spring. For example, one study found
that individuals captured during February and March
comprised only 2.5% of the annual catch (Kneib 1997),
and considering the reported annual mean for that
study was 11.7 ind. m–2 in flooded saltmarsh sites, this
represents very low mean densities during early spring.
The low densities reported by Kneib (1997) may have
been an artifact of lower water levels and nekton aggregation in deeper and warmer habitats.
In our study, flooded marsh sites downstream from
the diversion had higher nekton densities and biomasses than flooded marsh sites not receiving diversion
flow, possibly due to greater access (i.e. water depth
and duration of flooding) to the marsh surface in the inflow area. This finding is consistent with other studies
that investigated effects of freshwater flow on estuarine
fauna. Montagna & Kalke (1992) found that average
density and biomass of benthic macrofauna in samples
in the Guadalupe Estuary (high freshwater input) were
significantly higher than those in the Nueces Estuary
(low freshwater input), and differences in species assemblages in these Texas (USA) estuaries corresponded to freshwater inputs. In Brazil, Barletta et al.
(2005) found highest mean values for nekton density
and biomass in upper Caeté River estuary sites during
the rainy season when freshwater inputs were highest.

Nekton diversity and community assembly
The number of species caught in our study was relatively low for this habitat type, likely due to the time of
year. In comparison with other studies of tidal freshwater marsh during peak seasons (e.g. Rozas & Odum
1987, Castellanos & Rozas 2001, Green et al. 2006), we
caught about half the number of species and lacked
transient species that occupy the marsh surface later
during the season. The resident species in our study
comprise a guild of omnivores that rapidly colonize the
marsh surface once it is inundated, feeding on detritus,
epiphytic bacteria, insect larvae, and infauna (Kneib
1997, 2000). These species potentially derive a significant growth and safety benefit by quickly colonizing
and remaining on the flooded marsh surface. Within a
guild, there is often competition for similar food supplies (Stone & Roberts 1992). However, results of the
C-score tests indicated that deterministic processes
(e.g. competition) were not affecting community assembly. Rather, our results support the coexistence
principle (Stone & Roberts 1992), which states that ecologically closely related species derive benefit from
coexistence that outweigh the costs imposed by high

117

within-guild competition for resources. Therefore, ecologically-related species should be found at the same
sites more often than by chance. Interestingly, even
within this guild that presumably benefits from coexistence, there was evidence of species stratification, and
the discriminating factor appeared to be water depth.
Between treatments, assemblage differences were
largely due to the lack of predatory species (Lepomis
spp.) at flooded reference sites. This may be due to the
lack of consistent flooding, shallow water depth, and
short flooding duration at reference sites, which did
not allow time for predator colonization of the marsh
surface. Rypel et al. (2007) examined predation risk for
a highly motile prey fish species in relation to water
depth in Bahamanian tidal creeks and classified a zone
of prey refugia (0 to 19 cm), where prey were eaten by
predators only 2% of the time, as compared to their
deepest sites where prey were eaten 100% of the time
(> 70 cm). Although their depth zones are not directly
comparable to our study, what is clear is that depths
recorded in flooded reference marshes in our study
were likely too shallow for occupation by predatory
fishes, while water depths in flooded inflow marshes
may have become deep enough to enhance predator
colonization, but few were found, even at the deepest
sites. Perhaps in our study, predators avoided the
deepest sites because deeper sites had more emergent
vegetation, and foraging efficiency of piscivores can be
limited by dense vegetation (Ruiz et al. 1993).
Several studies have investigated habitat selection of
estuarine nekton in relation to water depth and have
concluded that nekton assembly to the marsh surface
is non-random and may be driven by biotic interactions
(Ruiz et al. 1993, Bretsch & Allen 2006a,b). In a study in
a South Carolina (USA) salt marsh, Bretsch & Allen
(2006a) found that peak flood migration for resident
species occurred at depths under 40 cm, and peak
migration for the 2 most abundant residents (Palaemonetes pugio and Fundulus heteroclitus) occurred
between 10 and 20 cm water depth. Assembly of residents in our study was largely similar, as peak abundance for 5 (P. paludosus, Cyprinodon variegatus, Poecilia latipinna, Lucania parva, Gambusia affinis) of the
6 dominant residents was found at water depths
< 40 cm. Of these 5 species, G. affinis abundance was
different and peaked at the deep end of this range.
Although our study did not investigate possible mechanisms controlling habitat selection, avian predation
has been cited as a possible factor in selection for
deeper habitat by prey fish, especially larger-bodied
species (Bretsch & Allen 2006a,b). It is also possible
that G. affinis selected deeper water depths for breeding. Ruetz et al. (2005) reported a synchrony of assembly with depth for G. holbrooki and attributed it to
in situ breeding, rather than dispersal. This mechanism
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also could explain the strong assembly pulse at deep
water sites shown by Heterandria formosa.
Heterandria formosa was consistently found in large
numbers (> 30 ind. m–2) at deeper water sites (> 50 cm),
suggesting a possible coupling of this species with
freshwater pulsing. These densities were very high as
this species is not usually numerically dominant in
Louisiana studies (e.g. see Castellanos & Rozas 2001).
However, this colonization pattern agrees with those
found for H. formosa in the Florida Everglades, where
this species recovers slowly after marsh drydown
events and is consistently more abundant at longhydroperiod sites than at short-hydroperiod sites
(Trexler et al. 2002, DeAngelis et al. 2005, Ruetz et al.
2005). Seasonal timing did not appear to be a factor in
the abundance pattern because we did not see a similar pulse in H. formosa abundances in the reference
area that mirrored the inflow area. In fact, H. formosa
was completely absent from reference sites during
February and was also largely absent from reference
sites during the March pulse. Additionally, observations of this tiny fish species at deep water sites does
not agree with work that shows positive relationships
between body size and depth for estuarine resident
and transient fish species (Bretsch & Allen 2006a),
which suggests predation as a dominant control factor.
More likely, this assembly pulse of H. formosa at deep
water sites in the inflow area may signify a coupling
between freshwater pulsing and breeding that is
attributable to the increased depth and duration of
flooding in the inflow area. Although we did not study
this mechanism, phenotypic plasticity in breeding
behavior is commonly seen in variable environments
(Schaffer 1974) and specifically in Poeciliidae (Thibault
& Schultz 1978). Additionally, in the Everglades, population dynamics of H. formosa were attributed to a
Moran effect, synchronized by water depth, and recolonization of this and other Moran-controlled species
(e.g. Gambusia holbrooki) was attributed to in situ
reproduction and not dispersal (Ruetz et al. 2005).
Our results suggest that freshwater pulsing may
enhance secondary productivity in the Breton Sound
estuary; increased nekton density, biomass and community assembly were directly attributed to factors
associated with marsh-surface flooding. However,
when reporting results such as these, the question
always arises whether increased abundances are the
result of increased habitat availability (build it and
they will come) or because of increased habitat quality
(e.g. nutrient enrichment) from riverine input. In the
case of Breton Sound, evidence has been reported for
both rapid uptake of nutrients (N and P; Lane et al.
2004) and transfer of the riverine nutrients into resident species (Palaemonetes spp.) downstream from
pulsed riverine input (Rozas et al. 2005). Additionally,

in our study, we repeatedly observed red drum Sciaenops ocellatus, a predator, swimming along flooded
marsh edges in fresh water directly downstream from
the diversion. The presence of upper trophic level
predators such as red drum in these areas suggests a
benefit from concentrated prey resources. However, to
properly evaluate freshwater pulsing as an energy
producer, we must quantify its energetic value, and
very few studies have done this, especially for resident
species (Stevens et al. 2006). The results of our study
provide the first step toward quantifying the potential
energetic subsidy of the freshwater pulse to downstream habitats in the form of resident nekton.
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