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Abstract The assimilation of wastewater effluent into wet-
lands is used to combat land loss in Southeast Louisiana.
This study reports on changes in benthic insect diversity at a
wetland assimilation site over the course of multiple years of
sampling, during which time an initially healthy marsh de-
graded to open water and subsequently partially-revegetated.
Insects are commonly used to monitor the health of streams
and rivers, but have rarely been used to study wetlands. Three
year-long sampling bouts resulted in a collection of 3984 in-
dividuals, representing 33 families and 86 species. Insect di-
versity tracked the overall condition of the marsh over time.
Simpson’s diversity was highest before degradation occurred,
lowest at the height of degradation, and intermediate during
the period of partial recovery. Species richness, however, was
highest in the partially revegetated marsh community.
Although this community included species characteristic of
both the intact and degraded communities, it shared greatest
affinity with the intact marsh. The dominant taxa present in
these communities shifted from various beetles to chironomid
flies and then back to beetles. Our finding that insect families
readily track wetland condition will be a valuable manage-
ment tool given the dramatically decreased time and expertise
needed to identify specimens to family versus species.
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Introduction

Human caused habitat loss, in the form of land transformation
or habitat destruction, is widely understood to be the leading
cause of biodiversity loss (Vitousek 1994; Pimm and Raven
2000; WWF 2016). The wetlands of the Mississippi Delta are
a habitat of particular concern, as multiple factors are contrib-
uting to their rapid degradation and disappearance (e.g. log-
ging, oil exploration and extraction, introduction of invasive
species, hydrological isolation, and rising sea levels) (Day
et al. 2007; Lopez 2009; Shaffer et al. 2009). Between 1932
and 2010, Louisiana lost an estimated 1883 mi2 of wetlands,
equaling a quarter of the total wetland area present in 1932.
This loss is continuing at an estimated rate of ~16 mi2/year,
which is the highest rate globally, and accounts for 90% of
coastal land loss in the United States (Britsch and Dunbar
1993; Barras et al. 2003; Barras 2006; Couvillion et al. 2011).

To understand the extent of damages and degradation to
any ecological system, and the efficacy of any restoration
efforts, reliable indicators are needed that reveal the relative
condition, or integrity, of these habitats, from intact to degrad-
ed. Ecological integrity is an emergent property of a mosaic of
multiple factors, such as community composition and diversi-
ty, the functioning and efficiency of certain ecological pro-
cesses, and the suite of abiotic and biotic environmental con-
ditions that facilitate these communities and processes (Karr
1991; Dale and Beyeler 2001). Because an overwhelming
amount of information is present for any environment, collect-
ed data must be sifted through in order to identify key surro-
gates, or ecological indicators, that can reveal the condition of
the whole system (Karr 1981; Dale and Beyeler 2001; Niemi
and McDonald 2004). In wetland systems, water quality met-
rics, such as pH, dissolved oxygen, salinity and temperature,
have often been used to quantify and track habitat condition.
However, as these physical data are not themselves a part of
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the living system, their value as indicators is limited. Sampling
components of the living system, such as plant, microbial, or
insect communities, provides a biological snapshot that better
captures effects of multiple stressors over time (Barbour et al.
1999).

Insects possess multiple qualities that make them ideal eco-
logical indicators. They are hyperdiverse, accounting for more
than 80% of the Earth’s total species (Wilson 1992); fill a wide
range of functional roles in ecosystems, including pollination,
pest control, prey for vertebrates, decomposition, and nutrient
cycling; often have large population sizes; and have relatively
quick life cycles and thus respond rapidly to environmental
changes (Mattson and Addy 1975; Madden and Fox 1997;
Schowalter et al. 1998; Bossart and Carlton 2002). In many
cases the relative diversity of insect communities has been
directly tied to that of plant and vertebrate communities and
to the condition of the overall ecosystem (Cox et al. 1998,
Shokri et al. 2009). Insect communities in healthy habitats
are often characterized by higher diversity, containing a wide
variety of families within many orders, relative to these same
habitats when they are degraded (Helgen 2002; Weigel and
Dimick 2011). Habitat condition may also be indicated by the
presence or absence of specific taxa. For example, in rivers
and streams, dominance by chironomid flies is associated with
degraded or polluted habitats, whereas a significant presence
of the orders Ephemeroptera, Plecoptera and Tricoptera indi-
cates intact habitats (Weigel and Dimick 2011).

Insects are abundant in aquatic habitats and have long been
used to assess the relative condition of streams and rivers
(Wallace and Webster 1996). While similar studies of wetland
habitats are less common, these have been steadily increasing
in number (Batzer and Wissinger 1996). Wetlands in temper-
ate regions of North America have received the most attention
and these constitute a variety of wetland types, including nat-
ural and constructed marsh (Murkin et al. 1992; Chow-Fraser
et al. 1998; Galbrand et al. 2007; Drinkard et al. 2011; Culler
et al. 2014), seasonal woodland ponds (Batzer et al. 2004;
Brooks 2000), and peatlands (Mallory et al. 1994, Spitzer
and Danks 2006). Relatively few wetland studies have been
conducted in subtropical areas and nearly all have been of
forested wetlands (Wehrle et al. 1995; Golladay et al. 1997;
Harper et al. 1997; Braccia and Batzer 2001; Batzer et al.
2005; Beganyi and Batzer 2011). Only a handful of studies
have investigated wetland insect communities in Louisiana,
and except for a single coastal marsh study (Bolduc and
Afton 2004), these have focused entirely on various aspects
of forested wetlands (Ziser 1978; Day et al. 2006; Parys et al.
2013). Yet, despite the wide variety of wetland habitats and
regions represented by published studies, certain broad pat-
terns are apparent. Unlike river and stream communities, in-
tact wetland assemblages tend to be dominated by various
families of Odonata, Coleoptera, Hemiptera, and Diptera.
But similar to river and stream communities, the dipteran

family, Chironomidae, is still an indicator of habitat degrada-
tion, occurring at higher abundances with increasing coverage
of open water.

Tertiary treatment of wastewater via wetlands assimilation
has been advanced as a mechanism for increasing the integrity
of natural or degraded wetlands, and is known to be an energy
and cost effective alternative to traditional water treatment
methods (Breaux et al. 1995; Ko et al. 2004; Kadlec and
Wallace 2009). There is a large body of research outlining
the positive effects of this type of treatment, including multi-
ple success stories of assimilation projects, both regionally
(Day et al. 2004; Hunter et al. 2009) and globally (Kadlec
and Wallace 2009; Vymazal 2010), including examples spe-
cific to tropical ecosystems (Tanaka et al. 2011), and less
developed nations (Kivaisi 2001). Wastewater assimilation
has the potential benefit of reintroducing nitrogen and phos-
phorous, essentially mimicking nutrient inputs from seasonal
river flooding that contribute to the natural creation of deltas
and still sustain wetlands outside of levee boundaries (Reddy
et al. 1993; Rybczyk et al. 2002; Day et al. 2004). Freshwater
input, whether by wastewater assimilation or river diversions,
also helps buffer wetlands from saltwater intrusion (McKee
et al. 2004; Martin and Shaffer 2005; Lane et al. 2007).

Objectives and Predictions

The primary objective of this study is to quantify changes that
occurred in the insect assemblage at Four Mile Marsh, a nat-
ural marsh in the Lake Pontchartrain Basin that was targeted
for tertiary processing of secondarily treated wastewater.
Initially, we had hypothesized that insect diversity would in-
crease in concert with the influx of the nutrient rich discharge
of water into the marsh as a consequence of increased vege-
tative quality. Instead, the discharge of wastewater resulted in
an unexpected nearly complete shift in vegetative cover,
transforming the marsh from an intact, fully vegetated habitat,
to a heavily degraded, extensively open water habitat after
approximately two and a half years. Here we report on how
this dramatic shift in vegetative cover, and subsequent man-
agement modifications to water flow in the marsh, influenced
the resident insect community. First we quantify insect com-
munity diversity associated with three discrete time periods,
corresponding to when the marsh was intact, degraded, and
partially recovered. Then we compare and contrast communi-
ty similarity/dissimilarity across these three habitat conditions,
and identify the specific taxonomic changes that occurred. We
expected our data analysis would reveal both decreased diver-
sity and a change in the taxa present as a consequence of the
marsh degradation. But we also expected to find that as a
result of the vegetative re-growth associated with the manage-
ment changes, insect diversity would rebound and the com-
munity would shift back towards that initially observed. As
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predicted, insect community diversity shifted dramatically in
concert with the shift in marsh condition, influencing both
species numbers and the actual species present. Statistical
analysis of this community shift revealed potential biological
indicator taxa that could be used to track condition of marsh
wetlands of the Mississippi Delta.

Methods

Study Site

In 2003, Four Mile Marsh, a natural marsh located in the Lake
Pontchartrain Basin in Southeast Louisiana, was targeted as a
tertiary wastewater treatment site for the nearby municipality
of Hammond, Louisiana. Predicted benefits included econom-
ic savings, higher water quality, and better fish and wildlife
habitat. The project was also expected to improve overall
marsh health via reduced salinity and increased nutrient inputs
(Day et al. 2005). Four Mile Marsh constitutes a 300 ha plot
just south of Ponchatoula, Louisiana (Fig. 1). The entrance is
located at 30°24′25.05″N latitude and 90°25′54.91″W longi-
tude. The marsh is bounded to the south and east by the Joyce
Wildlife Management Area (JWMA), to the west by Interstate
55, and to the north by an earthen levee separating it from the

adjacent South Slough wetlands. The levee and interstate on
its north and west sides create a state of hydrologic isolation
from potential freshwater inputs such as periodic seasonal
flooding of water bodies that lie beyond these barriers. The
marsh is susceptible to saltwater intrusion from the south dur-
ing droughts, as well as from tide and wind driven high water
events (Day et al. 2005).

In fall 2006, the continuous release of 11–15,000 m3 of
secondarily treated wastewater effluent per day into Four
Mile Marsh began. A large pipeline carries wastewater under-
ground from a facility in Hammond, where primary and sec-
ondary treatment occurs, to the assimilation site. At the site,
the pipeline emerges from underground to an altitude of 2 m
and extends along the north bank of the marsh for approxi-
mately 1.2 km. The water is distributed into the marsh via 1 m
lengths of three inch diameter PVC pipe that extend outward
toward the marsh and perpendicular to the larger pipeline
(Fig. 2).

Project leaders expected that the site would experience an
increase in vegetation, as had been the case at other wastewa-
ter assimilation sites in the vicinity (Brantley et al. 2008), and
indeed this increase was initially documented (Lundberg et al.
2011). However, the site unexpectedly began to degrade after
approximately two years of effluent release. Significant areas
of the marsh had converted to open water by late 2008, and

Fig. 1 Four Mile Marsh (boundary is outlined in dark gray), located in the Joyce Wildlife Management Area south of Ponchatoula, Louisiana
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these areas increased in extent into 2009, which drew negative
scrutiny of the project from local media and residents (David
2009a, b; Eustis 2012). A number of hypotheses for the deg-
radation have been posited, including disease, excess nutri-
ents, and increased nutria (Myocastor coypus) and waterfowl
herbivory (Shaffer et al. 2015). Although there is disagree-
ment (David 2009a, b; Eustis 2012), subsequent studies sug-
gest that nutria herbivory and a lack of drainage may be the
primary factors impeding recovery (Shaffer et al. 2015).
Nutria were hunted aggressively, resulting in over 2000 of
them being shot during 2008 and 2009. Additionally, culverts
on either side of the site were opened in 2009 to reduce and
better control the water level and flow. Although the extent of
open water at the marsh was significantly reduced by summer
2011, the site had still not fully revegetated.

Benthic Insect Sampling

Insects were collected at designated distances along
transects extending perpendicular from the outfall pipe
into the marsh. Samples were collected approximately
once a month from June 2007 through July 2008, and
from October 2008 through September 2009. A second
period of sampling was carried out from January 2012
to January 2013, with samples collected approximately
once every three weeks. The two separate sampling pe-
riods were coincident with three specific time periods
that corresponded with distinct changes in marsh condi-
tion based on relative vegetative cover versus open wa-
ter: fully vegetated (June 2007–July 2008), extensive
open water (Oct 2008 – Sep 2009), and intermediate
(Jan 2012 – Jan 2013). Hereafter, these periods are

referred to as Year 1, Year 2 and Year 3, respectively,
for ease of discussion.

Insects were collected using dip net measured sweeps as
described in DiFranco (2006) and strained through four
stacked metal sieves (with mesh widths of 25, 12.5, 6, and
4 mm from top to bottom) to separate out vegetation and
debris. The remaining mixtures of water, organic matter, and
insects (including terrestrial species that were dislodged from
emergent and floating vegetation) were placed in 500 ml sam-
pling containers and brought back to the lab of Dr. J.L. Bossart
at Southeastern Louisiana University for subsequent sorting
and identification. Insects were preserved in 95% ethanol.
Individuals were identified to the lowest taxonomic level pos-
sible, usually species or morphospecies. Multiple taxonomic
texts were used to identify specimens (e.g. Wright and
Peterson 1944, Young 1979, Stehr 1987, 1991, Daigle 1992,
Epler 1996, Merritt and Cummins 1996, Larson et al. 2000,
Arnett and Thomas 2001, Epler 2001, Smith 2001, Abbott
2005, Triplehorn and Johnson 2005, Epler 2006, Thorp and
Covich 2009). Identifications were confirmed in conjunction
with Louisiana State University Arthropod Museum person-
nel (primarily Dr. C. Carlton and Dr. M. Ferro) by comparison
to museum specimens.

Statistical Analysis

Diversity Analysis

Diversity was quantified for each sampling period using uni-
variate approaches including: (a) rarefied and extrapolated
species accumulation curves with 95% confidence intervals;
(b) estimates of total species richness via multiple non-

Fig. 2 Secondarily treated
effluent is released along the north
edge of Four Mile Marsh via a
main outfall pipe with smaller
PVC showerheads at regular
intervals
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parametric richness estimators; and (c) Simpson’s Index of
Diversity. Rarefied species accumulation curves were gener-
ated using EstimateS 9.1.0 (Colwell 2013) to evaluate sam-
pling completeness and compare species richness across sam-
pling periods. Species richness is strongly dependent on sam-
ple size. Rarefaction is a robust statistical technique that al-
lows for meaningful standardization and comparison of
datasets that differ in size by plotting the average number of
species, calculated by repeated random resampling of the
complete collection, for a given subsample size (Gotelli and
Colwell 2001). EstimateS 9.1.0 allows for rarefaction of indi-
vidual based data sets, generation of true or unconditional
confidence intervals, and statistically sound extrapolation be-
yond the size of the reference sample (Colwell et al. 2012).
This removes the longstanding limitation of only being able to
compare different species accumulation curves at the level of
the smallest sample and thus having to disregard data from
larger samples.

EstimateS was also used to calculate multiple nonparamet-
ric estimators of total species richness. These estimators cal-
culate total richness based on a variety of data attributes, and
differ with respect to how they handle rare species (Magurran
2004). The estimators used were: ACE and Chao 1 (abun-
dance based); and Chao 2, ICE, Jacknife1 and Jacknife2 (in-
cidence based). Simpson’s index of diversity, which combines
both richness and relative abundance, was calculated to com-
pare estimates of overall community diversity. The index is
reported here in inverse form, where larger numbers equate to
higher diversity. Simpson’s Index represents the probability
that two individuals randomly drawn from a sample are dif-
ferent species (Magurran 2004; Lande 1996), and is consid-
ered the most robust and biologically meaningful of the diver-
sity indices available (Magurran 2004).

Changes in Insect Assemblages across Sampling Periods

Multivariate statistical techniques were used to evaluate
the changes in insect assemblages between sampling
years, as these complex community datasets are inher-
ently multivariate. These included a) analysis of similar-
ity (ANOSIM), a multivariate analogue of ANOVA;
graphical investigations of natural groupings and signif-
icant differences between sampling periods via (b) non-
metric multidimensional scaling (NMDS) incorporating
(c) similarity profile (SIMPROF) analysis. These permu-
tation based multivariate analyses were carried out in
PRIMER 6 (Clarke and Gorely 2006). Sampling data
were combined within each of the three main sampling
periods to generate a single community data set of spe-
cies and their abundances for each time period. Raw
abundance data were converted to relative abundances
and then square root transformed to down weight the
contributions of dominant species (Clarke and Gorely

2006). The Bray-Curtis resemblance matrix generated
from the standardized, square root transformed data
was used for several subsequent analyses.

An analysis of similarity (ANOSIM) tests the null
hypothesis that there is no difference between groups
of samples belonging to pre-determined factors (Clarke
and Gorely 2006), in this instance defined as sampling
period (three sampling periods) and distance from out-
fall (three distances). ANOSIM tests for overall differ-
ences and for pairwise differences, reporting statistical
difference with an R value ranging from −1 to 1. Values
close to negative one indicate strong within group dif-
ferences (and thus negative values generally should not
occur), values close to zero indicate no differences, and
values close to positive one indicate strong between
group differences. Significance of the R value is report-
ed in percentages.

Spatial clustering of the data was investigated using non-
metric multidimensional scaling (NMDS). This ordination po-
sitions data points in multi dimensional space (usually 2D or
3D), such that the relative distance between points corre-
sponds as close as possible to their similarity in the initial
resemblance matrix (Clarke and Gorely 2006). NMDS gives
an easily interpretable graphical presentation of natural group-
ings and/or differences, visible as points either close together
or far apart, respectively. A measure of how faithfully the
relationships among samples are able to be represented in
dimensional space is given as a value of stress. The lower
the stress value, the more faithful the representation (Clarke
and Gorely 2006; Clarke and Warwick 2001). A SIMPROF
analysis, which also calculates a Bray-Curtis resemblance ma-
trix, was combined with the NMDS to test whether any sig-
nificant internal structure was present, i.e. clustering of sites/
communities based on their similarity/dissimilarity.

Identification of Bioindicators

A similarity percentage (SIMPER) analysis was used to iden-
tify individual species that contributed to significant group-
ings and differences, i.e. potential indicator species. SIMPER
uses average dissimilarities between all pairs of samples from
the Bray-Curtis resemblance matrix to calculate the percent
contribution of each taxa to group formation. These results
can then be combined with NMDS to provide visual represen-
tations of differences attributed to particular taxa.

Results

Diversity Analysis

On a per sampling effort basis, the number of individ-
uals collected was much higher in Year 2 during the
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open-water period (Table 1). Yet, despite this much
larger overall collection, the number of species collected
was lowest (Table 1; Fig. 3). This is illustrated in
Fig. 3, wherein the asymptote on the species accumula-
tion curve for Year 2 occurred at a lower number of
species than for either of the other years. Additionally,
rarefied richness values for Year 2 ranged from 30 to
46% lower than those for Years 1 and 3, regardless of
whether smaller samples were extrapolated to the size of
the larger samples or whether larger samples were inter-
polated to the size of the smaller samples. Interestingly,
species richness was also always highest for Year 3
(Table 2; Fig. 3), with many new species still being
collected when sampling was terminated (Fig. 3).

Simpson’s Index of overall diversity based on Year 1
data was three times higher than the measure of diver-
sity documented for the degraded period, when much of
the marsh was open water, and more than 30% higher
than that documented for Year 3, when vegetation in the
marsh was beginning to rebound (Table 1).

Changes in Insect Assemblages across Sampling Periods

A total of 3984 individuals was collected over the course of
the three sampling periods (Table 1), representing 86 species
and 33 families. Communities collected during the different
sampling periods were statistically significantly different (i.e.
Table 3; significant global ANOSIM R value). The greatest
difference existed between Years 1 and 2, with smaller but still
significant differences occurring between Years 1 and 3, and
between Years 2 and 3 (Table 3). Significant differences were
also detected between distances from the outfall, but these
differences were only weakly supported (R values near 0
and a global p-value only slightly less than the 0.05 threshold)
and associated with communities nearest the outfall versus the
rest (Table 3). The results of those analyses are addressed in
more detail in Weller (2014).

The NMDS ordination indicated spatial separation of data
between sampling periods (Fig. 4), which is further evidence
of differences among communities. At 52% within-group
community similarity, three groups corresponding to the three
different time periods were statistically supported (SIMPROF;
p < 0.05). However, the main dichotomy occurred at 48%

Table 1 Year specific diversity measures

Sampling
period

N Individuals per
sample1

Total species
collected

Estimates of total richness2 Number additional species
predicted3

Simpson’s index of
diversity4

ACE/
ICE

Chao1/
Chao2

Jack1/
Jack2

Year 1 657 16.8 41 58/56 62/61 55/63 14–22 9.04

Year 2 2122 37.2 40 52/56 54/53 55/61 12–21 3.26

Year 3 1205 11.2 59 96/102 98/100 85/103 26–44 6.07

1 Individuals per sample is calculated as the total number of individuals collected divided by the total number of samples collected during that time period
2Nonparametric richness estimators were used to estimate total species richness at each site. ACE and CHAO1 are abundance based, whereas all others
are incidence based
3Number of additional species estimated is the difference between estimated richness and species collected
4 Simpson’s Index, a measure of overall diversity, was calculated as 1/D, where larger numbers indicate greater diversity

Fig. 3 Rarefied and extrapolated species accumulation curves. Dotted
lines represent 95% confidence intervals. The two smaller samples
(Years 1 and 3) were extrapolated to the total number of individuals
collected for the largest sample (Year 2). Open symbols indicate
extrapolated values

Table 2 Rarefied species richness for each sampling period. Sampling
periods are listed from smallest to largest samples collected

Rarefied richness values

Trap Data Year 1 Year 3 Year 2

Year 1 ObsSp = 41
NS = 657

- 46
(38–54)

26
(20–31)

Year 3 ObsSp = 59
NS = 1206

49
(39–60)

- 33
(27–39)

Year 2 ObsSp = 40
NS = 2121

57
(39–75)

74
(60–88)

-

Numbers in parentheses are 95% confidence intervals. Numbers above
the diagonal are rarefied values for larger samples interpolated to the
subsample size of the smaller sample. Numbers below the diagonal are
rarefied values from smaller samples extrapolated to the sample size of all
larger samples
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within-group similarity (Fig. 4) and produced a group
consisting of only Year 2 communities and a second group
that included Year 1 and Year 3 (SIMPROF; p < 0.05), indi-
cating that the community collected in Year 2 was unique from
the communities collected in Years 1 and 3.

Identification of Bioindicators

SIMPER analysis identified multiple species, representing
three different Orders, contributing to dissimilarities between
these communities (Table 4). Changes were also detected at
the family level. Taxonomic families represented in the com-
munities changed over time (Fig. 5), tracking changes in
marsh condition. The most striking shift in community mem-
bership was associated with a drop in abundance of
Coleoptera and an associated large increase in abundance of
the dipteran family, Chironomidae, during Year 2, a trend that
reversed in Year 3 (Fig. 5; Appendix Table 5). Also notable,

the relative abundance of odonates dropped by 62% fromYear
1 to 2, and then by an additional 50% from Year 2 to 3. The
BOther^ category also almost quadrupled in Year 3, reflecting
an increased number of species collected that were represent-
ed by one or only a few individuals.

Discussion

Over the three sampling periods, the insect community at Four
Mile Marsh clearly changed in tandemwith the visible shift in
vegetative cover that occurred as marsh condition declined
and then partially recovered. Namely, the insect community
of the originally healthy marsh in 2007 (Year 1) transitioned to
a community dominated by taxa indicative of degraded habitat
by 2008–2009 (Year 2), and by 2012 (Year 3) had shifted back
toward one more characteristic of the initial intact community.
The taxonomic shifts were apparent at both the level of family
and of species. This study also revealed taxa that could poten-
tially be used as ecological indicator species in wetland
marshes, a habitat that is relatively understudied in regards
to how their associated insect communities change with
changes in ecosystem condition.

Community Diversity and Marsh Condition

Multiple lines of evidence indicate the marsh was in a state of
recovery from the mostly open water degraded state it had
experienced during 2009 by the time the third bout of insect
sampling commenced in 2012. First, the species accumulation
curve for Year 3 was much higher than the others. Simpson’s
Index of overall diversity had also rebounded to nearly twice
that calculated for Year 2, indicating species richness and
evenness had increased. These patterns make sense since

Fig. 4 Non-Metric Multi
Dimensional Scaling (NMDS)
showing significant similarity
percentage levels revealed
through SIMPROF analysis

Table 3 Two way analysis of similarity (ANOSIM). Groups refer to
comparisons of different sampling years (1, 2 and 3) and distance from
the outfall along transects (A = 0 m, B = 50 m, C = 100 m)

Group R Statistic Significance level (P)

Year Global 0.211 0.001

1:2 0.301 0.001

1:3 0.175 0.001

2:3 0.197 0.001

Distance Global 0.047 0.047

A:B 0.086 0.006

A:C 0.081 0.017

B:C -0.02 0.728

In this analysis R values with corresponding p values <0.05 are statisti-
cally significant
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habitats with more heterogeneity, or places where multiple
habitats adjoin, are expected to have higher diversity due to
increased niche availability (MacArthur andMacArthur 1961;
Magurran 2004). Although significant vegetative regrowth
had occurred by our third period of sampling, areas of open
water persisted. Hence, the marsh comprised two habitat states

- that of both pre- and post-restoration efforts, which would
have effectively increased the number of ecological niches
available for species to occupy.

Partial recovery was also evidenced by the return of species
characteristic of the intact (Year 1) marsh community, com-
bined with the continued presence of species characteristic of
the degraded (Year 2) marsh community. Notably, the com-
munity present in Year 3 also included member species not
found in either the intact or degraded communities. The veg-
etative regrowth that occurred after restoration efforts were
implemented comprised a plant community consisting of a
higher proportion of annuals vs. perennials, relative to species
present in the intact marsh community (Shaffer et al. 2015).
The addition of these new insect species is likely at least par-
tially due to this observed shift in the plant community.

Finally, Year 1 and Year 3 samples clustered more closely
in multi-dimensional space than either did to those from Year
2 (Fig. 4). Thus, even though the community collected during
Year 3 retained some elements of the degraded insect commu-
nity of Year 2, it was more similar to the intact community
collected in Year 1 than it was to the Year 2 community.

Ecological Indicator Taxa

Some taxa were entirely or largely only collected before the
marsh degraded and converted to open water, whereas other
taxa were entirely or largely only collected once the marsh
became degraded. Species whose presence or absence in a
community depends on the environmental conditions present
are known as indicator species (National Research Council
2000). Ecological indicators measure characteristics of the
structure, composition, or function of ecological systems
(Niemi and McDonald 2004). The presence or absence of an
indicator species is easily interpretable and can be used as a
surrogate for the analysis of a complex system that cannot
feasibly be measured, such as environmental or habitat condi-
tion (National Research Council 2000). Such species can be
used to track environmental degradation and can additionally
be used in the development of an Index of Ecological or
Biological Integrity. Integrity indices integrate multiple mea-
sures (e.g. species richness, presence/absence of specific spe-
cies) that respond in a predictable fashion to environmental
change and combine these to generate an easy to understand
single number that represents the health or condition of the
particular ecosystem (Barbour et al. 1999).

Taxa present indicating a stronger affinity with intact hab-
itat included species of the main coleopteran families
(Dytiscidae, Hydrophilidae, and Noteridae), specifically the
noterid beetle, Suphisellus bicolor. The re-emergence of cole-
opteran families in the Year 3 community, in particular, indi-
cates the improvement of habitat from Year 2 to Year 3.
Suphisellus bicolor is an herbivorous scavenger known to be
found in thick aquatic vegetation (Young 1979) and thus its

Fig. 5 Relative abundances by family. Families within orders are
variations on the same pattern, as follows: beetles: narrow lines; flies:
thick lines; true bugs: checkers; and dragonflies: dashed lines. The
category Bother^ includes all species accounting for 1% or less of total
abundance

Table 4 Species with the highest contribution to dissimilarities
between Years

Av. Dissim. Species % contribution

Year 1:2 54.28 Chironomidae sp. 1
Suphisellus bicolor
Chironomidae sp. 2
Pachydiplax longipennis

12.76
8.59
7.18
5.99

Year 1:3 48.79 Chironomidae sp. 1
Palmacorixa buenoi
Suphisellus bicolor

8.27
8.05
7.60

Year 2:3 50.54 Chironomidae sp. 1
Chironomidae sp. 2
Suphisellus bicolor
Palmacorixa buenoi

10.61
8.30
8.01
7.27
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increased presence fits with the increased vegetative cover
present in these years. Coleoptera as a whole appear to be
more tolerant of declining habitat quality than the more sensi-
tive, more commonly used benthic macroinvertebrates, such
as Ephemeroptera and Plecoptera. Nonetheless, their tolerance
level ranks below that of most other insect Orders (Hilsenhoff
1988; Mandaville 2002), and Coleoptera have the added ben-
efit of occurring across a wider range of aquatic habitats. In
this context they may prove to be a particularly valuable indi-
cator of wetland condition versus taxa predominately restrict-
ed to fast moving waters.

Taxa indicating affinity to the degraded habitat-associated
community include waterboatmen (family Corixidae), repre-
sented by the species Palmacorixa buenoi, and two morpho-
species of chironomid flies. This species of waterboatmen is
generally found in ponds and ditches, and is associated with
more open water habitats, where it consumes algae and detri-
tus (Epler 2006; Thorp and Covich 2009). Its presence in both
the Year 2 and Year 3 communities indicates the open water
still remaining in Year 3 was sufficient to support an organism
with strong swimming habits. According to the Biological
MonitoringWorking Party biotic index, a water quality metric
based on tolerance of organic pollutants, collection of high
numbers of Corixidae is indicative of moderate water quality
(Galbrand et al. 2007). Higher numbers of Corixidae have
been associated with decreased habitat quality in other indices
as well (Bressler et al. 2006; Yimer andMengistou 2009). The
pattern this group showed at Four Mile Marsh is consistent
with these earlier findings, as its abundance increased with an
observed decrease in vegetation.

High relative abundances of chironomids were collected
(they made up approximately 70% of the total sample) when
the marsh was degraded. Although their numbers were much
decreased by the third bout of sampling, this group still had a
major presence (Fig. 5, Appendix Table 5). Chironomidae are
commonly associated with degraded habitats in rivers and
streams (Mandaville 2002; Weigel and Dimick 2011), as well
as marshes (Chow-Fraser et al. 1998), so their abundance
during the ‘open-water’ period was not unexpected. The fact
they persisted in such high numbers into the third sampling
period additionally indicates the marsh had still not fully re-
covered despite the significant increase in vegetative cover
that occurred after management practices were modified.

Interestingly, the order Odonata did not prove useful for
tracking marsh condition. This group is typically associated
with high quality habitat (Galbrand et al. 2007; Villalobos-
Jimenez et al. 2016) and we expected the Odonata would have
declined as the marsh converted to open water and then to
have rebounded once the marsh was recovering. Although
relative abundance of Odonata did indeed drop in Year 2, this
decrease was largely due to the dramatic increase in
Chironomids collected. Additionally, not only was there no
rebound in Year 3, but the most common species present in

Year 3 was not among the most common species present in the
intact community. It is possible that these unexpected patterns
were related to changes in vegetation. Although Year 3 saw a
rebound in vegetation coverage, more annual and fewer pe-
rennial species were present in the recovering marsh relative
to when effluent release began (Shaffer et al. 2015).
Regardless, the total number of Odonata collected in Year 3
was very low and any conclusions regarding their indicator
potential based on these data are tentative at best.

Management Implications

This project identified multiple species and families that could
potentially be used by stakeholders as ecological indicators to
gauge marsh condition or measure the success of restoration
efforts. Perhaps most notably, differences between communi-
ties were readily visible at the family level. As a management
tool, the ability to use insect families as indicators, versus
relying on species, would be a major benefit as this would
greatly reduce the time required to identify insect specimens,
which can be extremely time consuming when carried to spe-
cies level. Species identifications are also generally not feasi-
ble for amateurs or individuals who lack access to sophisticat-
ed identification equipment and expensive taxonomic refer-
ence materials. In contrast, traits that identify families can
often be easily learned and observed.

Southeast Louisiana’s unique wetlands are disappearing at
an alarming rate and the implementation of strategic manage-
ment tactics will be critical to their conservation. At the very
least, successful management requires regular monitoring and
evaluation. Here we show that similar to rivers and streams,
survey of benthic insects of the region’s deltaic marshes will
readily reveal the biological condition of these economically
and inherently valuable ecosystems. While assimilation wet-
lands often provide a win-win situation, providing both eco-
nomically efficient water treatment and combating wetlands
loss, the changes at Four Mile Marsh occurring after outflow
was initiated indicate such outcomes are not a given.
Monitoring the insect communities of assimilation wetlands
should become a cornerstone of management programs and
efforts to mitigate wetland decline in the southeastern United
States.

Acknowledgements We are especially indebted to Ryan Clark and
multiple undergraduate students at Southeastern Louisiana University;
specifically, Joshua Austin, Michelle Bell, Andrew Carson, Ashlee
Minor, Leah Poché, Kristen Ramsey, and Chris Stiegler. The identifica-
tions of difficult species were verified by Dr. Chris Carlton and personnel
at the Louisiana State ArthropodMuseum. Funding support was provided
by the Environmental Protection Agency and the Lake Pontchartrain
Basin Research Program. This material is based in part on work done
whilst JLB was serving at the National Science Foundation. The views
expressed in this paper do not necessarily reflect those of the National
Science Foundation or the United States Government.

Wetlands (2017) 37:661–673 669



Appendix

Table 5 Percent relative abundances of insect species trapped each year

Species Year 1 Year 2 Year 3

Blattodea

Termitoidae

Termitoidae sp. 0.00 0.00 0.08

Coleoptera

Chrysomelidae

Agasicles hygrophila 0.00 0.00 0.50

Disonycha sp. 1 0.00 0.00 0.08

Disonycha sp. 2 0.00 0.00 0.41

Coccinellidae

Coleomegilla maculata 0.00 0.00 0.08

Curculionidae

Curculionoidea sp. 0.00 0.00 0.17

Lixus sp. 0.00 0.00 0.08

Neohydronomous sp. 0.30 0.00 0.00

Onychylis alternans 0.15 0.05 0.00

Dytisidae

Celina angustata 0.61 0.00 0.00

Copelatus chevrolati 0.00 0.05 0.00

Coptotomus sp. 0.00 0.09 0.00

Cybister fimbriolatus 0.15 0.00 0.08

Desmopachria sp. 0.61 0.00 0.08

Hydrovatus sp. 5.78 0.57 10.20

Neobidessus pullus 0.46 0.00 0.00

Thermonectus basilaris 0.15 0.28 0.83

Uvarus sp. 0.00 0.00 0.08

Haliplidae

Peltodytes sp. 0.00 0.00 0.08

Hydrophilidae

Berosus exiguus 0.00 0.05 0.00

Berosus sp. 0.15 0.19 0.00

Cercyon praetextatus 0.00 0.00 0.08

Derallus altus 1.67 0.19 0.33

Enochrus consors 0.00 0.00 0.08

Enochrus consortus 0.00 0.00 0.17

Enochrus ochraceus 2.28 0.09 2.32

Helochares maculicollis 0.00 0.00 0.17

Hydrobiomorpha casta 0.15 0.00 0.08

Hydrocanthus sp. 1.67 0.19 0.00

Paracymus nanus 0.00 0.00 0.50

Paracymus sp. 0.15 0.00 0.00

Phaenonotum exstriatum 0.00 0.00 0.08

Tropisternus collaris 1.52 0.90 4.73

Tropisternus lateralis nimbatus 0.00 0.05 0.00

Tropisternus sp. 2.28 0.14 0.83

Latridiidae

Latridiidae sp. 0.00 0.00 0.17

Table 5 (continued)

Species Year 1 Year 2 Year 3

Noteridae

Hydrocanthus atripennis 9.28 2.73 5.97

Mesonoterus sp. 0.15 0.05 0.00

Suphis inflatus 0.00 0.00 0.66

Suphisellus bicolor 26.18 7.50 30.51

Scirtidae

Scirtidae sp. 0.30 0.00 0.25

Staphilinidae

Staphilininae sp. 0.00 0.00 0.08

Stenus sp. 0.00 0.00 0.08

Diptera

Ceratopogonidae

Ceratopogonidae sp. 0.00 0.09 0.00

Chironomidae

Chironomidae sp. 1 5.18 51.16 21.31

Chironomidae sp. 2 8.98 16.93 0.58

Chironomidae sp. 3 0.00 0.24 0.00

Chironomidae sp. 4 0.00 2.92 0.00

Monopelopia boliekae 0.00 0.05 0.00

Culicidae

Culex sp. 0.76 0.00 0.17

Ephydridae

Scatella sp. 0.15 0.00 0.00

Sciomyzidae

Sepedon sp. 0.15 0.00 0.00

Stratiomyidae

Odontomyia communis 0.46 0.05 0.08

Odontomyia occidentalis 3.96 0.19 1.00

Stratiomys sp. 0.15 0.00 0.33

Syrphidae

Eristalis sp. 2.74 0.09 0.58

Tabanidae

Tabanus sp. 1 0.00 0.05 0.00

Tabanus sp. 2 0.00 0.05 0.00

Tabanus sp. 3 0.00 0.05 0.00

Hemiptera

Aphididae

Aphididae sp. 1 0.00 0.00 0.08

Aphididae sp. 2 0.00 0.00 0.08

Belostomatidae

Belostoma lutarium 0.00 0.14 0.00

Belostoma testaceum 1.07 0.00 0.41

Belostomatidae sp. 5.63 0.38 1.33

Corixidae

Palmacorixa sp. 0.00 7.92 9.12

Hydrometridae

Hydrometra sp. 0.00 0.00 0.08

Mesovelidae

Mesovelia sp. 1 0.00 0.00 0.17
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