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Abstract Macroinvertebrate community structure

and assemblages associated with the planted, native

submerged aquatic vegetation (SAV) species Heter-

anthera dubia (Jacq.) MacMillan and Potamogeton

nodosus Poiret were examined in a series of con-

structed urban floodway wetlands, the Dallas Flood-

way Extension Lower Chain of Wetlands, Dallas, TX,

USA. Macroinvertebrate community metrics, includ-

ing abundance, richness, diversity, and evenness

associated with SAV and three different wetlands of

varying construction completion dates, water sources

(direct or wetland-channeled wastewater effluent), and

ecosystem management stage (established/reference

or developing) were compared and analyzed. Assem-

blages at sampling sites were also classified and

related to vegetation and wetland physicochemical

parameters. Plant species affected only macroinverte-

brate abundance, with the less-dissected P. nodosus

supporting higher counts than H. dubia. Wetland age

and water-effluent type had the most substantial effect

on macroinvertebrate communities. The older, longer-

managed wetland and wetland-channeled effluent

habitat consistently demonstrated higher quality met-

rics and biodiversity than newly constructed, direct

effluent wetland habitat. Increased vegetation cover

and wetland age, coupled with moderate water tem-

perature, pH, and DO levels were characteristics of

more rich and diverse macroinvertebrate communi-

ties, including pollutant-sensitive taxa, such as Ephe-

meroptera and Trichoptera.
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Introduction

Constructed wetlands are created for a variety of

reasons, including environmental mitigation, recre-

ation, floodwater management, wastewater effluent

polishing, wildlife management, as well as agricul-

tural and livestock uses (Kentula 1999). While con-

structed wetlands are commonplace, research

regarding their floral and faunal community develop-

ment and expansion is not. Assessing this structural

and functional progress in created wetlands can

provide valuable information to aquatic ecosystem

managers and conservation biologists in terms of

maximizing biodiversity, productivity, community

development, and energy flow (Schad et al. 2016).
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Epiphytic macroinvertebrates are valuable candidates

to evaluate this ecological development in new aquatic

ecosystems because they are abundant, diverse, and

form essential links in the transfer of organic material

and energy between trophic levels (Gerking 1962;

Krull 1970; Keast 1984; Engel 1988).

Studies have revealed the relationship between

macroinvertebrate community structure and the abun-

dance and morphology of submerged aquatic vegeta-

tion (SAV) (Downing and Cyr 1985; Brown 1988;

Beckett and Aartila 1991; Beckett et al. 1992; Thorp

et al. 1997; Collier et al. 1999). For example, SAV

stands are known to support higher macroinvertebrate

abundance and diversity than contiguous open habitat

(Engel 1988; Thorp et al. 1997). In addition, macroin-

vertebrate colonization rates and densities are fre-

quently higher on dissected-leaved versus non-

dissected-leaved SAV, which has been attributed to

higher vegetation surface areas, more substrate for

attachment of reproductive forms, refuge from preda-

tion, and greater density of food resources (Brown

1988; Cheruvelil et al. 2002). Continuing to assess

these relationships between SAV and macroinverte-

brates in constructed wetlands provides valuable

information for aquatic restoration and conservation

efforts regarding the quality of faunal habitat provided

by intentionally planted and volunteer SAV species.

Researchers and restoration ecologists can use this

information when planning, designing, and managing

constructed wetlands and ascertaining ecologically

important parameters needed for maximizing and

sustaining their ecosystem services.

The intentions of this study were to investigate

macroinvertebrate communities associated with two

native SAV species intentionally planted in a newly

constructed wetland floodway ecosystem. Heteran-

thera dubia (Jacq.) MacMillan (water stargrass) and

Potamogeton nodosus Poiret (American pondweed)

were chosen as plant species of interest to assess

aquatic plant and animal relationships because of their

different architecture, availability, applicability to

aquatic vegetative community establishment efforts,

and growth success in the study area. Both are

perennial flowering SAV species native to the United

States (Muenscher 1944). H. dubia is a grass-like herb

with slender branching stems, which often roots at the

nodes. Its yellow flowers rise above the water surface

from leaf axils, and reproduces via seeds and frag-

mentation. H. dubia leaf morphology is linear or

ribbon-like, thin, sessile, finely parallel-veined and

without a distinct mid-vein (Stuzenbaker 1999). P.

nodosus has submerged and floating elliptical leaves

with an emergent fruiting spike, reproducing by seed,

fragmentation, and production tubers. P. nodosus is

less dissected than H. dubia, with fewer branches and

larger, but fewer leaves and stems, resulting in lower

surface area per plant in most cases. Both species are

considered high in wildlife value for aquatic fauna,

including ducks and wading birds (Stuzenbaker 1999).

Previous studies assessing macroinvertebrate associ-

ations with H. dubia or P. nodosus include general

colonization (Berg 1949), abundances (Beckett and

Aartila 1991), taxa richness and Chironomidae spp.

annual secondary productivity (Balci and Kennedy

2003a), macroinvertebrate herbivory on vegetation

(Nachtrieb et al. 2007; Nachtrieb 2008), macroinver-

tebrate geographical variations (Harms et al. 2011),

and secondary production and seasonal development

of epiphytic Enallagma civile Hagen, 1861 (Schad

et al. 2016).

Comparisons of macroinvertebrate community

structure parameters (abundance, richness, diversity,

and evenness) were made between the two SAV

species in three wetlands, which were supplied by

different wastewater effluent sources, constructed at

different times, and thus represented different stages

of native plant community development. Macroinver-

tebrate assemblages were also compared between

sampling sites to assess variability based on environ-

mental factors. It was expected that SAV species,

wetland type, water source, sampling date, sampling

site characteristics, and certain environmental param-

eters all would affect the macroinvertebrate commu-

nity structure and assemblages. Specifically, it was

predicted the more dissected (Beckett and Aartila

1991; Balci and Kennedy 2003a) SAV species, H.

dubia, and the more mature vegetated wetlands would

contain richer and more diverse macroinvertebrate

communities. Denser population sizes of pollutant-

sensitive taxa, such as Ephemeroptera and Trichoptera

known to occur in similar systems, were expected at

sites within the older constructed and vegetated

wetland as well as those farther from a direct

wastewater effluent source.
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Materials and methods

Study area

Epiphytic macroinvertebrate sampling was conducted

in a series of constructed wetlands within The Dallas

Floodway Extension Trinity River Project (DFE),

Dallas, TX, constructed by the U.S. Army Corps of

Engineers Fort Worth District (SWF) and the City of

Dallas, TX (Fig. 1). Its main component, and this

study’s location, consisted of a 6.5 km long chain of

six wetlands located in south Dallas’ Trinity River

Corridor termed the Lower Chain of Wetlands

(LCOW). The LCOW’s primary function was to

provide overflow for floodwaters along the western

side of the Trinity River in Dallas, TX. During low or

normal Trinity River flow periods, the LCOW was

hydraulically fed and water levels were maintained

with discharge from the Dallas Central Wastewater

Treatment Plant (CWTP) outflow to the Trinity River.

In addition to flood conveyance, a major objective of

the LCOW was to develop quality wetland habitat for

waterfowl and other wildlife through ecosystem

management. Beginning in 2005, this management

was conducted by the U.S. Army Corps of Engineer’s

Lewisville Aquatic Ecosystem Research Facility

(LAERF) and included native aquatic vegetation

establishment (31 SAV, floating-leaved, and emergent

species), nuisance or invasive plant management

(biological, physical, and chemical control), seasonal

water-level drawdowns to promote migratory water-

fowl habitat, bird-nesting device installations, water

quality monitoring, and biological community moni-

toring (Dick et al. 2015).

Wetlands, in this study, were distinguished as

different types based upon their construction comple-

tion date and water source (direct wastewater effluent

versus wetland-channeled effluent). One wetland type

was Cell D, which received direct effluent fromCWTP

through a dedicated pipe, was completed in 2005

(5–6 years old at the initiation of this study), and had

plant community management applied thereafter.

Other wetland types included wetland cells E, E-West,

F, F-North, and G, with construction completion

occurring in 2009 (1–2 years old at the initiation of

this study) and plant community management was

applied similarly thereafter in all. Similarly to Cell D,

wastewater effluent flowed directly into Cell E

through a dedicated pipe, but then cascaded through

weir gates to Cell F, and then Cell G (Fig. 1). Cell

E-West was filled directly from the CWTP (much like

Cell D and Cell E), while F-North was occasionally

filled by overflow from Cell F. Wetland cells D

(referred herein as the ‘‘reference’’ wetland), E

(referred herein as the ‘‘developing direct effluent’’

wetland), and G (referred herein as the ‘‘developing

channeled effluent’’ wetland) were chosen as wetlands

of interest for this study because of the macroinver-

tebrate assemblage and community structure compar-

ison possibilities between wetlands with different

biological, physical, and chemical properties, such as

age, vegetation community structure, fauna, and water

quality.

Site design

Individual plants were transplanted in groups (by

species), or founder colonies, into each wetland of

interest and protected from vertebrate herbivores with

exclosures to facilitate survival and establishment.

The goal of founder colony establishment is SAV will

eventually exceed a threshold of propagule production

versus herbivorous and other environmental pressures,

allowing for vegetative spread to unprotected areas

(Smart et al. 1996, 1998; Smart and Dick 1999, 2005).

Coupled with management of nuisance and desirable

volunteer species, this approach was the general

premise followed for ecosystemmanagement through-

out the LCOW.

Eighteen macroinvertebrate sampling locations

were installed throughout the three wetland cells and

were arranged in a two factor crossed design with

factor 1 being SAV species (two levels—P. nodosus

and H. dubia) and factor 2 being wetland type (three

levels—reference, developing direct effluent, and

developing channeled effluent) with three sites within

each combination. Each site consisted of four 0.9 m

tall, 0.9 m diameter, 3.81 cm 9 3.81 cm mesh PVC-

coated, welded-wire ring cages as protective exclo-

sures for both species. Exclosures restricted herbivory

to the extent that plant growth was adequate to support

periodic destructive sampling needed to evaluate

macroinvertebrate colonies. The exclosure mesh size

was large enough to simulate a natural environment by

allowing access to small predatory fauna while

preventing entrance to large herbivores such as

basking turtles. Each container-grown (10-cm diam-

eter nursery pot) plant and associated exclosure was
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Fig. 1 The Dallas

Floodway Extension Lower

Chain of Wetlands (LCOW)

Trinity River Project,

Dallas, TX. Top-project site

map with macroinvertebrate

sampling sites; middle-

aerial view during an

overbanking event; bottom-

H. dubia and P. nodosus

founder colony in

development
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installed at a 0.45 m water depth. Vegetation was

planted in spring and was fully established within

exclosures for sampling by autumn (Fig. 1).

Data collection

Sampling of SAV and associated fauna from wetlands

began in September 2010. Collections were made

every 2 weeks for 1 year except during periods of

plant senescence and flooding events (n = 14). Each of

the 14 sampling dates from September 2010 to

November 2011 yielded 18 samples per trip: SAV

(n = 2), wetlands (n = 3), locations within wetlands

(n = 3). Plants and associated faunal colonies were

collected from individual exclosures by placing a

polyester mesh bag (250 lm) sampling device care-

fully over the plant to minimize macroinvertebrate

disruption. Sampling devices, purchased from Pentair

Aquatic Eco-Systems (Apopka, FL), were sold as

water or pond pre-filters and zooplankton collectors.

After placement of the bag, a 20–50 cm plant segment

was cut at its base. The bag opening was then

‘‘squeezed’’ shut and inverted while carefully remov-

ing the sample from the water, similar to the sampling

protocol outlined in Balci and Kennedy (2003a). In

addition to animal and plant collections, and to assess

environmental relationships, general water quality

parameters were recorded (dissolved oxygen (DO)

mg/L, pH, temperature �C, and conductivity ls/cm)

with a Hydrolab Quanta Multiparameter Sonde (Hach

Hydromet Loveland, CO). Sites were further charac-

terized based upon percent SAV coverage inside of

exclosures, as well as their proximity to emergent

wetland vegetation shoreline. The occurrence of any

hydrologic changes (e.g., overbanking, flooding) was

monitored (NOAA NWS, USGS, Fort Worth, TX and

direct observations during sampling) throughout the

study due to their known influence on floral and

associated epiphytic macroinvertebrate colonization

(Riis and Biggs 2003; Neckles et al. 2006; Owens et al.

2008).

Sample processing

In the laboratory, macroinvertebrates were rinsed from

vegetation samples over a 250 lm sieve. Plants were

inspected under a Nikon SMZ 1000 dissecting micro-

scope (Nikon, Melville, NY) to remove macroinver-

tebrates not dislodged by the washing process.

Macroinvertebrates were picked from debris retained

by the sieve, sorted by taxon, and counted. Macroin-

vertebrates were identified to genus except those in

early developmental stages or specimen damaged

during the collection process (McCafferty 1983;

Merritt et al 2008; Thorp and Covich 2010). After

macroinvertebrates were removed, plants were dried

at 105 �C for 24 h to obtain a plant dry weight for

macroinvertebrate abundance estimations.

Macroinvertebrate abundance counts were

expressed in relation to estimated surface areas of

plants to more accurately reflect density and structure.

This was accomplished using the relationships

between plant surface area and dry biomass. Values

reported by Balci and Kennedy (2003b) were used to

estimate the surface area of the more finely dissected

plant H. dubia, where 1 g of plant dry weight was

equivalent to 678 cm2 of plant surface area. Surface

area of P. nodosuswas estimated by measuring leaves,

stems, and petioles using techniques similar to Beckett

and Aartila (1991). Leaf areas were calculated by

considering them ellipses and then multiplying by two

to account for both sides of the leaf. The formula for a

cylinder was used to estimate both petiole and stem

surface area for this species. All measurements were

done with a digital caliper (Traceable�, Friendswood,

TX). Leaf, stem, and petiole surface areas were

summed to obtain a total surface area. Using the

method, on average 1 g of dry plant

biomass = 188 cm2 of plant surface area. Regression

analysis and methods described by Sher-Kaul et al.

(1995), Armstrong et al. (2003), and Feldmann and

Noges (2009) were used to relate plant surface area to

dry biomass measurements taken from P. nodosus.

Data analysis

Each macroinvertebrate community structure metric

(abundance, richness, diversity, and evenness) was

analyzed using a partly-nested design/repeated mea-

sures ANOVA because of the multiple sampling trips

at the same locations (Quinn and Keough 2001;Morris

1996; McGoldrick and Mac Nally 1998). In this

analysis, there were two between subjects factors,

SAV (n = 2) and wetland type (n = 3), and one within

plots/subjects factor, sampling date or time (n = 14).

There were three sites for each of the six plant/wetland

combinations. The Huynh–Feldt method for estimat-

ing the epsilon statistic (e9), used to estimate index of
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sphericity (e) necessary for this linear model, was used

to adjust the degrees of freedom (df) downwards for

the within subjects tests to make them more conser-

vative and decrease the risk of Type I or II statistical

errors (Quinn and Keough 2001). Response variables

included macroinvertebrate abundance per m2 surface

area of vegetation (no./m2), taxa richness, Simpson’s

index of diversity and evenness (Simpson 1949; Hill

1973). Abundance data were natural-log transformed

to meet statistical assumptions of normality and equal

variance, although raw data are presented in figures.

All statements of significance refer to an alpha level of

0.05. Data were analyzed using statistical software

IBM SPSS Statistics 22.0 (IBM Armonk, NY, USA).

Classification and ordination of sampling sites were

then completed to assess the relationships between

biotic (taxa abundances) and environmental variables

(temperature, pH, DO, conductivity, SAV coverage,

shoreline distance (m), and wetland age in years).

With abundance data, classification was done with

cluster analysis using a Bray–Curtis similarity matrix

(Jackson 1993; Clarke and Warwick 2001). Abun-

dance data were squared root transformed and nor-

malized (Jackson 1993; Heino 2000). Community

groups were then delineated by ordination analysis

using non-metric multidimensional scaling (NMDS)

(Kruskal 1964; Kenkel and Orloci 1986; McRae et al.

1998; Shin and Fong 1999). Principal component

analysis (PCA) was used to reduce environmental

information between sampling sites into a few axes of

habitat heterogeneity (Santos 1993; Braskerud et al.

2005). Environmental data were Log10 (x ? 1) trans-

formed because of the nature of PCA’s eigenanalysis

and correlation matrix of variables with various

measures of magnitude as well as to approximate

normal distributions (Heino 2000). Relationships

between biotic and environmental data were then

evaluated with a Pearson product moment correlation

between NMDS dimensions and principal components

with large eigenvalues or those responsible for the

majority of variance (Clarke and Ainsworth 1993).

Correlations were also done between principal com-

ponents and taxa order groupings and PCA bi-plot

overlaid to illustrate assemblage delineation between

environmental parameters and sites. 2D NMDS ordi-

nation plots of wetlands/SAV were created with

bubble plot overlays of pollutant-sensitive Ephe-

meroptera and Trichoptera abundances to elucidate

ecological condition between sampling sites. In the

results and discussion sections for sampling site

classification and ordination, sites are coded as

wetland—reference (Ref), developing direct effluent

(DD), developing channeled effluent (DC), SAV—P.

nodosus (Pnod), H. dubia (Het). All multivariate

analyses were done using Primer 7 (Primer-E, Auck-

land, New Zealand).

Results

A principal component analysis (PCA) of environ-

mental variables collected at the LCOW resulted in

two principal components (PC1 and PC2) being

responsible for a total cumulative variance of 81.7%

with variables thought to be most important having

loadings\ -- 0.7 or[ 0.7, similar to Braskerud et al.

(2005) (Table 1). Principal component 1 (PC1)

indicated pH, DO, and conductivity were negatively

correlated with shoreline distance and vegetation

cover. Temperature and wetland age were variables

with the largest loads on PC2 and were also inversely

correlated. Table 2 provides basic water quality results

throughout the study. Epiphytic macroinvertebrate

taxa collected from P. nodosus and H. dubia in three

wetlands are given in Table 3. Thirty five unique

arthropods, one annelid, and seven mollusk taxa were

collected from September 2010 to November 2011 in a

total of 252 samples. Included in the table are the

Table 1 Principal component analysis (PCA), principal com-

ponents (PC), and loadings of environmental variables based

on correlations as well as eigenvalues of correlation matrix and

percent total PC variance

Variable PC1 PC2 PC3 PC4

Temperature - 0.13 0.83 - 0.48 - 0.13

pH 0.85 0.41 - 0.15 0.27

DO 0.80 0.59 - 0.02 0.05

Conductivity 0.77 - 0.39 - 0.46 - 0.11

Vegetation cover - 0.78 - 0.34 - 0.43 0.29

Shoreline distance - 0.72 0.55 - 0.30 - 0.08

Wetland age 0.32 - 0.86 - 0.37 - 0.07

Eigenvalue 3.21 2.51 0.88 0.20

% Variance 45.84 35.86 12.55 2.80

Principal components 1 and 2 were responsible for 81.70%

total variance of sampling site environmental variable

correlations
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different SAV and wetland types fromwhich macroin-

vertebrates were observed, as well as taxa resolution

used.

Mean taxa abundances per m2 surface area of

vegetation (no./m2) of primary insect orders are given

in Fig. 2. Statistical differences were observed in

macroinvertebrate abundance between SAV species,

with P. nodosus consistently supporting higher abun-

dance than H. dubia, but no significant differences

occurring among wetland types (Table 4, Fig. 3).

Macroinvertebrate abundances varied by date

throughout the sampling year, with lowest observed

in the summer months, likely due to warm water

temperatures. Significant differences in taxa richness,

diversity, and evenness between wetland types and

sampling dates were observed, but no significant

differences occurred between SAV species. The

reference and developing channeled effluent wetlands

consistently represented higher richness, diversity,

and evenness throughout the study (Fig. 3).

Cluster analysis and NMDS based on a Bray–Curtis

similarity matrix of macroinvertebrate assemblages

identified five ([ 80%) similar location groups (A–E)

of the eighteen sampling sites (Fig. 4). Total NMDS

stress = 0.12, which was sufficiently low to give a

quality representation of the high-dimensional data

(Clarke and Gorley 2006). Breakdown of the total

NMDS 2D stress into contributions from each of the

18 sample sites given on NMDS figure in parentheses.

These groupings indicate differences between the

developing direct effluent wetland (groups A and E)

and the reference and developing channeled effluent

wetlands (groups B, C, and D), specifically along the

gradient of NMDS dimension 2 (Y-axis, Fig. 4).

Distinguishing taxa associated with the reference and

developing channeled effluent wetlands, included

Collembola: Sminthuridae Sminthurides sp.,

Coleoptera: Haliplidae Peltodytes sp., Diptera: Stra-

tiomyidae Stratiomys sp., Ephemeroptera: Baetidae

Baetis sp. and Callibaetis sp., Hemiptera: Naucoridae

Pelocoris sp., Odonata: Aeshnidae Anax sp., and

Trichoptera: Hydropsychidae Hydropsyche sp. Addi-

tionally, similar assemblages were observed on each

SAV species, as apparent from NMDS groups A, B, D,

and E containing only one of the two plant species

(Fig. 4).

A Pearson product moment correlation between the

first two NMDS dimensions and principal components

1 and 2 yielded a significant inverse relationship

between NMDS dimension 2 and PC1 (r = - 0.536,

p = 0.022) and PC2 (r = - 0.695, p = 0.001). NMDS

dimension two separated the reference and developing

channeled effluent wetland from the developing direct

effluent wetland, PC1 is associated with pH, DO,

conductivity, shoreline distance, and vegetation cover

and PC2 temperature and wetland age. This, coupled

with the community structure analysis, indicated the

wetlands with more rich and diverse macroinverte-

brate assemblages (reference and developing chan-

neled effluent) were associated with increased age or

maturity, vegetation cover, and moderate pH and DO

levels (e.g., the biologically less diverse developing

direct wetland had pH ranges[ 10 and DO[ 18 mg/

l). In addition, the strong correlation between NMDS

dimension 2 and PC2 demonstrated temperature and

wetland age also influenced macroinvertebrate assem-

blages throughout the constructed wetland ecosystem.

Results from the Pearson product moment correlations

between PCs and individual taxa order groupings to

illustrate assemblage delineation between environ-

mental parameters and sites are given in Table 5 and

overlaid on a PCA bi-plot (Fig. 5). Ephemeroptera had

the strongest inverse correlation observed (PC2),

illustrating its sensitivity to high water temperature,

Table 2 Wetland water quality means and ranges at the Dallas Floodway Extension Lower Chain of Wetlands, Dallas, Texas,

September 2010–November 2011

Wetland Reference Dev direct Dev channeled

Variable Range high Range low Mean Range high Range low Mean Range high Range low Mean

Temperature (�C) 33.40 14.84 26.42 33.46 15.60 27.29 34.84 14.82 26.77

pH 9.41 6.67 8.19 10.06 7.00 8.38 9.08 6.69 8.05

Dissolved oxygen (mg/l) 13.87 2.54 8.13 18.99 4.72 9.81 14.34 3.41 7.69

Conductivity (ls/cm) 882 402 728 761 535 695 784 385 612
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Table 3 Epiphytic macroinvertebrate taxa collected from P. nodosus (P) and H. dubia (H) from The Dallas Floodway Extension

Lower Chain of Wetlands between September 2010 and November 2011

Class Order Family Genus Ref P Ref H DD P DD H DC P DC H

Annelida

Clitellata Oligochaeta (SC) Naididae X X X X X X

Arthropoda

Arachnida Acariformes Hydrachnidae X X X X X X

Crustacea (SP) Amphipoda Dogielinotidae Hyalella X X X X X X

Crustacea (SP) Decapoda Palaemonidae Palaemonetes X X X X X X

Entognatha Collembola Sminthuridae Sminthurides X

Insecta Coleoptera Elmidae Stenelmis X X X X

Insecta Coleoptera Haliplidae Peltodytes X X X X X

Insecta Coleoptera Hydrophilidae Berosus X X X X X X

Insecta Coleoptera Hydrophilidae Enochrus X X X X X

Insecta Diptera Ceratopogonidae Bezzia X X X X X X

Insecta Diptera Ceratopogonidae Culicoides X X X X X X

Insecta Diptera Chironomidae Chironominae (SF) X X X X X X

Insecta Diptera Chironomidae Orthocladiinae (SF) X X X X X X

Insecta Diptera Chironomidae Tanypodinae (SF) X X X X X X

Insecta Diptera Culicidae Culiseta X X

Insecta Diptera Ephydridae X X X X

Insecta Diptera Stratiomyidae Stratiomys X X

Insecta Ephemeroptera Baetidae Baetis X X X X

Insecta Ephemeroptera Baetidae Callibaetis X X X X

Insecta Ephemeroptera Caenidae Caenis X X X X X X

Insecta Hemiptera Belostomatidae Belostoma X X X X X X

Insecta Hemiptera Corixidae Hesperocorixa X X X X

Insecta Hemiptera Hebridae Hebrus X X X X

Insecta Hemiptera Gerridae Metrobates X X

Insecta Hemiptera Mesoveliidae Mesovelia X X X X X X

Insecta Hemiptera Naucoridae Pelocoris X

Insecta Hemiptera Nepidae Ranatra X

Insecta Hemiptera Pleidae Neoplea X X X X

Insecta Hymenoptera X X

Insecta Lepidoptera Crambidae Synclita X X X X X X

Insecta Odonata Aeshnidae Anax X X X

Insecta Odonata Coenagrionidae Enallagma X X X X X X

Insecta Odonata Libellulidae Erythemis X X X X X X

Insecta Trichoptera Brachycentridae Brachycentrus X X X X X X

Insecta Trichoptera Hydropsychidae Hydropsyche X

Insecta Trichoptera Hydroptilidae Orthotrichia X X X X X X

Mollusca

Bivalvia Veneroida Corbiculidae Corbicula X X X

Gastropoda Basommatophora Lymnaeidae Fossaria X X

Gastropoda Basommatophora Physidae Physa X X X X X X

Gastropoda Basommatophora Planorbidae Helisoma X X X X X

Gastropoda Heterostropha Valvatidae Valvata X
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pH, and DO levels as well as its affinity for more

mature and vegetated wetlands. Pollutant-sensitive

taxa, such as Ephemeroptera and Trichoptera, were

associated with increased wetland age, vegetation

cover, and moderate temperature, pH and DO, while

Dipterans dominated newer wetlands and those with

higher temperature, DO, and pH (Figs. 5 and 6).

Table 3 continued

Class Order Family Genus Ref P Ref H DD P DD H DC P DC H

Gastropoda Pulmonata (SC) Ancylidae Ferrissia X X X X

Gastropoda Rissooidea Pomatiopsidae Pomatiopsis X X X

Totals 33 26 32 32 32 30

SC subclass, SP subphylum, SF subfamily, Ref reference wetland, DD developing direct effluent wetland, DC developing channeled

effluent wetland

Fig. 2 Mean insect taxa abundance (no./m2) (top), Diptera

(bottom) between SAV and wetlands at The Dallas Floodway

Extension Lower Chain of Wetlands (mean ± SD); (Pnod),

Potamogeton nodosus; (Het), Heteranthera dubia; (Ref),

reference wetland; (DD), developing direct effluent wetland;

(DC), developing channeled effluent wetland
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Discussion

Plant morphology generally contributes to epiphytic

macroinvertebrate community structure dynamics

(Downing and Cyr 1985; Beckett et al. 1992; Collier

et al. 1999). In this study, only macroinvertebrate

abundance (no./m2) was found to be significantly

different between the two SAV species analyzed.

Typically this difference has been attributed to plant

surface area, with the more highly dissected leaves

providing more surface area for macroinvertebrates to

colonize resulting in increased population sizes

(Brown 1988; Cheruvelil et al. 2002). In this study,

however, P. nodosus (the less dissected plant) demon-

strated higher abundance than H. dubia. These differ-

ences could be attributed to the greater and more rapid

establishment of P. nodosus, resulting in denser and

larger plant stands, which were colonized earlier than

slower-growing, smaller stands of H. dubia. It should

be noted that taxa richness, evenness, and diversity did

not differ between the two plant species.

The most substantial source of variability in

macroinvertebrate community structure was observed

between wetland types and sampling dates. These

differences were expected because of known seasonal

influences on macroinvertebrate life cycles as well as

vegetation and water quality differences between

wetlands of varying temporal ecosystem management

strategies (Balci and Kennedy 2003a). The reference

(older, managed for 5–6 years, direct effluent) and

developing channeled (newer, 1–2 years managed,

channeled effluent) wetlands supported higher taxa

richness, diversity, pollutant-sensitive taxa abun-

dances such as Ephemeroptera and Trichoptera, and

lower total Dipteran densities than the developing

direct (newer, 1–2 years managed, direct effluent)

wetland at most sampling dates. This suggests a more

complex, developed trophic system in the older and

channeled wetlands. Macroinvertebrate richness and

diversity also increased depending on site character-

istics such as increased age, vegetation coverage,

proximity to the emergent vegetation shoreline, and

moderate temperature, pH, and DO levels (Fig. 5,

Table 2). These results support the concept that the

most productive freshwater aquatic ecosystems have a

diverse and robust SAV and emergent vegetation

community (Carpenter and Lodge 1986; Engel 1988;

James and Barko 1990, 1995; Newman 1991; Honnell

et al. 1993; Rybicki and Landwehr 2007; Smart et al.

2009).

High faunal abundances, such as those of dipterans

observed on P. nodosus in the developing direct

effluent wetland, may not necessarily reflect high

faunal biomass or general ecological condition.

Functional studies, such as assessing individual

species annual secondary production (biomass per

area over time or mg/m2/year), standing stock

biomass, and cohort and annual production/biomass

(P/B) ratios, help quantify trophic dynamics and thus

identify habitat quality (Benke 1976, 1979). As part of

this study’s sampling effort, secondary production and

seasonal development of the regionally ubiquitous,

predatory damselfly Enallagma civile Hagen, 1861

(Odonata: Zygoptera) was determined and reported by

Table 4 Results of the partly nested design/repeated measures ANOVA for the four macroinvertebrate community structure

response variables at The Dallas Floodway Extension Lower Chain of Wetlands

Model term df Abundance Richness Diversity Evenness

MS F MS F MS F MS F

SAV 1 37.60 38.87* 1.43 1.33 0.01 0.37 0.00 0.11

Wetland 2 2.07 2.14 66.12 6.14* 0.62 32.93* 0.20 15.02*

SAV *wetland 2 1.01 1.04 14.53 1.35 0.04 1.95 0.01 0.84

Date 13 3.00 10.68* 104.75 13.47* 0.26 13.82* 0.04 2.61*

Date* SAV 13 0.64 2.27* 6.00 0.77 0.02 0.81 0.01 0.57

Date*wetland 26 0.57 2.03* 18.38 2.36* 0.07 3.99* 0.03 1.97*

Date* SAV *wetland 26 0.54 1.90* 6.01 0.78 0.02 1.24 0.01 0.78

df degrees of freedom, MS mean square, F F-statistic

p\ 0.05 (*) given
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Schad et al. (2016). The population at the LCOW

represented the first documented record of multi-

voltine life cycles for E. civile, which may have been

due to relatively high water temperatures maintained

in this constructed ecosystem during much of the year.

Secondary production values were in the upper range

of known Odonata production values from similar

systems and biomass growth rates were observed to be
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Fig. 3 Macroinvertebrate abundance (no./m2) between SAV

and sampling dates (top left), taxa richness between sampling

dates and wetland types (top right); Simpson’s index of diversity

between sampling dates and wetland types (bottom left);

evenness between sampling dates and wetland types (bottom

left) at The Dallas Floodway Extension Lower Chain of

Wetlands (mean ? SD)
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higher from populations on the better established

macrophyte (P. nodosus) and in the longest estab-

lished wetland (reference). The SAV stands con-

tributed refugia and complex habitat structure to the

aquatic ecosystem, which lead to high densities of

macroinvertebrates and other fauna used as food

resources by E. civile as well as its increased

survivorship. Analogous to the community structure

metric variability between wetlands and macrophytes

documented in this paper, annual P/B, production to

biomass (mg) ratio decreased from P. nodosus

(11.11)[H. dubia (9.16) and from the reference

(11.81)[ developing channeled effluent

(10.82)[ developing direct effluent (8.84) wetland

(Schad et al. 2016).
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Fig. 4 Cluster analysis dendrogram (top) and plot of first two

dimensions from non-metric multidimensional scaling (NMDS)

(bottom) showing the delineation of five sampling site location

groups (a–e) from classification results based on macroinverte-

brate assemblage (Bray–Curtis) similarity. (Pnod),

Potamogeton nodosus; (Het), Heteranthera dubia; (Ref),

reference wetland; (DD), developing direct effluent wetland;

(DC), developing channeled effluent wetland. Breakdown of the

total NMDS 2D stress of 0.12 into contributions from each of the

18 sample sites given on NMDS bottom figure in parentheses
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Water nutrient chemistry is known to influence both

aquatic vegetation establishment and coverage (Smart

et al. 1996) as well be an important driver of

macroinvertebrates communities (Spieles and Mitsch

2000). In similar systems to the LCOW, it has been

shown that macroinvertebrate community structure

generally has significantly lower diversity closest to a

wastewater source as compared to those closer to a

riverine freshwater source (Spieles and Mitsch 2000).

During our study, funding restraints prevented water

quality analysis beyond basic parameters (water

temperature, DO, pH, conductivity). However, this

data still provided valuable information on the habitat

suitability for aquatic flora and fauna during sampling

(Table 2). All basic metrics were within limits for

higher trophic levels such as centrarchids (Smart et al.

2009; Dick et al. 2015) and conducive to SAV

community development (Smart et al. 1996). Two

years after the macroinvertebrate sampling in this

study, additional water nutrient chemistry (chloro-

phyll a, alkalinity, nitrogen, and total phosphorus)

sampling occurred throughout the LCOW (Dick et al.

2015). Because nutrient data and macroinvertebrate

data were not taken simultaneously, direct analysis

here was not ideal, but it is worth discussing some

Table 5 Pearson product moment correlations of non-metric

multidimensional scaling dimensions and principal compo-

nents (PC1 and PC2) explaining environmental relationships

Taxa (order) PC1 PC2

Diptera 0.15 0.35*

Ephemeroptera - 0.25 - 0.81*

Trichoptera - 0.16 - 0.25

Coleoptera - 0.38* - 0.07

Hemiptera 0.31* - 0.23

Odonata 0.32* - 0.10

Gastropoda 0.46* - 0.14

Significant r values, p\ 0.05 (*), given

Diptera

Ephemeroptera

Trichoptera

Coleoptera

Hemiptera

OdonataGastropoda

-4 -2 0 2 4
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Fig. 5 Bi-plot of the results

from the first two principal

components in the principal

component analysis (PCA),

which were responsible for

81.70% of total variance

among environmental

variable correlations. Taxa

abundances, environmental

parameters, and wetland

type sampling site

relationships shown. (Ref),

reference wetland; (DD),

developing direct effluent

wetland; (DC), developing

channeled effluent wetland
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general trends. In Dick et al. (2015), total phosphorous

and chlorophyll a were highest near inflows of the

reference and developing direct effluent wetlands, but

reduced through the system as water reached the

developing channeled wetland. Additionally, alkalin-

ity increased through the system and was at its highest

magnitude in the developing channeled wetland,

indicating better conditions for vegetation growth

and potential resultant macroinvertebrate colonization

(Dick et al. 2015). These 2013 water nutrient chem-

istry dynamics were possibly similar to what occurred

during the 2011 macroinvertebrate sampling and

support the conclusion that macroinvertebrate com-

munities responded to improving water quality as

effluent passed through the system, corresponding to

Spieles and Mitsch (2000).

In addition to wastewater effluent, the LCOW

received irregular flood water pulses from the Trinity

River. This occurred after heavy rains when the river

reached approximately 9.14 m at the USGS monitor-

ing station near downtown Dallas, TX. Two separate

flooding events of the Trinity River occurred during

macroinvertebrate sampling. The first occurred in

September 2010 (2 weeks before sampling), crested at

12.62 m and lasted 3.5 days. The second occurred in

May 2011 and crested at 9.75 m for the duration of

1 day (NOAA NWS, USGS, Fort Worth, TX).

Macroinvertebrate community sampling had not com-

menced before the first overbanking event and the low

intensity of the second prevented evaluation of

community structure differences due to flood events.

Seasonal flooding events are known to influence

epiphytic macroinvertebrate community structure,

however, populations generally recover in wetland

habitats (Neckles et al. 2006). In this study, assem-

blages were not affected by the Trinity River’s

overbanking events, likely due to the natural processes

and short durations of the flooding. Dick et al. (2015)

reported similar findings with fish assemblages and

qualitative macroinvertebrate assessments before and

after Trinity River overbanking events.

The use of constructed wetlands for polishing

wastewater effluents, floodwater management, and

environmental mitigation is expected to increase with

human population growth and urban development

(Kentula 1999). In order to maximize their values for

recreation, wildlife management, and conservation, a

better understanding of ecosystem functioning in these

systems is needed. Current aquatic epiphytic macroin-

vertebrate research has clearly established the associ-

ation of macroinvertebrate community structure

(patterns) and morphology of SAV (Downing and

Cyr 1985; Beckett et al. 1992; Collier et al. 1999).

There are an increasing number of functional (process)

studies such as species-specific annual secondary

production estimations, but only a few have assessed

functional parameters in correlation with SAV and

surface area (Balci and Kennedy 2003a; Schad et al.

2016). A better understanding of the functional aspects

of macroinvertebrate/SAV interactions in wetlands

will lead to better designed and managed wetland

ecosystems that maximize their value for trophic

linkages thereby increasing their value for conserva-

tion and recreational purposes.

Although several environmental variables played a

role in macroinvertebrate community structure and

assemblages in our study, wetland age (amount of

ecosystem management/vegetation establishment

time) and proximity to a direct wastewater effluent

source were most responsible for this variability.

Assemblages within the developing direct effluent

wetland (youngest and closest to effluent source) were

classified as being statistically dissimilar to other sites.

These results suggest that adequate time is needed to

develop native vegetation communities necessary to

create an ecologically productive constructed wetland

system with a wastewater effluent source. A mecha-

nism mimicking a wetland-channeled water source

may also serve to enhance effluent water quality,

vegetation establishment, and hasten the development

of the ecosystem. The geometric design of wetland

cells in constructed systems is also important. Wetland

cell designs that provide gradually sloped planting

shelves (0–1 m depths) and maximize the shoreline

and riparian zones, promote the establishment of a

native aquatic plant community that is diverse in both

species and growth-forms. When planning, designing,

constructing, and managing wetland floodways, these

bFig. 6 Non-metric multidimensional scaling ordination of

sampling sites with bubble plot overlay showing mean

Ephemeroptera (top) and Trichoptera (bottom) abundances

(per m2 plant surface area) at each sampling location. (Pnod),

Potamogeton nodosus; (Het), Heteranthera dubia; (Ref),

reference wetland; (DD), developing direct effluent wetland;

(DC), developing channeled effluent wetland
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dynamics should be top priority in predicting trajec-

tory of how quickly these systems will become

ecologically functional or consist of sufficient habitat

heterogeneity for the benefit of fish and other wildlife.
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