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Abstract The non-native aquatic fern giant salvinia,

Salvinia molesta Mitchell (Salviniaceae), poses a risk

to freshwater ecosystems through limiting light pen-

etration, decreasing submerged aquatic vegetation

(SAV) abundance, altering water quality, and poten-

tially leading to changes in macroinvertebrate com-

munity structure. Here, we conducted repeated

quarterly field surveys and measured light, nutrients,

water quality, and aquatic macroinvertebrate commu-

nity composition and energetic value to detect effects

from giant salvinia invasion. Giant salvinia reduced

dissolved oxygen, pH and light availability in the

aquatic environment, and increased the concentration

of orthophosphate and ammonium. Following initial

colonization, macroinvertebrate communities in giant

salvinia resembled SAV communities dominated by

aquatic insects, however, richness and relative

abundance in giant salvinia decreased over time,

resulting in a community populated by few taxa,

primarily crustaceans. Total macroinvertebrate ener-

getic value in giant salvinia was significantly lower

than SAV communities. Giant salvinia invasion

changed habitat composition, triggered internal nutri-

ent loading, and reduced macroinvertebrate abun-

dance, diversity, and ecosystem productivity. Our

findings demonstrate larger ecological impacts from

giant salvinia than previously reported, including

potential disruption to the transfer of energy between

trophic levels.

Keywords Aquatic invasive plant � Energy transfer �
Giant salvinia � Salvinia molesta � Submerged

macrophyte � Water quality

Introduction

Freshwater marshes occur worldwide, comprising

1.9% of land area globally (Lehner & Döll, 2004)

and are of conservation concern (Finlayson, 2016).

The introduction of non-indigenous aquatic plants

impacts environmental conditions and the state of the

ecosystem in freshwater marshes. Invasive free-float-

ing aquatic plants can negatively affect native sub-

merged aquatic vegetation (hereafter referred as SAV)

abundance and ecosystem function by reducing light
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penetration into the water, depleting nutrients (Rom-

mens et al., 2003), limiting gas exchange (Attermeyer

et al., 2016), and altering nutrient cycling (Wang &

Yan, 2017). Giant salvinia (Salvinia molestaMitchell;

Salviniaceae) is a free-floating aquatic fern native to

Brazil that has become problematic globally. Giant

salvinia was first observed outside its native Brazilian

range in 1939 and has been identified in 61 countries

(Luque et al., 2014; CABI, 2019). Giant salvinia has a

rapid growth rate, doubling its biomass in 53 h (Cary

& Weerts, 1983), and covering entire water surface in

days (Mitchell & Tur 1975). Thus, giant salvinia is

considered highly disruptive and difficult to manage in

freshwater habitats (Hill et al., 2020).

Coastal freshwater marshes provide habitat for

numerous species (Engle, 2011) and ecosystem ser-

vices, including flood mitigation (Pattison-Williams

et al., 2018), removal of pollutants and excess

nutrients (Vymazal, 2007), and recreational and

cultural activities (Boucek & Rehage, 2015; Vargas-

Lopez et al., 2020). Submerged aquatic vegetation is

important in marsh structure and function influencing

water quality (Caraco et al., 2006) and nutrient cycling

(Ferreira et al., 2018). The structural compounds in

SAV are slow to breakdown, trapping carbon in the

sediment and acting as a carbon sink (Hinson et al.,

2017). In freshwater, SAV provides habitat and food

resources for waterfowl (Wilson et al., 2002),

macroinvertebrates and fish (Fisher et al., 2012;

Schultz & Dibble, 2012). A rich diversity of SAV

increases habitat complexity, offering refuge to a high

number of species (Cheruvelil et al., 2002). This

habitat can support a high abundance and diversity of

invertebrates, which offers a prey source for small

bodied and young fish (Schultz & Dibble, 2012) and

attracts larger bodied predatory fish. The loss of SAV

would decrease habitat abundance and complexity,

altering species interactions and modifying the

macroinvertebrate community.

Macroinvertebrates are critical to the function of

the marsh and serve as a link between primary

production and the rest of the trophic web (Covich

et al., 1999; Jones & Sayer, 2003). Disturbance events,

such as the introduction of an invasive species, can

alter environmental conditions and habitat complex-

ity. Changes to habitat and environmental conditions

of the aquatic ecosystemwould select tolerant taxa and

modify species interactions, such as competition and

predator–prey relationships, potentially resulting in

shifts in macroinvertebrate community structure and

productivity. Therefore, an altered macroinvertebrate

community could be consequential for the aquatic

ecosystem, yet it has not been studied as a result of a

floating invasive plant within coastal freshwater

marshes. The objective of this study was to examine

how giant salvinia affected environmental conditions,

to test whether a shift in macroinvertebrate community

structure occurred, and determine whether the shift

modified total energy of the macroinvertebrate com-

munity. We determined these impacts with repeated

quarterly sampling of locations abundant with SAV

and locations invaded with giant salvinia. Air breath-

ing and low dissolved oxygen-tolerant insects are

common in warm aquatic systems, especially in this

region (Colon-Gaud et al., 2004; Kaller & Kelso,

2007; Justus et al., 2012; Kang & King, 2013; Parys

et al., 2013), therefore, we expected the differences in

physical structure and water chemistry to be more

important (Colon-Gaud et al., 2004; Fisher & Kelso,

2007, and de Silva & Henry, 2020). Thus, we

hypothesized macroinvertebrate communities in giant

salvinia would support a diverse and abundant

macroinvertebrate community, however, dominant

taxa could be different in giant salvinia relative to

SAV.

Materials and methods

Field location

Surveys were conducted in a subtropical, coastal,

freshwater marsh located in Cameron Parish (county),

Louisiana, USA. This region is classified as a

subtropical ecoregion, supporting both temperate and

tropical organisms. The study site (29.859628,

- 92.956331; * 22,300 ha) is privately owned and

predominantly used for waterfowl hunting and recre-

ational fishing, and is managed to control invasive

species. Giant salvinia was first reported in 2000 and

has since persisted in the environment, requiring

continued chemical and biological control efforts.

Native SAV such as Ceratophyllum demersum L.,

Cabomba caroliniana A. Gray, and Ruppia maritima

L. are common in the marsh, and locations with one or

more of these SAV species were used for reference

sampling (Fig. 1), with C. caroliniana being the

predominant SAV sampled. Based on monitoring by

123

2524 Hydrobiologia (2021) 848:2523–2537



the landowner and our team over previous years, all

sampling locations were dominated by SAV prior to

the study. Cold temperatures during the winter of

2017–2018 reduced the occurrence giant salvinia from

the area and effectively shifted the aquatic environ-

ment to SAV dominant habitat. Sampling commenced

in August 2018, immediately following giant salvinia

establishment and on three further occasions until May

2019, due to control efforts.

Environmental and plant quality variables

Physical and chemical variables were measured at

each sampling location. Dissolved oxygen (DO),

specific conductance, pH, temperature, and ammo-

nium (NH4) were sampled with a handheld multiprobe

(Pro-DS5, YSI Incorporated, Yellow Springs, OH,

USA). Water samples were collected in sterile

polyethylene containers for chlorophyll-a, phosphorus

(orthophosphate, P-ortho) and nitrogen (nitrate, NO3,

and nitrite, NO2) analyses. Samples were kept on ice

during transport and refrigerated (4 �C) after returning
to the laboratory. Phosphorus, nitrate, and nitrite were

analyzed by Hach Method 8048 (US EPA Approved),

Hach Method 8192 (Cadmium Reduction Method),

and Hach Method 8507 (US EPA Approved),

respectively, using a spectrophotometer (DR/2500,

Hach Company, Inc., Loveland, CO, USA). Five

hundred mL of water was filtered using glass fiber

filters, and chlorophyll-a was measured by US EPA

Method 445.0 (Arar & Collins, 1997) using a

fluorometer (TD 700, Turner Designs, Inc., San Jose,

CA).

Light intensity was sampled directly above the

water surface, directly below the water surface

(0.01 m), at 0.10 and 0.20 m, then in 0.20 m incre-

ments until the bottom using a light meter (MW700

light meter, Milwaukee Instruments, Rocky Mount,

NC, USA). Giant salvinia mat thickness was deter-

mined as the distance between the top and bottom of

the mat using a plastic tray (0.30 9 0.40 9 0.01, L 9

W 9 H, m). The tray was slid through the giant

salvinia vertically, once through, the tray was turned

horizontally against the bottom of the mat, thickness

was determined with a rope, marked in 0.01 m

increments, attached to the middle of the tray.

Submerged frond (root) length was recorded for 10

randomly selected giant salvinia plants.

Macroinvertebrate and plant biomass sampling

Three giant salvinia invaded locations and three native

SAV dominant locations were sampled quarterly over

nine months (Fig. 1). At each location, three samples

were collected for a total of 72 samples during the

study period (72 samples = 2 macrophyte types 9 3

locations 9 4 quarters 9 3 samples). Two samplers

were used because macroinvertebrates in SAV are

typically stratified vertically throughout the plant bed,

whereas when giant salvinia invades, macroinverte-

brates orient horizontally to the floating plants. In

SAV, a suitcase sampler was used consisting of two

0.65 9 0.45 m hinged panels covered with 0.600 mm

mesh. The panels were connected using a hinge and

four attached rings, with rope running through, which

standardized the width the sampler could open at

0.55 m. The sampling area was triangular prism

shaped (0.65 9 0.65 9 0.55 9 0.45 m) that enclosed

a volume of 0.07 m3 (Colon-Gaud & Kelso, 2003).

Sampling was done by wading to undisturbed SAV

beds then lowering the suitcase sampler into the bed.

Once in place the trap would be closed and secured

shut with latches. Vegetation sticking out of the edges

of the sampler was trimmed away. Giant salvinia was

sampled using a 0.500 mm mesh lift net (0.29 9 0.35

Fig. 1 Field location was in a subtropical, coastal, freshwater

marsh in Cameron Parish, Louisiana. Sampling sites contained

giant salvinia and submerged aquatic vegetation (SAV). The

property (* 22,300 ha) is privately owned and predominantly

used for recreational activities and is managed to control

invasive species. Sampling occurred quarterly, commencing in

August 2018 and concluding in May 2019
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9 0.20 m; 0.02 m3 volume; Kaller et al., 2013).

Samples were collected from the giant salvinia mat by

wading to undisturbed areas. When sampling, the lift

trap was placed through the giant salvinia mat with top

edge first, and quickly scooped under the mat and

lifted out of the water. Giant salvinia was in tertiary

growth stage for all giant salvinia sites during the

study. Material from the samplers were stored in a re-

sealable plastic bag with water and placed in the iced

cooler until processing.

Samples were processed in the laboratory following

collection. Samples were processed by flushing and

rinsing plant material in 75 l plastic bin filled with

water. Plant matter removed from the bin was

processed to determine dry biomass. Plant matter

was dried in an oven for 72 h at 65 �C to measure dry

mass. Macroinvertebrates rinsed from plant material

and captured on a 0.500 mm sieve were then enumer-

ated and identified to lowest taxonomic level, usually

genus.

Caloric value

Caloric values from published data were calculated to

determine potential energy of the macroinvertebrate

community (Welsh, 1975; Fredrickson & Reid, 1988;

Foley, 2015). Only macroinvertebrates with published

caloric values were used in the analysis. To quantify

calorific value, we multiplied taxa counts per gram dry

biomass by the estimated value of each taxa, then

summed the value for all taxa in the sample.

Statistical analysis

Analyses first examined differences among water

quality and plant characteristics among months and

habitats. Next, multivariate and community analyses

examined invertebrate response among habitats and

months. Finally, multivariate analyses related inver-

tebrate responses to specific water quality and plant

variables. Analyses were conducted using R statistical

software version 3.4.4 (R Core Team, 2013).

Generalized linear models (GLM) compared water

quality and plant variables among habitats and

months. For all variables, the selected combination

of link and distribution was determined by comparing

candidates and fit statistics. A log link, Gaussian

distribution GLM was used for temperature. Log link,

gamma distribution GLMs were used for DO, pH,

P-ortho, chlorophyll-a, NH4, and plant biomass.

Inverse link, gamma distribution GLMs were used

for specific conductivity, submerged frond length, and

giant salvinia mat thickness. Logit link, binomial

distribution GLMs were used for NO3 and NO2. Log

link, gamma distribution GLM was used for light

availability at 0.01 m depth.

For macroinvertebrate analysis, we removed taxa

that had a total abundance of less than four individuals

collected during the study. For comparability, we

standardized species richness and abundance per gram

of dry plant biomass. GLMs with log links and gamma

distributions were used to examine abundance and

richness between habitats and among sampling dates.

Log link, gamma distribution GLM was used for

caloric value difference between habitat and month. A

multivariate generalized linear model (MGLM), with

a negative binomial distribution and log link, was used

to test for differences in macroinvertebrate community

between habitats and among sampling dates (package

mvabund; Warton et al., 2012). The model was

adjusted for multiple comparisons using a step-down

resampling procedure.

Nonmetric multidimensional scaling (NMDS) of a

Bray–Curtis similarity matrix of taxa (k = 4) was used

to visualize the similarity between habitat types and

among months (Clarke, 1993). Comparisons of

exploratory ordinations (e.g., principal component

analysis and detrended correspondence analysis)

indicated that NMDS would be the appropriate

analysis (package vegan, Oksanen et al., 2019).

Analysis of variance using distance matrices (ADO-

NIS) was used to test the solution from NMDS

analysis (package Vegan, Oksanen et al., 2019).

Multivariate dispersion test showed that giant salvinia

(0.13) and SAV (0.12) were similar in multivariate

distance, thus, the analysis was appropriate for these

data (Anderson & Walsh, 2013). Association with

habitat (Ordiselect, package Vegan, Oksanen et al.,

2019) and community dissimilarity between habitats

(similarity percentage, SIMPER, package Vegan,

Oksanen et al., 2019) also were examined.

A redundancy analysis (RDA) examined how

variation in macroinvertebrate community composi-

tion was explained by environmental gradients

described by water quality variables and plant char-

acteristics, following comparisons to find the method

most appropriate to the data (package Vegan, Oksanen

et al., 2019). Variables selected for the RDA were
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initially screened by linear discriminant analysis

(LDA), for appropriateness for RDA, and MGLM,

described previously, to indicate which environmental

variables significantly varied with habitat and month

(LDA, package MASS, Chang, 2015), and these

variables were used in the RDA.

Results

Environmental variables and plant quality

Water quality measurements showed variation

between habitat and among months (Table 1). Dis-

solved oxygen (t-value = 4.74, P\ 0.01) and pH (t-

value = 4.56, P\0.01) were reduced in giant salvinia.

Dissolved oxygen was 2.48 times higher in SAV

[5.57 mg L-1 (± 3.12; n = 12)] compared with giant

salvinia [2.24 mg L-1 (± 2.59; n = 12)]. pH was 1.08

times higher in SAV [6.48 (± 0.32; n = 12)] relative to

giant salvinia [6.97 (± 0.30; n = 12)]. Specific

conductance (t-value = 2.73, P = 0.01), P-Ortho (t-

value = - 5.62, P\0.01), and NH4 (t-value = -4.51,

P\ 0.01) were elevated in giant salvinia, relative to

SAV. Specific conductivity was 1.56 times higher in

giant salvinia [1,493 lS (± 1,445; n = 12)] relative to

SAV [955 lS (± 597; n = 12)]. Phosphate was 4.84

times higher in giant salvinia [0.28 mg L-1 (± 0.34;

n = 12)] compared to SAV [0.06 mg L-1 (± 0.04; n =

12)], and NH4 was 3.31 times higher in giant salvinia

[0.12 mg L-1 (± 0.10; n = 12)] relative to SAV

[0.04 mg L-1 (± 0.03; n = 12)]. Dry biomass was 2.98

times higher in giant salvinia [31.70 g (± 10.36; n =

36)] compared with SAV [10.65 g (± 6.39; n = 36);

t-value = -9.42, P \ 0.01]. Mean submerged root

length was 0.13 m (± 0.04; n = 120) and mean mat

thickness was 0.6 m (± 0.02; n = 12), neither

significantly varied among sampling months.

In the SAV, light availability declined gradually

with light reaching the bottom of the waterbody

(Table 2). However, when giant salvinia was present,

light availability steeply declined and was 7.77 times

lower immediately below the water surface in giant

salvinia [4,664 lux (± 7,989; n = 12)], compared to

SAV [36,250 lux (± 18,773; n = 12; t-value = 41.68,

P\0.01)].

Macroinvertebrate community

A total of 22,812 macroinvertebrate specimens

(12,412 from SAV and 10,400 from giant salvinia),

in 50 lowest practical taxonomic units (LPTs) and 27

Table 1 Mean values (±

SD) of temperature,

dissolved oxygen (DO),

specific conductance (Sp.

Cond.), pH, nitrate (NO3),

nitrogen dioxide (NO2),

orthophosphate (P-ortho),

chlorophyll-a (Chl-a), and
ammonium (NH4) between

habitat types for each

sampling month in southern

Louisiana

Parameters in bold were

significantly different

between giant salvinia and

submerged aquatic

vegetation (SAV) habitat

Habitat Month Temperature (�C) DO (mg l-1) Sp. Cond. (lS) pH

Salvinia August 27.1 (± 0.4) 0.26 (± 0.14) 3,529 (± 1,693) 6.74 (± 0.38)

SAV August 26.9 (± 0.3) 1.76 (± 1.67) 1,922 (± 462) 7.17 (± 0.05)

Salvinia December 12.2 (± 0.1) 4.68 (± 4.09) 912 (± 434) 6.58 (± 0.03)

SAV December 11.4 (± 0.4) 9.03 (± 0.01) 634 (± 120) 7.08 (± 0.13)

Salvinia February 13.2 (± 0.3) 2.55 (± 1.73) 814 (± 158) 6.45 (± 0.17)

SAV February 13.6 (± 0.4) 6.43 (± 2.27) 703 (± 128) 6.83 (± 0.41)

Salvinia May 22.5 (± 0.2) 1.45 (± 1.15) 717 (± 282) 6.15 (± 0.15)

SAV May 24.0 (± 0.8) 5.05 (± 2.65) 560 (± 214) 6.81 (± 0.47)

NO3 (mg l-1) NO2 (mg l-1) P-ortho (mg l-1) Chl-a (lg l-1) NH4 (mg l-1)

0.000 (± 0.000) 0.000 (± 0.000) 0.62 (± 0.61) 5.09 (± 0.39) 0.23 (± 0.16)

0.023 (± 0.005) 0.006 (± 0.005) 0.07 (± 0.05) 19.70 (± 8.73) 0.03 (± 0.01)

0.006 (± 0.005) 0.001 (± 0.002) 0.24 (± 0.01) 7.68 (± 3.74) 0.10 (± 0.08)

0.010 (± 0.010) 0.003 (± 0.002) 0.07 (± 0.03) 10.40 (± 8.95) 0.05 (± 0.04)

0.016 (± 0.015) 0.003 (± 0.005) 0.13 (± 0.12) 14.20 (± 12.8) 0.10 (± 0.04)

0.010 (± 0.000) 0.000 (± 0.000) 0.07 (± 0.03) 4.44 (± 0.67) 0.05 (± 0.02)

0.010 (± 0.000) 0.003 (± 0.127) 0.12 (± 0.04) 3.73 (± 1.55) 0.06 (± 0.01)

0.016 (± 0.005) 0.003 (± 0.013) 0.01 (± 0.00) 13.80 (± 11.3) 0.01 (± 0.00)
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families within 12 orders, were identified (Supple-

mentary Material Table S1). Fifteen of 50 LPTs

occurred less than four times, thus were removed prior

to analysis. Standardized macroinvertebrate abun-

dance per gram was 3.23 times greater in SAV

[34.35 (± 22.61)] compared with in giant salvinia

[10.64 (± 7.57); t-value = 2.68, P = 0.01], and richness

per gramwas five times greater in SAV [1.50 (± 0.96)]

than giant salvinia [0.30 (± 0.14); t-value = 14.29, P\
0.01].

During initial sampling in August, macroinverte-

brate communities in SAV were Chironomidae dom-

inant and Chironomidae and Hyalella sp. were co-

dominant in giant salvinia (Fig. 2), subsequently

though, communities in giant salvinia became dom-

inated by amphipods, specificallyHyalella sp. In giant

salvinia, Chironomidae abundance decreased each

month from a mean of 5.92 per gram [± 2.92 (± SD)]

in August to 0.5 per gram (± 0.96) in May. Aside from

these two groups, all other LPTs decreased from 24%

of the giant salvinia community in August to 4% in

December then\9% in February and May (Fig. 2). In

SAV, the macroinvertebrate community was com-

posed of Chironomidae (42%),Hyalella (34%), and all

other LPTs represented 24% of LPTs throughout the

study.

Habitat, month, and interaction between the two

factors described macroinvertebrate LPT abundance.

Significant differences in abundance were most

explained by habitat (14 of 36 LPTs; Deviance =

370.6, P\0.01) followed by month (10 of 36 LPTs;

Deviance = 521.5, P\0.01) and interaction (5 of 36

LPTs; Deviance = 223.1, P \ 0.01; Table 3;

Supplementary Material Fig. S1). Of the 14 LPT

differing between habitat, nine were more abundant in

SAV.

Macroinvertebrate community structure between

habitats was different. Ordination of macroinverte-

brate community composition found distinct groups

between habitat types (Fig. 3 and Table 4). Residual

STRESS was 0.126, which is within ranges for

interpretability (Clarke 1993). The first axis presum-

ably explained community differences based on

habitat type. The second axis presumably related to

temporal changes within giant salvinia. Habitat

(ADONIS F = 4.86, R2 = 0.061, P\0.01) and month

(ADONIS F = 2.58, R2 = 0.097, P = 0.01) explained

variation in the macroinvertebrate communities. The

dispersion test showed that giant salvinia (0.13) and

SAV (0.12) were similar in multivariate distance, thus,

the analysis was appropriate for these data (Anderson

& Walsh, 2013). Habitat association analyses identi-

fied Gammarus sp., Collembola, Scirtes sp., and

Dolichopodidae as most related to giant salvinia

ordination group, while Neocorixa sp., Hydrachnidia,

Parapoynx sp., and Oxyethira sp. as most related to

SAV ordination group (Table 4). Similarity percent-

ages (SIMPER) identified 61.4% dissimilarity in

community composition between habitat, with Chi-

ronomidae andHyalella sp. as contributing the most to

community turnover between habitat type.

Previous analyses indicated dry biomass, DO,

specific conductance, pH, NO3
-, P-ortho, NH4, and

light availability at all depths significantly varied

between habitat and, thus, were included in the RDA.

We selected only one depth (0.01 m) of light avail-

ability for the analysis. The first two axes of the

ordination explained 86% of the variation (68% in 1st

axis). Monte Carlo permutation test indicated that axis

one (F = 42.01, P\0.01) and axis two (F = 11.43, P\
0.01) were significant. The first axis was positively

correlated with Chironomidae-dominant communities

(0.727), as well as, pH (0.716), light availability

(0.608), and specific conductance (0.519), and nega-

tively correlated with amphipod communities

(- 0.805) and dry biomass (- 0.659). The second

axis was positively correlated with dry biomass

(0.534), and was negatively correlated with DO

(- 0.828), pH (- 0.262) and light availability

(- 0.386). A biplot of the first two axes showed that

increased dry biomass was associated with giant

Table 2 Mean light intensity [lux (± SD)] measurements

between giant salvinia and submerged aquatic vegetation

(SAV) habitat over the duration of the study (n = 4)

Depth Giant Salvinia SAV

Above 49,082 (± 28,392) 54,642 (± 28,086)

0.01 m 4664 (± 7989) 36,250 (± 18,773)

0.10 m 32 (± 35.70) 23,624 (± 13,528)

0.20 m 3 (± 2.93) 14,808 (± 10,410)

0.40 m 1 (± 2.61) 3497 (± 4050)

0.60 m 1 (± 1.73) 763 (± 856)

Light measurements were recorded immediately above the

water surface then at different depths through the water column
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Fig. 2 Mean abundance of macroinvertebrate taxa per gram of

dry mass (± SE) in giant salvinia and submerged aquatic

vegetation (SAV) habitat over four sampling months. Only taxa

with C 5% relative abundance were labeled with percent, taxa

under this threshold were grouped as all others
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Table 3 Multivariate generalized linear model results (deviation test statistic, P value) of macroinvertebrate abundance examining

taxa response to habitat and month

Order Taxon Habitat Month Habitat x Month

Deviation p-value Deviation p-value Deviation p-value

Amphipoda Hyalellidae

Hyalella 0.846 0.929 16.570 0.032 10.864 0.166

Amphipoda Gammaridae

Gammarus 4.952 0.497 13.259 0.107 18.530 0.005

Coleoptera Chrysomelidae

Donacia 3.176 0.687 8.615 0.372 0.450 0.961

Coleoptera Dytiscidae

Brachyvatus 1.927 0.826 7.133 0.431 1.185 0.961

Dytiscus 1.046 0.929 6.592 0.492 0.680 0.961

Hydroporus 2.863 0.706 6.147 0.542 0.001 0.961

Coleoptera Hydrophilidae

Berosus 1.003 0.929 19.108 0.011 7.384 0.397

Laccobius 0.226 0.929 14.841 0.071 0.000 0.961

Tropisternus 5.920 0.349 21.944 0.005 11.046 0.163

Coleoptera Noteridae

Hydrocanthus 20.238 0.001 9.588 0.365 1.342 0.961

Coleoptera Scirtidae

Scirtes 17.777 0.002 13.665 0.097 8.701 0.348

Collembola Collembola 13.590 0.008 12.455 0.142 1.105 0.961

Diptera Ceratopogonidae

Dasyhelea 4.170 0.541 13.316 0.105 6.545 0.488

Probezzia 5.575 0.428 7.869 0.431 1.659 0.961

Diptera Chironomidae 2.985 0.687 4.643 0.723 30.547 0.001

Diptera Culicidae 0.000 0.929 8.815 0.365 0.000 0.975

Diptera Dolichopodidae 3.595 0.659 7.711 0.431 5.886 0.520

Ephemeroptera Baetidae

Fallceon 13.558 0.008 2.630 0.911 4.082 0.790

Ephemeroptera Caenidae

Brachycercus 0.621 0.929 27.165 0.002 33.120 0.001

Hemiptera Corixidae

Neocorixa 59.334 0.001 29.882 0.002 2.095 0.961

Hemiptera Hebridae

Hebrus 5.059 0.497 9.228 0.365 6.632 0.488

Hemiptera Naucoridae

Pelocoris 21.059 0.001 1.145 0.094 2.306 0.709

Isopoda Asellidae

Caecidotea 4.479 0.497 9.564 0.365 2.308 0.961

Isopoda Sphaeromatidae

Sphaeroma 2.589 0.791 10.918 0.245 1.378 0.961

Lepidoptera Crambidae

Parapoynx 12.279 0.012 20.925 0.007 0.001 0.961
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salvinia habitat, while pH and light availability

increased with SAV habitat (Fig. 4).

Caloric value

Based on eighteen taxa (96% relative abundance;

Supplementary Material Table S1) with previously

published calorific values, mean caloric value

[kcal g-1 per gram dry biomass (± SD)] in SAV

was 3.39 times higher [146 (± 92.2); t-value =- 2.31,

P = 0.02] than giant salvinia [43.1 (± 31.2)]. In giant

salvinia, mean caloric value ranged from 25.6 to

58 kcal g-1 across months, with only May being

significantly lower (t = value = 2.2, P = 0.03). Mean

values were 53.8 (± 17.9) and 58 (± 43.6) kcal g-1 for

August and December, respectively, and 35.2 (± 21.8)

kcal g-1 in February, then decreased to 25.6 (± 20.9)

kcal g-1 in May. In SAV, mean caloric value across

months ranged from 103 to 220 kcal g-1, with

February being significantly higher (t-value = - 2.2,

P = 0.03). Caloric value was 119 (± 69.3) kcal g-1 in

August then 103 (± 81.3) December. Caloric value

increased to 220 (± 112) kcal g-1 in February then

was 144 (± 42) kcal g-1 in May.

Table 3 continued

Order Taxon Habitat Month Habitat x Month

Deviation p-value Deviation p-value Deviation p-value

Odonata Aeshnidae

Anax 8.318 0.139 4.498 0.723 0.000 0.961

Odonata Coenagrionidae

Coenagion 18.038 0.001 8.716 0.372 16.724 0.010

Enallagma 20.373 0.001 1.145 0.911 2.306 0.961

Odonata Libellulidae

Erythemis 11.315 0.023 64.077 0.001 8.836 0.348

Macrothemis 5.462 0.458 21.139 0.006 2.329 0.961

Sympetrum 1.731 0.837 37.262 0.001 16.256 0.015

Trichoptera Hydroptilidae

Orthotrichia 12.169 0.013 9.677 0.365 0.000 0.961

Oxyethira 5.75 0.410 12.448 0.142 0.001 0.961

Trichoptera Polycentropodidae

Polycentropus 21.557 0.001 9.723 0.365 0.000 0.961

Decapoda Palaemonidae

Palaemonetes 25.570 0.001 34.044 0.001 7.681 0.393

Trombidiformes Hydrachnidia 30.830 0.001 2.193 0.911 8.592 0.348

Underlined taxon indicates associated with giant salvinia habitat and bold indicates submerged aquatic vegetation

Fig. 3 Nonmetric multidimensional scaling (NMDS) ordina-

tion plot of macroinvertebrate communities in giant salvinia and

submerged aquatic vegetation (SAV) habitat. Points are

individual samples and distance between points represents

assemblage similarity, with most similar samples being located

closest together. Color depicts habitat types, giant salvinia

(black) and submerged aquatic vegetation [SAV; (gray)], and

shapes identify sampling month, August (circle), December

(square), February (triangle), and May (diamond)
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Discussion

Our study suggests that giant salvinia invasion altered

habitat availability and environmental conditions,

including light, DO, and nutrients, that probably

impacted macroinvertebrates and resulted in different

communities relative to SAV. Our hypothesis that

giant salvinia having a diverse and abundant commu-

nity was not supported by the data. As infestation

duration increased, giant salvinia communities

became species depauperate, and lower in biomass

and energy. In SAV, Chironomidae was dominant and

insects were abundant in the macroinvertebrate com-

munities, which can be expected for freshwater

marshes (Bolduc & Afton, 2003, 2004; Kang & King,

2013; Mercer et al., 2017; Weller & Bossart, 2017). In

giant salvinia, conversely, crustaceans, specifically

amphipods, dominated the community while insects

were less abundant. This could be explained by

environmental filtering and habitat changes resulting

from giant salvinia invasion.

Environmental conditions and presumably envi-

ronmental filtering differed between SAV and giant

salvinia habitats. Decreased light penetration may

reduce periphyton, phytoplankton, and zooplankton

abundance, which, although unmeasured, limiting

feeding stratagies and functional traits of macroinver-

tebrates that could exist in the giant salvinia habitat

(Pinto & O’Farrell, 2014). Three of the four taxa

identified as positively relating to SAV were an air

breather (Neocorixa sp.) and two herbivores

Table 4 Taxon scores for

non-metric

multidimensional scaling

(NMDS) axes 1 and 2

Values indicate position

along each axis. The first

axis presumably explained

community differences

based on habitat type. The

second axis presumably

related to temporal changes

within giant salvinia.

Underlined taxon indicates

associated with giant

salvinia, bold indicates

submerged aquatic

vegetation, and neither

indicates no significant

habitat association

Taxon NMDS1 NMDS2 Taxon NMDS1 NMDS2

Chironomidae 0.286054 0.128081 Donacia 0.108081 - 3.752620

Erythemis - 0.536790 0.037067 Neocorixa 1.084895 0.300097

Sympetrum 0.249393 0.059069 Scirtes - 1.289930 - 0.288360

Hyalella - 0.182690 - 0.070450 Hebrus - 0.638390 - 0.572350

Gammarus - 1.147760 0.330857 Hydroporus 0.704335 - 1.064640

Macrothemis 0.651199 0.536902 Polycentropus 0.895946 - 0.047930

Brachycercus 0.500009 0.959916 Dasyhelea 0.529612 - 0.692150

Fallceon 0.704653 0.021108 Brachyvatus 0.714588 - 0.378950

Coenagrion 0.612159 0.393508 Culicidae 0.194320 0.925443

Enallagma 0.723942 - 0.363630 Orthotrichia 1.037998 1.194264

Pelocoris - 0.882360 0.867227 Dytiscus - 0.066980 1.773912

Laccobius 0.052827 0.724487 Probezzia 0.545861 0.567446

Collembola - 1.132430 0.069116 Anax 0.806876 - 0.35286

Palaemonetes 1.027967 0.550221 Dolichopodidae - 1.106170 1.721349

Hydrachnidia 1.084711 0.549910 Sphaeroma 0.572078 0.616015

Berosus - 0.612120 - 0.388860 Caecidotea 0.687103 0.699057

Tropisternus 0.321635 - 0.304570 Parapoynx 1.226561 0.915312

Hydrocanthus - 0.960320 0.412645 Oxyethira 1.573787 1.382053

Fig. 4 Redundancy analysis (RDA) biplot of macroinverte-

brate communities and environmental variables sampled. Points

represent sampling sites and arrows represent environmental

gradients. Color depicts habitat types, giant salvinia (black) and

submerged aquatic vegetation [SAV; (gray)], and shapes

identify sampling month, August (circle), December (square),

February (triangle), and May (diamond). Environmental vari-

ables include dry biomass, dissolved oxygen (DO), pH, specific

conductance (conductivity), nitrate (NO3), ammonium (NH4),

orthophosphate (P-ortho), and light availability at 0.01 m depth

(below)
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(Parapoynx sp., and Oxyethira sp.) (Poff et al., 2016).

Giant salvinia may have limited access to the surface

for air breathing insects. Although external gill

breathing macroinvertebrates are typically more sen-

sitive to low DO than air breathing macroinvertebrates

(Kaller & Kelso, 2007), a thin layer of higher DO

exists at the giant salvinia mat and water surface

interface (Frodge et al., 1990; Wahl et al., 2020),

which may have permitted external gill breathing

macroinvertebrates to exist within giant salvinia. In

August, gill breathing macroinvertebrates were pre-

sent when recorded DO was\1 mg L-1, suggesting

that taxa may have persisted by a layer of higher DO

water near the water–giant salvinia interface, or these

macroinvertebrates may exhibit tolerance to low DO

(Justus et al. 2012; Kaller & Kelso, 2007). Differences

in macroinvertebrates between other invasive free-

floating with submerged macrophyte species have

been observed in other systems. An increase in Lemna

minuta Kunth mat thickness was negatively correlated

with the number of aquatic plant species and plant

coverage, as well as, a 40% decrease in macroinver-

tebrate richness (Ceschin et al., 2020). Even though L.

minuta is a thinner matted species, the effects to

macroinvertebrates, and the resulting shift in commu-

nities, were similar to the effect we observed from

giant salvinia.

Giant salvinia habitat also may not offer the spatial

extent and diversity of habitat as SAV, with its more

complex architecture (Fisher & Kelso, 2007; Thomaz

et al., 2008). The giant salvinia mat was limited to

submerged and emergent fronds, and suspended giant

salvinia detritus, and presented a homogenous habitat

over the infested area. Conversely, SAV can span the

entire water column, offering increased surface area

for habitat and predator avoidance (Fisher & Kelso,

2007), and increased habitat heterogeneity and species

richness (Thomaz et al., 2008). Loss of habitat niches

and spatial extent likely contributed to some taxo-

nomic differences, possibly through increased com-

petition (Calizza et al., 2017). Variation of

macroinvertebrate community structure within SAV

habitat over the study duration suggests high seasonal

variation, therefore, differences in communities from

giant salvinia may be explained by habitat alterations

and by seasonality. We believe the divergence of

macroinvertebrate community structure between

macrophytes is consistent with the effect of macro-

phyte habitat change (Schultz & Dibble, 2012; Habib

& Yousuf, 2015). However, we cannot differentiate

between variation caused by habitat changes and

variation contributed by seasonality, we acknowledge

that it is difficult to ascertain the precise effect of giant

salvinia on macroinvertebrate communities from our

dataset.

It was not possible to determine if macroinverte-

brate communities in giant salvinia and SAV locations

were similar prior to initial sampling. Following initial

invasion, communities between habitat types con-

tained similar taxa, however, changes in communities

were evident (Figs. 2 and 3), indicating that giant

salvinia may have started to impact macroinverte-

brates prior to our sampling or initial communities

were different, although the RDA results (Fig. 4)

suggest that communities in giant salvinia during

August were similar to SAV communities, providing

some evidence of a common starting taxonomic pool.

Thus, lacking data on the macroinvertebrate commu-

nities of these freshwater marshes prior to giant

salvinia invasion, we cannot determine the magnitude

of change, specific taxon loss, or attribute some

changes to inherent natural spatial and temporal

variation as would have been possible with such data,

and unfortunately, data from the literature describing

communities prior to giant salvinia are not directly

comparable (i.e., different taxonomic classifications;

Bolduc & Afton, 2003, 2004). The inability to

determine pre-invaded community structure and deci-

pher seasonal variation in giant salvinia locations is

inherent to the design of our study. More frequent

sampling before and during invasion could make it

possible to precisely determine the effect of giant

salvinia on macroinvertebrate communities.

The growing giant salvinia mat likely created

internal nutrient loading that further reinforced the

invasion through nutrient release from the sediment.

Reduction in DO following giant salvinia invasion has

been well documented (Oliver, 1993; Flores &

Carlson, 2006; Tipping et al., 2008) and can cause

phosphorus and ammonium to release into the water

column from the sediment (Søndergaard 2003; Zhang

et al., 2014), creating more favorable conditions to

sustain the invasion (Strange et al., 2019). Pontederia

crassipes (Mart.) Solms tissue decomposition released

phosphorus into the water column, with the concen-

tration of release increasing when DOwas\1 mg L-1

(Masifwa et al., 2004); and in this study, locations with

giant salvinia in August had a mean DO concentration
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\ 1 mg L-1 and the highest phosphorus and ammo-

nium concentrations. Nutrient availability is a limiting

factor for giant salvinia, but internal loading, caused

by a reduction in DO and increase in nutrients can

reinforce giant salvinia invasion. Human intervention

through chemical, mechanical, or biological control is

typically required to shift back to SAV dominance

(Tipping et al., 2008; Motitsoe et al., 2020). This shift

back, however, is typically temporary with giant

salvinia recolonizing within months after control

(Oliver, 1993). Peeters (2016) found invasive free-

floating plants had a higher probability of recolonizing

a location which was previously controlled because of

lingering phosphorus concentrations. Therefore,

although anthropogenic control restored SAV domi-

nance at this site, the high likelihood of giant salvinia

reestablishment in systems like these with altered

nutrients could have long-term impacts to local

macroinvertebrate richness and diversity.

Reoccurring invasion at a location could act as a

sink for a number of macroinvertebrate taxa.

Heterogenous SAV-dominant habitat allows a greater

richness of macroinvertebrates to exist (Thomaz &

Cunha, 2010; Lucena-Moya & Duggan, 2011), and

macroinvertebrates with adult flying stage will dis-

perse from this habitat to colonize other locations

(Wissinger, 1999). If they colonize an area frequently

covered with giant salvinia during a time with little or

low giant salvinia coverage, they may not be able to

complete their life cycle before the environment shifts

to dominance by giant salvinia. If they cannot develop

before invasion, they would be subject to changes in

environmental filtering and increased competition.

Additionally, the mat of vegetation on the water

surface may limit adult aquatic insect emergence or

egg laying. If adult emergence is impacted, energy

transfer from the aquatic to the terrestrial ecosystem,

in the form of predation on emerging insect, would be

diminished.

The flow of energy though the aquatic and adjacent

terrestrial ecosystems could be altered by giant

salvinia. Previous research has identified giant salvinia

energy flow alterations related to decreased light

penetration (Rommens et al., 2003; McFarland et al.,

2004). Our results indicate a reduction in caloric value

in the giant salvinia macroinvertebrate community,

which could have bottom-up ramifications for the

trophic web. Fish and other aquatic predators surviv-

ing in the low DO environment under giant salvinia

would have lower quality and lower diversity of prey

items. Toft et al. (2003) found that invertebrate

communities and fish diets were altered by the

introduction of P. crassipes, shifting from the highly

abundant native amphipod, Hyalella azteca Saussure,

as fish prey to the amphipod, Crangonyx floridanus

Bousfield, that was not consumed by fish. Chirono-

midae are a common forage item, especially for larval,

juvenile, and smaller-bodied fish (Armitage 1995).

Therefore, a shift away from Chironomidae dominant

communities may hinder trophic interaction and

energy transfer. Even when invasive plants are

controlled, it may take weeks or years for macroin-

vertebrate communities to resemble pre-infested com-

munities (Wallace, 1990). Waterfowl, especially

diving ducks, rely on macroinvertebrates during

migration and in wintering habitat (Afton et al.,

1991), often selecting habitat abundant with macroin-

vertebrates (Schummer et al., 2008). Similarly, many

wading birds are indirectly dependent on macroinver-

tebrates, through fish (Gawlik, 2002). The reduction in

total energy of the macroinvertebrate community

could result in altered habitat use and decreased

populations of waterfowl and wading birds. A collapse

of overwintering diving duck populations is suspected

to be caused, in part, by a decrease in macroinverte-

brate abundance and total biomass (Tománková et al.,

2013). Several species of wading birds have been

shown to utilize habitat based on prey, fish availabil-

ity, and decreased fish abundance, through loss of total

energy frommacroinvertebrates, could lead to reduced

wading bird abundance (Gawlik, 2002).

Conclusion

This study indicates that the invasion of giant salvinia

reduced habitat availability and complexity through

changes in environmental conditions, and contributed

to shifts in macroinvertebrate communities. Due to its

widespread distribution and now documented reduc-

tion of biodiversity and energy transfer, invasion of

giant salvinia could have larger implications for

freshwater ecosystems than previously understood.

Research is needed to understand how giant salvinia

alters the flow of energy in aquatic ecosystems,

specifically how adjacent trophic levels are impacted

by alterations to their prey community and the
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timeframes for macroinvertebrate communities to

recover.
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