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Abstract 

 
The Effect of Environmental Muck Dredging on Abundance and Community Richness of 

Benthic Amphipods in the Indian River Lagoon 

Author: Nayan Mallick 

Advisor: Kevin B. Johnson, Ph.D. 

 

Anthropogenic eutrophication has polluted and degraded estuarine ecosystems 

throughout the world. The Indian River Lagoon (IRL), a diverse North American estuary, 

has accumulated an abundance of Fine-Grained Organic-Rich Sediments (FGORS or 

“muck”) due to eutrophication. Muck creates stressful, sometimes uninhabitable conditions 

for benthic flora and fauna, with far-reaching ancillary ecosystem impacts. In an attempt 

to ameliorate negative ecosystem impacts, muck deposits in Turkey Creek were dredged 

by Brevard County Natural Resources (Florida). One month after the dredging, mean 

abundance of amphipods rose to 110±90 individuals m-2 from 0±0 individuals m-2 in the 

dredged muck sites. Four amphipod species colonized muck following dredging, and 

Cymadusa compta persisted one year after the dredging. Spatial difference in community 

richness was observed between intermediate sites. Lagoon sites, with less organic content 

and not directly impacted by dredging, registered high amphipod abundance (maximum: 

4400±800 individuals m-2) compared to muck sites (maximum: 110±90 individuals m-2). 

Sediment characteristics (organic matter, water weight and silt-clay) and dissolved oxygen 

(DO) explained most of the variability of amphipod abundance. A distinct amphipod 

community was observed one year after the dredging. Colonization by amphipods in the 
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sites hit by the dredge shows the promise of Environmental Muck Dredging as a potential 

technique for restoring benthic habitat in sites with extreme sediment organic content. 

Long-term monitoring is recommended to better understand Environmental Muck 

Dredging’s success in benthic habitat restoration.   
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Introduction 

Estuaries worldwide are threatened ecosystems due to anthropogenic perturbations. 

These include increased nutrient inputs, high organic sediment loading, pollution, 

overexploitation, and climate change (Diaz et. al. 2004; Kennish, 2002; Dolbeth et. al. 

2007; Bricker et. al. 2008; Göransson 2017). As a result, estuarine ecosystems are 

experiencing reduced biodiversity, altered food webs, and imbalanced trophic structure 

(Bolam et. al. 2002; Dell’Anno et. al. 2002; Kennish, 2002; Bricker et. al. 2008; Gammal 

et. al. 2017).   

 

In the Indian River Lagoon (IRL), a diverse shallow subtropical estuary, 

accumulation of Fine-Grain Organic-Rich Sediment (FGORS or “muck”) has smothered 

benthic life and fueled Harmful Algal Blooms (HABs) (Tetra Tech and Close Waters, 

2018). FGORS accumulation began in the 1950s, when rapid population growth 

accelerated coastal development (Trefry et al. 1990). Discharge from factories, sewage, 

wastewater treatment plants, fertilizer runoff, and leaching from abandoned materials has 

added excess nitrogen and phosphorus to the IRL. These nutrients fuel algal blooms which 

limit light availability and hamper benthic photosynthesis. One such bloom caused mass 

mortality in fish, dolphins and manatees in 2011 and was dubbed the “Superbloom” (Tetra 

Tech and Close Waters, 2018). Senescing algal blooms combine with other settling 

particulates, accumulating on the benthos as muck.  Trefry et al., (1990) operationally 

defined muck as sediment with >60% silt/clay, >75% water by weight and >10% organic 

matter (OM). Decomposition in organic sediments can create hypoxic conditions (oxygen 
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concentration <2 mg/L) within those sediments, and also the immediately overlying water 

column. Sulphur-oxidizing bacteria flourish in hypoxic and anoxic muck and produce toxic 

hydrogen sulphide gas (Levin et. al. 2009). Toxicity and hypoxia reduce benthic 

productivity and limit metazoan distributions (Sturdivant et. al. 2013; Pearson and 

Rosenberg 1978; Tweedley et. al. 2016) by altering nitrogen and phosphorus recycling 

mechanisms (Gammal et. al. 2017). Nitrogen recycling pathway reverses in hypoxic-

anoxic sediments rich with organic content whereby bioavailable nitrogen (N) converts 

into bioavailable ammonium (NH4) instead of gaseous nitrogen (Ekeroth et. al. 2016). 

Moreover, in anoxic systems, nitrification process (the process by which NH4 is oxidized 

to form NO3) does not takes place, which limits the gaseous nitrogen removal process 

(Hietanen and Lukkari 2007; Ekeroth et. al. 2016). Retention of dissolved inorganic 

phosphorus (DIP)in the sediment, is enhanced by the presence of oxygen (Ekeroth et. al. 

2012; Ekeroth et. al. 2016). In anoxic conditions, fluxes of phosphate and bioavailable 

nitrogen increase, and this can contribute to algal blooms, which in turn contribute more to 

organic sediments (Gammal et. al. 2017).         

 

The identities, abundances, and distributions of benthic organisms are often used to 

evaluate habitat health (Thomas 1993; Hemery et. al. 2017). Benthic fauna can shape the 

structure and function of ecosystems (Ysebaert et. al. 2003). This ecological importance, 

often coupled with limited mobility, makes them useful as environmental indicators 

(Dauer, 1993; Hyland et. al. 2005; Ritnim and Meksumpun, 2011; Seo et. al. 2017; Wang 

et. al. 2017). Benthic polychaetes, crustaceans and molluscs help maintain oxidized benthic 



3 

 

surface layers by shuffling sediments through the processes of  bioturbation, and reworking 

of upper sediment layer (Duquesne et. al. 2000; Rosenberg et. al. 2001; Marsden and 

Rainbow 2004; Soliman 2007; Gorokhova et. al. 2010; Altermatt et. al. 2014; Riera and 

de-la-ossa-Carretero, 2014). They also play important role in nutrient recycling and energy 

flow in the estuarine ecosystem (Marinelli 1994; Kristensen 2000; Widdicombe and 

Needham 2007). Suspension-feeding of benthic organisms can control primary 

productivity in shallow coastal waters (Hily 1991; Gili and Coma, 1998; Lohrer et. al. 

2004; Mermillod-blondin and Rosenberg, 2006; Norling et. al. 2007; Baustian and 

Rabalais, 2009; Sturdivant et. al. 2013). Polychaetes are especially notorious for recycling 

and reworking sediments (Newell 2004; Mendez et. al. 2015). Some molluscs such as 

oysters and clams filter suspended particles and reduce turbidity (Duquesne et. al. 2000, 

Masrden and Rainbow, 2004; Soliman, 2007; Gorokhova et. al. 2010; Altermatt et. al. 

2014). Amphipods have been used as indicators for sediment toxicity tests and bioassays  

(Jackson et. al. 2012; Whiteway et. al. 2014; Hartzell et. al. 2017; Moran et al. 2017).  For 

instance, Gesteira and Dauvin (2000) reported that amphipods were more sensitive to oil 

spills than some other taxa and recommended them for use as indicators.  

 

Amphipods are a diverse group of crustaceans ubiquitously distributed in 

freshwater and marine environments, in both pelagic and benthic habitats (Thomas 1993; 

Rehitha et. al. 2017; Utsunomiya et. al. 2017; Conlan 1994; Cruz-Rivera and Hay 2000), 

where they constitute a significant portion of the macroinvertebrate community (Conlan, 

1994; Duffy et al. 2000; Gesteira and Dauvin, 2000; Ysebaert et al. 2003; Mancinelli, 2012; 
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Ros et al. 2015).  Amphipod ecological roles include grazers (Conlan 1994; Cruz-Rivera 

and Hay 2000), predators, parasites and invaders (Duffy et. al. 2000; Arocena 2007; Bueno 

et. al. 2017). They are often associated with submerged aquatic vegetation, including 

seagrasses (Nelson 1979, 1981, 1995; Conradi and López-González 1999, Parker et. al. 

2001; Mohammed et. al. 2013) and seaweeds (Thomas 1993, Zakhama-Sraieb et. al. 2009).  

They serve as food for fish and seabirds, as well as other invertebrates (Bryazgin 1997; 

Zakhama-Sraiebet et. al. 2009). In addition to oxygenating sediments as is common 

amongst infauna (Bolam et al. 2002), many amphipods are detritus-feeding and may assist 

in the recycling of polluted sediments and toxins (Reish and Barnard, 1979). As an 

important component of benthic food webs, amphipods play a crucial role as secondary 

and tertiary producers (Dauvin and Ruellet 2007; Dauvin et. al. 2016).  

 

Amphipod life history is simple and direct.  They brood their eggs and dispersal is 

restricted by adult mobility. Site fidelity, high abundances, broad environmental tolerances, 

and rapid growth make amphipods good candidates for biological monitoring (Hily 1983; 

Van Dolah et. al. 1984; Lewis et. al. 2001; Newell et. al. 2004; Manap and Voulvoulis, 

2016; Rehitha et. al. 2017). Some amphipods are considered environmentally sensitive 

species (Dauvin and Ruellet 2007; Dauvin et. al. 2016) and the US Environmental 

Protection Agency, recognizing their importance in benthic communities, requires 

amphipod population data before permitting projects that could impact their habitat 

(Thomas 1993).  
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In the Indian River Lagoon, dredging projects have been applied to tackle the muck 

problem (Tetra Tech and Close Waters 2018). Reports suggest muck dredging can improve 

water quality, but it is unclear whether it can be a broad regional solution to development 

and run-off pressures (Rosenberg et. al. 2001). In 2015, Brevard County undertook an 

environmental muck dredging project to improve estuarine health, focusing on the region 

of Palm Bay in Turkey Creek. In contrast to navigational dredging (Gesteira and Dauvin 

2000; Luo et. al. 2017; Karlson et. al. 2002)  this project aims to restore benthic habitat, 

increase biodiversity and, where water depths allow, improve conditions for seagrass 

growth. To explore the relationship of dredging activities and sediment conditions with the 

benthic community, focusing on amphipods as potential indicator species, I pose the 

following hypotheses:  

1. Amphipod abundance and community richness will be greater in sites where muck 

was dredged relative to undredged muck.  

2. Sediment characteristics influence observed amphipod abundance.  
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Methods 
 

Benthic sediment and infauna samples were collected one month prior to dredging 

(January 2016), one-month post dredging (February 2017) and one year after the dredging 

(December 2017). at the muck dredging site, adjacent sites, and control (away) sites in the 

Indian River Lagoon and tributaries (Fig. 1). Dredging commenced in the dredged sites 

from February to April, 2016 and following a shutdown for manatee season dredging again 

began on September, 2016 and ran until January, 2017 (Fox and Trefry, 2018). The muck 

dredging site was Turkey Creek (TCM).  Adjacent sites were in Turkey Creek outside of 

the dredging area (TC) and in the Indian River Lagoon outside of the mouth of Turkey 

Creek (TCL).  Control sites were in the undredged muck of Crane Creek (CCM) and 

outside the mouth of Crane Creek in the IRL (CCL). Multiple stations were sampled within 

each site, for a total of 18 stations.  Three replicate infaunal grabs were collected at each 

station, with an additional grab to characterize sediment at the station, using a Petite Ponar 

Grab collecting an area of 225 cm2. Benthic samples were sieved through 0.5 mm mesh 

and retained material bagged and frozen. An aliquot (one-eighth) of each sample was used 

to enable processing in a reasonable time-frame.  Counts from split samples were then used 

to extrapolate organism field densities. After identification, and counting of macrofauna, 

samples were preserved in 4% formaldehyde solution. Thawed infaunal samples were 

counted and identified to the lowest possible taxonomic level using published information 

on range and habitats, and morphology determined via stereomicroscopy (8-35x 

magnification). Grabs collected to characterize sediments were analyzed for % organic 
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matter (via Loss on Ignition or LOI, Heiri et al. 2001), % water by weight, and % silt-clay 

content (dry weight). To determine the latter, muck and sandy sediments were weighed 

(10g and 30g, respectively) and then sieved through a 63µm sieve.  Retained material was 

heated at 275°F for 24h and re-weighed.  

 

Salinity, pH, dissolve oxygen (DO) (both mg/L and percent saturation), and 

temperature were determined for surface and bottom water at each station sampling using 

a Yellow Spring Instruments Multimeter (YSI). 

  

Two-way analysis of variance (ANOVA) with post-hoc pairwise comparisons via 

Tukey HSD was used to test for differences in abundances and community richness before, 

one-month after and one-year after dredging. Principal Component Analysis (PCA) was 

employed to identify the variables that exert the most influence on the amphipod 

community. To delineate distinctiveness between stations based on amphipod abundance 

before, one-month after and one-year after dredging Analysis of Similarity (ANOSIM) and 

non-metric multi-dimensional scaling (nMDS) was used.   
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Figure 1: Sampling sites and stations in A) Crane Creek and the adjacent Indian River 

Lagoon and B) Turkey creek and the adjacent Indian River Lagoon.  CCM = Crane Creek 

Muck, CCL = Crane Creek Lagoon, TCL = Turkey Creek Lagoon, TC = Turkey Creek, 

TCM = Turkey Creek Muck).  
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Results 

 

Variation in abundance and community richness 

A total of 8 amphipod species (Eusirus cuspidatus, Cymadusa compta, 

Grandidierella bonnieroides, Gammarus mucronatus, Cerapus tubularis, Corophium sp., 

Grandidierella sp., and Jassa sp.) were observed during this study. Throughout the study, 

lagoon sites (CCL and TCL) had the highest amphipod abundances. Three, six and eight 

species were recorded in the lagoon sites in years 1, 2, and 3, respectively. In terms of 

abundances, Grandidierella sp., dominated in year 1. Abundances of C. compta and 

Gammarus mucronatus were highest in year 2 and 3, respectively. In the lagoon sites, 

amphipod abundances were highest in year 3. Undredged intermediate sites also showed 

their highest amphipod abundances in year 3. In the dredged muck sites, one month after 

the dredging, three amphipod species (C. compta, Corophium sp., and C. tubularis) were 

present in equal numbers, and C. compta persisted for one year.   

Abundances are reported here as overall means, for the specified sites and species, 

for the duration of the study, unless otherwise specified.  Prior to dredging (January 2016), 

no amphipods occurred in muck sites, be they slated for dredging (TCM 1-4) or control 

sites (CCM 1 – 2) (Table 1). 

Before dredging, in the dredged intermediate sites (TC 3 and 4), one amphipod 

species, Cymadusa compta, was observed (120 individuals m-2 ±120 SE), while control 

intermediate sites, TC 1 and 2 hosted both C. compta (200 individuals m-2±90 SE) and 
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Grandidierella sp. (270 individuals m-2±270 SE).  Immediately following dredging 

(February 2017), amphipod species richness increased to four in dredged muck stations, 

with mean abundances of the four species as follows:  Cymadusa compta, mean abundance 

30 individuals m-2±30 SE, Grandidierella bonnieroides, mean abundance 15 individuals 

m-2±15 SE, Corophium sp., mean abundance 30 individuals m-2 ±30 SE and Cerapus 

tubularis, mean abundance 30 individuals m-2±30 SE (Table 1). Undredged muck stations 

exhibited low abundances of just one amphipod species (Cymadusa compta, 8 individuals 

m-2±8 SE). Species richness at dredged intermediate stations was unchanged, but overall 

abundance decreased (30 individuals m-2±30 SE).  In undredged intermediate stations, the 

amphipods Cymadusa compta and Cerapus tubularis were observed at mean densities of 

330 individuals m-2±150 SE and 240 individuals m-2±240 SE respectively. Approximately 

1-year after the dredging (December 2017), one species (Cymadusa compta, 90 individuals 

m-2±90 SE) colonized the dredged muck stations, while none appeared in undredged muck. 

No species were recorded in the dredged intermediate stations, but two species 

(Grandidierella sp., mean abundance of 1200 individuals m-2 ±900 SE and Jassa sp., mean 

abundance of 240 individuals m-2 ±0 SE) were present at control stations. Neither amphipod 

abundances (Figure 2A) nor community richness (Figure 2B) varied significantly between 

the three sampling periods (p-values 0.573 and 0.187 respectively) or dredged and 

undredged muck sites (p-value: 0.337 and 0.532 respectively). In the intermediate stations, 

amphipod species abundance did not change over time (p-value: 0.559) between the sites 

(p-value: 0.064) (2C), but change in community richness was observed between dredged 

and undredged sites (p-value: 0.007) (Figure 2D).  
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In the sites near to (Turkey Creek Lagoon – TCL) and away from (Crane Creek 

Lagoon -CCL) dredging, amphipod species abundances show both year-wise (p-value 

<0.001) and across-site variation (p-value <0.001). There is an interaction (p-value <0.001) 

between site and year with regard to overall amphipod abundance (Figure 3A). Change in 

community richness over time was observed in these sites (p-value: 0.006) (Figure: 3B).   
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Table 1: Amphipod presence/absence in dredged muck (TCM), undredged muck (CCM), 

intermediate (TC), and lagoon sites (CCL and TCL).  Sampling times are Y1 (before 

dredging), Y2 (1-month post-dredging) and Y3 (1-year post-dredging). Color legend -        - 

present in at least one replicate of 1 representative station,       - present in at least one 

replicate at each of 2 representative stations,         - present in at least one replicate at each 

of 3 representative stations,        - present in at least one replicate at each of the 4 stations.  

 

Stations Cerapus 

tubularis 

Cymadusa 

compta 

Corophium 

sp. 

Grandidierella 

bonnieroides 

Grandidierella 

sp. 

Eusirus 

cuspidatus 

Gammarus 

macronatus 

Jassa 

sp. 

TCMY1         

CCMY1         

TCY1         

CCLY1         

TCLY1         

TCMY2         

CCMY2         

TCY2         

CCLY2         

TCLY2         

TCMY3         

CCMY3         

TCY3         

CCLY3         

TCLY3         
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Figure 2: Amphipod species abundance and community richness variation at treament 

(dredged) and control sites (undredged) muck and intermediate sites. A) abundance at 

muck sites; B) community richness at muck sites; C) abundance at intermediate sites and 

D) community richness at intermediate sites. Species richness at intermediate sites have 

significant variation between years indicated by p-value. 

A 

B 

C

A 

D

p: 0.007 (Sites) 



14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Amphipod abundance (A), community richness (B) at lagoon sites. Error bars are 

± 1SE. Interactive effects of years and sites on abundance are indicated by disparate letters. 

Richness has significant year-wise variation indicated by p-value.  
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Variation in water quality and sediment characteristics 

In muck sites, mean salinity ranged from 18.0±0.25 SE to 25.0±0.11 SE ppt and 

varied significantly with time (p-value < 0.001) (Figure 4A).  Temperature ranged from 

16.0±0.04 ºC to 24.0±0.04 and varied significantly (p-value <0.001) between all three 

sampling periods (Figure 4B). DO (%) increased (p-value<0.014) from 0.40±0.0 SE % and 

27.0±8.6 SE % during this time period (Figure 4D). Sediment water content decreased 

gradually after dredging (p-value< 0.013) (Figure 4G).  Sediment organic matter (Figure 

4E) and silt-clay content (Figure 4F) was relatively consistent, in spite of dredging.  

As for the intermediate site (TC), salinity did not change (Figure 5A) but 

temperature varied from 14.95 ºC ±0.20 SE to 24.5 ºC ±0.20 SE (p-value < 0.001) (Figure 

5B). Temporal variation in D.O. was negligible (Figure 5C and 5D). Despite being hit by 

the dredge, no significant sediment changes (water content, organic matter and silt-clay) 

were observed at this site (Figure 5E, 5F and 5G).  

Salinity within lagoon stations (TCL and CCL) varied through the length of the 

study (p-value <0.001) and ranged between 18.45±0.12 SE and 24.93±0.25 SE ppt (Figure: 

6A). Temperature increased (p-value <0.001) from year 1 to year 3 (Figure: 6B). A 

decreasing trend was observed for DO between sites (p-value <0.001) and periods (p-value 

<0.001) (Figure: 6C and 6D). Sediment water weight and organic matter remained 

relatively consistent in TCL and CCL sites both the sites throughout the study period 

(Figure: 6E and 6F respectively) but silt-clay content fluctuated (p-value: 0.013) with time 

(Figure 6G).  



16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                                              

 

 

 

 

 

 

 

Figure 4: Water quality parameters at muck sites - A) salinity, B) temperature, C) DO 

(mg/L), D) DO (%). Error bars are ± 1SE. Salinity, temperature and DO (%) have 

significant year-wise variation indicated by p-value.    
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Figure 4 (cont.): Sediment parameters at muck sites - E) organic matter, F) water weight 

and G) silt-clay. Horizontal bar indicates threshold limit for operational definition of muck 

by Trefry et. al. 1990. Error bars are ± 1SE. Water weight have significant year-wise 

variation indicated by p-value.    
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Figure 5: Water quality parameters at intermediate sites - A) salinity, B) temperature, C) 

DO (mg/L), D) DO (%). Error bars are ± 1SE. Temperature has significant year-wise 

variation indicated by p-value.  
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Figure 5 (cont.): Sediment parameters at intermediate sites - E) organic matter, F) water weight and 

G) silt-clay. Horizontal bar indicates threshold limit for operational definition of muck by Trefry 

et. al. 1990. Error bars are ± 1SE.  
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Figure 6: Water quality at lagoon sites - A) salinity, B) temperature, C) DO (%), D) DO 

(mg/L. Error bars are ± 1SE. Salinity and temperature have significant year-wise variation 

indicated by p-value. Significant within-site comparisons (1-Crane Creek Lagoon, 2-

Turkey Creek Lagoon) are indicated with disparate letters.  

C 

D 

A 

p<0.001 (Years) 

B 

p<0.001 (Years) 



21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 (cont.): Sediment parameters at lagoon sites - E) organic matter, F) water weight 

and G) silt-clay variation at lagoon sites. Error bars are ± 1SE. Silt-clay have significant 

year-wise variation indicated by p-value.  
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Non-parametric community and correlation analyses 

 

Treatment and control muck sites 

Prior to dredging, principal component 1 (PC1) and principal component 2 (PC2) 

together contributed 86.6% of the variability in amphipod species abundance in muck 

treatment and control sites (Figure 7A). PC1 was dominated by sediment characteristics 

(organic matter, water weight and silt-clay) and explained 59.7% of the variability, whereas 

salinity and temperature combined (PC2) contributed 26.9% of the variability (Figure 7A).  

  

Within a month following the completion of dredging, the influence of combined 

sediment characteristics (PC1) on amphipod abundance rose to 72.6%. Salinity contributed 

most of the variability in amphipod abundance in PC2 (16.3%) (Figure 7B).  

 

One-year after the completion of dredging, PC1 was still dominated by sediment 

characteristics and explained 55.1% of the variability in overall amphipod abundance, 

while D.O (now PC2) explained 24.9% (Figure 7C).   

 

Lagoon sites 

In the first year (January 2016), among all the environmental parameters studied, 

sediment characteristics (PC1 - organic matter, water weight and silt-clay) explained 51.5% 
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of variation in amphipod abundance, while DO, salinity and temperature combined (PC2) 

explained 34.7% of variability (Figure 8A).  

 

During the second year, sediment characteristics (PC1) again explain most of the 

variation (44.1%) in amphipod abundance at lagoon sites. At the same time, DO and 

temperature (PC2) explains 39.8% of variation in amphipod abundance (Figure 8B).  

 

In the third year (December 2017), DO (PC1) explained most of the variability 

(52.1%) in amphipod species abundances, while salinity, organic matter and silt-clay (PC2) 

collectively was responsible for 27.9% of variability (Figure 8C). 
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Figure 7: Principal Component Analysis biplot showing the association of environmental 

variables (red arrows, DOmg – DO mg/L; Doper – DO (%); OM – organic matter) and 

sites (black dots) representing amphipod abundances at muck and intermediate sites 

(dredging treatment and undredged control sites) during different sampling periods (A-

Year 1; B-Year 2). TCM – Turkey Creek Muck, CCM – Crane Creek Muck, TC – 

Turkey Creek (Data for Year 1 is in Appendix A- B and for Year 2 in Appendix C-D).   
  

A 
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Figure 7 (cont.): Principal Component Analysis biplot showing the association of 

environmental variables (red arrows, DOmg – DO mg/L; Doper – DO (%); OM – organic 

matter) and sites (black dots) representing amphipod abundances at muck and 

intermediate sites (dredging treatment and undredged control sites) during different 

sampling periods (C-Year 3). TCM – Turkey Creek Muck, CCM – Crane Creek, TC – 

Turkey Creek (Data in Appendix E- F).  
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Figure 8: Principal Component Analysis biplot showing the association of environmental 

variables (red arrows, DOmg – DO mg/L; Doper – DO (%); OM – organic matter) and 

sites (black dots) representing amphipod abundance at lagoon sites (TCL – Turkey Creek 

Lagoon and CCL – Crane Creek Lagoon) during different sampling periods (A-Year 1; 

B-Year 2) (Data for Year 1 is in Appendix A- B and for Year 2 in Appendix C-D).  
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Figure 8 (cont.): Principal Component Analysis biplot showing the association of 

environmental variables (red arrows, DOmg – DO mg/L; Doper – DO (%); OM – organic 

matter) and sites (black dots) representing amphipod abundance at lagoon sites (TCL – 

Turkey Creek Lagoon and CCL – Crane Creek Lagoon) during different sampling periods 

(C-Year 3) (Data in Appendix E- F). 
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Muck and lagoon sites combined 

When considering all sites (muck and lagoon) combined, in the first-year combined 

sediment characteristics plus DO (PC1) explained 74.4% of variation in overall amphipod 

abundance, while salinity (PC2) was responsible for 12.5% (Figure 9A). In year 2, 

combined sediment characteristics plus DO (PC1) were responsible for 70.8% of variation, 

while salinity (PC2) drove 14.8% (Figure 9B). In the third year, sediment characteristics 

alone (PC1) explained the most amphipod abundance variability 59.4%, whereas 

temperature and DO (PC2) explained 20.0% (Figure 9C). During the entire study period, 

DO and sediment characteristics accounted for most of the variability in amphipod 

abundance (59.7%) as PC1, while salinity and temperature combined (PC2) explained 

22.6% of the variation in amphipod abundance (Figure 9D).  

 

Because of the lack of species in dredged and undredged muck sites during year 1 

(before the dredging), analysis of community associations was not possible in year 1. 

Amphipod abundances did not diverge between treatments immediately following 

dredging (ANOSIM-R: 0.019, p-value: 0.387) (Figure: 10A), but communities became 

more distinctive in this regard by Year 3 (ANOSIM-R: 0.49, p-value <0.001) (Figure 10B).  
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Figure 9: Principal Component Analysis biplot showing the association of environmental 

variables (red arrows, DOmg – DO mg/L; Doper – DO (%); OM – organic matter) and 

sites (black dots) representing amphipod abundance in muck (TCM-Turkey Creek Muck, 

CCM-Crane Creek Muck, TC-Turkey Creek) and lagoon sites (TCL-Turkey Creek 

Lagoon, CCL-Crane Creek Lagoon) in different sampling periods (A-Year 1; B-Year 2) 

(Data in Appendix A-D).  
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Figure 9 (cont.): Principal Component Analysis biplot showing the association of 

environmental variables (red arrows, DOmg – DO mg/L; Doper – DO (%); OM – organic 

matter) and sites (black dots) representing amphipod abundance in muck (TCM-Turkey 

Creek Muck, CCM-Crane Creek Muck, TC-Turkey Creek) and lagoon sites (TCL-Turkey 

Creek Lagoon, CCL-Crane Creek Lagoon) in different sampling periods (C-Year 3; D-All 

year combined) (Data for Year 3 is in Appendix E- F and for all year combined Appendix 

A-F) .  
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Figure 10: Non-Metric Multi-Dimensional Scaling (nMDS) plots showing distinctness of 

stations (TCM-Turkey Creek Muck, CCM-Crane Creek Muck, TC-Turkey Creek, CCL-

Crane Creek Lagoon, TCL-Turkey Creek Lagoon) based on amphipod species abundance 

in different time period (A-Year 2; B-Year 3). In year 2, the dredged Turkey Creek muck 

stations (TCM) and Turkey Creek Lagoon stations (TCL) are more scattered than year 3. 

In year 3, close association between dredged muck (TCM), TCL and CCL sites amphipod 

communities were observed (Data for Year 2 is in Appendix C and for Year 3 Appendix 

E). 

stress:0.07  
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Discussion 

 

Dredging to increase the water column depth for navigable purposes is common, as 

are benthic infauna surveys documenting the population and community impacts of 

navigational dredging.  Benthic population losses may be considered a typical or expected 

outcome following such dredging.  For example, in Bayou Texar estuary, Florida, Lewis 

et. al. (2001) reported that the benthic community density reduced from an average of 

114±39 (SD) individuals m-2 to 27±18 (SD) individuals m-2 one-month post-dredging and 

the number of species reduced from 4-6 to 1-4. Similarly, in Cochin estuary, macrobenthic 

faunal densities ranged from 6 to 12600 individual m-2 in dredged sites, compared to 101 

– 28140 individual m-2 in control (undredged) sites (Rehitha et. al. 2017). Marine aggregate 

and navigational dredging can destroy benthic habitat and associated populations (Newell 

et. al. 2004, Rehitha et al. 2017). Newell et al. (1998) reported a 40-95% reduction in 

benthic population densities following navigational dredging. For this reason, many 

agencies and coastal managers require infauna inspections or have strict policies about how 

dredging occurs and how it might impact the ecosystem (New Jersey Department of 

Environmental Protection, 1997; Lukens, 2000; Fales, 2016). 

 

In contrast, environmental muck dredging (EMD), such as that conducted in 

association with this study, has different objectives than traditional dredging. The main 

goal of EMD is to improve benthic habitats by removing polluted or undesirable sediments, 

a process where it is hoped that benthic infaunal populations will increase rather than 



33 

 

decrease. Although amphipod abundances and species richnesses often did not vary with 

EMD in this study, amphipods did colonize previously lifeless muck following the removal 

polluted sediments. Four amphipod species appeared the month after the dredging, with C. 

compta persisting for a year after dredging and onward. This study documented an increase 

(from 0±0 individual m-2 to 110±90 individual m-2) in benthic amphipod abundance one-

month post EMD. Cox et al. (2018) found that EMD also  showed promising results in 

inducing benthic polychaetes to colonize cleaned habitats  It is recommended that agencies, 

if they do not already have special policies for environmental dredging separate from 

navigational dredging, develop such policies where dredging for purposes of restoration is 

not restricted based upon an incorrect perception of dredging ecosystem effects.  

 

Stirred up sediments and dietary preferences may explain the appearance of 

amphipods in environmentally dredged habitats. After the EMD, settlement of resuspended 

organic matter, newly oxidized, may offer new resources to be exploited and sediments 

rich with organic matter favor detrivorous and opportunist amphipods (Grizzle 1984; de-la-

Ossa-Carretero et. al. 2016). Opportunist amphipod species (e.g. Corophium sp.) can quickly 

colonize these habitats and take advantage of the available organic matter (Newell et. al. 

1998). The sudden appearance of 4 species of amphipods (C. compta, G. bonnieroides, 

Corophium sp. and C. tubularis) at muck sites immediately following dredging suggests 

that the removal of the heavily organic sediments has improved the habitat.   Many 

amphipods are deposit feeders and ingest organic sediment detritus as food (Dickinson and 

Carey, 1978, Nielsen and Kofoed, 1982; Baird and Stark, 2014). Mobile opportunist 
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amphipod species may exploit detrital food following a disturbance, where formerly 

anaerobic organic sediments are exposed to oxygenated conditions (Grizzle 1984; Conlan 

1994; Newell et. al. 1998). This may be the case for opportunist G. bonnieroides.  In the 

same estuary system, this species has been reported in diverse soft sediments, from sandy 

to muddy, and also in algae-dominated areas (Nelson 1995). Their varied diet preferences 

include fungi, bacteria, detritus and epiphytes (Zimmerman et. al. 1979, de-la-Ossa-Carretero 

et. al. 2016) and may help explain their occurrence in disparate habitats. Although 

amphipods in general have been described as environmentally sensitive (Rackoniski et. al. 

1997), some species are considered stress or pollution tolerant. For example - Corophium 

ellisi has been recorded in a polluted IRL tributary, Sykes creek (Grizzle, 1984) and 

Corophium lacustrae was present and abundant in contaminated sediments in the Gulf of 

Mexico (Rackoniski et. al. 1997). In contrast, recolonization by Corophium salmonis was 

only observed after effluent discharges ceased (Arvai et. al. 2002) and the potential 

competitor, pollution tolerant Medicorophium runcicorne, declined in sewage outfalls (de-

la-Ossa-Carretero et. al. 2012), underscoring the fact that different species have different 

degrees of pollution tolerances (Pearson and Rosenberg, 1978). Additionally, whether a 

species is considered tolerant is also a function of the relative degree of environmental 

pollution. 

 

 Seasonal variation can be responsible for some of the variation in amphipod 

abundance we observed in dredged vs. undredged intermediate muck sites. In the 

intermediate organic sediment sites hit by the dredging (TC3-4), amphipods disappeared 1 
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year after the dredging. Since there were no interaction effects between years and 

treatments, we do not attribute this loss to dredging. Control intermediate muck sites have 

higher amphipod abundances (average range: 476±178 individuals m-2 – 1425±830 

individuals m-2) than dredged intermediate sites (range: 0±0 individuals m-2 - 119±119 

individuals m-2). These changes in amphipod community abundances may be due to 

seasonal variation in amphipod community structure (Van Dolah et. al. 1984, Newell et. 

al. 1998). Dredged and undredged areas often have similar community structures in Dawho 

River estuary (Van Dolha et. al. 1984) and seasonal changes in unaffected sites make the 

comparison of biological community structure problematic (Newell et. al. 1998). Van 

Dolah et. al. (1984) reported an increase in species richness immediately following 

dredging in the control sites and attributed the changes to seasonal variability due to rapid 

recovery (3 months) of macrobenthic invertebrates in the dredge sites.  As with the Dawho 

River estuary, seasonal shifts in the current study appear to be responsible for some of the 

community differences post-dredging. 

 

Extreme events such as hurricanes and storms account for reduced species 

abundance and sometimes disappearance of particular taxa. The disappearance of 

amphipods in dredged intermediate sites may be tied to hurricane Irma that hit Central 

Florida in September 2017. Post-hurricane amphipod disappearances were also observed 

in Cape Fear watershed, North Carolina (Mallin et. al. 1999). In Mallin et al. (1999), it was 

found that low salinity sites following a hurricane rapidly turned anoxic but recovered to 

pre-hurricane level within one month in all estuarine stations. Quick recovery of DO was 
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also reported by (Van Dolah and Anderson, 1991) after hurricane Hugo hit the Charleston 

Harbor estuary. Our findings also showed a similar pattern of increased DO 3 months after 

hurricane Irma.  In studying the effects of hurricane Katrina on the macrobenthic 

invertebrates of the Gulf of Mexico, Engle et. al. (2009) reported that the opportunistic 

polychaete Streblospio benedicti, absent pre-hurricane, dominated the post-hurricane 

benthic community.  Conversely, the amphipod Cerapus benthopilus, dominant pre-

hurricane, completely disappeared post-hurricane. The shift in community composition 

was due to salinity changes, not DO (Engle et. al. 2009). Another opportunist polychaete, 

Mediomastus spp., also overtook a previously dominant amphipod population following 

three successive hurricanes in Neuse River estuary, North Carolina (Balthis et. al. 2006). 

Complete disappearance of crustaceans was observed in Swan-Canning estuary, while an 

annelid population declined to be immediately replaced by the pollution-tolerant 

polychaete Prionospio sp. following an extreme storm (Tweedly et. al. 2016).  In our study, 

reduced number of amphipod species in dredged muck sites one year after the dredging 

and disappearance of amphipod species in dredged intermediate sites at the same time 

suggest that hurricane Irma coupled with annual variability amphipod population may be 

responsible for the variation.    

 

 Lagoon sites have higher abundances and community richness compared to muck 

and intermediate sites. This is a common community-habitat pattern in benthic 

macrofauna (Kanaya, 2014; Kanaya et. al. 2018; Cox et. al. 2018, Vadhar et al. 2018). 

Interactive effects of years and sites on amphipod abundances were observed in the 
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lagoon sites, meaning that changes are likely due to a combination of dredging effects 

and annual population variations. Proximity of Turkey Creek lagoon sites to dredging 

activity, in combination with spikes in third year Crane Creek lagoon amphipod 

recruitment, help to drive this finding. The mean abundances of amphipods in Crane 

Creek lagoon and Turkey Creek lagoon sites were variable by more than an order of 

magnitude. Nelson et. al. (1982) also observed such highly variable amphipod 

populations in the Indian River lagoon, with season and proximity to seagrasses playing a 

role in variability.  Such amphipod densities and variability is also common in other 

estuaries (Rehitha et. al. 2017).  Srinivas et. al. (2019) examined amphipod densities in 

four different estuaries. They registered the range of amphipods between 15 individuals 

m-2 (monsoon season in Kundalika estuary dominated by silt) and 1933 individuals m-2 

(postmonsoon season in Ulhas estuary dominated by sand and silt).  It is expected that 

natural large spatial and temporal variation in amphipod recruitment may make it difficult 

to discern potential dredging responses. 

 

The benthic macroinvertebrate populations colonizing new habitats may vary 

depending on the organic matter content of the sediments. Disturbance events provide 

opportunist, stress-tolerant species (Riera and de-la-Ossa-Carretero, 2014) the possibility 

of establishing a foothold in an otherwise closed community (Posey et. al. 1996). Although 

amphipods can be dominant macroinvertebrates in benthic marine ecosystems (Thomas, 

1993; Nelson, 1995, Appadoo and Steele, 1998, de-la-Ossa-Carretero et. al. 2012), they are 

often outnumbered by other opportunist benthic groups, such as polychaetes and molluscs, 
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in sediments with high organic content (Hily, 1983; Dauer, 1993; Dauvin and Roullet, 

2007; Riera and de-la-Ossa-Carretero, 2014). In their study on the impact of the Deep-

Water Horizon oil spill on benthic macrofauna of the Gulf of Mexico, Reuscher et. al. 

(2017) found that polychaetes constituted 74.4% of macrobenthic fauna in impacted sites 

and their population variation regulated the distribution of other members of the 

community. Crustaceans, including amphipods, only contributed 5.9% to the total faunal 

abundance. In highly reduced sediments of Keihin Canal, Tokyo Bay, average polychaete 

density was 4469 individuals m-2 and they contributed 93% of the total faunal composition, 

whereas amphipods constituted 4.3% of the total macrozoobenthos, with an average 

density of 207 individuals m-2 (Kanaya et. al. 2018). In the same study sites, in an analysis 

of annelids, molluscs and crustacean’s tolerance to organic matter content in the sediments, 

Hope (2016) found that, as sediment organic content increases, crustacean populations 

decline rapidly while annelids are more persistent. In the current study, amphipod 

population densities showed a similar relationship to sediment organic content, declining 

in abundance as organic content increases.    

 

Oxygen content in the sediment, along with other sediment characteristics, often 

explained amphipod variability. In places of high organic content, hypoxia is a common 

phenomenon (Dauer et. al. 2000, Gray et. al. 2002; Karlson et. al. 2002; Gammal et. al. 

2017) and amphipods are sensitive to high organic content and low DO (Gesteira and 

Dauvin, 2000; Dauvin and Roullet, 2007; de-la-Ossa-Carretero et. al. 2012), 

notwithstanding the opportunistic nature of some species found in this study. In fine 
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organic sediments, bacterial decomposition tends to use up available oxygen and render 

sediments hypoxic or anoxic (Diaz and Rosenberg, 1995; Cox et. al. 2018). Fine sediments 

prevent flow and turnover through their interstices, and this exacerbates the anoxia 

problem.  During 2016 and 2017, 160,000 m3 of muck was removed from the 

environmental muck dredging site followed in the present study, and sediment % organic 

matter content was reduced from 20.85±0.64% to 16.05±1.92% immediately following 

dredging. It was expected that removing muck would increase oxygen circulation, and DO 

indeed increased from almost anoxic (0.03 mg l-1) to 2.0 mg l-1 one year after the dredging. 

At the same time, organic content in the sediment dropped below the muck threshold level 

(<10%, Trefry et. al. 1990). However, organic content levels were still not conducive to 

healthy benthic macrofauna (Hope, 2016) and muck sites continued to support low 

amphipod abundances. In our study, amphipods were totally absent when organic content 

was highest and sediment almost anoxic in the dredged muck sites, but appeared, albeit in 

low numbers, immediately following dredging, when organic content was reduced and 

dissolved oxygen slightly improved. Low number of amphipods in high organic content 

were reported by de-la-Ossa-Carretero et al. (2012). They found that amphipod abundances 

were lowest (42 individual m-2) in a sewage outfall area where organic matter exceeded 

12% of sediment by weight. Higher abundances of amphipods in lagoon sites in this study 

are likely made possible by low organic matter and high DO.  

 

Time for benthic colonization and recovery varies after any disturbance event, but 

EMD showed encouraging results by quick colonization of amphipods in previously 
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uninhabited sites. Nikitik and Robinson (2003) reported that after the ‘Sea Empress’ oil 

spill in 1996 in Milford Haven Waterway, amphipods completely recovered after 5 years.  

However, after the Amoco Cadiz oil spill in 1978, near the coast of Brittany, France, it 

took 8 years for an ampeliscid amphipod to reappear, and full recovery took more time 

(Dauvin, 1987). After storm impacts on benthic habitats, it took 3-4 months for the 

macrofaunal recovery (Tweedley et. al. 2016). Recovery from navigational dredging can 

take even longer, evidenced by the six-month recovery required for an infaunal community 

in La Coruña Bay, Spain (López-Jamar and Mejuto, 1988), nearly 8 months in Danube 

harbors (Moog et. al. 2018) and a full year in the North Sea (Coates et. al. 2014) and 

Guadalquivir estuary, Spain (Donázar-Aramendía et. al. 2018). In our study, immediately 

following dredging, four amphipod species appeared in the dredged muck sites. This 

dissimilarity between our study and those above suggests that, when sediments have 

extremely high organic content and support little or no metazoan life, their removal can 

result in rapid colonization by amphipods.  This is especially true when neighboring 

habitats have source populations that may migrate or reproduce to colonize newly dredged 

benthos. The nature and purpose of EMD is to reduce sediment organic content, restore 

benthic habitat, and increase infaunal numbers, a stark contrast to navigational dredging. 

Short term improvements and recoveries suggest that focusing on removal of the most 

polluted, highest organic sediments shows promise for benthic restoration, but continued 

monitoring is required to document long term success.  
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While amphipod species abundance and community richness changed in dredging 

sites, commensurate changes in control sites indicate that the changes cannot be attributed 

to dredging. Colonization by amphipods into dredged muck sites immediately after the 

dredging suggest that those species have some degree of tolerance to organically rich 

sediments, and perhaps took advantage of oxygenated detrital food sources following 

dredging. Presence of species such as Corophium sp. and G. bonnieroides may be due to 

rapid colonization ability, a notorious trait of opportunistic species (Grizzle, 1981, Kanaya 

et. al. 2018). Seasonal variation and the impact of hurricane Irma are proposed as 

contributing reasons for the loss of amphipods in intermediate treatment muck sites. 

Changes in amphipod abundance and community richness in sandier lagoon sites may be 

due to seasonal variation (Nelson, 1982; Van Dolah et. al. 1984), as there is no evidence 

these sites were impacted by dredging.   
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Conclusion 

 
Environmental Muck Dredging allowed some amphipod species to colonize 

dredged muck sites, where amphipods were absent before dredging and afterwards in 

undredged muck. In terms of abundance we did not see statistically significant difference 

in muck or intermediate sites, however spatial difference in richness was observed between 

intermediate sites in this study. The loss of amphipods in the dredged intermediate muck 

sites one year after the dredging may be due to annual population variation and the impact 

of Hurricane Irma. In the lagoon sites, where sandy sediments have low organic content 

and dissolved oxygen is relatively high, variation in amphipod populations was driven by 

dissolved oxygen and sediment conditions. Sediment characteristics and DO also explained 

most of the variability in amphipod abundances in general. Long term continuous 

monitoring is recommended to fully assess the impact of Environmental Muck Dredging 

for benthic infauna such as amphipods. 
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Appendices 

 
Appendix A: Abundance (mean individuals m-2, n=3) of amphipods in pre-dredge period 

at muck (TCM and CCM), intermediate (TC) and lagoon (CCL and TCL) sites. 

Stations Cerapus 
tubularis 

Cymadusa 
compta 

Corophium 
sp. 

Grandidierella 
bonnieroides 

Grandidierella 
sp. 

Eusirus 
cuspidatus 

Gammarus 
macronatus 

Jassa 
sp. 

TCM1 0 0 0 0 0 0 0 0 

TCM2 0 0 0 0 0 0 0 0 

TCM3 0 0 0 0 0 0 0 0 

TCM4 0 0 0 0 0 0 0 0 

CCM1 0 0 0 0 0 0 0 0 

CCM2 0 0 0 0 0 0 0 0 

TC1 0 120 0 0 0 0 0 0 

TC2 0 300 0 0 550 0 0 0 

TC3 0 240 0 0 0 0 0 0 

TC4 0 0 0 0 0 0 0 0 

CCL1 0 0 0 0 0 0 0 0 

CCL2 0 0 0 0 120 0 0 0 

CCL3 0 60 0 300 0 0 0 0 

CCL4 0 90 0 0 0 0 0 0 

TCL1 0 0 0 0 20 0 0 0 

TCL2 0 0 0 0 300 0 0 0 

TCL3 0 300 0 0 60 0 0 0 

TCL4 0 0 0 0 0 0 0 0 
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Appendix B: Water quality and sediment characteristics in pre-dredge period at muck 

(TCM and CCM), intermediate (TC) and lagoon (CCL and TCL) sites. 

s 

Stations Salinity Temperature D.O. (%) D.O. (mg/L) Water Weight Organic 

Matter 

Silt-Clay 

TCM1 23.2 15.5 0.4 0.03 82.3 19.4 92.9 

TCM2 22.5 15.5 0.4 0.02 84.7 20.2 98.5 

TCM3 23.5 15.6 0.4 0.03 86.2 21.6 97.1 

TCM4 19.5 15.5 0.4 0.02 85.4 22.2 85.2 

CCM1 19.4 16 0.4 0.03 84.9 22.4 87.1 

CCM2 24.8 16.1 45 5.15 73.4 14 52.6 

TC1 23.9 14.8 14 4 33 2.8 10.2 

TC2 16.8 15.1 1.4 0.11 61.1 5.7 29.3 

TC3 22.6 15.3 65 6.15 58.5 6.2 30.6 

TC4 24 15.5 98.5 8.75 64 9.5 32.3 

CCL1 23.7 16.8 86.1 8.83 44.2 4.3 12.6 

CCL2 23.4 17.5 90 7.95 24.8 0.8 1.3 

CCL3 22.5 17.7 100 8.29 26.8 0.5 2 

CCL4 23.3 17.54 97.5 8.3 27 0.5 1.5 

TCL1 24.4 16.7 153.5 13.2 21.7 0.6 1.3 

TCL2 24.3 16 108.9 9.2 34.9 3 5.6 

TCL3 23.3 17.6 148.5 13.35 26.8 0.6 1.5 

TCL4 23.5 16.6 186.5 15.3 29.9 0.5 1.3 

 

  



62 

 

 

Appendix C: Abundance (mean individuals m-2, n=3) of amphipods 1-month post-dredge 

period at muck (TCM and CCM), intermediate (TC) and lagoon (CCL and TCL) sites. 

Stations Cerapus 

tubularis 

Cymadusa 

compta 

Corophium 

sp. 

Grandidierella 

bonnieroides 

Grandidierella 

sp. 

Eusirus 

cuspidatus 

Gammarus 

macronatus 

Jassa 

sp. 

TCM1 0 0 0 59 0 0 0 0 

TCM2 0 0 0 0 0 0 0 0 

TCM3 0 0 0 0 0 0 0 0 

TCM4 120 120 120 0 0 0 0 0 

CCM1 0 0 0 0 0 0 0 0 

CCM2 0 20 0 0 0 0 0 0 

TC1 0 200 0 0 0 0 0 0 

TC2 0 500 500 0 0 0 0 0 

TC3 0 0 0 0 0 0 0 0 

TC4 0 60 0 0 0 0 0 0 

CCL1 0 0 0 240 0 0 0 0 

CCL2 60 900 0 200 200 0 0 0 

CCL3 0 200 0 60 0 240 0 0 

CCL4 30 850 0 0 0 0 0 0 

TCL1 0 500 120 0 0 0 0 0 

TCL2 0 0 0 120 0 0 0 0 

TCL3 0 0 0 0 0 0 0 0 

TCL4 120 60 0 0 0 0 0 0 
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Appendix D: Water quality and sediment characteristics 1-month post-dredge period at 

muck (TCM and CCM), intermediate (TC) and lagoon (CCL and TCL) sites. 

 

Stations Salinity Temperature D.O. (%) D.O. (mg/L) Water Weight Organic 

Matter 

Silt-Clay 

TCM1 25.4 21.9 1.4 0.1 74 12 45.4 

TCM2 25.5 21.8 1.3 0.08 83.3 19.4 88.7 

TCM3 25.4 22.1 10.4 1.35 75.3 19.3 76.1 

TCM4 25 22.3 4.4 0.45 74.3 13.5 17.6 

CCM1 24.4 21.2 0.6 0.09 79.6 16.6 76 

CCM2 25.8 21.8 2.4 0.23 84.5 23.4 92.3 

TC1 25.1 22.3 115 9.97 43.9 5.6 16 

TC2 20.4 23.5 81 5.48 52.6 5.7 17.9 

TC3 25.4 21.5 61.3 4.74 60.8 8.3 40.1 

TC4 24.5 21.7 0.3 0.02 86.6 24.6 98.7 

CCL1 26.5 22.6 91 6.39 24.9 1.4 3.8 

CCL2 23.9 22.5 90.2 6.67 28.4 1.2 1.7 

CCL3 24.5 22.2 71.6 5.29 26.4 0.9 1.4 

CCL4 24.2 20.8 71.8 5.58 27.1 0.8 1.3 

TCL1 24.8 22.7 84.1 6.34 25.1 1 1.1 

TCL2 24.9 21.9 95.5 7.47 42.7 3.6 10.1 

TCL3 24.4 24.7 111.4 8.24 24.7 0.8 0.7 

TCL4 25.6 23.6 106.5 7.93 23.6 0.8 0.6 
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Appendix E: Abundance (mean individuals m-2, n=3) of amphipods 1-year post-dredge 

period at muck (TCM and CCM), intermediate (TC) and lagoon (CCL and TCL) sites. 

Stations Cerapus 

tubularis 

Cymadusa 

compta 

Corophium 

sp. 

Grandidierella 

bonnieroides 

Grandidierella 

sp. 

Eusirus 

cuspidatus 

Gammarus 

macronatus 

Jassa 

sp. 

TCM1 0 360 0 0 0 0 0 0 

TCM2 0 0 0 0 0 0 0 0 

TCM3 0 0 0 0 0 0 0 0 

TCM4 0 0 0 0 0 0 0 0 

CCM1 0 0 0 0 0 0 0 0 

CCM2 0 0 0 0 0 0 0 0 

TC1 0 0 0 0 360 0 0 240 

TC2 0 0 0 0 2000 0 0 240 

TC3 0 0 0 0 0 0 0 0 

TC4 0 0 0 0 0 0 0 0 

CCL1 0 0 700 1450 0 0 1000 0 

CCL2 200 700 0 4000 100 0 0 0 

CCL3 0 0 600 0 0 120 5200 120 

CCL4 0 0 0 60 0 0 2400 0 

TCL1 30 30 0 700 0 0 0 0 

TCL2 0 360 0 500 0 0 0 0 

TCL3 0 0 360 300 0 0 60 0 

TCL4 0 0 0 240 0 0 240 0 
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Appendix F: Water quality and sediment characteristics 1-year post-dredge period at 

muck (TCM and CCM), intermediate (TC) and lagoon (CCL and TCL) sites. 

 

Stations Salinity Temperature D.O. (%) D.O. (mg/L) Water Weight Organic 

Matter 

Silt-Clay 

TCM1 18.9 24.1 40 2.95 51.2 7.2 46.4 

TCM2 18.8 24 31.9 2.2 31.1 1.8 7.2 

TCM3 18 24.1 1.6 0.18 78.5 19.5 90.2 

TCM4 18 24.2 33.6 2.48 46 6.2 44.9 

CCM1 16.5 23.9 35.1 2.6 82.2 18.4 84.9 

CCM2 18.6 23.8 24.6 2.21 85 26.8 91.5 

TC1 18.8 24.3 39.8 2.73 23.8 1.2 2.5 

TC2 18 24.7 63 4.72 43.6 4.9 39.2 

TC3 18.6 24.5 40.7 2.79 38 3 11.2 

TC4 19.1 24.2 52.9 3.63 85.1 26.9 97.7 

CCL1 18.8 23.7 45.4 3.49 26.3 1.5 4.9 

CCL2 18.4 24.1 41.5 3.32 28.9 1.4 11.7 

CCL3 18.2 24.1 44.2 3.29 29.8 1.3 4 

CCL4 18.4 24.1 55.4 4.2 28.2 1.5 5.7 

TCL1 18.6 24.2 48.3 4.11 25.7 2.2 25.5 

TCL2 18.7 24.1 40.8 3.38 34.4 4.2 24.9 

TCL3 18.7 25 72.6 5.42 26.5 1.7 9.8 

TCL4 18.7 24.5 70.5 5.43 24 1.2 2.9 

 

 

 

 


