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Abstract 

Categorizing “Muck” in the Indian River Lagoon, Florida, Based on Chemical, Physical 

and Biological Characteristics  

Author: Katherine Mae Beckett 

Advisor: John Trefry, Ph. D. 

During the past six decades, the thickness and areal extent of muck sediments have 

continually increased in the Indian River Lagoon (IRL), Florida. These sediments 

are anoxic, store and release nutrients, and destroy natural benthic habitats. The 

main objective of this research was to develop guidelines that help prioritize sites 

for muck removal based on the following: (1) biological abundance and diversity, 

(2) muck thickness, and (3) the physical and chemical composition of muck. 

Thinner muck deposits (20-40 cm), collected during two seasons at eight locations 

in the lagoon and adjacent creeks, had greater variability in sediment composition 

and ~5 times greater median biological abundance than thicker (≥100 cm), more 

uniform muck layers collected from nine locations during two seasons. No 

significant seasonal differences were found in mean biological abundance at each 

of the 17 stations when bottom water temperatures averaged ~19 and ~29°C, even 

though mean concentrations of dissolved ammonium and hydrogen sulfide 

increased by ~20% and 60%, respectively, when temperatures increased by ~10°C. 

A significantly lower effective number of species (ENS <7 on a scale of 1-9) was 

found at sites with higher porosity (>0.79), loss on ignition (LOI >7%), total 

organic carbon (TOC >2.0%) and total nitrogen (TN >0.2%). These sediments were 

categorized as low-diversity muck (LDM). The remaining sites were categorized as 

moderate-diversity muck with ENS values ≥7 and lower values for porosity, LOI, 
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TOC and TN than the values listed above for LDM. All thicker muck stations and 

six of the eight thinner muck stations were categorized as LDM. Poor sediment 

quality and lower species diversity are considered key factors for prioritizing 

removal of LDM. This guideline for muck removal will help support restoration 

projects that can improve water and sediment quality and the health of the benthic 

communities in the IRL.  
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Introduction 

      The term muck has been used to loosely describe fine-grained, organic-rich 

sediment in the Indian River Lagoon (IRL) since the 1980s when it was 

operationally defined as sediment with >60% silt + clay, >75% water by weight 

and >10% organic matter (OM) (Trefry et al., 1987). Such sediments are anoxic, 

store and release nutrients, and destroy natural benthic habitats (Trefry et al., 1990). 

Concern about these deposits persists because the thicknesses of muck layers in the 

IRL increased by ~67% from 1992–2007 (Trefry and Trocine, 2011) and the aerial 

extent of muck has potentially doubled since 1989 (Trefry et al., 1990; Riegl et al., 

2009, 2015). Furthermore, long-term dispersion and mixing of muck with natural 

lagoon sand and shell have created a spectrum of muck compositions. The original 

muck seemed to harbor only bacteria; however, some present-day deposits of 

sandy-muck contain benthic fauna. Therefore, muck and mixed-muck sediments 

need to be better characterized based on biological, chemical and physical 

properties to help guide management decisions about which deposits to remove 

from the IRL when funding is limited or when the benefits of dredging at some 

locations are questionable.   

 

Decisions regarding muck removal also require a better understanding of the 

links between muck composition and the severity of adverse impacts. For example, 

how do the silt, clay and water content of muck influence the quality of benthic 

habitats? Sediment type and grain size have been shown to strongly affect 

community diversity and abundance (Wang et al., 2014). Chou et al. (2004) 

concluded that family richness and abundance decreased in benthic communities 

with increased silt and clay. Because the sediment composition of muck is shifting 
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with increased mixing of sand and shell in the IRL, information is needed to 

determine the relationships between the composition of new, mixed-muck sediment 

and benthic infaunal communities.  

 

Bacterial decomposition of organic matter in muck creates anoxic sediments 

that contain very high and toxic concentrations of hydrogen sulfide and dissolved 

ammonia (Gu et al., 1987; Hitchcock et al., 2010). Ammonia concentrations 

exceeding 14.4 mg N/L for acute exposure and 1.27 mg N/L for chronic exposure 

were set by the USEPA (1989) as a warning of possible negative biological effects. 

The LC50 concentrations for hydrogen sulfide range from 7 µg H2S/L for some fish 

species to 1070 µg H2S/L for some crustaceans (Gray et al., 2002). These higher 

levels occur in the presence of low dissolved oxygen (DO <2.0 mg/L). Low DO has 

been linked with reduced growth rate and biomass for many marine organisms and 

low DO is lethal to macrofauna when concentrations remain <1.4 mg/L for 1-2 

weeks (Josefson and Widbom, 1998). When exposed to anoxia plus elevated 

concentrations of ammonia and hydrogen sulfide, even shorter times may cause 

severe adverse health effects and/or mortality in a benthic community (Kemp et al., 

2005; Long and Seitz, 2009). More information is needed to identify threshold 

concentrations of dissolved hydrogen sulfide and ammonia for benthic epifauna 

and infauna in the IRL and to determine how sediment composition (grain size, 

OM, water content) is linked to the presence of these reduced chemicals and the 

abundance of  benthic fauna.   

 

Very few quantitative data are available for benthic fauna in muck sediments 

from the IRL. In some areas of the IRL, such as Cocoa to Sebastian, available data 

show that common species (i.e., >500 individuals per grab) were the bivalves 

Brachidontes exustus and Parastarte triquentra and the gastropods Bittiolum 
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varium, Caecum pulchellum and Ilyanassa obsoleta (Mikkelsen et al., 1995). 

Abundances for organisms of greater economic importance such as Mercenaria 

mercenaria have declined since large harvests in the 1980s. M. mercenaria has 

been used as indicator species of stressed environments with reduced densities 

signaling poor environmental conditions (Hymel, 2009). Clams and gastropods 

may still be found in mixed-muck sediments because studies show clam 

abundances as high as 10,000 m
-2

 in sandy mud sediments from Wassaw Sound in 

Georgia (Walker and Tenore, 1984).  

 

Multiple investigations have identified both natural and anthropogenic impacts 

that alter benthic communities by limiting diversity and allowing more aggressive, 

opportunistic organisms to proliferate (Alongi, 1989; Pearson and Rosenberg, 

1978). Major factors that alter community structure include inputs of organic-rich 

material and increased sedimentation rates. As organisms become buried by 

increased sedimentation, benthic community abundances decrease (Chou et al., 

2004). Burd et al. (2008) found that inputs of organic matter from riverine systems 

can lead to higher macro-faunal abundance; however, when total organic carbon 

(TOC) exceeded 1-1.5%, a reduction in the number of taxa was observed. Taxa 

number and abundance also decreased when concentrations of sediment total 

nitrogen (TN) exceeded 0.4% (Burd et al., 2008).  At what thickness and 

geochemical composition (e.g., TOC, TN) does a mixed-muck deposit provide a 

habitable benthic environment? With answers to this question, site selection for 

dredging and management concerns about residual muck deposits following 

dredging can be more clearly addressed.  

 

Sediments in coastal estuaries with a similar composition to IRL muck have 

been shown to be contaminated with a variety of potential pollutants (National 
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Research Council, 1997). Thus, sediment contaminants pose another potential 

adverse effect for sediment biota. Trocine and Trefry (1996) found increased 

concentrations of trace metals, including Hg, Pb, and Cu, in muck from the IRL. 

Metal concentrations also were found to vary as a function of sediment 

composition in the IRL with highest values in clay-rich samples (Trefry and 

Trocine, 2011). Despite elevated concentrations of metals and organic compounds 

(e.g., polycyclic aromatic hydrocarbons) in some muck samples, no sediment or 

clam samples to date have contained contaminants that exceeded median effects 

values or posed a health risk in the IRL (Trefry et al., 2008; Trefry and Trocine, 

2011). Therefore, contaminants are a lesser concern when choosing muck removal 

locations.  

 

      According to the St. Johns River Water Management District (2016), muck in 

the IRL is one of the main contributors of nutrients that feed algal blooms. To 

improve water quality in the IRL, dredging is presently funded to remove muck 

from tributaries and the Intracoastal Waterway including the following: Turkey 

Creek (2016), Eau Gallie River (2016), Cocoa Beach Canals (2016) and the Mims 

boat ramp area (2017). As dredging moves into the open IRL, better guidelines are 

needed to support management decisions that prioritize locations for dredging.  

 

The objectives of this study are as follows: 

 

(1) Determine benthic abundance and diversity as a function of sediment grain 

 size (sand, silt, clay), water content, and concentrations of organic C and N, 

 carbonate minerals, hydrogen sulfide and ammonia in muck deposits.  
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(2) Determine benthic abundance and diversity as a function of chemical and 

 physical characteristics in muck sediments with thicknesses ≥100 cm versus 

 20-40 cm. This objective is designed to provide additional information for 

 decision makers about the importance of muck thickness in prioritizing 

 future dredge sites.  

 

(3)  Based on results from objectives 1 and 2, categorize muck deposits to 

 facilitate decisions concerning which muck deposits should be dredged for 

 restoration of the IRL.  
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Methods 

Study Area and Field Sampling 

      Seventeen stations within nine areas that span ~60 km of the IRL from Cocoa 

(CO) to the St. Sebastian River (SS) were chosen for this study (Figure 1). The 

average water depth for these stations was 2.5 ± 1.0 m; the shallowest water depth 

was 0.9 m in Crane Creek (CC1) and the deepest station was 4.9 m in the IRL near 

Grant-Valkaria (SV2, Table 1). 
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Figure 1. Map showing sampling locations in the Indian River Lagoon, Florida. 

From north to south, the station areas are as follows: Cocoa (CO), Rockledge (RK), 

Eau Gallie (EG), Eau Gallie Harbour (EH), Crane Creek (CC), Turkey Creek (TC), 

Goat Creek (GC), Grant-Valkaria (SV) and St. Sebastian River (SS). Station 

coordinates are listed in Table 1. Satellite imagery of individual stations are 

presented in Appendix A.  

  

 

       Nine of the 17 stations had muck thicknesses ≥100 cm and eight had 20-40 cm 

of muck.  The thicker deposits were sampled to represent more typical IRL muck 

with uniform composition. The thinner deposits were chosen to represent likely 

mixed-muck deposits and possible slumps of muck that can occur after dredging. 
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Table 1. Station locations, water depths and muck thicknesses in the Indian River 

Lagoon, Florida. Station identifications (ID) are listed from north to south.  

Station 

ID Location Latitude 

(N) 
Longitude       

(W) 
Water 

Depth 

(m) 

Muck 

Thickness 

(m) 
CO1 IRL in Cocoa 

near 520 cswy 
 28°21'17.40"  80°43'16.26" 2.4 0.4 

CO2  28°21'10.38"  80°43'14.64" 2.4 1.0 
RK1 IRL in 

Rockledge 
 28°14'47.58"  80°40'30.96" 2.4 0.4 

RK2  28°14'48.66"  80°40'32.58" 2.0 >1.7 
EH1 Eau Gallie 

Harbour 
 28° 7'26.58"  80°37'37.26" 3.9 0.2 

EH2  28° 7'28.74"  80°37'41.64" 3.5 >1.4 
EG1 IRL in Eau 

Gallie 
 28° 7'19.74"  80°36'40.32" 1.2 0.3 

EG2  28° 7'50.58"  80°37'17.46" 2.2 2.0 
CC1 

Crane Creek 
 28° 4'36.73"  80°36'03.24" 0.9 0.3 

CC2  28° 4'37.70"  80°36'03.76" 2.0 > 2.0 
TC1 

Turkey Creek 
 28° 2'15.48"  80°34'50.14" 2.4 0.4 

TC2  28° 2'13.47"  80°34'49.01" 2.9 >1.5 
GC1 Mouth of Goat 

Creek 
 27°58'10.26"  80°32'34.92" 1.9 0.2 

GC2  27°58'09.18"  80°32'33.42" 2.5 1.8 

SV2 IRL in Grant-

Valkaria  27°57'20.76"  80°32'09.42" 4.9 >1.0 

SS1 Saint Sebastian 

River 
 27°51'08.82"  80°29'36.72" 1.9 0.4 

SS2  27°51'09.78"  80°29'38.34" 3.3 >1.0 
Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane Creek 

(CC), Turkey Creek (TC), Goat Creek (GC), Grant-Valkaria (SV) and St. Sebastian River 

(SS). Station IDs with 1 = 20-40 cm muck thickness. Station IDs with 2 = ≥100 cm muck 

thickness. 
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      All 17 stations were sampled twice, once during February or March and once 

between June and November (Table 2). Each station pair (e.g., CO1 and CO2) were 

sampled on the same day during each sampling period.  Sampling periods were 

chosen so that bottom water temperatures were <25°C for period 1 (February-

March) and >25°C for period 2 (June-November). A bottom water temperature 

difference of ~10°C was initially selected to differentiate period 1 from period 2 

and help determine the effects of temperature on the chemical, physical and 

biological parameters being measured.  Using this temperature range, sampling was 

completed during winter and spring for sampling period 1, and summer and fall for 

sampling period 2.  Temperature and salinity did not differ significantly (p =0.6) in 

the same area during a given sampling period; therefore, averages were recorded 

for each sampling area (e.g., CO for both CO1 and CO2 in Table 2).  
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Table 2. Sampling dates, average bottom water temperatures and salinities. Differences in 

temperature (ΔT) and salinity (ΔS) are shown for each area.  Period 1 = winter and spring, 

Period 2 = summer and fall. 

Station 

area 

 Sampling Dates 

 

Bottom Temperature (°C)  
 

Bottom Salinity  

 Period 1 Period 2   
Period 

1 

Period 

2 
Δ T         

Period 

1 

Period 

2 
Δ S       

CO 2/29/2016 6/13/2016 

 

18.1 29.3 +11.2 
 

25.1 22.4 -2.7 

RK 3/15/2016 6/13/2016 

 

23.7 29.7 +6.0 
 

21.6 21.4 -0.2 

EH 2/29/2016 11/6/2015 

 

19.1 27.3 +8.2 
 

17.3 14.9 -2.4 

EG 3/15/2016 11/6/2015 

 

23.8 26.8 +3.0 
 

25.2 19.0 -6.2 

CC 2/8/2016 9/9/2015 

 

17.6 27.0 +9.4 
 

17.8 16.3 -1.5 

TC 2/8/2016 10/16/2015 

 

15.8 30.0 +14.2 
 

19.0 17.4 -1.6 

GC 2/20/2016 6/29/2016 

 

18.6 31.7 +13.1 
 

18.5 20.8 +2.3 

SV 2/17/2016 6/29/2016 
 

18.1 31.6 +13.5 
 

23.2 21.9 -1.3 

SS 2/17/2016 7/6/2016 

 

19.5 31.2 +11.7 
 

28.1 27.4 -0.7 

Mean 

± Standard Deviation  

19  

± 3 

29 

 ± 2 

+11  

± 3 
 

22  

± 3.5 

20  

± 3.6 

-2  

± 1.6 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane Creek (CC), 

Turkey Creek (TC), Goat Creek (GC), Grant-Valkaria (SV) and St. Sebastian River (SS). 
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      The average bottom water temperatures for periods 1 and 2 were 19 ± 3°C and 

29 ± 2°C, respectively. The average temperature difference (ΔT) between sampling 

period 1 and 2 was +11°C, excluding Eau Gallie (EG) where temperatures 

increased by ~3°C between periods (Table 2). The relatively large difference in 

distances among stations, and some unpredicted temperature shifts led to a bit 

larger variety of ΔT values than planned. Nevertheless, the average ΔT between 

period 1 and 2 was +11°C. Bottom water salinity also was significantly different 

between the two sampling periods (p = 0.009 from paired t-test; Table 2). Salinities 

were lowest in tributaries and creeks (EH, CC, TC) during both sampling periods 

(Table 2). 

 

 

 

 

Figure 2. Image showing water depth (in feet) and sediment muck layer at the 

Grant-Valkaria station (SV2) using a Lowrance acoustic sonar. Arrow shows top of 

muck layer.   
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       Water depth and muck thicknesses were determined at each station using a 

marked 4.2-m long polyvinyl chloride (PVC) pole. The pole was inserted vertically 

into the water until it touched the surface of the sediment; that depth was recorded 

to the nearest 0.1 m as the water column depth. Then, the pole was pushed into the 

soft-sediment until it reached hard bottom (usually sand) and that total depth was 

the depth of the water column plus muck thickness. Muck thickness was 

determined by subtracting water column depth from total depth. Water depth also 

was recorded using a Lowrance acoustic sonar (Figure 2) or a hand-held Versatile 

Digital Sonar. Sediment sonar images typically showed muck layers (Figure 2). 

Continuous water column profiles for temperature, dissolved oxygen (DO), % DO 

saturation (DOsat), salinity and pH were obtained at each station using a Yellow 

Springs Instrument (YSI) 6600 V2.0 Sonde. The Sonde was calibrated prior to each 

use following the manufacturer’s specifications.   

 

Triplicate sediment samples were collected at each station using an Ekman grab 

sampler (15 cm x 15.5 cm x 19 cm). Sediment from each grab was completely 

sieved through a 500-µm, stainless steel mesh and organisms recovered were 

placed in separate 700-mL containers with water from the sample site. A fourth 

sediment grab was collected at each station for sediment chemistry. A clear acrylic 

tube (7 cm in diameter, 24.5 cm long), with taped 1-cm diameter holes every 2 cm 

for electrode insertion, was placed vertically into the center of the chemistry grab 

and sealed for DO and Eh/pH analysis. Four 10-mL syringes with the ends cut off 

(1.3 cm in diameter, 8 cm long) were used to collect mini-cores from the chemistry 

grab and sealed immediately with parafilm. These syringe samples were kept on ice 

and returned to the laboratory to determine concentrations of dissolved ammonium 

and hydrogen sulfide in the porewater. Sediment also was collected from the upper 

7 cm of the chemistry grab and placed in double Ziploc bags; this sediment was 
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used to determine water content, grain size, loss on ignition at 550
o
C (LOI), 

CaCO3, TN and TOC. All samples were kept cold (~4
o
C) until analyzed or freeze-

dried.   

 

 

Benthic Community Analysis  

      Benthic samples were kept at 4
o
C until they were sorted for marine life using an 

Olympus SZ Binocular Stereo Zoom Microscope with 7x-40x zoom magnification. 

Biota identifications were made to the family level. Abundances in the grab 

sampler were recorded. Abundances also were scaled up from the Ekman grab size 

(individuals per 0.023 m
2
) to individuals per m

2
. Reporting values per m

2
 allows for 

a more convenient comparison with data from the literature for benthic community 

abundance. However, by scaling up small abundances, such as 1 organism in a 

grab, benthic community values often seem larger than perceptions during 

sampling. Abundance also may become skewed when there are tolerant organisms 

present in a region. High abundances of tolerant organisms would make the 

sediments seem enriched with life and may create a poor understanding of the 

overall health of a benthic community in terms of community structure. Because 

abundance can become skewed, especially in stressed environments with anoxic 

sediments, using some sort of diversity value provides a better picture of 

community composition. For this reason, community diversity also was determined 

as described below. 

 

      Community diversity for each station was calculated by first determining the 

Shannon-Wiener diversity index value (Eq. 1) and then the ENS (also referred to as 

the Hill number) (Eq. 2).  ENS is used to express the number of equally occurring 
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individual species needed in a community to produce the diversity index value 

observed and is reported in values of species instead of an index number (Dauby 

and Hardy, 2012). Other diversity indices can be easily transformed into ENS 

values as shown for H in Equation 2.  

 

  Shannon-Wiener Diversity Index:                                                              

   H = - ∑ 𝑝𝑖 × ln(𝑝𝑖)𝑠
𝑖=1                                                   (Eq. 1)       

    where:  

    s = species richness 

    pi = (s of species i ) ÷ (s of all species) 

                        Effective Number of Species (ENS):                                                           

   ENS = e
H
                                                                    (Eq. 2)    

   

      When comparing biological parameters such as abundance, richness, diversity 

and ENS to the chemical and physical data set, ENS had the most correlations with 

R
2
 ≥0.5. Therefore, the ENS value was used in this study as the main biological 

parameter for identifying relationships between chemical and physical properties 

and benthic community composition.   

 

Significant differences in ENS values (p-value <0.05) were determined using a 

two-sample, two-tailed t-test, assuming equal variances, to identify significant 

difference among muck samples. Benthic community composition for each station 

was graphed by biological class for both sampling times. Average abundances of 

the 3 major classes found in this study (bivalvia, polychaeta and gastropoda) as 

well as a combined group for lesser abundant classes noted as “others”, were 

tabulated and represented with bar graphs. Differences in class abundance between 
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the muck thickness categories were determined using a two-sample, two-tailed t-

test, assuming equal variances.  

 

Statistical differences in mean abundance for samples collected at ≥100 cm 

(station IDs with a 2) and 20-40 cm (station IDs with a 1) were determined using a 

2-sample, two-tailed t-test assuming equal variances, to identify the relationship 

between muck thickness and mean abundance of benthic organisms. To determine 

relationships between temperature and biological parameters in the muck 

sediments, data were divided by sampling period (period 1: <25°C; period 2: 

>25°C).  A paired two sample, two-tailed t-test was used to compare each variable 

separately by comparing mean values for the two periods. Significant differences 

were determined with p-values <0.05 from the t-tests. If a p-value was >0.05, 

temperature/season was not considered to have an effect on the variable tested. 

Data for benthic community structure were normalized and transformed using the 

square root of the abundance (in # of organisms/grab). A triangular 

similarity/dissimilarity matrix was completed on the transformed data using the 

Bray-Curtis similarity index. One-way multivariate analyses on the matrix were 

completed using analysis of similarity (ANOSIM) to test for dissimilarity of 

community composition within the grouping of data by season, muck thickness, 

site location and muck category. Significantly dissimilar groups, as determined 

with an ANOSIM global R statistic >0.25 and p <0.05, were analyzed using 

multivariate analysis for similarity percentage (SIMPER) pairwise function to 

determine which species contributed to >10% of the similarity within the groups as 

well as the dissimilarity between groups. 
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Sediment Physicochemical Analysis 

Mini-cores were reduced from 8 cm to 5 cm in length by cutting muck from the 

exposed end to eliminate possible aeration of the top portion of the core. Four mini-

cores from each site were paired, placed into N2-purged tubes, and centrifuged for 7 

minutes to separate porewater. The porewater was filtered through 0.45-micron 

polypropylene Whatman filters. Filtered water was then analyzed for dissolved H2S 

by the Hach Method #8131; precision of lab replicates was ±10%; field duplicates 

agreed within ± 30% (maximum variation). Filtered water was then kept at 4°C for 

24 hours before being analyzed for NH4
+
 to limit analytical interference from high 

sulfide values. Concentrations of ammonium were determined using the standard 

phenate method #4500-NH3 (Clesceri et al., 1989) with an analytical precession of 

3% for lab duplicates and within 3% accuracy for a standard reference solution.  

 

Concentrations of DO in sediments were determined using an OM-4 oxygen 

microelectrode. Two-point calibration was completed using an air-purged water 

sample and a N2-purged water sample prior to each use of the electrode. Dissolved 

oxygen concentrations were determined for surface water, the water-sediment 

interface, and then at 1-mm intervals in the sediment to a depth of 5 mm. Oxygen 

concentrations were determined before Eh and pH to avoid disturbing or aerating 

the sediment. A depth of 5 mm was selected because DO concentrations were 

below the detection limit of 0.1% O2 at deeper than 1 mm in the sediment for all 

samples. Eh and pH were then determined for every 2-cm depth interval in the 15-

cm long Eh/pH core using a calibrated Orion 250 A Plus meter with Eh (platinum, 

±5 mV) and pH (Ag-AgCl, ±0.05 pH units) electrodes. The probes were inserted 

into pre-cut holes in the tube after removing the tape to limit sediment/air 

interaction.  
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Sediment samples from the Ziploc bags were freeze-dried in 74-mL vials and 

water loss (by weight) was determined to calculate porosity (φ, as a fractional 

volume of water). Freeze-dried samples were homogenized and then analyzed 

using the LOI methods of Heiri et al. (2001) to determine (1) OM after heating to 

550°C and (2) CaCO3 content in the sediment after heating to 950°C. In addition, 

TOC and TN were determined for homogenized, freeze-dried and 10% (v/v) 

hydrochloric acid treated sediments (to remove carbonate) from each station using 

a Leco TruMac CNS/NS/Carbon/Nitrogen/Sulfur Analyzer and following methods 

provided by the manufacturer (Version 1.3x, part number 200-753, August 2014). 

All values obtained for the certified reference material (Leco CRM 502-309) were 

within the 95% confidence interval (11.98 ± 0.44% TOC and 0.93 ± 0.04% TN) of 

the certified reference material. Laboratory precision was 6% for TOC and 2% for 

TN. Grain size was determined by following the methods of Folk (1974). 

 

To determine the relationship between temperature and the chemical and 

physical properties of muck sediments, data were divided by sampling period 

(period 1: <25°C; period 2: >25°C).  A paired two sample, two-tailed t-test was 

used to compare each variable separately by comparing the mean values for the two 

periods. Significant differences were determined with p-values <0.05 from the t-

tests. If a p-value was >0.05, temperature/season was not considered to have an 

effect on the variable tested.   

 

The relationship between muck thickness and each chemical and physical 

characteristic of the sediments was determined by grouping muck thicknesses 

between 20-40 cm (station IDs with a 1) and ≥100 cm (station IDs with a 2). 

Differences in mean abundance for samples collected at ≥100 cm and 20-40 cm 

were determined using a 2-sample, two-tailed t-test assuming equal variances. If a 
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p-value was >0.05, muck thickness was not considered to have an effect on the 

variable tested. To identify relationships between chemical, physical and biological 

parameters of muck sediments, values (e.g. LOI, silt + clay, ENS) were plotted 

versus each other and regression analysis was used to determine significant 

correlations between variables (R
2
 >0.5 and p <0.05).  
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Results and Discussion 

      This section begins with a detailed presentation and statistical analysis for the 

abundances and diversity of the benthic fauna, as a function of station location, 

season and muck thickness. Then, the specific physicochemical parameters of the 

sediments (e.g., grain size, organic C and N) are introduced and used to correlate 

biological distribution with sediment composition. Finally, muck is categorized 

with respect to prioritization for removal from the IRL based on both diversity and 

physicochemical factors.   
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Table 3. Scientific names of organisms collected in the Indian River Lagoon 

with their coordinating identification number (ID #) and total number of 

individuals (n) from all stations for this study.      

ID 

# 
Scientific Name n  

ID 

# 
Scientific Name n 

1 Lumbrineris spp. 1 22  19 Chione spp. 1 

2 Schistomeringos pectinata 38  20 Amygdalum papyrium 8 

3 Lumbrineris spp. 2 25  21 Crepidula plana 102 

4 Marphysa sanguinea 4  22 Crepidula fornicata 176 

5 Nereis diversicolor 3  23 Astyris lunata 147 

6 Pectinaria gouldi 9  24 Polinices duplicatus 113 

7 Diopatra cuprea 61  25 Acteocina spp. 497 

8 Ophionereis reticulata 4  26 Bittiolum varium  10 

9 Amphilochus brunneus 582  27 Turbonilla incisa 40 

10 Gammarus mucronatus 35  28 Teinostoma biscaynense 19 

11 Carcinus maenas 1  29 Zebina browniana 8 

12 Fish larvae 1  30 Granulina ovuliformis 10 

13 Mysidae family 41  31 Bulla striata 3 

14 Mulinia lateralis 1,620  32 Truncatella pulchella 6 

15 Parastarte triquetra 732  33 Nassarius vibex  11 

16 Macoma spp. 3,080  34 Modulus modulus 2 

17 Tagelus divisus  3  35 Urosalpinx cinerea 12 

18 Brachidontes exustus 5  36 Naticidae family 409 

Organisms with ID #s 1-7 are polychaetes, 8-13 are “others”, 14-20 are bivalves 

and 21-36 are gastropods.   
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Biological Parameters 

      An unexpectedly large variety of species (n = 36) were identified in muck 

sediments collected for this study (Table 3). Organisms were identified using 

literature pertinent to the IRL along with the Smithsonian IRL species index. 

Where necessary, identifications were verified using the World Register of Marine 

Species (WoRMS). Foraminifera and ostracods were counted but not included in 

the data sets because they were not dyed to distinguish if they were alive. 

 

      The most abundant class was bivalvia followed by gastopoda, “others” and 

polychaeta (Table 4). No significant differences (p >0.05) in abundances were 

detected at each station for each of the four groups of major classes between 

sampling periods 1 and 2. Abundances are listed as individuals (ind) per grab 

(Table 4) and by ind/m
2
 (Appendix B). Bivalve abundance was about 3.5-fold 

higher than the average abundance of gastropods (Table 4, Appendix B). The 

“others” category contained the classes malacostracans and ophiuroidea. No 

significant differences for the “others” group were found in overall abundances of 4 

± 8 ind/grab for period 1 and 35 ± 66 ind/grab for period 2 because of the large 

standard deviations (Table 4). More amphipods (a type of malacostracan) were 

collected during period 2, most likely due to seasonal peaks of benthic amphipods 

in early summer and early fall months (Stoner, 1980). The average abundances of 

polychaetes, the least abundant grouping, were not statistically different (Table 4).  
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Table 4. Total abundance (# of individuals) of bivalves, gastropods, polychaetes 

and “others” species per grab (0.023m
2
) from sediments in the Indian River 

Lagoon, Florida. (Period 1: winter- spring, Period 2: summer-fall). Overall mean 

± Standard Deviation (M ± SD) listed in bottom row of table.  

Station 

ID 

Bivalve  Gastropod  Polychaeta  Others  

Per.1 Per.2 Per.1 Per.2 Per.1 Per.2 Per.1 Per.2  

CO1 143 865 31 50 7 9 27 32 

CO2 176 721 47 27 4 5 16 38 

RK1 112 35 37 48 1 5 5 115 

RK2 33 91 3 25 0 4 3 205 

EH1 1,005 333 4 3 0 0 0 0 

EH2 0 0 5 1 0 0 0 0 

EG1 575 500 37 305 16 0 0 0 

EG2 121 84 17 23 1 0 0 0 

CC1 83 44 105 45 0 0 0 0 

CC2 8 2 68 0 0 0 0 0 

TC1 19 116 133 285 35 3 2 3 

TC2 0 1 4 1 0 0 0 0 

GC1 88 156 82 37 23 20 14 180 

GC2 19 64 70 9 7 5 3 16 

SV2 8 13 34 1 0 0 0 0 

SS1 26 2 17 7 1 3 0 5 

SS2 5 0 3 0 15 1 1 0 

M  

± SD 

142  

± 261 

178  

± 268 

41  

± 39 

51  

± 94 

6  

± 10 

3  

± 5 

4  

± 8 

35  

± 66 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek (GC), Grant-Valkaria (SV) and St. 

Sebastian River (SS). Station IDs with 1 = 20-40 cm muck thickness, 2 = ≥100 cm 

muck thickness. 
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   Significant differences in abundances of bivalvia (p = 0.041) and gastropoda (p = 

0.014) versus muck thickness were found. Bivalve abundances were ~3 times 

greater in thinner muck deposits (256 ± 315 ind/grab) than in thicker muck (75 ± 

170 ind/grab, Table 5). Gastropods were ~4 times more abundant in thinner muck 

than in thicker muck (Table 5). Although these classes have been found to survive 

in mud-type sediments, thicker muck may have caused the organisms to become 

smothered by soft sediment. When organisms sink and become buried by sediment 

beyond a manageable depth, respiration via the oxic water layer above the sediment 

can be inhibited (Hinchey et al., 2006). The abundances of polychaetes and 

“others” were not statistically different (p >0.05) between stations with 20-40 cm 

muck thickness and stations with ≥100 cm muck due to large standard deviations in 

abundance values (Table 5).  

 

 

Table 5. Mean abundance of bivalves, gastropods, polychaetes and “others” for 

muck thicknesses of 20-40 cm and ≥100 cm ± standard deviation in the Indian 

River Lagoon. 

Muck Thickness 
Mean Abundance (ind/grab) ± SD  

Bivalvia Gastropoda Polychaeta Others 

20-40 cm 256 ± 315 77 ± 92 8 ± 10 24 ± 51 

≥100 cm 75 ± 170 19 ± 23 2 ± 4 16 ± 48 

p-value 0.041 0.014 >0.05 >0.05 

p-values generated from two sample, two-tailed t-test to compare mean 

abundance of each class versus muck thickness. Abundance values are in # of 

individuals /sediment grab 
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      Average benthic community composition by major class was determined for 

period 1 (Figure 3a) and period 2 (Figure 3b) and are shown as ind/m
2
 for a more 

direct comparison with other studies. Bivalves were most abundant (per m
2
) at 

stations EH1 and EG1 during period 1. In contrast, thicker muck from the same 

areas (EH2 and EG2) had abundances lower by 100% and 78%, respectively 

(Figure 3a). Gastropods were most abundant at EG1 and TC1; however, in thicker 

muck from the same area (EG2 and TC2) total abundance was less by 93% and 

~100%, respectively (Figure 3b).  
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Figure 3. Comparison of biological abendances by major class for all stations in 

the Indian River lagoon, Florida, during sampling (a) period 1 (winter-spring) and 

(b) period 2 (summer-fall). Station key in Table 3. 
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       Bivalves were the most abundant class collected (70% of 7,841 total 

individuals) from all stations. The most abundant bivalves were Macoma spp. (n = 

3,080), Mulinia lateralis (n = 1,620) and Parastarte triquetra (n = 732; organism 

ID #s 16, 14 and 15, respectively, Figure 4). Macoma was the predominant clam 

species at CO, RK, EG, GC, SV and SS and was the most abundant bivalve 

identified (3,080 of 5,400 total individual bivalves collected during the study). M. 

lateralis was the most abundant bivalve at EH and P. triquetra was the most 

abundant bivalve at TC and CC. Macoma are more suited for muddy, even anoxic 

environments, due to their long siphons that can extend above the anoxic layer. 

Field studies have shown that Macoma can live buried at a sediment depth >15 cm 

to avoid predation; therefore, the 20-40 cm muck thickness stations would seem to 

be a more favored habitat for Macoma (Seitz et al., 2001). Macoma have even been 

reported to live in organic rich effluent from a wastewater treatment plant (Hummel 

et al., 2000). Therefore, their survival in the thinner muck sediments seems to agree 

with results from other studies.  

 

      M. lateralis share a similar story to that of the Macoma in that they also are 

better adapted and even more commonly found in highly porous, anoxic, hydrogen-

sulfide-rich sediments because they are able to function (feed, digest, grow) in 

these conditions with the specialized adaptation of anaerobic glycolysis (Shumway 

et al., 1983). This ability to produce energy without oxygen allows M. lateralis to 

live in anoxic muck sediments. However, the abundances for M. lateralis were 

lower in thick muck (≥100 cm) than in thin muck (20-40 cm) most likely because 

thinner muck is more manageable to escape from or to extend their syphon to the 

oxic waters. In contrast, Macoma was more evenly distributed between thin and 

thick muck (Figure 4). There were 730 P. triquetra (9% of the total organisms 
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counted in this study) with the majority (99%) of them found in thin muck stations 

(ID # 15, Figure 4).  
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      Gastropoda was the second most abundant class found living in muck 

sediments (20% of total individual abundance). The most abundant gastopoda were 

Acteocina spp. (500 total individuals collected), a snail from the Naticidae family 

(410 individuals collected) and a Crepidula spp. (180 individuals collected). These 

species are known to live on and sometimes in estuarine mud (Mikkelsen et al., 

1995) and are commonly found in the IRL (Virnstein and Howard, 1987). 

Acteocina was the most abundant gastropod at EG and TC. The snail from the 

Naticidae family was the most abundant gastropod at EGH, CC, GC and SV. 

Crepidula was the most abundant gastropod at CO, RK and SS. Acteocina, 

Naticidae and Crepidula were more abundant at thinner than thicker muck stations 

(organism ID #s 25, 36 and 22, respectively, Figure 4, Table 3).  

 

      The most abundant polychaetes included Diopatra cuprea, Schistomeringos 

pectinate, Lumbrineris species 1 and 2 and Pectinaria gouldii (Table 3). Both D. 

cuprea and P. gouldii use sand or shell to make their tubes and feed on detrital 

material in sediment. P. gouldii also can remove up to 45% organic matter per 

gram of sediment worked (Gordon, 1966). Polychaetes have been used as indicator 

species for environmental stress in benthic communities because they have a 

shorter life span and less tolerance for contaminants (Dean, 2008). Although 

polychaetes were the least abundant (2%) class of organisms (Figure 3), they were 

~11 times more abundant in the thinner than thicher muck stations (Figure 4).  

 

       The “others” category was made up of the following: (1) four species from the 

malacostracans class (2) a brittle starfish from the class ophiuroidea and (3) a 

random fish larva. Amphilochus brunneus, a shrimp species from the Mysidae 

family and Gammarus mucronatus were the most abundant organisms in the 

“others” category (Table 3). A. brunneus was the most abundant malacostracan at 
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CO, RK, GS and SS. The stations in EH, EG and CC did not have any organisms 

from the “others” category. The crab Carcinus maenas (ID #11) and the fish 

lavation (ID #12) were only found at the thicker muck stations; however, only 2 C. 

maenas and 1 fish larva were found among all stations (Table 3, Figure 4).  

 

       Analysis of community structure with ANOSIM showed significant 

geographical differences in community composition (global R = 0.42, p = 0.001). 

The community composition of the areas CC and EG were both dissimilar to 6 out 

of the 9 areas sampled (Table 6) whereas EH and SV were not statistically 

dissimilar in community composition compared with other areas (global R <0.25, p 

>0.05, not shown in Table 6). No differences in community structure from 

grouping by muck thickness (20-40 cm and ≥100 cm) or season (periods 1 and 2) 

were found (global R <0.25, p >0.05).  
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Table 6. Pairwise results from ANOSIM 

showing differences in benthic community 

composition between areas of sampling in the 

Indian River Lagoon. Only significant 

differences in community composition between 

areas were recorded.  

Area 1 Area 2 Global R p-value 

CO EG 0.59 0.029 

CO CC 0.88 0.029 

CO TC 0.80 0.029 

CO GC 0.45 0.029 

CO SS 0.54 0.029 

RK EG 0.58 0.029 

RK CC 0.90 0.029 

RK TC 0.81 0.029 

EG CC 0.66 0.029 

EG TC 0.56 0.029 

EG GC 0.64 0.029 

EG SS 0.43 0.029 

CC TC 0.24 0.029 

CC GC 0.77 0.029 

CC SS 0.75 0.029 

  Cocoa (CO), Rockledge (RK), Eau Gallie (EG), 

Eau Gallie Harbour (EH), Crane Creek (CC), 

Turkey Creek (TC), Goat Creek (GC), Grant-

Valkaria (SV) and St. Sebastian River (SS). 
      

 

       SIMPER analysis showed that Macoma best characterized the benthic 

communities of the different areas (Table 7). Although present, Macoma was not 

the main organism in tributaries (EH, CC and TC) where salinities were, on 

average, <19 relative to ~20-27 at the other areas. Large contributors to community 

composition at CC and EH were P. triquetra, whereas Astyris lunata was the main 
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contributor at TC (Table 7). P. triquetra, a small clam that is not a type of surf-

clam like Macoma or M. lateralis, can be found in a broader range of salinities (15-

40, Brewster-Wingard and Ishman, 1999). A. lunata, or lunar dove snail, is 

common in seagrass beds in the IRL (Virnstein et al., 1985). Seagrass was seen in 

TC but not at the specific stations for this study; therefore, A. lunata that 

contributed ~24% of the community composition at TC, may have been most 

abundant at TC due to the surrounding seagrass beds (Table 7). 
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Table 7. List of species that characterize the communities in 9 areas in the Indian 

River Lagoon during both sampling periods and for both muck thicknesses 

(station IDs with 1: 20-40 cm, 2: ≥100 cm.  The % contribution (% cont) each 

species had on the composition for each area as determined with SIMPER.  

CO1, CO2 TC1, TC2 

Species % cont Species % cont 

Macoma spp. 55.8 Astyris lunata 24.2 

Amphilochus brunneus 12.5 Polinices duplicatus 22.9 

Crepidula fornicata 10.6 Acteocina spp. 20.1 

RK1, RK2 Naticidae family 14.1 

Macoma spp. 42.0 GC1, GC2 

Amphilochus brunneus 22.2 Macoma spp. 35.7 

EH1, EH2 Amphilochus brunneus 14.0 

Mulinia lateralis 50.2 Acteocina spp. 11.2 

Parastarte triquetra 42.1 Astyris lunata 10.4 

EG1, EG2 Diopatra cuprea 10.3 

Mulinia lateralis 50.0 SV2 

Macoma spp. 17.3 Macoma spp. 76.4 

Acteocina spp. 15.0 Crepidula fornicata 23.6 

CC1, CC2 SS1, SS2 

Parastarte triquetra 43.9 Macoma spp. 39.4 

Naticidae family 25.6 Schistomeringos pectinata 23.6 

Polinices duplicatus 11.7 Acteocina spp. 18.4 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek (GC), Grant-Valkaria (SV) and St. 

Sebastian River (SS).  

 

 

      Overall, total abundance in sediments during period 1 (winter-spring) ranged 

from 200 ind/m
2
 at TC2 in thicker muck to ~43,000 ind/m

2
 in thinner muck from 

EH1 (Table 8). About 3-fold lower average total abundance was found in thicker 

than thinner muck. The ranges for species richness (1-24 species per grab, Table 8) 
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were very low relative to the 128 species found living in IRL mud (Mikkelsen et 

al., 1995). Observed higher abundance, yet low diversity from this study, was due 

to high abundances of a few species, such as the Macoma clam. Values for 

diversity (0-2.2, Table 8) are low relative to healthy sediment as identified by 

Hymel (2009) where an H of <2.0 is low and 2-3 is moderate diversity. The ENS 

ranged from 1-9 with an average of 4 ± 2 effective species for period 1 and 1-8 

with an average of 3 ± 2 effective species for period 2. 

 

 

Table 8a. Total abundance, species richness, diversity and effective number of 

species (ENS) of sediments with muck thickness of 20-40 cm in the Indian River 

Lagoon, Florida. (Period 1: winter- spring, Period 2: summer-fall). Mean ± 

Standard Deviation (M ± SD) in bottom row 

Station 

ID 

Abundance (m
-2

) Richness (S) Diversity (H) ENS 

Per. 1 Per. 2 Per. 1 Per. 2 Per. 1 Per. 2 Per. 1 Per. 2 

CO1 8,890 41,100 10 15 1.4 0.6 4 2 

RK1 6,710 8,720 9 12 1 1.8 3 6 

EH1 43,410 14,500 4 5 0.8 0.8 2 2 

EG1 27,000 34,600 8 13 1 1.3 3 4 

CC1 8,130 3,800 9 7 1.8 1.6 6 5 

TC1 8,120 17,500 24 15 2.2 2 9 7 

GC1 8,920 16,900 14 14 2 1.3 7 4 

SS1 1,900 760 7 10 1.8 2.1 6 8 

M ± SD 15,700 ± 13,700 11 ± 5 1.5 ± 0.5 5 ± 2 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek outfall (GC), Grant-Valkaria (SV) 

and St. Sebastian River (SS).  
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Table 8b. Total abundance, species richness, diversity and effective number of 

species (ENS) of sediments with muck thickness ≥100 cm in the Indian River 

Lagoon, Florida. (Period 1: winter- spring, Period 2: summer-fall). Mean ± 

Standard Deviation (M ± SD) in bottom row 

Station 

ID 

Abundance (m
-2

) Richness (S) Diversity (H) ENS 

Per. 1 Per. 2 Per. 1 Per. 2 Per. 1 Per. 2 Per. 1 Per. 2 

CO2 10,400 34,000 11 12 1.1 0.5 3 2 

RK2 1,700 13,900 7 11 0.7 1.2 2 3 

EH2 200 60 1 1 0 0 1 1 

EG2 5,960 4,590 7 6 1.1 0.8 3 2 

CC2 3,300 90 10 1 1.2 0 3 1 

TC2 200 100 5 4 1.5 1.2 5 3 

GC2 4,200 4,000 9 13 1.4 1.3 4 3 

SV2 1,800 600 11 3 1.6 0.2 5 1 

SS2 1,000 60 11 3 1.6 1 5 3 

M ± SD 4,790 ± 8,240 7 ± 4 0.9 ± 0.6 3 ± 1 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek outfall (GC), Grant-Valkaria (SV) 

and St. Sebastian River (SS).  

 

 

     No statistical differences (p >0.05) were found among values for total 

abundance, richness, diversity or ENS for period 1 to period 2; however, statistical 

differences were found for total abundance, richness, diversity and ENS for thinner 

versus thicker muck. Average total abundance was ~35-fold greater (15,700 ± 

13,700 ind/m
-2

, Table 8a) for thinner than thicker muck (4,500 ± 8,100 ind/m
-2

, 

Table 8b). Richness was ~1.6-fold greater for thinner than thicker muck. Diversity 

at thinner muck was higher (H = 1.5 ± 0.5, Table 8a) than thicker muck (H = 0.9 ± 

0.6, Table 8b). ENS also was greater for thinner muck (5 ± 2 effective species, 
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Table 8a) than thicker (3 ± 1 effective species, Table 8a). Overall, thinner muck 

stations were more biologically diverse and rich than thicker muck stations.  

 

 

Physicochemical Parameters 

      Silt and clay accounted for an average of 64% of the sediment composition with 

a range of 16% at TC1 to 99% at both TC2 and SS2 (Table 9). Sand made up an 

average of 31% of the sediment for all stations. Porosity averaged 0.87 and 

increased with increasing silt + clay, but decreased with increasing sand content 

(Table 9 and Figure 5). When the sediments contain less sand and more silt and 

clay minerals, more organic matter can be mixed in with the silt and clay deposits; 

therefore, silt + clay have a strong positive linear relationship with TOC (Figure 5). 
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Figure 5. Silt + clay versus total organic carbon (TOC) concentrations for sediment 

from the Indian River Lagoon. Linear regression for all samples; markers show 

muck thickness (1: 20-40 cm; 2: ≥100 cm) 

 

 

        Average values for silt + clay and porosity for all stations in this study were 

within the reported typical ranges for classic muck in the IRL (Trefry et al., 1987, 

1990); however, the thicker muck had ~2-fold higher average silt + clay 

composition and 11% higher porosity than thinner muck (Table 9). Therefore, the 

thinner muck deposits contained more sand and shell than thicker muck (Table 9).  
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Table 9a. Average silt + clay, sand, porosity, Eh and pH of the 

upper 5 cm of sediments from stations with thinner (20-40 cm) 

muck deposits in the Indian River Lagoon, Florida during both 

sampling periods.   

Station 

ID 

Silt + Clay 

(%) 

Sand 

(%) 

Porosity 

(φ) 

Eh 

(mV) 
pH 

CO1 49.3 29.3 0.82 -116 7.44 

RK1 73 24.5 0.89 -145 7.27 

EH1 50.3 44.3 0.91 -149 7.44 

EG1 59.2 27.8 0.87 -156 7.41 

CC1 31.3 65.4 0.79 -169 7.68 

TC1 16.6 83.3 0.69 -157 7.51 

GC1 34.1 65.4 0.79 -145 7.23 

SS1 37.4 62.3 0.79 -101 7.51 

M 

 ± SD 

44  

± 18 

50  

± 22 

0.82  

± 0.07 

-140  

± 23 

7.4  

± 0.1 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie 

Harbour (EH), Crane Creek (CC), Turkey Creek (TC), Goat Creek 

(GC), Grant-Valkaria (SV) and St. Sebastian River (SS).  
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Table 9b. Average silt + clay, sand, porosity, Eh and pH of the 

upper 5 cm of sediments from stations with thicker (≥100 cm) muck 

deposits in the Indian River Lagoon, Florida during both sampling 

periods.  

Station 

ID 

Silt + Clay 

(%) 

Sand 

(%) 

Porosity 

(φ) 

Eh 

(mV) 
pH 

CO2 87.8 7.9 0.89 -167 7.2 

RK2 92.2 7.1 0.92 -174 7.11 

EH2 92.1 7.9 0.94 -190 7.28 

EG2 57.4 22.1 0.89 -184 7.24 

CC2 48.6 51.3 0.87 -174 7.11 

TC2 99 0.8 0.95 -197 7.32 

GC2 79.7 18.5 0.91 -172 7.1 

SV2 85.5 13.5 0.92 -177 7.1 

SS2 98.9 1.2 0.92 -182 7.42 

M 

± SD 

82 

± 18 

14 

± 16 

0.91 

± 0.03 

-180 

± 10 

7.2 

± 0.1 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour 

(EH), Crane Creek (CC), Turkey Creek (TC), Goat Creek (GC), 

Grant-Valkaria (SV) and St. Sebastian River (SS).  

      

 

      All sediment samples were anoxic, even at a depth of 1 mm. Eh values 

averaged -160 mV and pH was, on average, 7.3 ± 0.2 in the upper 5 cm of all 

sediments (Table 9a and b). The low Eh values indicate that the sediments are 

anoxic and highly reducing with production of reduced forms of nitrogen as 

ammonium and sulfur as hydrogen sulfide. Average concentrations of dissolved 

H2S increased from ~800 µM during period 1 to ~1,280 µM during the warmer 

period (Table 10). Dissolved NH4
+
 concentrations in sediment porewater followed 

a similar trend to that observed for H2S with 19% higher values during the warmer 

period 2; therefore, concentrations of H2S correlated strongly with NH4
+
(Table 10, 
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Figure 6). Because the pH of sediments averaged ~7.3, the concentration of free 

ammonia would be very small (0.01-0.36 mg NH3/L or ~1% of total NH4
+
 and 

NH3) in comparison with acute and chronic toxicity concentrations of ammonia 

(14.4 mg N/L and 1.27 mg N/L, respectively; USEPA, 1989). Dissolved oxygen 

saturation in bottom water averaged 99 ± 33% during period 1 and 71 ± 35% 

during period 2 (Table 10). The solubility of DO decreases with increasing 

temperature; however, the decrease in %DOSAT is more likely linked to higher 

productivity with subsequently greater decomposition of OM during period 2.  
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Table 10. Porewater concentrations of hydrogen sulfide (H2S) and ammonium 

(NH4
+
) as well as bottom water dissolved oxygen (BW DO) saturation, as 

determined with the YSI, during both sampling periods. (Period 1: winter-spring, 

Period 2: summer- fall). Mean ± standard deviation (M ± SD). 

Station 

ID 
H2S (µM)  

 

NH4
+
 (µM)  

 

 BW DO (% Sat.) 

Period 1 Period 2   Period 1 Period 2   Period 1 Period 2 

CO1 84 201 
 

162 483 
 

93 77 

CO2 1140 1520 
 

783 1300 
 

98 86 

RK1 848 25 
 

452 202 
 

59 137 

RK2 1640 1310 
 

843 1060 
 

52 140 

EH1 16 487 
 

40 263 
 

190 122 

EH2 649 3260 
 

679 1110 
 

141 49 

EG1 94 739 
 

431 463 
 

79 53 

EG2 1250 1890 
 

608 741 
 

58 61 

CC1 81 125 
 

209 69 
 

91 53 

CC2 119 2820 
 

427 827 
 

98 22 

TC1 5 318 
 

93 163 
 

104 61 

TC2 2710 3610 
 

1870 1950 
 

90 10 

GC1 190 242 
 

162 474 
 

121 63 

GC2 1570 1610 
 

1150 1230 
 

122 62 

SV2 2360 2730 
 

1850 1780 
 

89 49 

SS1 6 75 
 

254 272 
 

101 80 

SS2 855 873 
 

1100 1280 
 

102 74 

M  

± SD 

801  

± 865 

1280  

± 1200 
 

654  

± 564 

804  

± 576 
 

99  

± 33 

71  

± 35 

 Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), 

Crane Creek (CC), Turkey Creek (TC), Goat Creek (GC), Grant-Valkaria (SV) 

and St. Sebastian River (SS). Station IDs with 1 = 20-40 cm muck thickness, 2 = 

≥100 cm muck thickness. 
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Figure 6. Porewater concentrations of H2S versus NH4
+
 from 17 stations in the 

Indian River Lagoon, during the two sampling periods. Linear regression is for all 

samples; markers show period 1 = winter-spring, period 2 = summer-fall). (1000 

µM H2S ≈ 32 mg S/L, 1000 µM NH4
+
 ≈ 14 mg N/L). 

 

       Average concentrations of H2S and NH4
+
 were ~8-fold and ~5-fold higher, 

respectively, for thicker than thinner muck during both periods (Table 11). Average 

concentrations of NH4
+
 were ~5-fold higher for thicker muck than for thinner muck 

during both periods (Table 11). Thicker muck had 11% less %DOSAT during period 

1 and 20% less during period 2, on average, than thinner muck (Table 11). Overall, 

thicker muck is less suitable for benthic life due to higher H2S and lower %DOSAT 

values.  
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Table 11. Porewater concentrations of hydrogen sulfide (H2S) and ammonium 

(NH4
+
) as well as bottom water dissolved oxygen (BW DO) saturation during 

both sampling periods (Period 1: winter-spring, Period 2: summer- fall) separated 

by muck thickness (20-40 cm and ≥100 cm). Mean ± standard deviation (M ± 

SD). 

Muck 

Thickness 

H2S (µM)  

 

NH4
+
 (µM)  

 

 BW DO (% Sat.) 

Per. 1 Per. 2   Per. 1 Per. 2   Per. 1 Per. 2 

20-40 cm 
166  

± 283 

277  

± 237  

225 

± 149 

299 

 ± 158 
  

105  

± 39 

81  

± 32 

≥100 cm 
1370 

 ± 814 

2180  

± 951  

1030  

± 519 

1250  

± 398  

94  

± 28 

61  

± 38 

p-value 0.001 <0.001   <0.001 <0.001   0.5 0.3 

p-values generated from two sample, two-tailed t-test to compare mean 

abundance of each class versus muck thickness. Abundance values are in # of 

individuals /sediment grab 

 

 

      Average LOI values for thicker muck (17 ± 3%) were statistically higher (p 

<0.001) than for thinner muck (10 ± 3%, Table 12). In contrast, average CaCO3 

composition was not statistically different (p >0.05) in thicker muck versus thinner 

muck (Table 12). Average total organic carbon (TOC) for all sediments followed 

LOI with higher values for thicker muck (5 ± 2% TOC vs. 4 ± 2% TOC, Table 12). 

Although TN values were statistically higher (p <0.001) for thicker muck than for 

thinner muck (Table 12), a strong linear correlation was identified between TOC 

and TN using all data (R
2
 = 0.8, p <0.001, Figure 7). TN, TOC, porosity and LOI 

are all covariates; therefore, strong correlations (R
2
 >0.8) were observed among all 

these variables (Figure 8).  
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Table 12a. Average loss on ignition (LOI), calcium carbonate (CaCO3), total 

organic carbon (TOC), total nitrogen (TN) and carbon to nitrogen ratio (C:N) in 

the upper 5 cm of thinner muck sediments (20-40 cm) from the Indian River 

Lagoon, Florida, during both sampling periods. Mean ± standard deviation (M ± 

SD) 

Station ID LOI (%) CaCO3 (%) TOC (%) TN (%) C:N (atoms) 

CO1 11.3 33.4 4.4 0.32 17 

RK1 15.6 11.9 4.8 0.46 13 

EH1 12.9 7.0 5.5 0.46 14 

EG1 13.7 22.2 4.5 0.36 15 

CC1 9.5 8.2 3.9 0.26 18 

TC1 3.8 2.6 1.1 0.11 12 

GC1 7.4 5.5 2.3 0.23 12 

SS1 6.9 4.6 2.2 0.21 12 

M ± SD 10 ± 4 12 ± 11 3.5 ± 1.5 0.3 ± 0.1 14 ± 2 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek outfall (GC), Grant-Valkaria (SV) 

and St. Sebastian River (SS).  
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Table 12b. Average loss on ignition (LOI), calcium carbonate (CaCO3), total 

organic carbon (TOC), total nitrogen (TN) and carbon to nitrogen ratio (C:N) in 

the upper 5 cm of thicker muck sediments (≥100 cm) from the Indian River 

Lagoon, Florida, during the both sampling periods. Mean ± standard deviation (M 

± SD) 

Station ID LOI (%) CaCO3 (%) TOC (%) TN (%) C:N (atoms) 

CO2 19.6 12.8 6.3 0.58 13 

RK2 17.3 12.4 5.7 0.57 12 

EH2 18.6 8.5 6.9 0.73 11 

EG2 15.2 18.3 5.6 0.48 15 

CC2 11.9 4.9 4.4 0.38 14 

TC2 20.1 11.5 7.5 0.61 15 

GC2 15.2 9.3 4.9 0.54 11 

SV2 15.3 12 5 0.6 10 

SS2 16.4 13.2 5 0.57 10 

M ± SD 17 ± 3 11 ± 4 6 ± 1 0.6 ± 0.1 12 ± 2 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek outfall (GC), Grant-Valkaria (SV) 

and St. Sebastian River (SS).  
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Figure 7. Sediment concentrations of TN versus TOC from the Indian River 

Lagoon. Linear regression based on all data; markers show muck thickness (1: 

stations with 20-40 cm muck, 2: stations with ≥100 cm muck). 
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Figure 8. Loss on ignition (LOI) versus (a) Total nitrogen (TN), (b) total organic 

carbon (TOC) and (c) porosity (φ) for sediments in the Indian River Lagoon, 

Florida. Linear regression based on all data; markers show thinner muck stations 

(1; 20-40 cm) and thicker muck stations (2; ≥100 cm).   
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Categorizing Muck  

      Muck was categorized by combining data for benthic faunal diversity with 

results for physical and chemical parameters. None of the biological data from 

abundance (Figure 9), richness or diversity (as Shannon-Wiener) correlated 

significantly with any of the physical or chemical parameters from this study. For 

example, the weak relationship between abundance and TOC (Figure 9) was 

skewed by the very high abundances of Macoma spp. at stations CO1, CO2 and 

EG1 as well as M. lateralis at stations EH1 and EG1. Therefore, no overall trends 

could be determined using abundance. Use of richness seems to be distorted by the 

presence of random species that appeared only once or twice, resulting in the 

sediment seeming more diverse when it was not so. Although statistical tests using 

diversity help limit the effect of random organisms by accounting for both 

abundance and richness, differences in the H values for this study were small (0-

2.2, Table 8) relative to differences in LOI, TOC, TN and porosity. When ENS was 

used to describe the biological component, significant negative correlations (p 

<0.001) were identified between ENS and TN (R
2
 = 0.53, Figure 10a), TOC (R

2
 = 

0.61, Figure 10b), LOI (R
2
 = 0.53) and porosity (R

2
 = 0.49).  
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Figure 9. Abundance (ind/m
2
) versus total organic carbon (TOC) for sediments in 

the Indian River Lagoon, Florida. The five highest abundances are labeled with the 

station ID.  
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Figure 10. Effective number of species (ENS) versus (a) total nitrogen (TN) and 

(b) total organic carbon (TOC) for sediments in the Indian River Lagoon, Florida. 

Correlation based on all data; markers show thinner muck stations (1; 20-40 cm) 

and thicker muck stations (2; ≥100 cm).   
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      In a previous study, Hymel (2009) categorized benthic communities with ENS 

values of 7-20 (i.e., H = 2-3) as having moderate diversity. As a first 

approximation, sediments in this study with ENS values 7-9 (~9 was the highest 

value obtained) were categorized as moderate-diversity muck (MDM). The ENS 

range of 7-9 is low in comparison the range of 7-20 ENS for moderate diversity as 

defined by Hymel (2009); however, muck is poor quality sediment due to the high 

concentrations of H2S (Table 11) that drastically decrease habitability. 

Nevertheless, using the moderate diversity category, even over such a narrow 

range, enables for direct comparison with other sediment types in diverse estuarine 

systems. As muck removal and lagoon restoration proceed, the MDM category (at 

values >9) may provide a broader indicator of the health of benthic communities 

improving.     

 

      Sediments with ENS values of 1-6 in this study were categorized as low-

diversity muck (LDM). The MDM and LDM categories were evaluated using 

sediment composition data (ENS vs. TN, TOC, LOI and porosity; Figure 10 

provided as an example). The LDM sediments had >0.2% TN, >2% TOC, >7.0% 

LOI and >0.79 porosity, with lower values observed for all MDM sediments (Table 

13). In other words, values for TN, TOC, LOI and porosity were greater at sites 

with lower diversity. All thick muck and 75% of the thinner muck sediments were 

categorized as LDM due to their relatively high concentrations of TN, TOC, LOI 

and porosity. Only 4 of 34 sediments were categorized as MDM in this study 

(Table 14) because station selections were biased toward organic-rich sediment 

(e.g., lowest TOC was 1.1%).  
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Table 13. Categories of muck from the Indian River Lagoon defined as moderate-

diversity muck (MDM) and low-diversity muck (LDM) by effective number of 

species (ENS), total nitrogen (TN), total organic carbon (TOC), loss on ignition 

(LOI) and porosity.  

Parameter  

Moderate-Diversity 

Muck 

Low-Diversity 

Muck 

ENS 7 – 9 1 - 6 

TN (%) 0.09 - 0.2 >0.2 

TOC (%) 1.1 – 2.0 >2.0 

LOI (%) 3.7 – 7.0 >7.0 

Porosity (φ) 0.69 – 0.79 >0.79 

      

 

Table 14. Stations organized by muck category (moderate-diversity muck, MDM, 

and low-diversity muck, LDM) in the Indian River lagoon during sampling period 

1 (winter-spring) and period 2 (summer-fall).  

Muck Category Period 1 Period 2 

Moderate-Diversity Muck TC1 and GC1 TC1 and SS1 

Low-Diversity Muck 

CO1, CO2, RK1, RK2, 

EH1, EH2, EG1, EG2, 

CC1, CC2, TC2, GC2, 

SV2, SS1 and SS2 

CO1, CO2, RK1, 

RK2, EH1, EH2, 

EG1, EG2, CC1,  

CC2, TC2, GC1, 

GC2, SV2 and SS2 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek (GC), Grant-Valkaria (SV) and St. 

Sebastian River (SS). Station IDs with 1 = 20-40 cm muck thickness, 2 = ≥100 cm 

muck thickness. 
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      Although LDM was characterized by fewer species (ENS <7), the total 

abundance among LDM stations was highly variable, ranging from 60 to ~43,000 

ind/m
2
 (1 -1,000 ind/grab). In some cases, the total abundance was higher at an 

LDM station than at any MDM stations. For example, despite having the highest 

abundance, the station with ~43,000 ind/m
2
 (EH1) had an ENS of 2 and was 

composed primarily of bivalves (92% of abundance). In contrast, an LDM station 

with 60 ind/m
2
 (EH2) had an ENS of 1 and was composed only of gastropods. 

Thus, the terms LDM and MDM categorize muck based on diversity, but not total 

abundance.  

       

       Analysis of muck categories with ANOSIM indicated no significant 

separations of benthic communities from MDM and LDM stations (Global R <0.25, 

p >0.05). Therefore, organisms found in LDM sediments also could be found living 

in MDM sediments. In addition, no significant differences in community 

composition were found between MDM and LDM stations when thickness was 

included in the grouping with ANOSIM (Global R <0.25, p >0.05). There were 

differences in the class that was organism was the most abundant for the MDM and 

LDM stations. For example, gastropods were the predominant organism in MDM 

and bivalves were the most abundant organism in LDM (Figure 11). The significant 

differences (p <0.01) in organism abundance between the two muck types were 

polychaetes with ~5 times more in MDM than LDM and ~3 times more gastropod 

individuals in MDM than LDM.  
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Figure 11. Average biological community composition by major class (bivalvia, 

gastropoda, polychaeta and “others”) for the moderate-diversity muck (MDM; n = 

821 ind/grab) and low-diversity muck (LDM; n = 7,020 ind/grab) in the Indian 

River Lagoon.  

 

 

      Porewater data for H2S and NH4
+
 further support the use of MDM and LDM 

categories (Figure 12). All 4 MDM samples (Table 14) had concentrations of both 

H2S and NH4
+
 at <350 µM. About half of the LDM samples fit the porewater 

criteria, but had low ENS values (Figure 12). The large ranges for LDM 

concentrations of H2S and NH4
+ 

can be attributed to the thickness of the muck 

deposits as discussed in the physicochemical section. In general, the LC50 (96-hour) 

concentration ranged from 6-31 µM H2S for marine invertebrates (Smith et al., 

1976); 176 µM H2S is the reported LC50 for Macoma (Caldwell, 1975). The 

concentrations of H2S (Figure 10a) exceed these LC50 values, even for the MDM 

category, indicating that the species surviving in those areas are adapted to survive 
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harsh conditions, most likely by using a syphon as reported for Macoma species 

and other clams found in MDM and LDM sediments.  

 

 

 

 
Figure 12. Effective number of species (ENS) versus concentrations of hydrogen 

sulfide (H2S) and ammonium (NH4
+
) in porewater from the upper 5 cm of sediment 

from 17 stations sampled over two sampling periods in the Indian River Lagoon, 

Florida. A 1 indicates muck thickness of 20-40 cm, a 2 is for muck thicknesses 

≥100 cm. Moderate-diversity muck is indicated by the shaded area. 
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Conclusions 

      All muck sediments sampled in the Indian River Lagoon during this study had 

living benthic biota. Muck was characterized from 17 stations using (1) benthic 

community composition, (2) muck thickness and (3) chemical and physical 

parameters of sediments and the overlying water. Thinner muck deposits (20-40 

cm, 8 locations), had greater variability in sediment composition and ~5 times 

greater median biological abundance than thicker (≥100 cm), more uniform muck 

deposits. The composition of these sediments also was highly variable for TN, 

TOC, LOI, φ, grain size and dissolved H2S and NH4
+
. One of the diversity indices, 

effective number of species (ENS), was used to help determine linkages between 

species diversity and sediment composition. Sediments with ENS values <7 (low 

diversity) were found to have higher concentrations of TN (>0.2%), TOC (>2.0%), 

LOI (>7%) and porosity (0.79) These low ENS values (<7) and higher 

concentrations of TN, TOC, LOI and porosity were defined as low-diversity muck 

(LDM) whereas ENS values >7, along with lower concentrations of TN, TOC, LOI 

and porosity, were defined as moderate-diversity muck (MDM). No thicker muck 

stations (≥100 cm) were categorized as MDM. To help improve benthic community 

diversity, as well as sediment and water quality, in the lagoon, LDM sediments 

should be given greater priority for muck removal, especially in areas with ≥100 

cm LDM.   
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Appendix A 
Station locations in the Indian River Lagoon 

Station locations in the Indian River Lagoon. Station IDs with an “s” indicate 20-40 

cm muck thickness, “d” represent ≥100 cm thickness. (a) Cocoa (CO), (b) 

Rockledge (RK), (c) Eau Gallie (EG) and Eau Gallie Harbour (EH), (d) Crane 

Creek (CC), (e) Turkey Creek (TC), (f) Goat Creek (GC) and Grant-Valkaria (SV) 

and (g) St. Sebastian River (SS). 
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Appendix B 
Total abundance of each class as individual per m2 

Total abundance of each major class as individual per m
2
 of sediments in the 

Indian River Lagoon, Florida. (Period 1: winter- spring, Period 2: summer-fall). 

Station 

ID 

Bivalvia  Gastropoda  Polychaeta  Other  

Per. 1 Per. 2 Per. 1 Per. 2 Per. 1 Per. 2 Per. 1 Per. 2 

CO1 6,140 37,200 1,300 2,100 300 400 1,100 1,400 

CO2 7,570 31,000 2,000 1,100 200 200 690 1,600 

RK1 4,820 1,500 1,600 2,100 60 200 200 4,960 

RK2 1,400 3,900 100 1,100 0 200 100 8,800 

EH1 43,240 14,300 200 100 0 0 0 0 

EH2 0 0 200 60 0 0 0 0 

EG1 24,700 21,500 1,600 13,100 670 0 0 0 

EG2 5,220 3,610 720 980 30 0 0 0 

CC1 3,600 1,900 4,530 1,900 0 0 0 0 

CC2 300 90 2,900 0 0 0 0 0 

TC1 830 4,990 5,710 12,300 1,500 100 90 100 

TC2 0 60 200 30 10 0 0 10 

GC1 3,800 6,710 3,500 1,600 1,000 850 600 7,730 

GC2 800 2,800 3,000 400 300 200 100 670 

SV2 300 570 1,500 30 10 0 0 0 

SS1 1,100 100 750 300 30 100 0 200 

SS2 200 10 100 10 650 30 30 0 

Cocoa (CO), Rockledge (RK), Eau Gallie (EG), Eau Gallie Harbour (EH), Crane 

Creek (CC), Turkey Creek (TC), Goat Creek outfall (GC), Grant-Valkaria (SV) 

and St. Sebastian River (SS). Station ID 1 = 20-40 cm muck thickness, 2 = ≥100 

cm muck thickness. 
 


