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In many coastal communities, aquaculture is an important part of the local economy, 

though fish and shrimp farms may threaten habitats in these coastal systems.  Aquaculture was 

introduced to the Setiu estuarine-lagoonal system (SEL) in Terengganu, Malaysia in the mid-

1970s.  As fish farm densities increase and the mangroves are cleared, excess nutrients and fish 

waste are supplied to the water column and sediments below.  In order for the aquaculture 

industry in Terengganu, Malaysia to be successful, estuarine-lagoonal environmental health 

should be monitored.  Analyses of foraminiferal assemblages, sedimentological analyses, and  

ŭ
13
C, ŭ

15
N, and C:N ratios are used here to determine how aquaculture in the SEL affects benthic 

communities, sources of organic matter, and grain size and sediment composition.   

Three cores were collected beneath fish cage sites, two (S43 and S40) from the northern 

lagoon region and one (S9A) from the southern estuary region.  Cores S43 and S40 contain both 

calcareous and agglutinated foraminifera, though calcareous are dominant.  Agglutinated 

specimens increase in abundance near the top of S43 and S40,which is likely in response to an 

increase in organic matter.. Ammonia aff. A. aoteana and Ammobaculites exiguus are the most 

abundant species in the middle and upper sections of S43, and Ammonia aff. A. aoteana and 

Rosalina globularis are the most abundant in the bottom of S43.  Ammonia aff. A aoteana is 
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most abundant throughout all of S40.  Core S9A contains only agglutinated foraminifera, with 

Trochammina amnicola, Ammotium directum, and Miliammina fusca as the most abundant 

species.  The percent of live specimens is relatively low in all three cores.  The densities of dead 

foraminifera at S43 and S40 are extremely high at the onset of aquaculture and near the surface 

of S40 where the amount of organic matter is less.  These high densities are attributed to a 

baffling effect created by the fish cages as tidal currents push sediments north in the lagoon.   

ŭ
13
C and ŭ

15
N signatures in the sediments beneath fish cages do not show trends through 

time and are similar to signatures of terrestrial sources, including mangroves.  Percent carbon, 

percent nitrogen, and percent mud increase through time throughout S43 and S40, though 

patterns reverse in core S40.  The reversal of patterns in core S40 is possibly related to the 

closure of a southern inlet in 2003.  Throughout S9A, these same measurements first increase 

through time but then decrease, probably corresponding to the abandonment of fish farms.   

In summary, aquaculture has affected organic matter content, sediment characteristics, 

and foraminiferal distributions in the SEL.  However, rapid return to pre-aquaculture conditions 

after the abandonment of S9A and a slower return to pre-aquaculture conditions in S40, likely as 

a result of tidal flushing, suggest that environmental health of the SEL is not particularly 

compromised by the current scale of floating fish cage aquaculture.      

 

 

 

 

 

 

 



4 
 

 

 

 

 

 

 

 

 

 

 

 

  



5 
 

FORAMINIFERAL AND GEOCHEMICAL EVIDENCE OF ENVIRONMENTAL CHANGE 

IN RESPONSE TO AQUACULTURE IN THE SETIU ESTUARINE-LAGOONAL SYSTEM, 

TERENGGANU, MALAYSIA 

 

 

A Thesis/Dissertation 

 

Presented To the Faculty of the Department of Geological Sciences 

 

East Carolina University 

 

 

 

 

 

In Partial Fulfillment of the Requirements for the Degree 

 

Master of Science in Geological Sciences 

 

 

 

 

 

by 

 

Hanna Thornberg 

 

April, 2013 

 

  



6 
 

 

 

 

 

 

 

 

 

 

 

 

 

© Hanna Thornberg, 2013 

 

  



7 
 

 

FORAMINIFERAL AND GEOCHEMICAL EVIDENCE OF ENVIRONMENTAL CHANGE 

IN RESPONSE TO AQUACULTURE IN THE SETIU ESTUARINE-LAGOONAL SYSTEM, 

TERENGGANU, MALAYSIA 

by 

 

Hanna Thornberg 

 

 

APPROVED BY:  

 

 

DIRECTOR OF  

DISSERTATION/THESIS: _______________________________________________________ 

  Dr. Stephen J. Culver  

 

 

 

COMMITTEE MEMBER: ________________________________________________________  

   Dr. D. Reide Corbett  

 

 

 

COMMITTEE MEMBER:  _______________________________________________________  

                                                        Dr. David J. Mallinson  

 

 

 

EXTERNAL COMMITTEE MEMBER:  ____________________________________________  

    Dr. Martin A. Buzas  

 

 

 

CHAIR OF THE DEPARTMENT  

OF GEOLOGICAL SCIENCES: ___________________________________________________ 

  Dr. Stephen J. Culver  

 

DEAN OF THE  

GRADUATE SCHOOL: _________________________________________________________ 

    Dr. Paul Gemperline 

 

 

 



8 
 

ACKNOWLEDGMENTS  

 I would like to first thank my advisor, Dr. Stephen Culver, for all of his help and support 

on this thesis project.  I am so grateful that he was so readily available to give advice at all times.  

I would also like to thank my other committee members, Dr. Reide Corbett, Dr. David 

Mallinson, and Dr. Martin Buzas for all of their advice and support in analyzing and interpreting 

data.    

I would like to thank East Carolina University and the Universiti Malaysia Terengganu 

for funding.  Thank you also to Dr. Noor Shazili at the Universiti Malaysia Terengganu for 

assisting with sample collection and planning in Malaysia.  Also thanks to Dr. Mohd Lokman 

Husain, Director of the Institute of Oceanography at the Universiti Malaysia Terengganu, for all 

of the help received with this project.     

To the rest of the Department of Geological Sciences at East Carolina University, I would 

like to say thank you for all of their guidance and support throughout my entire graduate school 

experience.  I would especially like to thank Dr. Terri Woods for all of her help in working 

through the graduate program and for being so supportive.  Additionally, thanks to Jim Watson 

and John Woods for providing me with working computers and the programs necessary to 

complete my thesis as well as a safe laboratory space. 

Alisha Ellis provided one of the greatest support systems I had while working on this 

project.  I would not have been nearly as productive or as confident in my labwork, data analysis, 

and writing without her.  For that, I am very grateful.  I would really like to thank David Young, 

Kim Scalise, Stephanie Balbuena, Megan Javonovich, and Jaimi Flynn for guidance and 

assistance with labwork.  I really appreciate all of their help.  Additionally, thank you to the rest 

of my micropaleontology lab mates, including Kelli Moran, Ray Tichenor, Caitlin Lauback, and 



9 
 

Anna Lee Woodson for guidance in foraminiferal labwork and for providing a great support 

system. 

Finally, I would like to thank my family, especially my parents, Jayne and Dan 

Thornberg, for all of their support and guidance over the years, which influenced me to choose 

the path to graduate school and ultimately a career in geology.      

  



10 
 

TABLE OF CONTENTS  

LIST OF TABLES ............................................................................................................ xi 

LIST OF FIGURES ............................................................................................................ xii 

INTRODUCTION ............................................................................................................ 1 

BACKGROUND ............................................................................................................ 3 

 Geochronology:  
210

Pb ............................................................................................... 3 

 Foraminifera ............................................................................................................ 4  

 Sedimentology ........................................................................................................... 6   

 Geochemistry:  Carbon and Nitrogen ........................................................................ 7  

METHODS  ............................................................................................................ 11 

 Field  ............................................................................................................ 11 

 Geochronology:  
210

Pb ............................................................................................... 13 

Foraminifera ............................................................................................................... 14  

Sedimentology ........................................................................................................... 15  

Geochemistry:  Carbon and Nitrogen  ....................................................................... 15 

RESULTS  ............................................................................................................ 16 

Geochronology: 
210

Pb  ............................................................................................... 16 

Foraminifera ............................................................................................................ 18 

 Species Richness ............................................................................................ 25  

Fisherôs Alpha (h ) .......................................................................................... 25 

Sedimentology ........................................................................................................... 33  

Geochemistry:  ŭ
13
C, ŭ

15
N, C:N ratios and organic matter content ........................... 38  

DISCUSSION  ............................................................................................................ 45 

Sedimentology ........................................................................................................... 45 

Foraminifera ............................................................................................................ 46 



11 
 

Geochemistry:  Carbon and Nitrogen ........................................................................ 49 

Summary ............................................................................................................ 51 

CONCLUSIONS ............................................................................................................ 52 

REFERENCES ...................................................................................................................... 53 

APPENDIX A:  TAXONOMIC REFERENCE LIST ........................................................... 67 

APPENDIX B:  FORAMINIFERAL CENSUS DATA, S43 ................................................ 71 

APPENDIX C:  FORAMINIFERAL CENSUS DATA, S40 ................................................ 74 

APPENDIX D:  FORAMINIFERAL CENSUS DATA S9A ................................................ 78 

APPENDIX E:  PERCENT SPECIES FOR DEAD CLUSTER ANALYSIS ...................... 79 

APPENDIX F:  TRANSFORMED DATA FOR DEAD CLUSTER ANALYSIS ............... 83 

APPENDIX G:  PERCENT SPECIES FOR TOTAL CLUSTER ANALYSIS .................... 87 

APPENDIX H:  TRANSFORMED DATA FOR TOTAL CLUSTER ANALYSIS ............ 90 

APPENDIX I:  DENDROGRAM FOR TOTAL CLUSTER ANALYSIS ........................... 93 

APPENDIX J:  
210

PB ACTIVITIES WITHIN EACH CORE ............................................... 94 

APPENDIX K:  GRAIN SIZE WEIGHTS BY PHI SIZE .................................................... 97 

APPENDIX L:  WEIGHTS OF GRAVEL, SAND, AND MUD  ......................................... 100 

APPENDIX M:  PERCENT LOI ........................................................................................... 103 

APPENDIX N:  CARBON AND NITROGEN ISOTOPIC RESULTS ................................ 104 

 

 

 

 

 

 

 

 

 

 

 



12 
 

LIST OF TABLES  

 

Table 1.  Location of cores and values for environmental variables. .................................... 12  

Table 2. Mean percent abundance of taxa in each thanatofacies defined by cluster analysis         

of all dead taxa comprising 2% or more of the assemblage in at least one sample. .............. 22 

Table 3.  Values for various assemblage characteristics for each sample. ............................ 30 

Table 4.  Summary data for thanatofacies defined by cluster analysis of dead foraminifera. 33  

Table 5.  Sediment grain size results (S43) using Gradistat. ................................................. 35 

Table 6.  Sediment grain size results (S40) using Gradistat. ................................................. 36 

Table 7.  Sediment grain size results (S9A) using Gradistat. ................................................ 37 

 

 

 

 

 

  



13 
 

LIST OF FIGURES 

 

Figure 1.  Setiu estuary-lagoon in Terengganu, Malaysia ..................................................... 3  

Figure 2.  ŭ
13
C, ŭ

15
N, and C:N ratio ranges for end member sources of organic matter. ...... 9 

Figure 3.  Core locations within each fish cage complex ...................................................... 12 

Figure 4.  Down-core profiles of 
210

Pb activity and percent sand ......................................... 17 

Figure 5.  Downcore profiles of corrected 
210

Pb activities .................................................... 18 

Figure 6.  Cluster analysis dendrogram of dead foraminiferal assemblages. ........................ 21 

Figure 7.  Relative abundance of all taxa comprising 5% or more of the live assemblage (a)     

and of the dead assemblage (b) in core S43. .......................................................................... 26 

Figure 8.  Relative abundance of all taxa comprising 5% or more of the live assemblage (a)     

and of the dead assemblage (b) in core S40. .......................................................................... 27 

Figure 9.  Relative abundance of all taxa comprising 5% or more of the live assemblage (a)     

and of the dead assemblage (b) in core S43. .......................................................................... 28 

Figure 10.  Down-core profiles of Fisherôs alpha index. ....................................................... 29 

Figure 11.  Down-core profiles of grain size. ........................................................................ 34 

Figure 12.  Down-core profiles of ŭ
13

C values. ..................................................................... 39 

Figure 13.  ŭ
15
N vs. ŭ

13
C (a) and C:N ratios vs. ŭ

13
C (b) for all three cores and the two          

types of fish food with common ranges of organic matter sources outlined in gray ............. 40 

Figure 14.  Down-core profiles of ŭ
15

N. ................................................................................ 41 

Figure 15.  Percent carbon and percent sand throughout each core demonstrate an inverse  

relationshipéééé.. ...........................................................................................................     42 

Figure 16.  Percent nitrogen and percent sand throughout each core demonstrate an inverse 

relationshipéééé.. ........................................................................................................... 43 

Figure 17.  Down-core profiles of C:N. ................................................................................. 44 

 



 

1 
 

INTRODUCTION  

 Aquaculture is a growing industry throughout the world, especially in Asia (Dey and 

Ahmed, 2005).  In Malaysia, in particular, fish cage farming practices have been increasing 

dramatically (Alongi and others, 2003).  Many have shown that this practice is altering benthic 

environments in coastal zones (e.g., Clark, 1971; Scott, and others, 1995; Tarasova and 

Preobrazhenskaya, 2007).  Both finfish and shellfish farms are important to the local economy in 

many coastal communities.  However, there is likely a limit to this industryôs expansion if it is to 

remain environmentally sustainable.   

The input of excess nutrients and organic matter, such as those from aquaculture 

operations, to bottom sediments can result in changes to water quality, benthic communities, 

geochemistry of the sediments, and sediment characteristics (e.g., Clark, 1971; Grant and others, 

1995; Scott and others, 1995; Tarasova, 2006; Yokoyama and others, 2006; Tarasova and 

Preobrazhenskaya, 2007).  The extent of the environmental impact of aquaculture is dependent 

on the amount of nutrients and organic matter released (Ackefors and Enell, 1994; Wu, 1995).  

Major impacts to the water column and bottom sediments may include low levels of dissolved 

oxygen, the production of toxic gases, and increased levels of nitrogen and phosphorous.  Poor 

water quality results in an unsustainable environment for fish farms (Wu, 1995; Axler and others, 

1996).     

The Setiu estuarine-lagoonal system (SEL), located in Terengganu, Malaysia, is 

separated from the South China Sea by a barrier island which contains one small inlet at present 

(Fig. 1).  The southern, estuarine end of the system receives freshwater discharge from the Setiu 

and Caluk Rivers.  Salinity at this end ranges from <1 to about 2.  Estuarine salinity in the 

vicinity of the inlet reaches 32.  The northern, lagoonal end of the SEL has salinity ranging from 

19 to 32.  Water depths range from 0.5 to 3 m throughout the SEL.  Studies of sediment grain 
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size distributions in the Setiu estuary-lagoon undertaken over the past 15 years show that 

seasonal physical changes (in wind, wave, tide, and current patterns) occur in the estuary-lagoon 

and as a result, sediment distribution patterns are complicated (Rosnan, 1988; Rosnan and others, 

1995; Rosnan and Mustapa, 2010).  In the estuary region, the movement of water is characterized 

by a combination of tidal and riverine currents, but in the lagoon region, tidal currents are 

dominant (Rosnan and others, 1995; Rosnan and Mustapa, 2010).  On the ocean side of the 

barrier island, the mean spring tidal range is 1.8 m (Phillips, 1985) and slightly less within the 

lagoon (Culver and others, 2012).  Both the estuary and lagoon regions have a range of grain 

sizes from mud and fine sand to very coarse sand (Culver and others, 2012), though the estuary 

has higher percentages of sand and the lagoon has higher percentages of silt (Rosnan and others, 

1995).  Sediments in the lower lagoon are well-sorted, while sediments in the upper lagoon and 

estuary are more poorly sorted (Culver and others, 2012).  Sediments throughout the estuary-

lagoon exhibit negative skewness, indicating that there is more coarse sediment present than fine 

sediment; skewness is shown to decrease as grain size increases (Rosnan and others, 2010).   

Finfish and shellfish aquaculture operations were first introduced throughout the Setiu 

back-barrier system in the mid-1970s.  Although the industry has grown dramatically, 

environmental changes in the estuary-lagoon as a result of aquaculture have not previously been 

evaluated.  Mangrove swamps, containing mostly C3 plants, have been partially cleared to 

construct aquaculture pens, and the number of fish pens and floating cages has increased.  As a 

result, excess nutrients, fish waste, and fish feed waste are added to the SEL.  Analyses of 

benthic foraminiferal assemblages, geochemistry, sedimentology, and geochronology are used 

here to determine how the foraminiferal community, sources of organic matter, and sediment 

characteristics have changed since aquaculture was introduced to the SEL.                
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Figure 1.  Setiu estuary-lagoon in Terengganu, Malaysia.  Closed circles are sites where cores were 

collected.  The lagoon and estuary are located to the north and south of the inlet, respectively. 

 

 

BACKGROUND  

GEOCHRONOLOGY:  
210

PB 

 Sediment accumulation rates and a downcore chronology can be determined through the 

measurement of radioisotopes such as 
210

Pb (e.g., Nittrouer and others, 1979; Corbett and others, 

2006; Corbett and others, 2007; Palinkas and Nittrouer, 2007; Zaborska and others, 2007).  
210

Pb 

is part of the 
238

U series and is added to estuarine environments through atmospheric deposition, 

runoff, and in situ decay of 
226

Ra (Nittrouer and others, 1979).   
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Methods of measuring 
210

Pb include gamma spectroscopy, a direct measurement of 
210

Pb, 

and alpha spectroscopy, a measurement of 
210

Po that assumes secular equilibrium with 
210

Pb 

(Zaborska and others, 2007).  Corbett and others (2007) used gamma spectroscopy to measure 

210
Pb and 

137
Cs in the Albemarle Sound estuary in North Carolina in order to determine sediment 

accumulation rates.  Results showed that rates of accumulation varied throughout the estuary and 

through time.  Alpha spectroscopy was used by Palinkas and Nittrouer (2007) to measure 

sediment accumulation rates on the Po shelf in the Adriatic Sea.  The character of 
210

Pb profiles 

can demonstrate whether sediment accumulation is steady state, transitional, or non-steady state.  

The 
210

Pb profiles produced from Po shelf samples demonstrated rapid non-steady state 

accumulation.  Palinkas and Nittrouer (2007) suggested that this means that sediment 

accumulation on the Po shelf is the result of floods.  

 The use of 
210

Pb typically requires an independent tracer, such as 
137

Cs, to corroborate the 

sediment accumulation and geochronology results (Corbett, 2006, 2007).  However, 
137

Cs, an 

anthropogenically introduced radionuclide, has low deposition rates in the southern hemisphere 

and closer to the equator.  This makes substantiating the 
210

Pb results difficult.   

FORAMINIFERA 

Foraminifera are excellent indicators of environmental conditions because they have a 

widespread geographic distribution (Murray, 1978, 2006; Culver and Buzas, 1999; Scott  and 

others, 2001; Hayek and Buzas, 2006; Tarasova and Preobrazhenskaya, 2007), have varying test 

morphologies (Loeblich and Tappan, 1964; Tarasova, 2006), short life cycles (Alve, 1995, 

Tarasova, 2006), are abundant in small sample sizes (Schafer, 2000; Scott  and others, 2001; 

Hallock, 2003), and are sensitive to many environmental variables (Sen Gupta, 1999; Scott  and 

others, 2001; Murray, 2006).  Changes in the marine environment can therefore be identified 
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through the analysis of foraminiferal assemblages (e.g., Culver and Buzas, 1995; Alve, 1995; 

Cearetta and others, 2000, 2002; Scott  and others, 2001; Hallock, 2003; Tarasova and 

Preobrazhenskaya, 2007).  For example, variations in species composition, abundance, diversity, 

population density, etc., may reflect the input of pollutants, excess nutrients, and/or organic 

matter (Alve, 1995; Culver and Buzas, 1995).   

 Some studies have shown that high levels of organic matter in bottom sediments may 

alter foraminiferal communities (e.g., Hald and Steinsund, 1992; Angel and others, 2000; Luan 

and Debenay, 2005; Debenay and others, 2009a, 2009b), but other studies suggest that 

foraminifera are unaffected by excess organic matter (e.g., Grant and others, 1995; Scott, 1995).  

Schafer and others (1995) found that the relationship between live foraminiferal abundances and 

organic matter loading vary with species and with season.  Although there are various opinions 

on whether the amount of organic matter affects foraminiferal assemblage composition and 

distribution, there is an inverse relationship between organic carbon content and total 

foraminiferal abundance (Tarasova, 2006).   

Aquacultural operations, including finfish and shellfish farms, are often responsible for 

the addition of excess organic matter to bottom sediments (Alve, 1995; Scott and others, 1995; 

Grant and others, 1995; Tarasova, 2006; Tarasova and Preobrazhenskaya, 2007).  Much of this 

excess organic matter is derived from fish feed waste and fish feces (Clark, 1971).  Angel and 

others (2000) used loss on ignition (LOI) to determine the amount of organic matter present 

beneath a fish farm in the Gulf of Eilat and found that as LOI increased, the total number of 

individuals of foraminifera and species richness decreased.             

 A number of studies have demonstrated that the presence of aquaculture operations alters 

benthic foraminiferal communities.  At a finfish farm in Clam Bay, Nova Scotia, Clark (1971) 
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found that when usage of the farm increased, the number of individual foraminifera decreased.  

Similarly, foraminiferal abundance was lower beneath a fish farm relative to abundances 

measured at reference sites in the Gulf of Eilat (Angel and others, 2000).  At a scallop 

aquaculture site in Minonosok Bay in the Sea of Japan, Tarasova and Preobrazhenskaya (2007) 

found that foraminifera directly below cages exhibited the smallest number of species, the lowest 

population density and the smallest percent of live foraminifera.  This may be because the 

composition and distribution of the foraminiferal community reflect sediment characteristics, 

which are associated with the amount and type of organic matter present (Tarasova, 2006).     

 Other studies, however, have shown that foraminifera can be unaffected or exhibit 

minimal changes as a result of aquaculture.  Results from a study done on a shellfish farm and a 

salmon farm in eastern Canada suggest that aquaculture had little to no effect on foraminiferal 

assemblages (Scott and others, 1995).  Similar results were found at a mussel farm in Nova 

Scotia (Grant and others, 1995). 

 The presence of aquaculture often results in an increase in organic matter loading to the 

sediments beneath fish cages.  This increase in organic matter, estimated by measurements of 

LOI or percent carbon, may result in a decrease in densities of the total foraminiferal 

assemblage, percent live foraminifera, and species richness of the total assemblage.    

SEDIMENTOLOGY 

            Finfish aquaculture, such as that of salmon, results in a decrease in sediment grain size 

and an increase in sediment organic content (e.g., Mojica and Nelson, 1993) in the vicinity of the 

aquaculture.  At a clam farm in Indian River Lagoon, Florida, Mojica and Nelson (1993) found 

that the mean grain size was significantly smaller, the percent of silt and clay was higher, and the 

percent of volatile solids beneath the farm was significantly higher in relation to nearby reference 
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sites.  The smaller grain size was attributed to the deposition of feces or pseudofeces (masses of 

particles rejected as food and wrapped in mucus) from the filter-feeding clams.    

GEOCHEMISTRY:  CARBON AND NITROGEN 

 Organic matter and organic carbon in estuarine environments have a variety of sources, 

including river inflow, marine input from nearby coastal waters, atmospheric input, primary 

production, and anthropogenic sources (Matson and Brinson, 1990; Thornton and McManus, 

1994; Maksymowska and others, 2000).  Carbon (ŭ
13
C) and nitrogen (ŭ

15
N) isotopic composition 

of organic matter, in addition to C:N ratios, are widely used to determine the source of organic 

matter (Matson and Brinson, 1990; Maksymowska and others, 2000).  The isotopic composition 

of organic matter varies depending on its source (Figure 2).   

For instance, the ŭ
13

C of C3 plants is between -30ă and -23ă and for C4 plants, ŭ
13

C is 

between -17ă and -9ă (Smith and Epstein, 1971; Fry and Sherr, 1984; Peterson and Fry, 1987; 

Cai and others, 1988; Boutton, 1991; Maksymowska and others, 2000).  The ŭ
13

C of marine 

algae ranges from -24ă to -18ă and the ŭ
13

C of river/estuarine algae ranges between -35ă and 

-25ă (Fry and Sherr, 1984; Tucker and others, 1999; Maksymowska and others, 2000; Sampaio 

and others, 2010). 

The ŭ
15

N of C3 plants is between -5ă and 18ă and for C4 plants, ŭ
15

N is between 3ă 

and 6ă (Peters and others, 1978; Sweeney and Kaplan, 1980; Owens, 1987; Maksymowska and 

others, 2000).  The ŭ
15

N of marine algae is between 4ă and 9ă and the ŭ
15

N of river/estuarine 

algae is near 5ă (Owens, 1987; Maksymowska and others, 2000). 

The C:N ratio of C3 plants and C4 plants is greater than 15 (Meyers, 1997; Maksymowska 

and others, 2000; Kuramoto and Minagawa, 2001; Hu and others, 2006).  The C:N ratio of 

marine algae is between 5 and 8 (Meyers, 1997; Maksymowska and others, 2000; Hu and others, 
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2006).  River/estuarine algae have a C:N ratio between 5 and 14 (Matson and Brinson, 1990; 

Thornton and McManus, 1994; Maksymowska and others, 2000).       

 In the Tay Estuary in Scotland, Thornton and McManus (1994) used ŭ
13
C, ŭ

15
N, and C:N 

ratios to find that the upper estuary receives organic matter primarily by river input, and the 

middle to lower estuary is more influenced by marine-derived organic matter.  Maksymowska 

and others (2000) used ŭ
13
C, ŭ

15
N, and C:N ratios to identify the source of organic matter in the 

Gulf of Gdansk and found the main sources (autochthonous primary production and river inflow) 

were distinguishable based only on their carbon isotopic compositions.  ŭ
15

N is seasonally 

variable and C:N ratios between marine and river sources were undistinguishable in the Gulf.  

Corbett and others (2007) used ŭ
13
C, ŭ

15
N, and C:N ratios to analyze environmental change in 

the Albemarle Sound estuary in North Carolina, USA.  They found that ŭ
13

C decreased over 

time, while ŭ
15

N increased over time, suggesting a change from a marine-influenced 

environment in the past to a modern terrestrially-influenced environment. 

Carbon and nitrogen isotopic values have been measured in some estuaries in order to 

determine the influence of mangrove forests on the type of organic matter present.  In the Guayas 

River estuarine ecosystem in Ecuador, deforestation of mangrove swamps for the development 

of shrimp ponds may be responsible for the input of excess organic matter to the estuary 

(Cifuentes and others, 1996).  Cifuentes and others (1996) measured the ŭ
13
C and ŭ

15
N of 

suspended particulate matter in the estuary and found that it matched that of reported values for 

mangrove leaves from the estuary.  The C:N ratio value was low (14:1), suggesting an 

enrichment in nitrogen, possibly due to the bacterial immobilization of nitrogen onto detritus.  

Xue and others (2009) measured the ŭ
13

C and C:N ratio of organic matter in the Zhangjiang 

Estuary mangrove wetland in China in order to characterize mangrove swamp-derived organic 
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matter in the estuary.  Values measured in the estuary (ŭ
13

C  range = -21.6ă to -25.5ă, average 

C:N = 8:1) did not match those measured from mangrove plant samples (average ŭ
13

C = -29.8ă, 

average C:N = 15:1), suggesting that much of the organic matter in the estuary is not derived 

from the mangroves.     

 

 

Figure 2.  ŭ
13
C, ŭ

15
N, and C:N ratio ranges for end member sources of organic matter. 

 

Carroll and others (2003) analyzed data from environmental survey samples taken near 

salmon cage farms in Norway and found that the total organic carbon present in the sediments 

closest to the cages was much higher than in sediments farther from the cages.  Yokoyama and 
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others (2006) found similar results at a fish farm in Gokasho Bay, Japan; both organic carbon 

and nitrogen were higher beneath cages than at locations farther away.  Grant and others (1995) 

and Scott and others (1995) reported layers of black, organic matter-rich, sandy mud associated 

with the onset of aquaculture in a mussel farm in Nova Scotia and a salmon farm in eastern 

Canada, respectively.  Karakassis and others (1998) found increased %LOI in near-surface 

sediments collected beneath fish farms in Cephalonia Bay in Greece.  They associated this with 

the increased amount of organic matter collecting beneath the cages.   

Yokoyama and others (2006) determined the values of ŭ
13
C and ŭ

15
N for fish feed and 

fish feces, in addition to sedimentary organic matter beneath and away from the influence of the 

Gokasho Bay, Japan, fish cages.  Organic matter near the aquaculture site exhibited depleted of 

ŭ
13

C values (ȹ ŭ
13

C = -0.4ă) compared to reference sites (ŭ
13

C = -21ă), which corresponded to 

the accumulation of fecal matter (ŭ
13

C = -24.3ă) (Yokoyama and others, 2006).  Yokoyama and 

others (2006) found enriched ŭ
15

N (ȹ ŭ
15

N = +0.9ă) near the cages, which was likely the result 

of the accumulation of waste feed ŭ
15

N (9.7ă).  The enriched ŭ
15

N values also may have been 

the result of denitrification, which occurs when oxygen is depleted; decomposition of fish feed 

may have led to deoxygenation in the sediments (Yokoyama and others, 2006).  Yamada and 

others (2003) also compared values of ŭ
13
C and ŭ

15
N throughout cores beneath the fish cages in 

Gokasho Bay with different types of fish feed.  Yamada and others (2003) found decreasing 

levels of ŭ
13

C upcore (-20.5ă to -21.5ă).  They also found that ŭ
15

N increased up-core (5.5ă 

to 7ă) and demonstrated that changes reflected the type of type of fish feed used.   

 Additionally, a relationship has been found between other sediment characteristics and 

geochemistry within estuaries.  For example, data gathered by Thornton and McManus (1994) in 

the Tay Estuary show that coarse grained sediment samples have higher C:N ratios than fine 
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grained samples.  Corbett and others (2007) found an inverse relationship between grain size and 

percent organic matter in the Albemarle Sound estuary, USA, with grain size decreasing through 

time and percent organic matter increasing; gradational trends of ŭ
13
C and ŭ

15
N occurred in the 

cores as well. 

 The presence of aquaculture often results in an increase in organic matter in the 

sediments beneath the fish cages.  ŭ
13
C and ŭ

15
N signatures and C:N ratios in the sediments can 

be evaluated to determine if the source of this organic matter is from the fish cages.  

Additionally, percent carbon and percent nitrogen can be used to estimate the amount of organic 

matter present beneath the cages.     

 

METHODS 

FIELD 

In the summer of 2011, three 10.16-cm diameter push cores (S43, S40, S9A) were 

collected beneath fish cages at three locations in the Setiu estuary-lagoon (Table 1; Figs. 1, 3).  

S43 and S40 are located in the northern lagoon region, where salinity was 23 and 27, 

respectively.  S9A is located in the southern estuary region, where salinity was <1.  The cores 

penetrated into sediments considered to precede the installment of fish farms (mid 1970s).  S43 

extends to 72 cm, S40 extends to 56 cm, and S9A extends to 30 cm.  In the field, the cores were 

sectioned into contiguous 2-cm intervals, each divided into four subsamples for foraminiferal, 

geochemical, sedimentological, and geochronological analyses.  Foraminiferal samples were 

standardized to 20 ml in a measurement cup.   
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      Table 1.  Location of cores and values of environmental variables. 

Site 
Latitude 

(N) 

Longitude 

(E) 

Water 

Depth 

(m) 

Salinity 
DO 

(mg/L) 
pH 

Length of 

core (cm) 

Status of fish 

cage complex 

S43 5.69071 102.70319 1.4 23.4 4.02 7.25 72 active 

S40 5.68221 102.71170 2.3 27.1 4.42 7.94 56 active 

S9A 5.62813 102.78669 2.0 1.0 4.15 6.84 30 abandoned 

 

 

 

Figure 3.  Core locations within each fish cage complex.   

1
2 
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GEOCHRONOLOGY :  
210

PB 

Activities of 
210

Pb were determined through alpha and gamma spectroscopy.  Each 

sample was first dried at 60°C and then homogenized with a mortar and pestle.  For alpha 

spectroscopy, methods were similar to those used by Nittrouer and others (1979).  

Approximately 1ï1.5 g of each sample was treated with 1.0 ml of 
209

Po and 15 ml of 8M HNO3.  

Samples were then dried in a microwave and transferred to centrifuge tubes with approximately 

45ï50 ml of DI water.  Tubes were centrifuged at 2500 rpm for 2 minutes and the supernate was 

transferred to Teflon beakers on a hot plate.  Centrifuge tubes were rinsed with 5 ml of 8M 

HNO3 and centrifuged again at 2500 rpm for 2 minutes.  The supernate was again added to the 

appropriate beakers with 1ï2 ml of H2O2.  The samples were taken to near dryness and diluted 

with approximately 25ï30 ml of DI water.  While solutions were rapidly stirred, NH4OH was 

added until the pH reached 8, when iron precipitated out.  Solutions were then transferred to 

centrifuge tubes, topped off with DI water, and centrifuged at 2500 rpm for 2 minutes.  The 

supernate was decanted and discarded.  Precipitates were rinsed with approximately 25 ml of DI 

water and centrifuged again.  This process was repeated one additional time.  The precipitates 

were dissolved by adding 3.75 ml of HCl and then diluted with DI water.  The solutions were 

poured onto nickel discs in Teflon beakers (Corbett and others, 2006; modified from Flynn, 

1968).  Ascorbic acid was added until the color of the solutions became clear.  The solutions 

were spun for 20ï40 hours.  The plated discs were rinsed with DI water, patted dry, and 

transferred to alpha spectroscopy detectors for counting. 

 For gamma spectroscopy, dried, homogenized samples were packed into petri dishes and 

sealed.  After 3 weeks, gamma counting was performed on a low-background, high-efficiency, 

high-purity Germanium detector coupled with a multi-channel analyzer.  Activities were 
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corrected for self absorption using a direct transmission method (Cable and others, 2001).  

Gamma spectroscopy was also used to indirectly determine 
226

Ra activities by counting the 

gamma emissions of its granddaughters, 
214

Pb (295 and 351 keV) and 
214

Bi (609 keV).  Excess 

210
Pb activities were determined by subtracting total 

210
Pb (46.5 keV) from that supported by 

226
Ra.   

FORAMINIFERA 

Foraminiferal samples (20 ml) were preserved in 70% alcohol and stained with rose 

Bengal to determine which specimens were alive or recently dead at the time of collection 

(Walton, 1952).  Each 20-ml sample was washed over 710-ɛm and 63-ɛm sieves to remove silt 

and clay and coarse grained material.  Foraminifera were separated from quartz sand by 

floatation with sodium polytungstate (Munsterman and Kerstholt, 1996).  Samples were dried at 

60°C and separated into aliquots using a microsplitter.  Approximately 200 specimens per 

sample (unless the total number of specimens in the sample was less than 200) were picked from 

randomly selected squares on a gridded picking tray.  Specimens were identified to the species 

level by comparison with published literature (e.g., Brönnimann and others, 1992; Jones, 1994; 

Loeblich and Tappan, 1994) including work undertaken previously in the SEL (Culver and 

others, 2012).  Identifications were verified by comparison with collections housed in the 

Smithsonian Institution, Washington, D.C.  Foraminiferal densities, species richness, and species 

composition were examined.   

Q-mode cluster analysis (Mello and Buzas, 1968) of the data set composed of dead 

abundances (79 samples) was used to identify changes in foraminiferal assemblages through time 

and between cores.  All taxa that made up 2% or more of the total abundance in any one sample 

were included in the analysis.  Species proportions were transformed to 2 arc sin square root of 
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pi, where pi is the proportion of the ith species within the sample (Bartlett, 1947).  A cluster 

analysis of the transformed data was run on SYSTAT version 13.0 using Wardôs linkage method 

and Euclidean distances.  A similar analysis was run on the data set that included only live 

abundances.  Many samples contained no live specimens and those that did contained relatively 

few; the cluster analysis, therefore, revealed no patterns within or between the three cores, so  

these results will not be discussed further.  For the analysis run on the data set that included both 

live and dead abundances, the results were near identical to that of the analysis of dead taxa only, 

so they will also not be discussed further.   

 Species richness (S), density, and Fisherôs alpha index were also analyzed throughout 

each core to evaluate foraminiferal assemblages.  Fisherôs alpha index was determined for the 

total assemblage (live + dead foraminifera).  This index is the parameter of the log series 

distribution (Fisher and others, 1943).  It is essentially the number of species expected with one 

individual. 

SEDIMENTOLOGY 

 Sedimentological samples were first dried overnight at 50°C and soaked in 0.05% Calgon 

solution.  They were then wet-sieved over 63-µm sieves in order to separate the sand and mud 

fractions.  The Ro-Tap method was used to separate the sand fraction.  Sieves ranged from -2.0 

to 4.0 phi in increments of 0.5 phi.  Average grain size for each 2ïcm interval was determined 

through weight percentages.   

GEOCHEMISTRY:  CARBON AND NITROGEN 

Samples for bulk organic carbon and nitrogen stable isotope analyses were dried at 60°C 

over a period of three days at the Institute of Oceanography, Universiti Malaysia Terengganu 

before being transported to the United States for analysis. They were then homogenized using a 
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mortar and pestle.  Approximately 1ï5 g of sediment was placed in a desiccator overnight to 

remove excess moisture.  After weighing the samples the following morning (initial mass), they 

were placed in a furnace for four hours at 550°C.  They were then placed in a desiccator 

overnight and weighed the following morning (final mass).  The percent LOI was calculated with 

the equation below (Dean, 1974) in order to determine the amount of sediment required for 

isotopic analysis of each sample. 

LOI (%) = ((initial mass ï final mass)/initial mass) x 100 

Dried sediment was then packed in an 8 x 5 mm silver capsule.  Fifty microliters of 

deionized water was added to each silver capsule.  To remove inorganic carbon, the 96-well 

plastic tray containing the samples was placed in a desiccator with a beaker containing 100 ml of 

12M HCl for 8 hours.  Samples were then dried at 60°C for an additional 6 hours.  Samples were 

sent to the UC Davis Stable Isotope Facility for continuous flow isotope ratio mass spectroscopy 

(IRMS) of carbon (ŭ
13

C) and nitrogen (ŭ
15

N).  Four samples of fish feed (two pellets and two fish 

heads) were prepared in the same manner and sent to Yale Earth System Center for Stable 

Isotopic Studies for analysis.  Isotopic values are reported relative to international standards 

(Vienna PeeDee Belemnite for carbon and atmospheric nitrogen gas for nitrogen).    

 

RESULTS 

GEOCHRONOLOGY :  
210

PB 

Surface activity of 
210

Pb was highest (~8 dpm/g) at S43 compared to ~2 dpm/g at S40 and 

~1 dpm/g at S9A (Fig. 4).  
210

Pb activity strongly reflects changes in grain size (e.g., He and 

Walling, 1996; Goodbred and Kuehl, 1998).  Excess 
210

Pb values were corrected for grain size 

changes by dividing by the fraction of mud present in each sample (Fig. 5).  Sediment 
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accumulation rates for S43 and S40 were then calculated from the corrected excess 
210

Pb values 

using the CF:CS model (Appleby and Oldfield, 1992).  Due to the varying 
210

Pb profile of S9A, 

whether corrected for grain size or not, sediment accumulation rates and therefore ages could not 

be determined.     

The 
210

Pb profile for the upper 30 cm of S43 (Fig.5) is near vertical and represents a 

mixed layer.  The sediment accumulation rate (1.17 ± 0.16 cm/y) was calculated using excess 

210
Pb values between 30 and 72 cm.  The 1970s, representing the onset of aquaculture in the 

SEL, are represented at a depth between 66 and 72 cm.   

 

 

Figure 4.  Down-core profiles of excess 
210

Pb activity and percent sand.  Dashed horizontal lines on plots 

for S43 and S40 indicate 1975, the approximate year fish farming began in the SEL.  Ages could not be 

determined for S9A. 
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In S40, the sediment accumulation rate (1.52 ± 0.12 cm/y) was calculated using excess 

210
Pb values from the top of the core down to 49 cm (Fig. 5).  Below 49 cm, the profile for 

corrected values of 
210

Pb is near vertical.  The 1970s are represented at a depth between 42 and 

56 cm.  In 2003, a second inlet that was located approximately 4 km south of the current inlet 

closed.  The early 2000s are represented at a depth between 8 and 16 cm in core S40.    

 

 

Figure 5.  Downcore profiles of corrected 
210

Pb activities.  Closed circles are samples used to calculate 

sediment accumulation rates. 

 

 

FORAMINIFERA 

A total of 104 foraminiferal taxa was identified within 79 samples.  A dendrogram based 

on the cluster analysis of the dead abundances shows nine distinct groups of samples at a 

Euclidean distance of 0.3 (groups 2 and 3 are separated at a distance of 0.25) (Fig. 6).  The nine 
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groups are referred to as thanatofacies 1ï9.  Thanatofacies 1ï3 and thanatofacies 4ï6 are most 

similar to each other; thanatofacies 7ï9 are similar to each other but are distinct from 

thanatofacies 1ï6.   

Thanatofacies 1ï3 are composed entirely of samples from core S40.  Thanatofacies 1 

contains 11 samples from the middle 22 cm (12ï34 cm) of core S40.  This thanatofacies contains 

37 calcareous and 12 agglutinated taxa.  Ammonia aff. A. aoteana (26%) and Ammobaculites 

exiguus (13%) are the two most abundant taxa (Table 2).  Thanatofacies 2 is composed of the top 

six samples (0ï12 cm) from core S40.  Thirty-nine calcareous and eight agglutinated taxa 

comprise Thanatofacies 2.  The most abundant taxa are Ammonia aff. A. aoteana (19%) and 

Sagrinella lobata (10%) (Table 2).  Thanatofacies 3 contains 11 samples from the bottom 22 cm 

(34ï56cm) of the S40 core.  This thanatofacies contains 41 calcareous taxa and 10 agglutinated.  

Ammonia aff. A. aoteana (18%) and Quinqueloculina spp. (15%) are the two most abundant taxa 

(Table 2).     

Thanatofacies 4ï6 are composed entirely of samples from core S43.  Thanatofacies 4 is 

composed of 14 samples that make up the bottom 28 cm (44ï72 cm) of core S43.  Forty-two 

calcareous taxa and eight agglutinated taxa comprise this thanatofacies.  Ammonia aff. A. 

aoteana (45%) and Rosalina globularis (10%) are the most abundant taxa (Table 2).  

Thanatofacies 5 contains 10 samples that make up the middle (26ï44 cm) of core S43 with one 

additional sample (18ï20 cm).  This thanatofacies is composed of 37 calcareous and 12 

agglutinated taxa.  The most abundant taxa are Ammonia aff. A. aoteana (46%) and 

Ammobaculites exiguus (12%) (Table 2).  Thanatofacies 6 is composed of the top 12 samples (0ï

26 cm) from core S43 except for the sample from 18ï20 cm.  Thirty-two calcareous taxa and 
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twelve agglutinated taxa comprise this thanatofacies.  The most abundant taxa are Ammonia aff. 

A. aoteana (35%) and Ammobaculites exiguus (31%) (Table 2).   

Thanatofacies 7ï9 are composed of samples from S9A.  Thanatofacies 7 contains four 

samples from the bottom of the core and two additional samples from a shallower depth.  All 10 

taxa are agglutinated.  The most abundant taxa are Trochammina amnicola (56%), Ammotium 

directum (16%), and Ammobaculites exiguus (14%) (Table 2).  Thanatofacies 8 is composed of 

six samples, four of which come from the middle of the core, one from near the top, and one 

from near the bottom.  Nine agglutinated taxa are present in this thanatofacies and the most 

abundant are Trochammina amnicola (29%), Ammotium directum (23%), and Ammobaculites 

exiguus (18%) (Table 2).  Three samples near the top of the core comprise thanatofacies 9.  The 

same nine agglutinated taxa present in thanatofacies 8 are present in thanatofacies 9.  

Miliammina fusca (46%), Ammotium directum (31%), and Trochammina amnicola (12%) are the 

most abundant taxa in thanatofacies 9 (Table 2).   

Patterns in foraminiferal densities (the calculated number of dead foraminifera/20 ml 

sample) are different throughout each core.  In S43, the abundance of dead foraminifera (Fig. 7b) 

decreases through time from >40,000 at the bottom of the core to <300 near the top of the core.  

The number of dead specimens in S40 (Fig. 8b) decreases from the bottom of the core (56 cm) to 

~32 cm and then increases to the top of the core.  Dead abundances near the bottom of the core 

are >30,000 and even surpass 57,000 in one sample (44-46 cm).  At 32 cm, the number of dead 

foraminifera is <3000.  Near the top of the core, abundances are closer to 30,000 with one 

sample (8ï10 cm) >53,000.  In S9A, the only site where aquaculture had been abandoned prior 

to coring, dead abundances (Fig. 9b) are greatest (>1200) in the bottom 8 cm of the core and in 

the top 2 cm.  At 6-8 cm and 16-18 cm, abundances are <20.   
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Figure 6.  Cluster analysis dendrogram of dead foraminiferal assemblages.  Nine thanatofacies (1ï9) are 

recognized.  The three cores are distinguished from each other and all three have three thanatofacies.  

Cores S40 and S43 are more similar to each other than to core S9A.
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Table 2.  Mean percent abundance of taxa in each thanatofacies defined by cluster analysis of all 

dead taxa comprising 2% or more of the assemblage in at least one sample.   

Facies 1:  S40 Middle Mean 

% 

  Facies 2:  S40 Top                  Mean 

% 

  Facies 3:  S40 Bottom                  Mean 

% 11 samples, 49 taxa   6 samples, 47 taxa   11 samples, 51 taxa 

Ammonia aff. A. aoteana 25.66 

 

Ammonia aff. A. aoteana 19.13 

 

Ammonia aff. A. aoteana 17.51 

Ammobaculites exiguus 12.90 

 

Sagrinella lobata 9.63 

 

Quinqueloculina spp. 14.84 

Gavelinopsis praegeri 7.53 

 

Ammobaculites exiguus 8.49 

 

Rosalina globularis 8.03 

Rosalina globularis 6.34 
 

Bolivina spp. 7.39 
 

Reussella pulchra 6.57 

Quinqueloculina spp. 6.08 

 

Reussella pulchra 7.14 

 

Gavelinopsis praegeri 6.26 

indeterminate rotaliids 5.69 

 

Rosalina globularis 5.08 

 

Sagrinella lobata 6.24 

Sagrinella lobata 5.24 

 

indeterminate rotaliids 5.07 

 

Bolivina spp. 5.04 

Reussella pulchra 3.93 
 

Gavelinopsis praegeri 5.03 
 

Sagrina zanzibarica 3.86 

Bolivina spp. 3.72 

 

Quinqueloculina spp. 4.96 

 

indeterminate rotaliids 3.75 

Schackoinella globosa 3.18 

 

Sagrina zanzibarica 3.80 

 

Ammobaculites exiguus 3.16 

Nonion sp. B 2.75 

 

Cibicides cf. C. fletcheri 3.14 

 

Amphistegina lessonii 1.71 

Sagrina zanzibarica 1.80 
 

Ammotium morenoi 2.60 
 

Peneroplis pertusus 1.66 

Cibicides cf. C. fletcheri 1.40 

 

Schackoinella globosa 2.48 

 

Cibicides sp. 1 1.46 

Cibicides sp. 1 1.28 

 

Cibicides sp. 1 1.78 

 

Spirolina cylindracea 1.38 

Elphidium cf. E. reticulosum 1.06 

 

Elphidium cf. E. simplex 1.68 

 

Planorbulina acervalis 1.33 

Amphistegina lessonii 1.02 
 

Amphistegina lessonii 1.57 
 

Cibicides cf. C. fletcheri 1.27 

Bolivina striatula 0.89 

 

Reussella spinulosa 0.89 

 

Cibicides sp. 2 1.24 

Elphidium cf. E. simplex 0.82 

 

Nonion sp. B 0.75 

 

Nonion sp. B 1.22 

Caronia exilis 0.74 

 

Bolivina striatula 0.62 

 

Dyocibicides primitivus 1.03 

Murrayinella murrayi 0.67 
 

Elphidium sp. L 0.61 
 

Quinqueloculina sp. 3 1.01 

Spirolina cylindracea 0.64 

 

Caronia exilis 0.58 

 

Elphidium cf. E. simplex 0.99 

Ammotium morenoi 0.60 

 

Murrayinella murrayi 0.51 

 

Murrayinella murrayi 0.86 

Asterigerinata sp. A 0.60 

 

Asterigerinata sp. A 0.50 

 

Elphidium cf. E. reticulosum 0.79 

Paratrochammina stoeni 0.45 
 

Pararotalia nipponica 0.48 
 

Elphidium spp. 0.66 

Elphidium spp. 0.40 

 

Elphidium cf. E. neosimplex 0.48 

 

Nonion sp. A 0.65 

Dyocibicides primitivus 0.40 

 

Trochammina sp. E 0.47 

 

Pararotalia nipponica 0.60 

Cibicides sp. 2 0.39 

 

Cibicides sp. 2 0.45 

 

Asterorotalia pulchella 0.55 

Trochammina sp. E 0.38 
 

Elphidium cf. E. reticulosum 0.37 
 

Schackoinella globosa 0.52 

Elphidium sp. 4 0.30 

 

Elphidium spp. 0.35 

 

Bolivina striatula 0.51 

Nonion sp. A 0.29 

 

Elphidium sp. 4 0.35 

 

Agglutinella sp. A 0.51 

Trochammina amnicola 0.24 

 

Trochammina amnicola 0.34 

 

Elphidium advenum s.l. 0.49 

Planorbulina acervalis 0.24 
 

Paratrochammina stoeni 0.30 
 

Bolivina sp. 8 0.43 

Quinqueloculina sp. 3 0.24 

 

Cibicides sp. 4 0.30 

 

Reussella spinulosa 0.41 

Elphidium advenum s.l. 0.24 

 

Dyocibicides primitivus 0.28 

 

Elphidium sp. 4 0.41 

Reussella spinulosa 0.21 

 

Planorbulina acervalis 0.28 

 

Elphidium sp. Q 0.38 

Asterorotalia pulchella 0.21 
 

Asterorotalia pulchella 0.28 
 

Elphidium cf. E. neosimplex 0.36 

Nonion sp. C 0.20 

 

Nonion sp. C 0.26 

 

Nonion sp. C 0.36 

Peneroplis pertusus 0.20 

 

Spirolina cylindracea 0.20 

 

Elphidium indicum 0.29 

Siphotrochammina lobata 0.15 

 

Quinqueloculina sp. 3 0.20 

 

Cibicides sp. 4 0.26 

Pararotalia nipponica 0.14 

 

Siphotrochammina lobata 0.20 

 

Asterigerinata sp. A 0.24 

Elphidium cf. E. neosimplex 0.14 

 

indeterminate textulariids 0.19 

 

Pseudorotalia schroeteriana 0.23 

"Trochammina ochracea" 0.14 

 

Bolivina sp. 8 0.18 

 

Elphidium sp. L 0.23 

Haplophragmoides wilberti 0.14 

 

Miliammina fusca 0.18 

 

indeterminate agglutinated 0.19 

Bolivina sp. 8 0.10 
 

Nonion sp. A 0.16 
 

Ammotium morenoi 0.14 

Elphidium hyalocostatum 0.06 

 

Elphidium advenum s.l. 0.10 

 

Nonionella sp. A 0.10 

Cibicides sp. 4 0.05 

 

Peneroplis pertusus 0.10 

 

Paratrochammina stoeni 0.05 

indeterminate textulariids 0.05 

 

Elphidium sp. Q 0.08 

 

Trochammina amnicola 0.05 

Agglutinella sp. A 0.05 
    

Haplophragmoides wilberti 0.05 

Ammotium directum 0.05 

    

Siphotrochammina lobata 0.05 

      

"Trochammina ochracea" 0.04 

      

Caronia exilis 0.04 
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Table 2. (continued) 

Facies 4:  S43 Bottom                  Mean 

% 

  Facies 5:  S43 Middle                  Mean 

% 

  Facies 6:  S43 Top                  Mean 

% 14 samples, 50 taxa   10 samples, 49 taxa   12 samples, 44 taxa 

Ammonia aff. A. aoteana 44.50 

 

Ammonia aff. A. aoteana 45.67 

 

Ammonia aff. A. aoteana 35.31 

Rosalina globularis 9.54 

 

Ammobaculites exiguus 12.13 

 

Ammobaculites exiguus 30.84 

Quinqueloculina spp. 5.27 
 

Rosalina globularis 7.46 
 

Sagrinella lobata 4.38 

Ammobaculites exiguus 4.35 

 

Quinqueloculina spp. 5.27 

 

Paratrochammina stoeni 3.30 

Sagrinella lobata 4.29 

 

indeterminate rotaliids 4.33 

 

"Trochammina ochracea" 2.98 

indeterminate rotaliids 3.57 

 

Sagrinella lobata 3.88 

 

Gavelinopsis praegeri 2.88 

Reussella pulchra 3.53 
 

Bolivina spp. 2.41 
 

indeterminate rotaliids 2.73 

Bolivina spp. 3.12 

 

Gavelinopsis praegeri 2.02 

 

Trochammina sp. E 2.62 

Sagrina zanzibarica 2.59 

 

Sagrina zanzibarica 1.78 

 

Rosalina globularis 2.18 

Nonion sp. B 2.46 

 

Reussella pulchra 1.68 

 

Quinqueloculina spp. 1.89 

Murrayinella murrayi 1.51 
 

Nonion sp. B 1.62 
 

Bolivina spp. 1.05 

Gavelinopsis praegeri 1.37 

 

Cibicides sp. 1 1.35 

 

Ammotium morenoi 1.02 

Bolivina striatula 1.28 

 

Trochammina sp. E 1.31 

 

Reussella pulchra 0.95 

Cibicides sp. 1 1.08 

 

Schackoinella globosa 0.97 

 

Nonion sp. B 0.85 

Schackoinella globosa 0.96 
 

Murrayinella murrayi 0.83 
 

Sagrina zanzibarica 0.58 

Pseudorotalia schroeteriana 0.92 

 

"Trochammina ochracea" 0.81 

 

Schackoinella globosa 0.47 

Elphidium sp. 4 0.70 

 

Elphidium cf. E. reticulosum 0.79 

 

Cibicides sp. 1 0.47 

Nonion sp. C 0.37 

 

Bolivina striatula 0.59 

 

Trochammina amnicola 0.42 

Elphidium cf. E. simplex 0.60 
 

Paratrochammina stoeni 0.52 
 

Siphotrochammina lobata 0.41 

Cibicides cf. C. fletcheri 0.51 

 

Nonion sp. C 0.46 

 

Elphidium cf. E. reticulosum 0.40 

Elphidium cf. E. reticulosum 0.51 

 

Elphidium spp. 0.37 

 

Elphidium hyalocostatum 0.37 

Planorbulina acervalis 0.47 

 

Elphidium cf. E. simplex 0.36 

 

Elphidium cf. E. simplex 0.35 

Amphistegina lessonii 0.46 
 

Trochammina amnicola 0.30 
 

Cibicides cf. C. fletcheri 0.31 

Cibicides sp. 4 0.44 

 

Ammotium morenoi 0.27 

 

Amphistegina lessonii 0.29 

Peneroplis pertusus 0.43 

 

Cibicides sp. 2 0.25 

 

Murrayinella murrayi 0.29 

Elphidium spp. 0.34 

 

Elphidium hyalocostatum 0.24 

 

indeterminate agglutinated 0.27 

Quinqueloculina sp. 3 0.34 

 

Amphistegina lessonii 0.24 

 

Agglutinella sp. A 0.27 

Cibicides sp. 2 0.32 

 

Peneroplis pertusus 0.20 

 

Caronia exilis 0.23 

Agglutinella sp. A 0.31 

 

Elphidium indicum 0.20 

 

Pseudorotalia schroeteriana 0.22 

Asterorotalia pulchella 0.28 

 

Dyocibicides primitivus 0.19 

 

Miliammina fusca 0.19 

Trochammina sp. E 0.26 
 

Ammotium directum 0.14 
 

Ammotium directum 0.19 

Spirolina cylindracea 0.25 

 

Pseudorotalia schroeteriana 0.14 

 

Elphidium spp. 0.18 

Reussella spinulosa 0.24 

 

Elphidium sp. 4 0.14 

 

Elphidium cf. E. neosimplex 0.18 

Nonion sp. A 0.22 

 

Cibicides cf. C. fletcheri 0.14 

 

Nonion sp. C 0.16 

Trochammina amnicola 0.22 
 

Caronia exilis 0.10 
 

Asterigerinata sp. A 0.16 

Ammotium morenoi 0.22 

 

Elphidium advenum s.l. 0.10 

 

Elphidium advenum s.l. 0.13 

"Trochammina ochracea" 0.22 

 

Quinqueloculina sp. 3 0.10 

 

Asterorotalia pulchella 0.09 

Pararotalia nipponica 0.21 

 

indeterminate agglutinated 0.10 

 

Elphidium indicum 0.09 

Elphidium advenum s.l. 0.20 
 

Pararotalia nipponica 0.08 
 

Elphidium sp. 4 0.08 

Nonionella sp. A 0.17 

 

Siphotrochammina lobata 0.05 

 

Pararotalia nipponica 0.05 

Dyocibicides primitivus 0.17 

 

Reussella spinulosa 0.05 

 

Dyocibicides primitivus 0.04 

Elphidium indicum 0.14 

 

Cibicides sp. 4 0.05 

 

Bolivina striatula 0.04 

Paratrochammina stoeni 0.14 
 

Asterigerinata sp. A 0.05 
 

Quinqueloculina sp. 3 0.04 

indeterminate agglutinated 0.14 

 

Agglutinella sp. A 0.05 

 

Cibicides sp. 2 0.04 

Elphidium sp. Q 0.11 

 

Elphidium sp. L 0.04 

   Elphidium sp. L 0.11 

 

Elphidium sp. Q 0.04 

   Elphidium cf. E. neosimplex 0.11 
 

Planorbulina acervalis 0.04 
   Asterigerinata sp. A 0.06 

 

Haplophragmoides wilberti 0.04 

   Bolivina sp. 8 0.04 

 

Nonion sp. A 0.04 

   Caronia exilis 0.03 
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Table 2. (continued) 

Facies 7:  S9A Bottom                  Mean 

% 

  Facies 8:  S9A Middle                  Mean 

% 

  Facies 9:  S9A Top               Mean 

% 6 samples, 10 taxa   6 samples, 9 taxa   3 samples, 9 taxa 

Trochammina amnicola 55.60 

 

Trochammina amnicola 28.62 

 

Miliammina fusca 46.37 

Ammotium directum 16.02 

 

Ammotium directum 23.24 

 

Ammotium directum 30.85 

Ammobaculites exiguus 14.48 
 

Ammobaculites exiguus 17.88 
 

Trochammina amnicola 11.96 

indeterminate agglutinated 6.44 

 

Miliammina fusca 11.10 

 

Ammobaculites exiguus 5.96 

Ammotium morenoi 6.30 

 

Ammotium morenoi 5.97 

 

Ammotium morenoi 2.52 

Miliammina fusca 0.62 

 

Siphotrochammina lobata 4.62 

 

indeterminate agglutinated 0.98 

Siphotrochammina lobata 0.26 
 

"Trochammina ochracea" 4.14 
 

Siphotrochammina lobata 0.69 

Haplophragmoides wilberti 0.11 

 

indeterminate agglutinated 3.76 

 

"Trochammina ochracea" 0.46 

Paratrochammina stoeni 0.09 

 

Haplophragmoides wilberti 0.66 

 

Haplophragmoides wilberti 0.22 

"Trochammina ochracea" 0.09             

 

In core S43, the agglutinated taxa Paratrochammina stoeni, ñTrochammina ochracea,ò 

and Trochammina sp. E are more consistently present and more abundant in the top of the core, 

especially in Thanatofacies 6 (Fig. 7b).  The number of specimens of Ammobaculites exiguus 

also increases towards the top of the core in Thanatofacies 6.  Ammonia aff. A. aoteana shows an 

up-core decreasing trend in Thanatofacies 6.  The calcareous taxon Rosalina globularis is more 

abundant in the middle and bottom of the core, in Thanatofacies 5 and 4. 

In core S40, agglutinated taxon Ammobaculites exiguus is more abundant in 

Thanatofacies 1 and 2 (middle and top of core) (Fig. 8b).  Similarly, Ammotium morenoi is more 

abundant in the top half of the core (upper part of Thanatofacies 1 and all of Thanatofacies 2).  

Miliolids (Quinqueloculina spp.) are more abundant at the bottom of the core in Thanatofacies 3. 

In core S9A, Miliammina fusca is more abundant in the middle and top of the core in 

Thanatofacies 8 and 9 and most abundant in the top sample of the core (Fig. 9b).  Trochammina 

amnicola is more abundant in the bottom and middle of the core in Thanatofacies 7 and 8.  

Patterns for other species are difficult to extract. 

 The calculated abundances of live foraminifera/20 ml have different patterns throughout 

each core as well.  In all three cores, the numbers of live specimens were small relative to the 

numbers of dead specimens.  In S43, live specimens extend down-core to 42 cm (Fig. 7a; Table 
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3).  The total number of live specimens is <60 between 4 and 42 cm, except at 20ï22 cm, where 

the live abundance is >200.  The top sample has a live abundance >300.   

In S40, live specimens extend down-core to 34 cm (Fig. 8a; Table 3), although not every 

sample between 0 and 34 cm contains live specimens.  At 34 cm, the number of live specimens is 

<75.  Within the top 12 cm, live abundances are >140, and exceed 1200 at 8ï10 cm. 

In S9A, live specimens extend to the bottom (30 cm) of the core (Fig. 9a; Table 3).  Live 

abundances are >70 in the bottom three samples (24ï30 cm) and range from 2ï64 in the samples 

between 2 and 24 cm.  The top sample contains the greatest number of live foraminifera (>860).  

It is difficult to extract patterns amongst individual species because live abundances are low.                 

Species Richness 

 Species richness (of dead assemblage) decreases slightly up-core in cores S43 and S40 

and does not show any trend in core S9A (Figs. 7ï9).  Core S40 contains the greatest average 

number of dead species per sample (34).  The average number of dead species per sample in S43 

is 27 and the average of 7 for S9A is the lowest. 

In S43 and S40, the greatest number of live species is near the top of these cores.  The 

number of live species near the top of S43 is nine and decreases down-core (Fig. 7a; Table 3).  

The number of live species varies between 0 and 3 throughout most of S40, with no live species 

below 34 cm (Fig. 8a; Table 3).  The number of live species varies between 1 and 6 throughout 

the entire S9A core (Fig. 9a; Table 3).   

 Fisherôs Alpha (Ŭ) 

 Fisherôs alpha values (of total assemblage) follow similar trends up-core as the 

species richness of the dead assemblage (Fig. 10; Table 4).  In core S43, alpha decreases up-core.  

The average alpha value for the samples in Thanatofacies 4 (bottom of core) is 10.46. The  
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Figure 7.  Relative abundance of all taxa comprising 5% or more of the live assemblage (a) and of the dead assemblage (b) in core S43.  Numbers 

on No. Dead Specimens in 20 ml plot represent cluster groups and are separated by solid horizontal lines.  The one sample (18-20 cm) that does 

not cluster with samples from similar depths is noted in the text.  Key to abbreviated taxon names given in Appendix A.  Shaded regions represent 

the 1970s. 
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Figure 8.  Relative abundance of all taxa comprising 5% or more of the live assemblage (a) and of the dead assemblage (b) in core S40.  Numbers 

on No. Dead Specimens in 20 ml plot represent cluster groups and are separated by solid horizontal lines.  Key to abbreviated taxon names given 

in Appendix A.  Shaded regions at the bottom of the core represent the 1970s.  Shaded regions between 8 and 16 cm represent the early 2000s. 
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