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Abstract 
 

 
 

This  thesis  investigates  the  contemporary  distribution of  benthic  foraminifera  in  the  Pearl 

River estuary, southeast China, and establishes a new proxy record of estuarine salinity and 

fluvial  flux  over  the  mid‐  to  late‐Holocene.  Seventy‐six  samples  from  the  contemporary 

estuary  yielded  118  benthic  taxa. Ammonia  beccarii  dominates  a  large  proportion  of  the 

estuary, with contributions from a number of other calcareous taxa, including Haynesina sp., 

Elphidium spp., Quinqueloculina spp. and Rotalinoides annectens, and agglutinated taxa, for 

example Haplophragmoides sp. and Ammobaculites formosensis. Species distribution maps, 

cluster  analysis  and  unconstrained  ordination  suggest  a  link  between  foraminiferal 

assemblages and the magnitude of fluvial  influence. Constrained ordination links the faunal 

data  to  recognised  environmental  gradients  and  highlights  salinity  as  the most  important 

factor  in  controlling  species  distributions.  Transfer  function  development  enables 

quantitative estimates of palaeosalinity to be obtained from fossil faunal data.  

 

A  radiocarbon  dated  mid‐  to  late‐Holocene  sediment  core  from  the  same  estuary  yielded 

102  benthic  taxa,  83 %  of  which  were  also  found  in  contemporary  samples.  Ammonia 

beccarii  and  Quinqueloculina  akneriana  dominate  fossil  assemblages.  In  light  of  relative 

stability  in mid‐  to  late‐Holocene  sea  level  along  the  South  China  coast  (Zong,  2004),  the 

long‐term increase in taxa indicative of high salinity environments is primarily interpreted in 

terms of declining fluvial flux. The trends in quantitative palaeosalinity reconstructions are in 

agreement with qualitative  interpretations, however absolute salinity values are subject to 

large  error  terms.  The  inferred decline  in  fluvial  flux  is  in  accord with  bulk  organic  carbon 

isotope and diatom data from the same core (Zong et al., submitted a; Yu, 2009) and with 

records of weakening precipitation intensity derived from terrestrial proxies (e.g. An et al., 

2000;  Y.  Wang  et  al.,  2005;  Hu  et  al.,  2008).  Millennial‐scale  variability  in  the  East  Asian 

monsoon,  linked  to precession and obliquity cycles of  solar  insolation,  is  the  hypothesised 

cause  of  these  trends.  A  number  of  abrupt  low  discharge  events,  postulated  to  reflect 

northern hemisphere teleconnections, punctuate the Pearl River estuary record. 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1. Introduction 

 
 

 

1.1 Introduction 

 

East Asian fluvial discharge is closely linked with the intensity of monsoon precipitation (S. Zhang et 

al., 2008). Perturbations  in the  intensity, extent and  timing of the seasonal advance and retreat of 

rain‐bearing  fronts  across  East  Asia  are  recorded  on  a  range  of  timescales,  from  interannual  to 

tectonic (Huang et al., 2003; P. Wang et al., 2005; Wang, 2009). Variability in precipitation can result 

in periods of severe drought or flood,  influencing  the lives of the several billion people who  live  in 

monsoon Asia (Webster et al., 1998; Ding, 2004). The suggestion of changes in monsoon intensity as 

a causal factor in the collapse of the Tang, Qin and Shang dynasties (Shi et al., 1994; Yancheva et al., 

2007; P. Zhang et al., 2008) highlights the importance of climatic variability  to civilization in China. 

Monsoon  driven  rainfall  and  fluvial  discharge  continues  to  be  important  to  the  prosperity  of  the 

region, with prediction of future hydrological trends crucial to agriculture and the management and 

mitigation of the effects of droughts and floods (Webster, 2006). Consequently, attempts have been 

made to forecast monsoon  intensity on interannual to decadal and centennial timescales (Webster 

et al., 1998; Lee et al., 2008). While instrumental data provide high‐resolution records of interannual 

changes  in  the  East  Asian  monsoon,  palaeoenvironmental  reconstruction  using  sedimentological, 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geochemical and microfossil proxies allows appreciation of changes on longer timescales. Numerous 

proxies  have  been  proposed  to  investigate  changes  in  palaeoprecipitation  on  geological  to  sub‐

orbital  timescales.  Quaternary  precipitation  records  have  been  developed  from  the  alternating 

palaeosols and windblown sediments found on the Loess Plateau in northern central China (e.g. An 

and Xiao, 1990; An et al., 1991; 2000; Ding et al., 1992; Porter and An, 1995; Porter, 2001; Maher 

and Hu, 2006), stable oxygen isotopes from speleothems (e.g. Wang et al., 2001; Yuan et al., 2004; 

Dykoski et al., 2005; Y. Wang et al., 2005; Wang et al., 2008), lake cores (e.g. Mingram et al., 2004; 

Yancheva et al., 2007; Cui et al., 2009) and organic carbon isotopes from plant cellulose (Hong et al., 

2001;  2005).  The  reconstruction  of  fluvial  discharge  (e.g. Wang  et  al.,  1999a;  1999b;  Xiang  et  al., 

2008) provides further information on past hydrological regimes and is essential in the constraint of 

boundary conditions of climate models (e.g. Lunt et al., 2008; Strong, in prep.).  

 

Work  in  the  Pearl  River  estuary,  southeastern  China,  by  Yongqiang  Zong  and  colleagues  has 

highlighted the potential for the derivation of new proxy records of Holocene fluvial flux (Zong et al., 

2006;  submitted  a;  Yu,  2009).  The  estuary  is  highly  sensitive  to  changes  in  monsoon  driven  river 

discharge  due  to  the  location  of  the  Pearl  River  drainage  basin  in  monsoon‐dominated  southern 

China. Microfossil and geochemical records are hypothesised to reflect the magnitude of discharge 

of freshwater into the estuary, in turn providing information on the intensity of precipitation in the 

drainage basin. Adding to previous work on diatom flora, bulk organic carbon isotopes and selected 

elements  (Zong  et  al.,  2006;  submitted  a;  submitted  b;  Yu,  2009),  this  research  investigates  the 

potential  for  benthic  foraminifera  to  provide  a  further  proxy  record  of  changes  in  Holocene 

estuarine salinity, influenced at least in part by changes in fluvial discharge. 

 

1.2 Research design 

 

1.2.1 Project rationale 

 

The  distribution  of  contemporary  benthic  foraminiferal  assemblages  in  the  Pearl  River  estuary  is 

influenced by a range of environmental variables, however spatial variations in bottom water salinity 

are  hypothesised  to  provide  the  dominant  control.  Consequently,  changes  in  faunal  assemblages 

over  time  are  hypothesised  to  be  indicative  of  temporal  changes  in  salinity.  Estuarine  salinity  is 

controlled  by  three  primary  forcing  mechanisms:  fluvial  flux,  sea‐level  change  and  shoreline 

progradation  (Zong et al., 2009a). Extraction of a  signal of  fluvial  flux  from reconstructions of past 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salinity  allows  inferences  to  be  made  on  the  intensity  of  precipitation  falling  in  the  Pearl  River 

drainage basin.  

 

The  link  between  foraminifera  and  salinity  is well  documented  (Murray,  1991;  2001; Wang et  al., 

1992)  but  must,  nevertheless,  be  tested  for  the  Pearl  River  estuary.  As  long‐term  monitoring  of 

foraminiferal  populations  and  corresponding measurements  of  changes  in  salinity  are  beyond  the 

practical limits of this project, spatial changes in fauna and salinity in contemporary surface samples 

from  a  range  of  locations  in  the  estuary  are  used  as  surrogate  measurements.  Additionally,  the 

influence  of  a  number  of  supplementary  environmental  variables  on  foraminiferal  distributions  is 

investigated  to  assess  the  importance  of  other  confounding  variables.  The  establishment  and 

quantification of the  link between contemporary assemblages and salinity  in a modern training set 

facilitates  qualitative  and quantitative  reconstructions  of  changes  over  time,  given  adequate  fossil 

assemblage data.  

 

Relating  reconstructed  palaeosalinity  to  changes  in  fluvial  flux  and  precipitation  over  the mid‐  to 

late‐Holocene requires the a priori knowledge of relative stability in sea level over the same period. 

This  is afforded by well‐constrained  reconstructions  of  sea  level along  the southern Chinese coast 

(Zong,  2004).  The  influence  of  shoreline  progradation  on  the  palaeosalinity  signal  must  also  be 

assessed, along with the relationship between fluvial flux and palaeoprecipitation.  

 

1.2.2 Research aims and objectives 

 

The main aims of this research are twofold: 

 

1. Develop  benthic  foraminifera  as  a  salinity  proxy.  To  achieve  this,  the  contemporary 

distribution  must  be  assessed  and  analysed  with  respect  to  salinity  and  a  range  of  other 

environmental  parameters.  Quantification  of  the  relationship  between  assemblage 

distribution and salinity facilitates their use in palaeoenvironmental reconstruction.  

2. Apply  the  established  relationship  between  foraminifera  and  salinity  to  reconstruct 

palaeosalinity from a mid‐ to late‐Holocene sediment core from the Pearl River estuary.  

 

 

 

 



‐    ‐ 
 

4 

A number of research objectives are set out to assist  in the development of this research. The first 

three relate to the analysis of contemporary distributions and development of the proxy:  

 

1. Investigate  the  contemporary  distribution  of  benthic  foraminifera  in  the  Pearl  River 

estuary using a modern training set consisting of a large number of surface samples.  

2. Analyse  the  factors  controlling  the  contemporary  distribution  of  estuarine 

foraminifera.  This  requires  the  collection  of  salinity  measurements  and  other 

environmental data for each sample in the modern training set.  

3. Express the faunal data as a function of the environmental data, allowing quantitative 

palaeoenvironmental reconstructions.  

 

Once the contemporary faunal distributions have been established and explained, further research 

objectives apply the knowledge gained to the reconstruction of palaeoenvironmental change: 

 

4. Investigate the benthic foraminiferal assemblages from a Holocene sediment core from 

the Pearl River estuary. 

5. Apply  the  relationship  established  between  contemporary  foraminifera  and  their 

environment to the fossil assemblages from the Holocene core to provide quantitative 

reconstructions of past environmental change.  

6. Assess the reliability of quantitative reconstructions of palaeosalinity. 

7. Compare the record of palaeosalinity with published records of mid‐ to late‐Holocene 

East  Asian  monsoon  intensity.  This  will  assist  in  exploration  of  the  potential 

mechanisms driving changing monsoon intensity during the mid‐ to late‐Holocene.  

 

1.3 Thesis outline 

 

The  following  chapters  present  the  context,  methodology,  results  and  discussion  of  the  research 

outlined  above.  Chapter  2  outlines  the  climatology of  the  contemporary  East Asian monsoon  and 

reviews literature concerning the reconstruction of palaeomonsoon intensity during the mid‐ to late‐

Holocene. The use of benthic foraminifera as  indicators of environmental change is also discussed, 

along with a review of published literature detailing past investigations of foraminiferal assemblages 

in  southeastern  China.  Chapter  3  provides  an  overview  on  the  physical  environment  of  the  Pearl 

River  estuary.  An  summary  of  the  geology,  climate  and  morphology  of  the  drainage  basin  and 

estuary is presented, followed by discussion of the Holocene evolution of the study area. Chapter 4 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introduces the field and laboratory methodology used to obtain the modern training set of samples 

and environmental data and  the  fossil  core. The process used  to obtain  faunal assemblage data  is 

also  described.  Chapters  5  and  6  present  the  results  and  analysis  of  the modern  training  set  and 

fossil core respectively. Chapter 7 discusses the assemblages from the Holocene core in the context 

of estuarine evolution, before making comparisons with other proxy records of East Asian monsoon 

intensity.  



 ‐ 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2. Context of the research 
 

 

 

This  chapter  introduces  the  climatology  of  the  contemporary  East  Asian monsoon  before 

reviewing  literature  on  the  evolution of  the monsoon over  the  Holocene,  highlighting  the 

major  trends  and  discrepancies  between  histories  inferred  from  different  proxies. 

Outstanding  issues with  the use of particular proxies are discussed. The development  of a 

high‐resolution  record  from  an  estuarine  location  provides  a  partial  solution  to  these 

concerns and benthic foraminifera are introduced as palaeoenvironmental proxies. Previous 

investigations  into  the benthic  foraminifera of  the  Pearl River estuary are summarised and 

the chapter concludes with a brief mention of specific taxonomical issues encountered in the 

analysis of foraminifera in this location.  

 

2.1 Dynamics of the contemporary East Asian monsoon 

 

Debate is ongoing over the concept of ‘the monsoon’ (Clift and Plumb, 2008; Berger, 2009). 

The  traditional view suggests  the Asian monsoon,  subdivided  into  the  Indian or  southwest 

monsoon  and  the  East  Asian  monsoon,  is  essentially  a  large  scale  land‐sea  breeze 

responding  to  the  seasonal  reversal  of  pressure  gradients  caused  by  differential  heat 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capacities  of  land  and  sea  (Ramage,  1971;  Tao  and  Chen,  1987).  During  the  northern 

hemisphere winter, cooling of the Asian landmass relative to the adjacent marginal seas and 

tropical western Pacific results  in the formation of a high pressure cell over Siberia and the 

Tibetan Plateau and  low pressure over  the western  Pacific.  Air masses consequently move 

south  and  eastwards,  forming  the  cold,  dry,  dust‐laden winter monsoon  (figure  2.1a).  The 

higher  heat  capacity  of  water  results  in  differential  heating  of  the  air  overlying  land  and 

water in summer, reversing the pressure gradient. Moisture laden air moves onshore from a 

high‐pressure cell  located over  the Western  Pacific Warm Pool around  Indonesia and New 

Guinea,  providing  seasonal  rainfall  and  increased  fluvial  discharge  in  the  Philippines, 

Indochina, China, Korea and Japan (figure 2.1b). 

 

 
 
Figure  2.1: Maps showing  the  (a) winter and  (b)  summer monsoon regimes over East Asia 
with  mean  sea‐level  pressure  in  January  and  July  respectively  (after  Xiao  and  An,  1999). 
Dominant wind direction and  the  limits of  the contemporary  East Asian summer monsoon 
are also given.  
 

Trenberth et al. (2000), Chao and Chen (2001) and Wang (2009) provide an alternative view, 

suggesting  the  ‘global  monsoon’  reflects  the  seasonal  migration  of  the  Intertropical 

Convergence  Zone  (ITCZ).  Variation  in  the  location  of  atmospheric  overturning  allows  the 

expansion  of  regions  of  intense  precipitation  from  the  tropics  towards  the  summer 

hemisphere. Within this framework the East Asian monsoon can be divided into two linked 

zones: the region of the western Pacific under the direct influence of shifts in the position of 

the  ITCZ, analogous with  the Western North Pacific monsoon  (e.g. Wang et al., 2003), and 

the subtropical monsoon front, located further north (Wang, 2009). 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Whether seasonal variations in precipitation and, consequently, fluvial discharge are seen to 

result  from  the  migration  of  the  ITCZ,  the  differential  heating  of  land  and  sea  or  a 

combination  of  the  two,  it  is  the  advance  and  retreat  of  the  subtropical  monsoon  front, 

known  as  the Meiyu  in  China,  Baiu  in  Japan  and  Changma  in  Korea,  that  is  specifically 

responsible for the extent and intensity of precipitation in China (Qian et al., 2002; Dodson 

et  al., 2004).  Approximately  80 % of annual  rainfall  in  the monsoon region  falls during  the 

summer  months  (Zhang  et  al.,  2009).  The  published  literature  generally  uses  the  term 

‘monsoon  intensity’  as  synonymous  with  precipitation  intensity;  however,  the  significant 

interannual  variability  in  the  timing  and  extent  of  incursion  of  the monsoon  front  creates 

great  spatial variation  in  the  intensity  of precipitation  (Li et al., 2002). The Philippines,  the 

Indochinese  Peninsula  and  southern  China  may  experience  less  intense  precipitation  and 

decreased  fluvial  discharge  in  years  when  the  monsoon  front  pushes  further  into  the 

Chinese interior. 

 

2.2 The evolution of the Holocene East Asian monsoon  

 

A wide  range of biological,  chemical and sedimentological proxies has been  established  to 

investigate the nature of variations in Holocene East Asian monsoon precipitation. Figure 2.2 

maps the locations of sites mentioned in the text.  

 

Oxygen  isotope  records  from  Hulu  Cave,  eastern  China,  indicate  a  rapid  transition  (< 10 

years) at the end of the Younger Dryas from cool, dry conditions to a period of more intense 

monsoon  activity  (Wang  et  al.,  2001).  Low  δ18O  values  from  Dongge  Cave  speleothems 

suggest  elevated precipitation  in  southern China during  the early Holocene  (Dykoski et al., 

2005; Y. Wang et al., 2005). Expansion of a  low salinity surface plume from the Pearl River 

due to  increased fluvial discharge resulted in  lowered surface water salinity  in the northern 

South  China  Sea  (Wang  et  al.,  1999b). Warm‐temperate  and  subtropical  forests  occupied 

Taiwan during this period (Liew et al., 2006). High lake levels in northeastern China and Inner 

Mongolia record increased precipitation from 12000 to 10000 cal. years BP (An et al., 2000 

and  references  therein;  Jiang  et  al.,  2006;  Cui  et  al.,  2009).  Northwest  China  remained 

beyond  the  furthest  reaches  of  the  East  Asian  monsoon  and  was  characterised  by  high 

temperatures  and  aridity  during  the  early Holocene  (Liu et  al.,  2008). Multi‐proxy  records 

from  Lake  Huguang Maar,  southeast  China, may  indicate  an  inverse  relationship  between 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summer and winter monsoons, with the early Holocene characterised by a decline in winter 

monsoon wind intensity (Yancheva et al., 2007).  

 

 
 
Figure 2.2: Location of sites mentioned in text. (A) Wulungu Lake, northwest China (Liu et al., 
2008);  (B)  Hani  bog  (Hong et  al.,  2005);  (C)  Yellow  Sea  (Xiang et  al.,  2008);  (D) Hulu Cave 
(Wang et al., 2001);  (E) Hongyang peat  research site, eastern Tibetan Plateau  (Hong et al., 
2005); (F) Heshang Cave (Hu et al., 2008); (G) Qixing Cave (Cai et al., 2001); (H) Dongge Cave 
(Dykoski et al., 2005; Y. Wang et al., 2005); (I) Xiangshui Cave (Zhang et al., 2004); (J) Toushe 
Basin,  Taiwan  (Liew et al., 2006);  (K) Pearl  River  estuary  (Zong et  al., 2006; 2009a; 2009b; 
submitted  a;  submitted  b;  this  study);  (L)  Huguang  Maar  (Yancheva  et  al.,  2007);  (M) 
Northern  South China  Sea  (Jian  et  al.,  1999; Wang  et  al.,  1999a;  1999b);  Inner Mongolian 
Plateau (Zhang et al., 1998; Jiang et al., 2006); Loess Plateau (An et al., 2000; Maher and Hu, 
2006); North China Plain (Cui et al., 2009). 
 

An et  al.  (2000)  suggests  declining monsoon  intensity was  responsible  for  the  southwards 

migration  of  the  monsoon  front  during  the  early‐  to  mid‐Holocene.  An  et  al.  (2006), 

however, argues for continued humidity  in northern and western China, with asynchronous 

arid  intervals  in  the  Loess  Plateau  and  Inner  Mongolian  Plateau  (figure  2.2)  cited  as 

explanations for records of  lowered monsoon  intensity (e.g. An et al., 2000 and references 

therein;  Chen  et  al.,  2003).  Zheng  et  al.  (1998  and  references  therein)  suggests  the 

northward  displacement  of  the  southern  limit  of  boreal  coniferous  woodland  and  the 

presence of forest on the  Inner Mongolian steppe indicates  intense mid‐Holocene summer 

monsoon activity. Mid‐Holocene records from central and southern China also record more 

intense monsoon precipitation than seen at present. Oxygen isotope records from southern 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Chinese caves, including Qixing (figure 2.2, site G; Cai et al., 2001), Xiangshui (figure 2.2, site 

I; Zhang et al., 2004), Dongge (figure 2.2, site H; Dykoski et al., 2005; Y. Wang et al., 2005) 

and Heshang (figure 2.2, site F; Hu et al., 2008) all indicate elevated precipitation during the 

mid‐Holocene.  Coeval  differences  between  the  Dongge  and  Heshang  records,  a  robust 

measure of the amount of rainfall falling between the two sites with secondary controls on 

δ18O removed, suggest rainfall totals approximately 8 % higher than present between 6500 

and 5000 cal. years BP (Hu et al., 2008). Diatom flora and carbon isotopic records from the 

Pearl  River  estuary  (figure  2.2,  site  K)  imply  increased  mid‐Holocene  fluvial  discharge 

resulting from  increased precipitation  in the drainage basin (Zong et al., 2006; Yu, 2009) at 

this time.  

 

Speleothem  records  almost  unanimously  show  increases  in δ18O,  interpreted  as  indicating 

declining precipitation intensity, following the mid‐Holocene peak (Cai et al., 2001; Zhang et 

al., 2004; Dykoski et al., 2005; Y. Wang et al., 2005; Cosford et al., 2008; Hu et al., 2008). Sea 

surface temperature and δ18O records from the northern South China Sea (figure 2.2, site M) 

do  not  show  any  significant  trend  over  the  mid‐  to  late‐Holocene  (Wang  et  al.,  1999b), 

however  nearshore  records,  including  diatom  flora  and bulk  organic  carbon  isotopes  from 

the  Pearl  River  estuary  (Zong  et  al.,  2006;  Yu,  2009)  and  foraminiferal  assemblages  in  the 

southern Yellow Sea (figure 2.2, site C; Xiang et al., 2008) suggest declining fluvial discharge. 

Increasing  titanium  counts  at  Huguang  Maar  (figure  2.2,  site  L)  during  the  mid‐  to  late‐

Holocene  provide  further  evidence  for  the  inverse  correlation  of  summer  and  winter 

monsoon  intensity  (Yancheva et al., 2007).  Periods of  intense summer monsoon appear  to 

be characterised by weak winter monsoons and vice versa. Zhang and Lu (2007), however, 

question the correlation between titanium counts and historical records of winter monsoon 

intensity. 

 

A  number  of  late‐Holocene proxy  records  of  precipitation  show  increased  instability,  with 

large  fluctuations  characterising  the  last  2000  years  (Ge et  al.,  2007).  Speleothem  records 

from  Qixing  and  Xiangshui,  south  east  China,  exhibit  large  shifts  in  δ18O,  interpreted  as 

reflecting rapid alternation between periods of intensified and diminished precipitation (Cai 

et al., 2001; Zhang et al., 2004). Wet and dry periods, correlating with  the Medieval Warm 

Period and Little Ice Age respectively, are identified from the Heshang stalagmite (Hu et al., 

2008). Large fluctuations in organic carbon isotope values are seen in the last two millennia 

from Pearl River estuary cores, however these are extensively linked to changing agricultural 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activities  (Zong  et  al.,  2006;  Yu,  2009).  No  increase  in  sea  surface  salinity  variability  is 

observed in marine core proxies from the northern South China Sea (Wang et al., 1999b).  

 

While  the established pattern of East Asian monsoon  intensity,  incorporating  intense  early 

and mid‐Holocene precipitation followed by a progressive decline in moisture, appears to be 

supported  by  a  wide  range  of  proxy  records,  a  number  of  issues  appear  to  remain 

unresolved  at  present,  particularly  regarding  the  use  of  cave  records.  Oxygen  isotope 

records  have  been  almost  invariably  interpreted  as  reflecting  the  ‘amount  effect’,  where 

more intense precipitation leads to more negative values (e.g. Wang et al., 2001; Dykoski et 

al., 2005; Y. Wang et al., 2005). The possibility of the isotopic composition being influenced 

by  changing moisture  sources  and  the  length of  the water  vapour  transport  path has  not 

been extensively questioned. Less negative δ18O values could potentially reflect the declining 

intensity  of  isotopically  lighter  Indian  monsoon  precipitation,  but  increasing  influence  of 

isotopically heavier East Asian monsoon rainfall (Maher and Hu, 2006; Maher, 2008). A mid‐ 

to  late‐Holocene  increase  in  East  Asian  monsoon  precipitation  intensity  is  supported  not 

only by Loess Plateau soil magnetism transfer functions (Maher and Hu, 2006), but also by 

peat cellulose δ13C records from Hani Bog, northeast China (figure 2.2, site B); a site located 

beyond the furthest possible extent of the Indian monsoon (Hong et al., 2005). Furthermore, 

An et al.’s (2000) modelling of summer monsoon intensity suggests a precipitation optimum 

in southern China around 3000 cal. years BP. Comparison of the Hani Bog record with carbon 

isotope values from the eastern Tibetan Plateau (figure 2.2, site E), a region primarily under 

the influence of the Indian summer monsoon, provides further support for the inverse phase 

relationship between the two components of the Asian monsoon system (Hong et al., 2005). 

 

LeGrande  and  Schmidt  (2009)  considers  the  south  China  speleothem  records  as  solely  a 

reflection  of  the  length  of  the  vapour  transport  path,  with  changes  in  local  precipitation 

having a negligible effect on δ18O. Comparison of the record from Dongge Cave with that of 

Heshang  Cave,  located  600km downwind,  supports  this  hypothesis,  with  the  latter  record 

exhibiting consistently more depleted values. The calculation of coeval differences between 

high‐resolution  records  from  spatially  separated  records  from  the  same  water  vapour 

transport  path  potentially  provides  a  more  robust  measure  of  the  amount  of  rainfall 

deposited  between  the  selected  locations  (Hu  et  al.,  2008).  This  method  removes  the 

influence  of  other  controls,  including  temperature,  on  the  isotopic  composition.  Hu et  al. 

(2008)  suggests  that  the  effects  of  changing  moisture  source  are  also  circumvented, 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however this relies on the assumption that the track of precipitation bearing air masses has 

not changed through time.  

 

Further questions regarding the source of moisture for cave proxies must also be addressed. 

If  a  speleothem  draws  on  precipitation  from  the  immediate  vicinity  of  the  cave  only,  as 

appears to be the case for the records mentioned above, the resulting δ18O may be expected 

to reflect the microclimate of the surrounding area. Scaling up this microclimate to provide 

an  interpretation  of  the  intensity  of  precipitation  associated  with  the  entire  subtropical 

monsoon front clearly requires a large assumption on the continuity of rainfall patterns over 

a  large area. As spatial variation in the areas of precipitation  is a key feature of short‐ and 

long‐term  variability  in  monsoonal  systems  (Lau  and  Yang,  1997;  Huang  et  al.,  2003),  the 

analysis  of  individual  cave  records  is  clearly  inadequate.  The  agreement  between multiple 

speleothem records does provide support for the reliability of the inferred trends, although 

the  caveat  of  the  uncertain  relationship  between  the  proxy  and  precipitation  intensity 

remains.  A  partial  solution  to  the  issue  of  applicability  of  proxy  records  from  small 

catchments  is  to  adopt  the use of  records  that  average precipitation  intensity  over  larger 

areas.  Estuarine  and marine  proxies  that  respond  to  changes  in  fluvial  flux  resulting  from 

precipitation  variability  in  large  terrestrial  catchments  provide  a  direction  for  further 

investigation (Zong et al., 2006).  

 

2.3 Reconstructing palaeoenvironments using benthic foraminifera  

 

The  use  of  estuarine  environments  as  records  of  precipitation  intensity  relies  on  the 

selection  of  an  appropriate  proxy  that  can  be  linked  to  fluvial  flux.  Diatoms,  bulk  organic 

carbon isotopes and selected elements have been investigated (Zong et al., 2006; submitted 

a; submitted b; Yu, 2009), while this study examines the potential of benthic foraminifera as 

palaeoenvironmental indicators.  

 

2.3.1 Benthic foraminifera as environmental proxies 

 

Foraminifera  are  unicellular  protists  generally  characterised  by  a  test  made  of  calcium 

carbonate or agglutinated particles (Murray, 1991). While the phylum as a whole is found in 

a  wide  range  of  saline  environments,  the  majority  of  the  several  thousand  currently 

recorded  species  of  benthic  foraminifera  are  constrained  to  specific  habitats  (Scott  and 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Medioli,  1986;  Murray,  2007).  Numerous  environmental  factors  have  been  proposed  as 

important  in  controlling  the  distribution  of  particular  species  or  assemblages,  including 

salinity, water depth, temperature, pH, organic matter flux, dissolved oxygen, predation and 

competition (Murray, 1991). The restricted distributions of particular species, combined with 

adaptation  of  test  morphology  in  response  to  habitat  preference,  facilitate  their  use  as 

proxies  for  particular  environmental  variables.  Furthermore,  their  small  size  and  great 

abundance means that representative assemblages can be determined from small sediment 

samples.  

 

The reliability of palaeoenvironmental inferences made using foraminiferal proxies is limited 

by  the  extent  to  which  the  relationship  between  the  environment  and  assemblage 

composition  is  understood  (Schafer,  2000).  Modelling  of  this  relationship  is  undertaken 

through  the development of a modern  training set,  in which known environmental  factors 

are used to explain the distribution of assemblages. The use of foraminifera as a proxy for 

salinity  relies  on  the  variable  controlling  their  distribution  to  a  significant  extent. 

Reconstructing  past  changes  relies  on  continuity  between  the  contemporary  and  fossil 

relationship  between  foraminifera  and  salinity  (Murray,  2006).  With  the  number  of 

generations  reaching  the  hundreds  of  thousands  in  the  Holocene  alone,  evolution  of 

foraminifera  in  response  to  a  changing  environment  is  to  be  expected,  however  the 

continuity in tolerances to specific environmental variables remains an assumption inherent 

in this and most other qualitative and quantitative palaeoenvironmental reconstructions.  

 

2.3.2 Contemporary distribution of Pearl River estuary benthic foraminifera 

 

Calcareous  microfossils  of  the  Chinese  continental  shelf  have  received  extensive 

examination,  particularly  over  the  last  30  years,  due  to  petroleum  exploration  and 

palaeoceanographic studies (Wang, 1997; Wang and Lipps, 2005). Brady (1884) described a 

number  of  species  from  Hong  Kong  waters,  however  the  first  detailed  survey  of  benthic 

foraminifera on the northern shelf of the South China Sea was not undertaken until Waller 

(1960)  identified an assemblage  in water depths of 54  to 150  ft  (16  to 46 m) consisting of 

Elphidium advenum, E. sagrum and Nonion japonicus (=Florilus japonicus).  

 

Wang  Pinxian,  Min  Qiubao,  Bian  Yunhua  and  coworkers  investigated  the  distribution  of 

calcareous microfossils in the sediments of the East China Sea, Yellow Sea, South China Sea 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and Bo hai  (Wang,  1980),  later  revised,  updated  and  translated  into  English  (Wang,  1985; 

Wang et al., 1985a; 1985b; 1985c; 1985d). Comparatively  low abundance and diversities of 

foraminifera  were  encountered  in  the  Pearl  River  estuary,  with  <100  tests  per  gram  of 

sediment and <60 species, compared with >4000 tests and >100 species from samples from 

the  outer  shelf  (Wang  et  al.,  1985c).  Hyaline  tests  predominate  throughout  the  northern 

continental  shelf of  the South China Sea, with  trochospiral and planispiral  forms abundant 

on the inner shelf and serial forms more common on or beyond the outer shelf. Agglutinated 

and  porcelaneous  foraminifera  are  widely  distributed,  with  the  former  most  common  in 

water depths of 40 – 60 m. Table 2.1  lists the species contributing to  the  two assemblages 

found in the area of interest of this study. Wang et al. (1985c) cite water mass distributions 

as the primary controlling variable on foraminiferal assemblages.  

 

Li  (1985  in  Huang  and  Yim,  1998)  analysed  209  samples  from  the  Pearl  River  estuary, 

identifying three assemblages with strong similarities to Wang et al.’s (1985c) estuarine and 

inner shelf assemblages (table 2.1). Water depth, salinity and sediment type are postulated 

as  key  controlling  variables.  Li  and  Yim  (1988)  similarly  suggests  that  variations  in  salinity, 

caused by mixing of freshwater from the Pearl River and marine water from the South China 

Sea,  and  different  energy  levels  of  currents  are  responsible  for  the  different  assemblages 

found in four areas of Hong Kong territorial water. Li (1985 in Huang and Yim, 1998), Li and 

Yim (1988) and Wang et al.  (1985c) concur over the presence of Hanzawaia nipponica and 

Florilus sp. on  the  inner  shelf, Ammonia  beccarii  in  enclosed  estuarine areas with  reduced 

salinity and Elphidium advenum in areas of elevated salinity.  

 

Agglutinating  foraminifera of  the main Pearl  River estuary and  the smaller estuaries of  the 

Pearl  River  to  the  west  (the  Modaomen  and  Huangmohai)  are  the  focus  of  Li  (1988). 

Agglutinated  species  contribute  between  20  and  80  %  of  the  total  count  of  a  number  of 

samples from an extensive area of the Pearl River estuary, between Qi’ao Island, Macau and 

Hong Kong, and the southern Modaomen estuary. In comparison with Wang et al.’s (1985c) 

area  of  abundant  agglutinated  species,  Li’s  (1988)  zone  exhibits  significantly  higher 

abundances  and  is  located  in  an  area  of  shallower  water  depth  and  lower  salinity. Water 

depth,  salinity,  pH  and  sediment  type  are  suggested  as  controlling  factors  for  the 

distribution of agglutinated tests (Li, 1988). 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Zheng  (1994  in  Huang,  2000)  subdivides  the  benthic  foraminifera  of  the  northern  and 

eastern areas of the South China Sea into four assemblages, including two within the area of 

interest  of  this  study  (table  2.1).  Close  agreement  is  seen  with  Wang  et  al.  (1985c)  over 

outer shelf assemblages. 

 

  Inner estuary  Middle estuary  Outer estuary  Inner shelf 

Wang 
(1980) / 

Wang et al. 
(1985c) 

 
Ammonia beccarii 

Ammonia convexidorsa 
Elphidium spp. 

Cribrononion vitreum 
 

Hanzawaia nipponica 
Elphidium hispidulum 
Ammonia beccarii 
Ammonia globosa 

Li (1985 in 
Huang and 
Yim, 1998) 

 
Ammonia beccarii 

Elphidium 
nakanokawaense 

 

Ammonia annectens 
Brizalina striatula 

Elphidium advenum 
Hanzawaia nipponica 

Li (1988) 

 
Ammobaculites spp.  

Haplophragmoides spp.  
Trochammina spp. 
Ammotium salsum 
Miliammina fusca 

 

Ammobaculites spp. 
Textularia spp. 
Bigenerina spp. 

Textularia spp. 
Bigenerina spp. 

Zheng (1994 
in Huang, 
2000) 

 
Textularia foliacea  

Cribrononion porisutueralis 
 

Pseudorotalia giamardii 
Textularia foliacea 

Huang and 
Yim (1998) 

Ammonia beccarii 
Elphidium 

nakanokawaense 

Haplophragmoides 
canariensis 

Spiroplectammina 
biformis 

Arenoparella asiatica 
Ammonia beccarii 

Elphidium 
nakanokawaense 

Ammonia spp. 
Elphidium 

magellanicum 
Quinqueloculina 
lamarckiana 

Spiroloculina spp. 
Ammobaculites spp. 
Trochammina inflata 
Brizalina striatula 

Elphidium advenum 
Hanzawaia nipponica 

Ammonia compressiuscula 
Florilus japonicus 
Nonionella spp. 
Quinqueloculina 
pseudoreticulata 
Bigenerina spp. 
Textularia spp. 

Fursenkoina schreibersiana 
Lagena spp. 

Bulimina marginata 
Virgulopsis orientalis 

Saidova 
(2007) 

Not included in survey 

Pseudononion japonicum 
Hanzawaia nipponica 
Rotorbinella tepida 
Elphidium sagrum 
Elphidium advenum 
Cellanthus craticulum 
Cibicides lobatulus 

 
Table  2.1:  Summary of  species  contributing  to  assemblages  defined by  past  investigations 
into the benthic foraminifera of the Pearl River estuary and adjacent  inner shelf. Note: The 
investigations of Li (1988) are only concerned with agglutinated species.  
 

Collating the findings of Li (1985), Wang et al. (1985c) and Li and Yim (1988), Huang and Yim 

(1998)  identify  five  foraminiferal  assemblages,  of  which  four  overlap with  the  area of  this 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study (table 2.1). The authors attribute an increase in diversity and abundance with distance 

from  the  Pearl  River  to  decreasing  seasonal  salinity  and  temperature  variation  and  an 

increasingly stable environment with lower sedimentation rates. If sedimentation rates have 

not been  taken  into account  in calculations of  the abundance of benthic  foraminifera,  this 

may  contribute  to  the  lower  abundances  observed  in  estuarine  environments,  with  high 

sedimentation rates effectively diluting the concentration of foraminifera in a given location. 

Huang and Yim (1998) also cite sea‐floor sediment type as a significant controlling variable, 

with  an organic matter‐rich  flocculent  blanket  reducing  bottom water  dissolved oxygen  in 

many areas  of  the  estuary. Ammonia  beccarii  is one of a highly  limited number of  species 

that can tolerate the anaerobic environment (Huang and Yim, 1988).  

 

Saidova  (2007)  provides  the  most  recent  review  of  the  foraminiferal  assemblages  of  the 

northern  South  China  Sea.  Compiled  from  a  number  of  primary  sources,  including Waller 

(1960), twelve foraminiferal assemblages are identified from the shelf, continental slope and 

abyssal region. An inner shelf assemblage, found in water depths of 16 to 45 m characterises 

the Guangdong coast (table 2.1). With a  low sampling resolution and few samples close to 

the  south  China  coastline,  indeed none within  the  20m  isobath,  only  large‐scale  trends  in 

assemblage distribution are observed. 

 

2.3.3 Taxonomic considerations regarding Pearl River estuary foraminifera 

 

The  majority  of  investigations  consider  Ammonia  beccarii  to  represent  a  single  species, 

however  on  the basis  of molecular  evidence,  Hayward et  al.  (2004)  suggests  a  number  of 

morphologically  distinct  species  have  been  classified  as  A.  beccarii.  Pearl  River  estuary 

assemblages  contain  at  least  two  forms,  showing  similarities with  Hayward  et  al.’s  (2004) 

morphotypes  T4  and  T6.  While  distinction  between  the  species  is  possible  for  larger 

specimens, the majority of tests are around 100 µm in diameter and reliable and consistent 

differentiation  is  not  possible  using  a  binocular microscope. Accordingly,  this  investigation 

treats A. beccarii as a single species.  

 

2.4 Chapter summary 

 

The majority of proxy records suggest  intense monsoon precipitation  in the early and mid‐

Holocene,  followed  by  a  progressive  decline,  with  the  last  two millennia  characterised  by 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alternation  of  wet  and  dry  periods.  Issues  remain  over  the  interpretation  of  speleothem 

records, however the development of a proxy record drawing on precipitation from a large 

catchment may resolve at least one of these concerns. The use of benthic foraminifera as a 

proxy for reconstructing salinity relies on the development of a modern training set, linking 

the  distribution  of  contemporary  foraminifera  with  environmental  variables  and  the 

assumption of continuity of these relationships in the fossil record. Past investigations show 

clear  spatial  diversity  in  Pearl  River  estuary  fauna,  however  the  link  with  salinity must  be 

investigated further. 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3. Location: The Pearl River drainage basin 
and estuary 

 
 
 

The  Pearl  River  is  a  collective  term  for  three  southern  Chinese  rivers  –  the  West  River 

(Xijiang or Si Kiang), the North River (Beijiang) and East River (Dongjiang) – which converge, 

forming  the  Zhujiang or  Pearl  River,  close  to  the  city  of  Guangzhou  (figures  3.1,  3.2).  The 

Pearl River estuary provides  the link between  the drainage basin and the South China Sea. 

This  chapter  provides  an  overview  of  the  contemporary  environment  and  the  Holocene 

evolution  of  the  estuary.  The  development  of  the  estuary  is  a  history  of  the  interplay 

between change  in accommodation space due to sea‐level rise and monsoon driven runoff 

and sediment supply. The increasing  impact of human activities on the basin has exerted a 

third major control.  

 
3.1 The Pearl River drainage basin 

 

The  drainage  basin  of  the  West,  North  and  East  rivers  covers  an  area  of  approximately 

450 x 103 km2,  incorporating  parts  of  Cao  Bằng  and  Lang  Son  provinces  in  Vietnam  and 

Yunan, Guizhou, Guangxi, Hunan and Guangdong provinces in China (figure 3.1). The longest 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of the  tributaries, the West River,  is 2214 km in  length. The majority of  the drainage basin 

lies between 22°30’N and 26°00’N. 

 

 
 

Figure 3.1: Location of the Pearl River drainage basin (green shaded area), southeast China. 
 

The West River basin  predominantly consists of carbonate  rocks, providing  the  Pearl  River 

with the highest specific HCO3
‐ flux normalised to basin area of all major rivers in the world 

(Cai  et  al.,  2008).  The  East  River  flows over  granites, with  the  North  River  overlying more 

varied geology. 

 

The drainage basin  experiences  a  subtropical  climate,  controlled primarily  by  the  seasonal 

advance and  retreat  of  the East Asian monsoon.  The year can be divided  into  two distinct 

seasons:  a  wet  season  (April  –  October)  with  increased  temperatures  and  precipitation 

driven by the southwest monsoon and a dry season (November – March) controlled by the 

dry and cold northeast monsoon. Annual precipitation in the drainage basin (1425.8 mm yr‐1) 

exceeds  losses  through  evaporation  (1052 mm yr‐1)  (Kondoh et al., 2004).  As  the basin  lies 

within the monsoon zone,  it  is sensitive  to variations  in monsoon driven precipitation. The 

annual  mean  temperature  in  the  drainage  basin  ranges  from  14  to  22 °C,  with  the 

temperature at the estuary averaging 22.5 °C (Huang, 2000; S. Zhang et al., 2008). 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3.2 The Pearl River estuary 

 

The Pearl River enters the northern South China Sea through a network of distributaries and 

estuarine bays. A  large estuary, the Lingdingyang, separates two main deltaic complexes to 

the west and northeast. The Lingdingyang occupies an area of approximately 2000 km2 and 

is  set  within  a  larger  delta  plain  of  5650 km2,  not  including  numerous  bedrock  hills  and 

islands with a combined area of 2360 km2 (Huang, 2000; Cai et al., 2004; Zhou et al., 2006; 

Wu et al., 2007; Zong et al., 2009a; 2009b). A number of channels of the West, North and 

East Rivers converge to the southeast of Guangzhou before joining the Lingdingyang estuary 

through  the  Humen  channel  (figure  3.2).  A  further  three  channels,  or  gates,  the  Jiaomen, 

Hongqimen  or  Hongqili  and  Hengmen,  also  discharge  the  West  River  into  the  western 

margin  of  the  Lingdingyang.  Four  gates,  the  Yamen,  Jitimen,  Hutiaomen  and Modaomen, 

discharge  the West  River  into  the Modaomen  and  Huangmaohai  estuaries  to  the west  of 

Macau. Further discussion of  the contemporary  environment  focuses on  the  Lingdingyang, 

hereafter referred to as the Pearl River estuary. 

 

 
 
Figure 3.2: The Pearl River estuary, including the three major river branches (italicised), the 
eight distributaries/gates (emboldened) and the Lingdingyang, Modaomen and Huangmohai 
estuarine bays.  
 

The  modern  Pearl  River  estuary  is  predominantly  shallow,  with  depths  generally  in  the 

region of 2 to 10 m. Two deep water channels, diverging close to the Humen, are separated 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by Lantau and Neilingding  Islands  (Dong et al., 2006). Both channels and areas around  the 

major  ports  are  artificially  deepened  through  dredging. Water  depth  at  the  mouth  of  the 

Pearl River estuary is approximately 45 m (Zhang et al., 1999). 

 

3.2.1 Geology and tectonics 

 

The majority of the estuary and surrounding delta is underlain by Precambrian granites and 

Cretaceous‐Tertiary sandstones which make up a 9600 km2 graben formed by active faulting, 

basement  rifting  and  subsidence  from  the  upper  Cretaceous  to  the  early  Oligocene 

(Lüdmann et al.,  2001; Li et al., 2006). Early Triassic  to  early  Cretaceous  granite  intrusions 

form  the  highland  areas  of  Hong  Kong,  Lantau  and  numerous  smaller  islands  within  the 

estuary  (Yim,  1994).  Tertiary  sandstones  and breccias  underlie  up  to  100 m of  Quaternary 

deposits (Huang, 2000). The Quaternary stratigraphy is closely linked to sea‐level change and 

is examined in more detail in section 3.2.1. 

 

The  Pearl  River  estuary  experiences  only  moderate  seismic  activity,  with  few  recorded 

earthquakes exceeding 6 on the Richter scale (Yim, 1994). Faulting divides the area into 12 

major  blocks  (figure  3.3).  Huang  (2000,  and  references  therein)  suggests  uplift  of  the 

Baiyunshan, Gaohe  and  Baoan blocks  and  subsidence of  the West  River, North River,  East 

River and Lindingyang blocks at a rate of less than 4 mm yr‐1. Details on the movement of the 

Wanshan block, which includes the area around the core used in this study, are not given.  

 

 
 

Figure 3.3: Faulting  in the Pearl River estuary and surrounding area (after Huang, 2000 and 
references therein). 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3.2.2 Fluvial discharge 

 

The Pearl River’s annual discharge of 343 km3 yr‐1 is the 14th largest fluvial discharge globally 

(Cai et  al., 2008). Eighty‐five percent  (approximately  225 km3 yr‐1) of  the  total discharge of 

the  three  tributaries  of  the  Pearl  River  flows  through  the main  Pearl  River  estuary.  Fluvial 

flux and precipitation are  closely  linked  (S. Zhang et  al.,  2008) and, with eighty percent of 

precipitation in the catchment falling during the summer monsoon (Zhang et al., 2009), large 

differences exist between summer/wet season and winter/dry season discharge (table 3.1) 

 
Fluvial discharge (km3 yr‐1) 

 Gate 
Wet season  Dry season  Total 

Approximate ratio wet : dry 
season discharge 

Humen  76.3  24.8  101.1  3:1 
Jiaomen  72.6  21.5  94.1  7:2 
Hongqimen  28.1  6.2  34.3  9:2 
Hengmen  47.8  13.5  61.3  7:2 
PRE Total  224.8  66.1  290.9  7:2 

 
Table  3.1:  Wet  season,  dry  season  and  total  annual  average  discharge  data  for  the  four 
Lingdingyang/Pearl  River  estuary  (PRE) gates  (Cai et  al., 2004).  As noted by Harrison et al. 
(2008),  Chinese  literature  provides  estimates  approximately  10%  higher  (for  example  see 
table 2 in Zhou et al., 2006)). 
 

3.2.3 Contemporary sediment discharge and deposition 

 

Asian rivers play a key role in the redistribution of sediment on continental and global scales, 

contributing 40 to 50 % of the total global sediment flux to the oceans (Milliman and Meade, 

1983; Milliman, 1991). High precipitation levels under a monsoon climate and the uplift of 

the Himalayan range are responsible for the large volume of fluvially transported sediment 

(Saito,  2005).  The  annual  sediment  discharge  of  the  Pearl  River  of  80  to  85 x 106 t  is, 

however,  low  in  comparison  with  other  Asian  rivers,  including  the  Yangtze,  Mekong  and 

Yellow (Zhang et al., 1999; Zong et al., 2009a; 2009b), and has declined steadily  in  the last 

decade  (S.  Zhang  et  al.,  2008).  Approximately  20 % of  the  sediment  is  retained within  the 

estuary, with the remaining 80 % discharged into the South China Sea (S. Zhang et al., 2008). 

Deposition rates are around 0.8 cm yr‐1 in the upper estuary (north of Neilingding Island) and 

2.0 cm yr‐1 in the lower estuary (Zhang et al., 1999; Zhou et al., 2006). Much higher rates of 

deposition,  in the order of 10 to 15 cm yr‐1, have been recorded from the deeper channels 

(Zhou et al., 2006). Lüdmann et al. (2001) cites contemporary shoreline progradation rates 

of 50 to 100 m yr‐1. 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The cities of Hong Kong, Guangzhou, Macau and Zhuhai, amongst others, are located on the 

delta plain. Domestic,  industrial and agricultural effluent discharges have all contributed to 

considerable pollution of estuarine sediments and degradation of water resources (Li et al., 

2000; Zhu et al., 2002). 

 

3.2.4 Estuarine salinity 

 

The wide, shallow estuary of the Pearl River exhibits a strong northwest – southeast salinity 

gradient resulting from the mixing of low salinity water from the Pearl River and high salinity 

water  from  the  South  China  Sea.  During  the  summer,  significant  freshwater  discharge 

inundates  the  surface  layer  of  the  Pearl  River  estuary with  a  buoyant  low  salinity  layer  or 

plume, which extends over the inner shelf of the South China Sea (figure 3.4c; Wong et al., 

2003; Dong et al., 2004; Su, 2004). Intrusion of saline water from the South China Sea occurs 

primarily via two deep water channels in the east of the estuary (figure 3.2). Coriolis forcing 

deflects water moving into the estuary towards the eastern shore, contributing to increased 

salinities  in  the  east  compared  to  the  west  (figure  3.4d;  Chao,  1988; Wong  et  al.,  2003). 

During  winter months,  the  reduced  river  plume  accounts  for  the  displacement  of  surface 

isohales to the north and west of their summer positions (figures 3.4a, 3.4b). Northeasterly 

winds contribute to greater vertical mixing and the formation of a partially mixed estuarine 

circulation  (Wong  et  al.,  2003;  Dong  et  al.,  2004).  As  in  summer,  gravitational  circulation 

exerts  a  dominant  control  on  bottom water  salinity  during  the winter,  resulting  in  similar 

isohale  positions  (figure  3.4b,  d;  Wong  et  al.,  2003).  Saline  intrusions  in  the  east  of  the 

estuary  and  Coriolis  forcing  contribute  to  the  transformation  of  the  river  plume  into  a 

coastal current along the western coast in the lower half of the estuary (Su, 2004). 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Figure 3.4: Salinity distribution in the Pearl River estuary (a) January 2000 surface water; (b) 
January  2000  bottom  water;  (c)  July  1999  surface  water  and  (d)  July  1999  bottom  water 
(after Dong et al., 2004).  
 

3.2.5 Tides 

 

The South China coastline  is micro‐tidal, with a mean tidal range of 0.86 m at the mouth of 

the Pearl River estuary (Huang et al., 2004). The tidal range increases to 1.4 m in the middle 

reaches and 1.6 m at the Humen gate due to tidal wave amplification in the funnel shaped 

estuary  (Mao et  al.,  2004).  Tidal  ranges  are  greater  in  the deeper  east  of  the  estuary  (Xu, 

1985 and Zhao, 1990  in Mao et al., 2004; Dong et al., 2006). The relatively  low tidal range 

and  reduced  energy  of  waves  by  protective  islands  means  that,  in  terms  of  deltaic  and 

estuarine  classifications  (Galloway,  1975;  Dalrymple,  1992),  the  Pearl  River  estuary  is 

fluvially dominated (Li et al., 2006). 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3.3 Evolution of the Pearl River estuary 

 

The evolution of the Pearl River estuary and surrounding deltaic lowlands is a history of the 

interplay  between  change  in  accommodation  space  due  to  sea‐level  rise  and  monsoon 

driven  sediment  supply  (Zong  et  al.,  2009a;  2009b).  More  recently,  human  activities 

including deforestation and  land reclamation have exerted a third major control on deltaic 

evolution.  The  significant  volume of  literature  concerning  the  evolution of  the  Pearl  River 

delta  published  in  Chinese  (including  Huang  et  al.,  1982;  Huang  and  Zong,  1982;  Li  et  al., 

1990) is not discussed in detail here, however an overview of these works is given by Zong et 

al. (2009a; 2009b). 

 

3.3.1 Sea‐level change 

 

Sea‐level  change  is  a  key  parameter  in  controlling  the  location,  form and development  of 

estuarine and deltaic deposits, both  in southern China and worldwide (Stanley and Warne, 

1994). The sea‐level history of the northern South China Sea has provided a key control on 

Pearl  River  basin  morphology  and  the  Quaternary  sediment  sequences  (Yim,  1994;  1999; 

2001;  Bahr  et  al.,  2005;  Yang  et  al.,  2008).  Well‐constrained  Holocene  sea‐level  curves 

provide precise reconstructions of the nature and timing of the postglacial eustatic rise and 

the magnitude of changes in the mid‐ to late‐Holocene (Zong, 2004).  

 

Rotary boring and cased vibracoring of boreholes, seismic reflection profiling and side scan 

sonar data associated with a number of major engineering projects in the estuary, including 

the airport at Chek Lap Kok and the Hong Kong Mass Transit Railway, have provided a wealth 

of  information on  the  subsurface  stratigraphy of  the  Pearl  River  estuary.  Cycles  of  fourth‐

order  sea‐level  fluctuations,  related  to  changes  in  global  ice  volume  during  glacial‐

interglacial cycles (Petit et al., 1999), are evoked to explain alternating marine and terrestrial 

sediments  in the south east of the present estuary  in the vicinity of Hong Kong and Lantau 

(Yim, 1994; 1999; 2001; Bahr et al., 2005; Yang et al., 2008). A maximum of ten marine and 

terrestrial units have been  identified, for example in borehole WB7 from the West Lamma 

channel,  interpreted  by  Yim  (1994)  as  spanning  five  glacial‐interglacial  cycles  (table  3.2). 

Uncertainties  over  the  accuracy  of  pre‐Holocene  radiocarbon dates  and disputes  over  the 

use of  thermoluminescence or  uranium  series methods mean  that  the precise  correlation 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between stratigraphic units and marine isotope stages remains equivocal (Yim et al., 1990; 

Bahr et al., 2005; Yim et al., 2008). 

 

Stratigraphic unit  Oxygen‐isotope stage  Age 
M1  1  Holocene 
T1  2  Last glacial 
M2  5  Last interglacial 
T2  6  Second last glacial 
M3  7  Second last interglacial 
T3  8  Third last glacial 
M4  9  Third last interglacial 
T4  10  Fourth last glacial 
M5  11  Fourth last interglacial 
T5  12 and older  Fifth last glacial 

 
Table 3.2: Classification of Quaternary sediments in Hong Kong (after Yim, 1994; 1999). 

 

Periods of sea level lower than present allowed the deposition of terrestrial sediments in the 

contemporary  estuary  area  (stratigraphic  units  T5,  T4,  T3  etc.),  with  deltaic  sequences 

deposited on the middle and outer shelf of the northern South China Sea (Yim, 1999; Yang et 

al.,  2008). Subaerial  exposure also allowed  the  incision of  elongated valley systems  in and 

seaward of the present estuary (figure 3.5; Lüdmann et al., 2001; Li et al., 2006; Yang et al., 

2008).  The  extent  of  sub‐aerial  erosion  during  lowstands  is  unclear.  Acid‐sulphate  soils 

forming palaeo‐desiccated crusts at the top of pre‐Holocene marine units and the remains of 

palaeosols  may  provide  evidence  for  sub‐aerial  exposure  and  limited  erosion,  possibly 

restricted to shallow channel incision (Yim, 1994; Yim and Tovey, 1995). Few plant remains, 

however,  have  been  found  in  forty‐four  boreholes  from  Tai  O  Bay,  western  Lantau  Island 

(Bahr et al., 2005), suggesting erosion‐limiting plant cover may not have been as extensive 

as previously thought (Yim, 1994). Furthermore, seismic profiles from Tai O Bay suggest the 

incision of deep valleys into underlying marine deposits (Bahr et al., 2005). Subsequent sea‐

level  rises  resulted  in  the  transgression  of  the  estuary  and  the  deposition  of  marine 

stratigraphic units (M5, M4, M3 etc.). 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Figure  3.5:  Distribution  of  incised  valleys  beneath  the  Pearl  River  delta  with  locations  of 
cores mentioned  in  text  (modified  from Li et al., 2006). TOB: Tai O Bay  (Bahr et al., 2005); 
BWB: Big Wave Bay (Davis et al., 2000); JT81, ZK83, PK13 (Zong et al., 2009a); UV1 (Zong et 
al., 2009a; this study); V37 (Bahr et al., 2005; Zong et al., 2009a); WB7 (Yim, 1994).  
 

Reviewing previous  literature  detailing  sea‐level  index  points  from numerous  locations  on 

the south and east China coastline, Zong (2004) reconstructs Holocene sea‐level  curves for 

six distinct sections,  including  the Pearl River estuary  (figure 3.6). Sea  level remained more 

than  20 m  below present  before  9000  cal.  years  BP,  implying  that  incised  channels  in  the 

shallow Pearl  River basin  remained sub‐aerially exposed until after  this date. The onset  of 

sedimentation in core JT81, north of the contemporary estuary shoreline, is dated to 8351 – 

8157 BP at a depth of 14.4 m below present mean sea level (Zong et al., 2009a). Cores V37 

and  BVC,  located  in  the  southeast  of  the  contemporary  estuary,  similarly  suggest  marine 

inundation by 8800 – 8500 cal. years BP at depths of 11.3 m and 16.4 m below present sea 

level  (Zong  et  al.,  2009a;  2009b).  Due  to  deeper  receiving  basins,  inundation  and  the 

deposition  of  estuarine  sequences  began  at  an  earlier  date  in  the  Yangtze,  Mekong  and 

Yellow River mouths (Chen et al., 2000; Ta et al., 2002; Liu et al., 2004). 

 

The southeast China relative sea‐level curves (Zong, 2004) do not exhibit the two sharp rises 

in sea level centred on 8100 and 7250 cal. years BP inferred by Yim et al. (2006) and Bird et 

al.  (2007)  and  supported  by,  for  example,  intertidal  notches  surrounding  Grand  Cayman 

(Blanchon  and  Jones,  1995;  Blanchon  et  al.  2002).  This  may  be  in  part  due  to  a  relative 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paucity of dates before 7ka BP. Zong et al. (2009a) suggests that these rapid rises, elevating 

relative  sea‐level  to  3 m  below  present,  resulted  in  major  transgressions  and  a  change  in 

sedimentation in palaeochannels from tidal sands to deltaic silts and clays, indicating deeper 

waters and lower energy environments. 

 

 

Figure 3.6: Mid‐ to late‐Holocene relative sea‐level reconstructions for (a) South China (East 
Guangdong), (b) the Pearl River delta and (c) South China (West Guangdong and Hainan) 

(Zong, 2004) 
 

The last six thousand years have been characterised by relative stability  in sea  level (Zong, 

2004). Few sea‐level index points relate to elevations above present in the Pearl River delta 

section  of  coastline  (figure  3.6b),  despite mid‐Holocene  highstands  of  1.0  to  1.5 m  above 

present  sea  level  recorded  in  neighbouring  East  and West  Guangdong  (figures  3.6a,  3.6c; 

Zong,  2004).  Davis  et  al.  (2000)  date  a  relic  oyster  encrustation  1.9 m  above  living 

conspecifics in Big Wave Bay, Hong Kong, to 5,140±50 cal. years BP, however Yim and Huang 

(2002) and Baker et al.  (2003) debate  its significance. Wave‐cut caves and platforms in  the 

Qixing Hill in a suburb of Guangzhou are again proposed as evidence for a highstand above 

present sea  level by 6000 cal. years BP (Fyfe et al., 1999 and references therein; Wu et al., 

2007). Sediment compaction and local subsidence may explain the apparent lack of further 

evidence  for a highstand  in  the  Pearl  River estuary, while  the sea‐level  index points above 

present  in East Guangdong may be explained by  local uplift (Zong, 2004). Overall, sea‐level 

curves  from  East  Guangdong,  the  Pearl  River  estuary  and  the  geologically  stable  area  of 

West Guangdong, including Hainan, suggest changes in relative sea level during the mid‐ to 

late‐Holocene were minor and probably characterised by a  slight  sea‐level  fall.  Due  to  the 

magnitude  of  changes,  sea  level  is  unlikely  to  have  played  a  major  part  in  controlling 

palaeoenvironments in the Pearl River estuary over the studied period. 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3.3.2 Sediment discharge 

 

Given  stability  in  relative  sea  level,  sediment  discharge  and  deposition  is  likely  to  have 

provided the main control on estuarine evolution during the mid‐ to late‐Holocene. S. Zhang 

et al. (2008) suggests a clear linear relationship between sediment load and fluvial discharge 

between  1957  and  1996,  although  a  human‐induced  deviation  from  this  trend  has  been 

observed  in  the  last  decade  (figure  3.7).  Given  the  link  between precipitation  in  the  Pearl 

River  drainage  basin  and  fluvial  flux  (Zong  et  al.,  2006;  S.  Zhang  et  al.,  2008),  sediment 

discharge  can be  seen  to  reflect  precipitation  intensity.  East Asian monsoon  intensity  and 

front position have significant  implications  for precipitation  intensity  in  southern China, as 

outlined in section 2.1. The changes in sediment flux arising as a consequence of changes in 

precipitation intensity are outlined below.  

 

 
 

Figure  3.7:  The  relationship  between  cumulative  sediment  load  and  cumulative  fluvial 
discharge in the Pearl River (excluding the delta area) between 1957 and 2004 (S. Zhang et 
al., 2008). 
 

A gradual decline in the intensity of the monsoon regime, starting at approximately 7000 – 

6000 cal.  years BP (Wang et al., 1999b; Y. Wang et al., 2005; Zong et al., 2006), potentially 

resulted  in a progressive  decline  in  sediment supply  to  the  estuary. The diatom flora  from 

cores UV1 and V37 suggest a  reversion  from delta‐front  to pro‐delta conditions at around 

5000  cal.  years  BP,  however  delta  plain  sediments  in  cores  ZK83  and  PK13  from  the 

northwest of the delta suggest continued sedimentation and shoreline advance (Zong et al., 

2009a).  Sediment  sequences  from  Tai  O  Bay,  including  core  V37,  suggest  higher  than 

average sedimentation rates at this time (4.4 mm yr‐1 between 6185 and 4125 cal. years BP, 

compared  to  the  mid‐  to  late‐Holocene  average  of  2.2 mm yr‐1),  despite  the  decline  is 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sediment  supply  (Bahr  et  al.,  2005).  Bahr  et  al.  (2005)  suggests  high  sedimentation  rates 

result  from  land  reclamation, however  the  lack of a  substantial population  in  the south of 

China  until  the  Qin  and,  more  significantly,  the  Sung  (=  Song)  dynasty  more  than  two 

thousand years later (Lo, 1996; Weng, 2007) hinders their hypothesis.  

 

Continued weakening of monsoon driven discharge throughout the late Holocene (Zhang et 

al., 2004; Y. Wang et al., 2005; Zong et al., 2006) may have further reduced sediment supply 

to  the  estuary. Shoreline progradation continued, however, due  to near  static  relative sea 

level (Zong et al., 2009a). Shoreline progradation has  implications for palaeoenvironmental 

reconstructions,  effectively  reducing  the  distance  between  the  freshwater  source  and  the 

coring location.  

 

3.3.3 Anthropogenic influences 

 

The widespread settlement of southern China in the centuries  leading up to the Qin (221 – 

206 BCE) and Han (206 BCE – 220 CE) dynasties marked the start of a third major control on 

estuarine evolution. Human activity, in both the drainage basin and the estuary itself has led 

to changes in the discharge and deposition of sediment (Li et al., 2001; S. Zhang et al., 2008; 

Zong  et  al.,  2009a).  Deforestation  is  likely  to  have  resulted  in  increased  soil  erosion  and, 

therefore,  greater  sediment  supply  to  the  Pearl  River  estuary.  Saito et  al.  (2001)  suggests 

that the deforestation and cultivation of the Loess Plateau resulted  in a tenfold  increase in 

the sediment discharge of the Yellow River over the last 1000 years. Land reclamation in the 

Pearl River estuary capitalized on the increase in sediment supply, with farmers accelerating 

deposition  through  the  creation  of  lower  energy  environments  with  primitive  sea  walls 

(Zong et al., 2009a) and later the ‘jitang’ system of dykes and ponds (Lo, 1996; Weng, 2007). 

Palaeoshorelines  mapped  by  Zong  et  al.  (2009a)  suggest  an  acceleration  in  the  rate  of 

progradation,  up  to  a  maximum  of  29 m yr‐1  in  the  last millennia.  Similar  accelerations  in 

shoreline  progradation  are  inferred  for  the  Yangtze,  Yellow,  Song  Hong,  Mekong  and 

Chaophraya deltas (Hori et al., 2001; Saito et al., 2001; Saito, 2005; Li et al., 2006).  

 

Over the last 50 years water discharge in the Pearl River estuary has declined and sediment 

supply  increased,  although  the  trends  are  not  significant  (S.  Zhang  et  al.,  2008;  Dai  et  al., 

2008).  Land  reclamation  projects  have  increased  in  scale  over  the  same  period,  with 

schemes such as  the Ai Nan dyke system trapping  ever  increasing  volumes of  sediment  in 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the  upper  estuary  (Chen  and  Chen,  2004).  Chen  et  al.  (2005)  estimate  average  land 

reclamation rates of 5.9 km2 per year between 1978 and 1998. 

 

3.4 Suitability of the Pearl River estuary for palaeodischarge reconstruction 

 

Although  lower  than  for  other  Asian  rivers,  the  volume  of  fluvially  transported  sediment 

entering  the  Pearl  River  estuary  is  considerable.  Consequently,  many meters  of  sediment 

have been deposited over  the Holocene,  giving  the estuary  the potential  to produce high‐

resolution  palaeoenvironmental  records  (Zong  et  al.,  2006;  2009a;  Yu,  2009).  The  large 

bedrock outcrops of Hong Kong  to the east and the area north of Macau to  the west have 

restricted the lateral movement of the estuary, ensuring continuous sedimentation over the 

majority  of  the  Holocene  (Zong  et  al.,  2006).  The  microtidal  nature  of  the  estuary  and 

sheltering from excessive wave action by numerous rocky islands has further assisted in the 

preservation of sediment archives.  

 

The  sea‐level  history  of  the  south  China  coastline  is  well  constrained, with  levels  close  to 

present  characterising  the  mid‐  to  late‐Holocene  (Zong,  2004).  Estuarine  evolution  may, 

therefore,  be  interpreted  in  terms  of  fluvial  flux  and  shoreline  progradation  (Zong  et  al., 

2009a). The microtidal nature of the estuary, however, means that small changes in sea level 

may  have  a  significant  impact  on  salinity.  Of  several  possible  processes  sea‐level  rise  and 

declining fluvial discharge may give rise to increases in estuarine salinity. Given knowledge of 

estuarine  evolution  and  shoreline  progradation  (Wu  et  al.,  2007;  Zong  et  al.,  2009a), 

declining fluvial flux may be inferred as the primary mechanism resulting in any increases in 

salinity. A number of other factors may also affect estuarine salinity, including changing tidal 

amplitude  and  alterations  to  estuarine  circulation  and  coastal  currents,  precluding  the 

possibility for an estuarine salinity record to be interpreted solely in terms of discharge.  

 

The  link  between  precipitation  and  fluvial  discharge  and  the  influence  of  discharge  on 

estuarine  salinity  facilitates  comparison  of  environmental  reconstructions  from  the  Pearl 

River estuary with other proxy records of palaeoprecipitation. The size of the drainage basin 

means  that  records  from the Pearl  River  estuary may provide a  synoptic  view of  trends  in 

precipitation in southern China, rather than reflecting local precipitation patterns. 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4. Methodology 
 

 

This chapter introduces the basic methods used to provide faunal and environmental data to 

answer  the  research  objectives  set  out  in  Chapter  1.  Methods  for  the  recovery  of 

contemporary  samples  and  core  UV1  are  detailed,  alongside  the  procedures  used  for 

extracting faunal data. The potential problems associated with  infaunality,  taphonomy and 

bioturbation  are  discussed.  Techniques  used  to  obtain  contemporary  environmental  data 

are also outlined.  

 

4.1 Contemporary surface sample recovery 

 

A  number  of  expeditions  (Zong  et  al.,  2006;  Yu,  2009;  this  study)  have  contributed  to  the 

compilation of a  set of 105 samples  from the surface sediments of  the  Pearl River  estuary 

and  adjoining  river  channels,  of  which  76  yielded  significant  abundances  of  foraminifera 

(figure  4.1).  Samples were  obtained  using  a  grab  sampler,  which  retrieved  approximately 

10 cm from the surface of the estuarine sediments at each location. Each sample represents 

6 – 10 years of sediment accumulation, assuming a sedimentation rate of between 1.0 and 

1.8 cm yr‐1 (Li et al., 1991; Owen, 2005). The location of surface sampling sites was recorded 

using a hand‐held Garmin Etrex GPS.  



 ‐ 33 ‐ 

4.2 Core recovery 

 

A vibracore, UV1, was obtained from the northwest of Lantau Island by the Civil Engineering 

Department,  Hong  Kong  Special  Administrative  Region  Government.  The  core,  located  at 

22°17’10”N 113°51’49”E  (figure  4.1),  was  recovered  from a water  depth  of  8.6 m.  A  30 m 

sedimentary sequence was obtained, of which  the uppermost 10.09 m are analysed in this 

study.  The  top  0.35 m  of  the  core  was  not  recovered  and  sediments  between  6.00  and 

6.25 m were also lost during sampling (Yu, 2009). Analyses of variation in the organic carbon 

isotope signature, key metals (Yu, 2009) and diatom assemblages (Zong et al., submitted a) 

have  been  undertaken.  Core  UV1  was  sampled  at  approximately  12  to  14 cm  intervals, 

matching  the  sampling  resolution  and  depths  of  previous  analyses  (Yu,  2009;  Zong  et  al., 

submitted a). Each sample consisted of a well‐mixed 2 cm slice of the core. 

 

 
 

Figure  4.1:  Location  of  Pearl  River  estuary  surface  samples  and  core  UV1.  Samples 
represented by circles, coloured according to primary source.  
 
4.3 Faunal data 

 
4.3.1 Procedures for obtaining data 

 

Initially  2 cm3  subsamples  from  each  contemporary  grab  sample  or  core  sample  were 

washed through 500 µm and 63 µm sieves, with further subsamples processed depending on 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test  abundance.  Analysis  of  selected  >500 µm  fractions  suggested  that  few  if  any 

foraminifera  exceeded  this diameter. The  <63 µm fraction was also discarded as  the small 

size  of  foraminifera  prevented  reliable  identification. Wet  samples were  examined using  a 

Leica binocular microscope at magnifications of 38x  to 76x. Taxonomy  follows Wang et al. 

(1988),  Huang  and  Yim  (1998)  Huang  (2000),  Scott  et  al.  (2000)  and  Saidova  (2007). 

Taxonomical  considerations  relevant  to  the  location  are  covered  in  Chapter  2.  Plates  of 

particular  specimens  have  been  prepared  using  a  Phillips  XL30  environmental  scanning 

electron microscope at magnifications of 80x to 800x. Tests were gold coated and analysed 

in  high  vacuum mode with  a  secondary  electron  detector.  Fatela’s  (1994)  classification  of 

taxa  as  dominant,  common,  accessory  and  rare  or  accidental  are  adopted,  with  slight 

modification.  Specifically  taxa  attaining  a  relative  abundance  of  >20 %  in  one  or  more 

sample are classified as dominant; 10 to 20 % common; 5 to 10 % accessory; 1 to 5 % minor 

and <1 % insignificant. 

 

4.3.2 Total count size 

 

While Phelger (1960) suggests a minimum of 300 tests per sample should be counted, Fatela 

and  Taborda  (2002)  concludes  that,  for  environmental  description  based  on  common 

species, counts of 100 are sufficient. For any given total count the confidence intervals of a 

taxon proportion can be calculated using the bimodal distribution (equation 4.1; Fatela and 

Taborda, 2002) or other, more complex methods (Mosimann, 1965; Maher, 1972).  

 

p – 1.96√(p(1‐p)/n) < P < p + 1.96√(p(1‐p)/n)      (Equation 4.1) 

 

Where p is the species proportion estimate and a 95% confidence interval is sought.  

 

With a total count of 50 tests the 95 % confidence interval for a species contributing 10 % of 

the  assemblage  extends  from 1.7  to  18.3 %  (figure  4.2)  and  there  is  a  >5 % probability  of 

failure in detecting a species comprising <6 % of the assemblage (Fatela and Taborda, 2002). 

If the total count is increased to 100 the confidence interval is compressed, ranging from 4.1 

to 15.9 %, and  the species proportion with a  >5 %  chance of non‐detection  falls  to <3%. A 

total  count  of  300  tests  reduces  the  confidence  interval  further,  to  6.6  to  13.4 %,  and  the 

species proportion falls to <1 %. The increase in precision gained by  increasing count totals 

must be weighed against the increase in time devoted to each sample (Woodroffe, 2006). A 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flexible approach is adopted here, with counts of 300 or more tests obtained from all fossil 

and  a  significant  number  of  contemporary  samples.  Where  test  abundances  are  low,  for 

instance in the northwest of the estuary, lower total counts are accepted. Statistical analyses 

were  based  on  all  samples with  total  counts  exceeding  50.  In  an  attempt  to  increase  the 

accuracy  of  the  transfer  function  all  samples  with  total  counts  of  less  than  100  were 

removed. While low abundances meant large volumes of sediment needed to be processed 

from  low  salinity  environments,  by  contrast,  the  high  abundance of  tests  in  samples  from 

high  salinity  areas,  combined  with  the  pipetting method  of  preparing  slides  (Laws,  1983), 

meant that counts of more than 300 were needed to avoid a bias  in favour of species with 

large tests. 

 

 
 

Figure  4.2:  95 %  confidence  intervals  for  species  proportions  assessed  using  the  binomial 
distribution (Fatela and Taborda, 2002) for total counts of 50, 100 and 300.  
 

4.3.3 Live vs. dead assemblages 

 

Debate  is  ongoing  over  the  use  of  live,  dead  or  total  (live  +  dead)  assemblages  when 

analysing  the  distribution  of  foraminifera  in  contemporary  samples  (e.g.  Jennings  et  al., 

1995;  Murray,  2000;  Horton  and  Murray,  2006;  Diz  and  Francés,  2009).  Patterson  et  al. 

(1999) suggests that inferences based on live and dead assemblages give similar results in a 

tidal marsh setting, however numerous authors have found significant dissimilarity between 

the  assemblages  (e.g.  Murray,  2006;  Horton  and  Murray,  2006;  Diz  and  Francés,  2009). 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Huang (2000) suggests good agreement between living and total foraminiferal assemblages 

in the Pearl River estuary. The use of total assemblages may smooth the effects of seasonal 

and  other  short‐term  changes  (Jennings  et  al.,  1995;  Tobin  et  al.,  2005),  while  the  dead 

assemblage removes variability inherent in the live component (Horton, 1999; Murray, 2000; 

Diz and Frances, 2009). Foraminiferal data are consequently expressed here as percentages 

of  the  dead  assemblage.  As  each  grab  sample  represents  6  –  10  years  of  sediment 

accumulation, foraminiferal assemblages reflect an average of numerous generations.  

 

4.3.4 Issues of infaunality and reworking 

 

The majority of analyses of contemporary  foraminiferal distributions  in  intertidal  locations 

are  based  on  the  uppermost  1 cm  of  sediments  (e.g.  Alve  and Murray,  1994;  Horton  and 

Murray,  2006;  Fatela  et  al.,  2009),  however  this  method  may  underrepresent  infaunal 

populations (Duchemin et al., 2005). Due to the sampling technique, this potential source of 

dissimilarity between surface and fossil samples  is not encountered in this project. Infaunal 

productivity,  along  with  post‐mortem  taphonomic  modification  may  contribute  to  the 

complex process of fossil assemblage development (Berkeley et al., 2007). Loubere and Gary 

(1990)  and  Loubere  et  al.  (1993)  suggest  that  infaunal  taxa  may  be  less  at  risk  from 

destruction by taphonomic processes and therefore may be overrepresented in fossil record. 

Taphonomic  processes  may  also  result  in  a  change  in  abundance  of  individual  taxa, 

decreased diversity, a reduction in the overall number of tests and introduce bias in favour 

of  large,  highly  calcified  tests.  Bioturbation  may  result  in  mixing  of  the  surface  death 

assemblage  with  the  subsurface  fossil  assemblage,  though  the  extent  to  which  this  may 

occur is not quantified in the literature. Dissolution may affect the proportion of calcareous 

tests  (Yim, 1994; Murray and Alve, 1999), while oxidation of organic cements may  lead  to 

underrepresentation of agglutinated tests in the fossil record (Goldstein and Watkins, 1999; 

Berkeley et al., 2007).  

  

Both  contemporary  and  fossil  samples  are  a  combination  of  allochthonous  and 

autochthonous tests (Zong et al., submitted b). Wang et al. (1992) suggests that in microtidal 

settings,  including  the  contemporary  Pearl  River  estuary,  dead  assemblages  are  primarily 

controlled  by  in  situ  living  assemblages,  rather  than  transport  due  to  the  hydrodynamic 

regime. Furthermore, Wang and Murray (1983) suggests that exotic taxa constitute less than 

10 %  of  the  contemporary  Pearl  River  estuary  fauna.  Huang  (2000),  however,  identifies 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episodes of extensive reworking of exotic taxa associated with storm events. Visual analysis 

of the state of preservation of tests may provide information on the possibility of reworking. 

Abrasion and partial destruction could, however, also result from predation or post‐mortem 

diagenesis.  

 

4.4 Environmental data 

 

4.4.1 Salinity data 

 

Salinity data for samples PE 1  to 20 has been obtained from Zong et al.  (2006) (Table 4.1). 

Data  for  sites  in  Hong  Kong  territorial  waters  (PE  21  to  40)  have been obtained  from  the 

Environmental  Protection Department, Hong Kong  SAR  government  (2007).  Bottom water 

salinity data  is available at roughly monthly  intervals  for the period from February 1998 to 

December  2007.    Due  to  a  water  depth  of  less  than  3 m  at  site  PE  40,  separate 

measurements  for  surface,  middle  and  bottom  water  salinity  are  not  taken  (Hong  Kong 

Environmental Protection Department, 2007) and surface water salinity values are used for 

this sample. As each grab sample is estimated to include sediments deposited over the last 6 

to  10  years,  salinity  measurements  from  the  last  decade  are  averaged  to  represent  the 

salinity  associated  with  each  given  sampling  location.  Standard  deviations  in  salinity 

measured  at  each  site  average  1.5 psu,  with  a maximum of  6.1 psu,  however  variability  is 

almost entirely on an intrannual timescale and no significant trends  in salinity are recorded 

at any of  the sites. Due  to  the  lack  of sizeable  interannual  variation over  the  instrumental 

record,  it  is  assumed  that  the  stable  environment  will  have  been  reflected  by  relatively 

unchanging  foraminiferal  communities  over  the  period  in  which  the  surface  samples 

accumulated.  

 

Annual average salinity values for sampling sites  in Chinese waters have been interpolated 

from data obtained during cruises  in July 1999 and January 2000 (Dong et al., 2004). While 

the dataset does not account  for any  interannual variability  in  freshwater discharge and  is 

limited  in  spatial  extent  and number  of  sampling  points,  it  constitutes  the most  complete 

bottom water  salinity  dataset  available.  Interannual  variability  is  likely  to  be  lowest  in  the 

southeast,  where  large  areas  of  inner  shelf  are  characterised  by  relatively  stable  high 

salinities (Wong et al., 2003; Dong et al., 2004; HKEPD, 2007). The centre and northwest of 

the estuary may experience greater variability due to the higher relative contribution of low 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salinity water  from  the  river mouths  to  salinity  values.  The  last  6  to  10  years  of  sediment 

accumulation  in these areas may be characterised by varying assemblages characteristic of 

different salinities. Mixing of grab samples, combined with the use of a single salinity values, 

rather than decadal averages, may mean that samples from the northwest of the estuary are 

less likely to provide appropriate and dependable modern analogues than samples from the 

southeast of the estuary. 

 

Sample number  Data source 
PE 1 – 20  Zong et al. (2006) 

PE 21 – 40 
Hong  Kong  Environmental  Protection 
Department (2007) 

PE 41 – 105  Interpolations from Dong et al. (2004) 
 

Table 4.1: Source of salinity data for Pearl River estuary surface samples. 

 

4.4.2 Other environmental data 

 

Depth  measurements  for  Hong  Kong  samples  have  been  obtained  from  the  Hong  Kong 

Environmental  Protection  Department  (2007).  Depths  in  Chinese  territorial  waters  have 

been measured using a weighted rope and tape measure and are therefore subject to larger 

sampling errors, potentially in the order of ±10 %.  

 

Particle size measurements were obtained using a Beckman L2 13 320 laser coulter following 

the  addition  of  hydrogen  peroxide  to  remove  organic  material  and  sodium 

hexametaphosphate as a dispersant. Results are categorized into three classes – sand (2 mm 

– 62.5 µm /‐1 – 4 ф), silt (62.5 – 3.9 µm / 4.25 – 8 ф) and clay (3.9 – 0.061 µm / 8 – 14 ф) and 

expressed in percentage form.  

 

Data on total nitrogen (TN),  total organic carbon (TOC) and the ratio of carbon to nitrogen 

(C/N) has been obtained from Yu (2009) and from further laboratory analysis. Approximately 

100 ml  of  5 % hydrochloric  acid was  added  to  around 2 g  of  sediment  for  24 hours  before 

washing with deionised water, freeze drying and ball milling. 50 mg samples were weighed 

and processed using a TOC 1200 analyser. δ13C values have been obtained from Yu (2009). 
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5. The contemporary distribution of 
foraminifera in the Pearl River estuary: 

results and interpretation 
 

 

This  chapter  presents  the  results  of  analyses  of  the  contemporary  surface  sample  set. 

Descriptive  statistics,  assemblage  diagrams,  maps  and  the  estimation  of  optima  and 

tolerances  provide  information  on  the  distribution  of  fauna  and  the  environmental 

preferences of individual taxa. Constrained ordination is employed to link the distribution of 

foraminifera  to  environmental  parameters.  The  relationship  between  foraminifera  and 

salinity  is  further  quantified  in  the  development  of  a  transfer  function,  facilitating 

reconstruction of palaeosalinity from fossil assemblages in Chapter 6.  

 

5.1 Analysis of contemporary benthic foraminifera 

 

5.1.1 The foraminiferal assemblages of the Pearl River estuary 

 

The 76 surface samples yielded 112 foraminiferal taxa, of which 18 were agglutinated and 94 

calcareous.  Planktic  species  are  virtually  absent.  The  majority  of  surface  samples  are 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dominated  by  Ammonia  beccarii,  with  a  number  of  other  calcareous  taxa,  including 

Haynesina  sp.,  Elphidium  spp.,  Quinqueloculina  spp.  and  Rotalinoides  annectens,  and 

agglutinated  taxa,  including  Ammobaculites  formosensis  and  Haplophragmoides  sp. 

contributing.  The  modern  foraminifera  are  summarised  in  terms  of  abundance  of  taxa 

according  to  limits  based  on  Fatela’s  (1994)  classification  (>20 %  dominant;  10  to 20 % 

common;  5 to 10 %  accessory;  1 to 5 % minor  and  <1 %  insignificant),  effective  number  of 

taxa  per  sample  and  effective  number  of  occurrences  per  taxon  following  Hill's  (1973) 

diversity measure (N2) (table 5.1). Hill’s (1973)  index of diversity provides an analysis of the 

number of taxa per sample or occurrences per taxon weighted by their relative abundance. 

While  Debenay  and  Luan  (2006)  suggests  that  diversity  indices  are  of  lower  value  than 

methods  based  on  the  presence  or  absence  of  indicator  species,  they  provide  useful 

information  in  settings  where  the  magnitude  of  spatial  variations  in  diversity  is  large. 

Summary statistics for each of  the 20 dominant or common taxa are given in appendix 5.1 

and  the  full  contemporary  dataset  is  given  in  appendix  5.2.  Foraminiferal  assemblages  for 

the modern dataset are shown in figure 5.1. Key species are illustrated in plates 1 to 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 5.1: Descriptive statistics for contemporary Pearl River estuary foraminifera. 

 

 

Number of taxa  112 
dominant (>20%)  7 
common (10‐20%)  13 
accessory (5‐10%)  12 
rare or accidental (1‐5%)  41 
negligible (<1%)  39 

   
N2 for samples   

Minimum  1.4 
Median  5.1 
Mean  7.3 
Maximum  32.2 
   

N2 for taxa   
Minimum  1.0 
Median  5.8 
Mean  8.9 
Maximum  52.5 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Figure  5.1:  Pearl  River  estuary  surface  sample  foraminiferal  assemblages.  Dominant  and 
common taxa (>10 %) only. Order and clusters according to stratigraphically unconstrained 
CONISS. 
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5.1.2 Cluster analysis  

 

Stratigraphically  unconstrained CONISS  (CONstrained  Incremental  Sum of  Squares;  Grimm, 

1987),  an  agglomerative  clustering  method  within  TGView  version  2.0.2  (Grimm,  2004), 

provides  a  statistical  basis  for  the  identification  of  groups  of  similar  samples  in  the 

contemporary  faunal  data.  Foraminiferal  counts  were  subjected  to  a  square‐root 

transformation before clustering to reduce the influence of dominant species. Five clusters, 

labeled  A  to  E,  were  inferred  from  the  dendrogram  and  foraminiferal  assemblage  data 

(figure 5.1). The major division is between clusters A to C, dominated by Ammonia beccarii, 

with some Haynesina sp. and agglutinated species, and clusters D and E, which show a more 

diverse  range  of  species.  The  principal  taxa  contributing  to  the  five  clusters  and  average 

effective number of taxa per sample (N2) are summarised in table 5.2.  

 

Cluster  A  is  dominated  by  Ammobaculites  formosensis  and  Ammonia  beccarii,  with 

Haplophragmoides  sp., Ammobaculites  sp., Rotalinoides  annectens and Ammotium  salsum 

also reaching common  levels. Agglutinated tests contribute the majority of the total count. 

N2 values are relatively low and generally in the range of 5 to 15.  

 
CONISS 
cluster 

Number of 
samples 

Characteristic species  Mean N2 

A  22 

Ammobaculites formosensis  
Ammonia beccarii  
Haplophragmoides sp.  
(Rotalinoides annectens) 

9.7 

B  6 
Haynesina sp. 
Ammonia beccarii 

3.6 

C  25 

Ammonia beccarii 
(Ammobaculites formosensis) 
(Haynesina sp.) 
(Haplophragmoides sp.) 

9.6 

D  12 

Ammonia beccarii 
Elphidium advenum 
(Florilus scaphus) 
(Pararotalia nipponica) 
(Hanzawaia nipponica) 

37.7 

E  11 

Rotalinoides annectens 
Quinqueloculina spp. 
Ammonia beccarii 
(Elphidium advenum) 

20.0 

 
Table 5.2: Summary of the characteristic taxa of clusters defined by CONISS. 

 

The proportion of agglutinated species  falls  to accessory  levels  in cluster B, with Ammonia 

beccarii  and Haynesina  sp.  contributing  the majority  of  the  assemblage.  No  other  species 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reaches  accessory  levels  in more  than  a  single  sample.  N2  scores  are  correspondingly  low, 

with a cluster average of 3.6.  

 

Cluster C exhibits a similar effective number of species per sample to cluster A, with a mean 

of 9.6. Again Ammonia beccarii dominates, with Ammobaculites formosensis, Haynesina sp. 

and Haplophragmoides sp. all attaining common levels in more than one sample. Calcareous 

taxa constitute 60 to 80 % of the total test count.  

 

Cluster  D  exhibits  a  wide  range  of  taxa,  including  Quinqueloculina  spp.,  Elphidium  spp., 

Hanzawaia  nipponica,  Florilus  scaphus,  Nonionella  stella  and  Pararotalia  nipponica.  No 

single taxon reaches values of greater than 20 % in this area and between 10 and 25 % of the 

total  count  for  each  sample  consists  of  agglutinated  taxa  (predominantly  Ammobaculites 

formosensis,  Sigmoilopsis  spp.  and  Trochammina  globigeriniformis).  N2  values  are 

correspondingly high, exceeding 30 effective species per sample for the majority of samples.  

 

Species diversity is slightly lower in cluster E than cluster D, with N2 averaging 20. Ammonia 

beccarii returns to common or dominant levels, alongside similar abundances of Rotalinoides 

annectens. Quinqueloculina spp., particularly Q. akneriana, Q. lamarckiana and Q. seminula, 

and  Elphidium  spp.,  including E.  advenum  and  E.  hispidulum  attain  accessory  or  common 

levels. Agglutinated taxa also form a small proportion of the assemblage.  

 

5.1.3 Unconstrained ordination to validate cluster analysis 

 

Ordination  methods  characterise  the  major  trends  in  a multidimensional  dataset  through 

the extraction of new principal axes which encapsulate the greatest proportion of variability 

in  the  data  with  the  minimum  distortion  to  the  spatial  relationships  between  data  points 

(Birks,  1995;  Legendre  and  Legendre,  1998;  Lepš  and  Šmilauer,  2003). Describing  the data 

set in such a way can provide information on the relationships between samples and can, in 

doing so, highlight groupings which occur within the data, supplementing the use of cluster 

analysis (Kovach, 1995).  

 

Ordination  models  may  be  classified  as  linear  or  unimodal  on  the  basis  of  the  model  of 

species’ response used (Birks, 1995; Lepš and Šmilauer, 2003). While linear models assume a 

species responds in a linear fashion to an environmental gradient, unimodal models assume 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the distribution follows a Gaussian curve, centred on an environmental optimum (Gauch and 

Whittaker,  1972).  Clearly  both  models  are  simplified  simulations  of  more  complex  real 

distributions.  The  linear  model  performs  better  in  situations  where  the  environmental 

gradient  is  short  in  comparison  to  the  species  response  and  the  unimodal  model  in 

situations where the environmental gradient is long (Birks, 1995; ter Braak, 1996). Choice of 

model  is  undertaken  after  analysis  of  the  gradient  of  the  first  axis  after  Detrended 

Correspondence  Analysis  (DCA)  of  the  data  set  (Birks,  1995;  Lepš  and  Šmilauer,  2003).  A 

threshold  of  2  standard  deviation  (SD)  units  is  used  to  determine  the  appropriate  model 

(Birks, 1995). As DCA of the contemporary dataset provides a first axis gradient of 2.97 SD 

units,  Correspondence Analysis  (CA;  Benzécri,  1973),  a  unimodal method,  is  selected over 

linear Principal Components Analysis (PCA; Pearson, 1901).  

 

Correspondence  Analysis  is  potentially  vulnerable  to  arch  effects  (figure  5.2);  where 

dissimilar samples at opposite ends of an ecological gradient may be plotted close together 

and  the  distances  between  samples  at  the  extremes  of  the  gradient  may  be  condensed. 

Detrending  the  results  of  CA  (Detrended  Correspondence  Analysis;  DCA;  Hill  and  Gauch, 

1980) through segmentation of the first axis and equalization of the mean values of samples 

within each segment rectifies these issues (Kovach, 1995; Hammer et al., 2001). 

 

 
 

Figure  5.2:  Scatter  plot  of  sample  scores  on  the  first  two  axes  following  Correspondence 
Analysis of an  ideal dataset  (for each successive sample a previously occurring  taxon  is no 
longer present and a new taxon is introduced), showing the arch effect and compression of 
distances between samples at the extremes of the gradient (after Birks, 1995).  
 

Division  between  samples  on  the  basis  of  sample  scores  on  the  first  three  extracted  DCA 

axes supports the clustering of data suggested by CONISS (figure 5.3). Samples contributing 

to cluster  B are characterised by  low DCA axis 1  sample scores,  separating  them from the 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rest  of  the  dataset  (figure  5.3a).  Clusters  D  and  E  are  also  distinguished  by  axis  1  sample 

scores, with cluster E additionally showing higher axis 2 scores. The distribution of scores on 

axes 1 and 2 does not distinguish between samples classified as clusters A and C, suggesting 

similarity between the principal components of the clusters. Division between the clusters is 

seen to some extent in the distribution of sample scores on axis 3 (figure 5.3b).  

 

 
 

Figure 5.3: Detrended Correspondence Analysis sample scores for contemporary samples on 
(a) axes 1 and 2 and (b) axes 1 and 3. Samples are coloured according to clusters inferred 
from CONISS.  
 

Neither method of  grouping  contemporary  samples  suggests  that  truly  distinct  clusters  of 

samples  are  seen.  Variation  between  clusters  is  not  discrete  and  assemblages  are 

characterised  by  gradual  change,  rather  than  complete  replacement  of  their  constituent 

taxa.  The  five  clusters  are  not  defined  in  terms  of  specific  assemblage  zones  (c.f.  Wang, 

1985c;  Li  and  Yim,  1988;  Huang  and  Yim,  1998)  due  to  the  gradual  changes  and  shared 

components,  however  division  of  the  dataset  into  five  clusters,  each  with  a  range  of 

characteristic  species  (table  5.2),  does  assist  comparison  with  published  literature  and 

interpretation of the fossil dataset. 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5.1.4 Spatial distribution of clusters and foraminiferal taxa 

 

While  some  overlap  between  areas  is  seen,  particularly  in  the  centre  of  the  estuary,  the 

clusters inferred from CONISS and DCA show a relatively coherent spatial distribution (figure 

5.4). Cluster A is relatively widely distributed, with several samples located close to Macau in 

the southwest of the estuary and a number of samples within 15km of Neilingding Island. A 

single  sample  taken  from  the  Humen  gate  of  the  Pearl  River  (PE  14)  is  also  classified  as 

belonging to cluster A. Considerable overlap is seen between cluster A and cluster C, which 

occupies much of the western half of the estuary. Samples from cluster C are found to both 

the north and south of Qi’ao Island, with four samples located to the south of or level with 

Macau. In the north of the estuary there is some overlap between clusters C and B. Samples 

contributing to the latter are generally located close to the Jiaomen and Hongqimen gates of 

the Pearl River, with one sample close to the northern shoreline of Qi’ao Island. Cluster E is 

located  in  an  area  to  the  north  of  Lantau,  with  four  samples  north  of  Neilingding  Island. 

Overlap  is again seen with cluster A. Cluster D represents the most spatially distinct group, 

with  little  overlap with  other  clusters.  Samples  are  located  to  the  south  and  east  of Hong 

Kong and between Hong Kong and Lantau. 

 

 
 
Figure  5.4:  Contemporary  clusters  inferred  from  results  of  stratigraphically  unconstrained 
CONISS  and  Detrended  Correspondence  Analysis  (NI:  Neilingding  Island;  QI:  Qi’ao  Island; 
Hu: Humen gate; Ji: Jiaomen gate; Ho: Hongqimen gate). 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The overall trend in species diversity, as measured by N2, is an increase from the inner to the 

outer  estuary.  The  lowest  diversities  are  found  in  the  shallow,  low  salinity  waters  of  the 

inner estuary, suggesting that few species can occupy this specialist niche.  Increasing water 

depth  and  salinity  with  distance  from  the  gates  of  the  Pearl  River  is  accompanied  by 

increasing N2. The highest species diversities are found to the west and east of Hong Kong in 

samples PE 25 and 33 (figure 5.5). A slight decline is seen to the east in samples PE 21 to 23. 

  

 
Figure 5.5: Distribution of contemporary sample N2 scores. 

 
Further information on the distribution of contemporary foraminifera can be gained through 

mapping  relative  abundances  of  individual  taxa  (figure  5.6).  The  highest  proportions  of 

agglutinated  taxa,  including  Ammobaculites  formosensis  (figure  5.6a),  Ammotium  salsum 

(figure 5.6b) and Haplophragmoides sp. (figure 5.6c) are found in the centre of the estuary 

between  the northeast of Neilingding  Island and Macau. Relative abundances are  lower  in 

the  shallow,  low  salinity  waters  of  the  northwest  and  the  deep,  saline  waters  of  the 

southeast. Debenay and Luan (2006) suggests that, as a consequence of low salinity, low pH 

and  reduced availability of calcium  carbonate, agglutinated  taxa are generally  indicative of 

higher  fluvial  influence  than calcareous  taxa. Furthermore,  the authors  list A.  formosensis, 

Haplophragmoides  wilberti  and  Ammotium  cf.  salsum  as  indicative  of  very  high  fluvial 

influence  in  the Mekong delta, Vietnam. Wang et al.  (1985a) similarly suggest an optimum 

for Haplophragmoides canariensis of below 10 psu in estuaries of the East China and Yellow 

Seas.  The  distribution  of  agglutinated  and  calcareous  tests  does  not  follow  as  simple  a 

pattern in the Pearl River estuary, with a number of hyaline species, including Haynesina sp. 

and Ammonia beccarii, characterising the most brackish locations in the estuary. 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Figure 5.6: Maps showing the relative 
abundance of dominant taxa in 
contemporary samples: 
(a) Ammobaculites formosensis; 
(b) Ammotium salsum; 
(c) Haplophragmoides sp.; 
(d) Ammonia beccarii; (e) Haynesina 
sp.; (f) Quinqueloculina akneriana 
and (g) Rotalinoides annectens.  
Note: scales vary between graphs to 
allow better visualisation of data. 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The  most  abundant  species  in  the  estuary,  Ammonia  beccarii,  shows  a  generally 

cosmopolitan  distribution,  although  proportions  are  noticeably  lower  in  the  deep,  high 

salinity areas of the  inner shelf to the south and east of Hong Kong (figure 5.6d). The high 

relative  abundances  in  the  west  of  the  estuary  suggest  a  tolerance  to  low  salinity 

environments.  Murray  (1991)  identifies A.  beccarii  as  the most widespread  species  in  the 

western Pacific due to its broad tolerances to temperature and salinity. The species has been 

reported  from a  range of  contemporary environments,  from saltmarsh  (e.g. Horton,  1999) 

and mangrove (e.g. Haslett, 2001; Horton et al., 2003) to lagoon (e.g. Javaux and Scott, 2003; 

Serandrei  Barbero  et  al.,  2004),  estuarine  (Yim  and  He,  1988;  Huang  and  Yim,  1998)  and 

shelf settings (Wang et al., 1985a; Kumar and Manivannan, 2001) at numerous locations  in 

the  western  Pacific  and  worldwide.  The  perceived  near‐global  distribution  of  the  species 

may result from the misidentification of a number of Ammonia spp. as A. beccarii (Hayward 

et  al.,  2004). While  it may provide  some  indication  of  the presence of  brackish  inner  and 

middle estuary environments,  the euryhaline nature of A. beccarii and broad tolerances to 

environmental  variables  may  mean  other  species  provide  more  constructive  ecological 

information when fossil foraminifera are used to reconstruct past environments.  

 

Haynesina sp.  exhibits perhaps  the most  spatially distinct distribution, concentrated  in  the 

northwest  of  the  estuary  around  the  Jiaomen  and  Hongqimen  gates  of  the  Pearl  River 

(figure 5.6e).  The  strong  preference  for  low  salinity  environments  observed  here  is 

supported by contemporary samples from brackish locations  in the Yellow Sea (Xiang et al., 

2008),  Nanliujiang  estuary  (Wang  et  al.,  1985d)  and  estuaries  of  the  Bo  hai  (Wang  et  al., 

1985d; Wang and Bian, 1985).  

 

Quinqueloculina  akneriana  constitutes  a  minor  or  accessory  species  in  the  majority  of 

contemporary samples. Common or dominant  levels are, however, reached in four samples 

from  around  Neilingding  Island  (figure  5.6f),  suggesting  a  preference  for  intermediate 

salinities  and  water  depths.  Abundances  are  highly  variable,  with  adjacent  samples 

characterised  by  widely  different  proportions  of  the  species.  Huang  (2000)  identifies  a 

similar area of the estuary as characterised by between 5 and 50 % porcelaneous forms and, 

although Q  akneriana  is  not  recognised, Q.  lamarckiana  and  Q.  seminulum  are  listed  as 

common  components.  While  porcelaneous  taxa  are  not  frequently  encountered  in  the 

northern South China Sea (Waller, 1960; Wang et al., 1985c; Saidova, 2007) or Bo hai (Wang 

and  Bian,  1985),  Wang  et  al.  (1985b)  and  Xue  et  al.  (1995)  identify  a  Quinqueloculina 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akneriana  rotunda  assemblage,  with  significant  A.  beccarii,  as  characteristic  of  the 

subaqueous delta of the Yellow river, with annual average salinities of less than 31 psu. 

 

The highest  proportions  of Rotalinoides  annectens are  found  in  the  centre  of  the  estuary, 

particularly  around Neilingding  Island  (figure  5.6g).  A  second  cluster  of  samples  exhibiting 

higher that average abundances is seen in the southwest of the estuary, close to Macau. The 

species  is  not  encountered  extensively  in  the  published  literature,  however  Huang  (2000) 

also  identifies  Rotalidium  annectens  (= Rotalinoides  annectens)  as  an  estuarine  to  marine 

species  in  the  Pearl  River  estuary.  Although  the  species  shares  morphological  similarities 

with  to  Pseudorotalia  gaimardii,  the  distribution  of  R.  annectens  found  here  suggests  a 

greater affinity for estuarine environments than the more marine distribution of P. gaimardii 

(Zheng, 1994, in Huang, 2000).  

 

The distributions of a number of other common taxa show  links with fluvial discharge. The 

proportions of Hanzawaia nipponica, Pararotalia nipponica, Florilus  scaphus and Elphidium 

advenum are observed to increase with increasing distance from the gates of the Pearl River. 

Huang and Yim (1998) attribute a broad range to the latter species, suggesting a distribution 

from  the  middle  estuary  to  the  outer  shelf  adjacent  to  the  Pearl  River  estuary.  While  E. 

advenum exhibits a generally marine distribution, E. hispidulum constitutes the majority of 

the total Elphidium count in the inner and middle estuary, suggesting a greater tolerance to 

brackish conditions. Huang (2000) suggests E. hispidulum is found between 17 and 30 psu in 

estuarine to marine settings of the Pearl River estuary. Similarly Wang et al. (1985a) lists the 

species as characteristic of littoral areas of Zhejiang province, with salinities in the region of 

24 to 33 psu. 

 

5.1.5 Comparison with published studies on Pearl River estuary foraminifera 

 

Literature  detailing  the  contemporary  distribution  of  foraminifera  in  the  Pearl  River  is 

reviewed  in section 2.3.2 and summarised in table 2.1. General consensus  is seen between 

the  literature and data reported here. As Wang (1980) and Huang and Yim (1998) suggest, 

the  sediments  of  the  Pearl  River  estuary  are  dominated  by  hyaline  planispiral  and 

trochospiral  forms,  with  Ammonia  beccarii  contributing  significantly  to  assemblages.  The 

occurrence of  an  area of  agglutinated  taxa  in  the  centre  of  the  estuary  is  supported by  Li 

(1988), Huang and Yim (1998) and by data presented here. Ammobaculites formosensis, A. 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sp.  and  Haplophragmoides  spp.  are  the  dominant  species,  with  Ammotium  salsum  and 

Textularia  spp.  frequently  occurring  (Li,  1988;  this  study)  and  Bigenerina  spp.  and 

Spiroplectammina  biformis  also  present  (Li,  1988;  Huang  and  Yim,  1998; Huang,  2000 and 

references  therein).  Outer  estuary  assemblages  show  extensive  similarities  with  those 

reported by Wang  (1980), Huang and  Yim  (1998) and Saidova  (2007), with Ammonia spp., 

Hanzawaia  nipponica,  Textularia  foliacea,  Quinqueloculina  spp.  and  Elphidium  spp. 

significant components of assemblages.  

 

A number of differences are apparent, as would be  expected between studies of differing 

spatial  resolution  and  sample  location. Elphidium  nakanokawaense,  a major  inner  estuary 

species  in  the  investigations  of  Huang  and  Yim  (1998)  and  references  therein,  was  not 

encountered  in  this  study.  Conversely Haynesina  sp.,  identified  as  abundant  in  the  same 

inner  estuary  setting,  was  not mentioned  in  the  cited  literature.  Differences  between  the 

datasets  are  thought  to  arise  from  a  wide  range  of  sources  including  sample  location, 

sampling  resolution,  depth  of  sediment  recovered,  time  of  year,  changes  in  assemblages 

between investigations, laboratory methods for foraminiferal preparation and taxonomy. 

 

5.2 Factors affecting the distribution of contemporary foraminifera 

 

5.2.1 Environmental variables 

 

A  range  of  environmental  variables  was  measured  for  each  of  the  modern  sampling 

locations.  Summary  environmental  data  for  the  5  clusters  are  presented  in  table  5.3. 

Appendix 5.3 provides data for all 76 surface samples with greater than 50 tests counted. 

  

Cluster 

Mean 
salinity 
(psu) 

Water 
depth 
(m) 

TOC 
(%) 

TN 
(%)  C/N 

δ13C 
(‰) 

Sand 
(%) 

Clay 
(%) 

Silt 
(%) 

A  24.3  7.2  1.07  0.10  10.27  ‐23.13  18.08  29.14  52.78 
B  10.5  6.3  1.05  0.09  12.23  ‐23.76  22.77  20.38  56.83 
C  20.1  9.0  1.17  0.11  10.88  ‐23.16  17.63  27.14  55.23 
D  33.0  20.0  0.82  0.10  8.01  ‐21.87  15.15  22.10  62.73 
E  28.3  10.7  0.71  0.05  11.77  ‐23.76  27.54  23.31  49.12 

 
Table 5.3: Average environmental variables for surface sample clusters. Note: missing total 
organic  carbon  data  affects  TOC  and  C/N  averages  for  clusters  A  (6/23  samples),  C  (3/26 
samples)  and  E  (4/12  samples).  Missing  δ13C  data  affects  averages  for  clusters  A  (6/23 
samples), B (1/6 samples) C (3/26 samples) and E (4/12 samples). 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Clear differences can be seen  in the mean salinities of each cluster (figure 5.7a). Cluster B, 

located closest to the gates of the Pearl River, exhibits the lowest salinity values. An increase 

in mean salinity is seen with increasing distance from the freshwater source, with clusters C 

and  A  averaging  20.1  and  24.3 psu  respectively.  The  highest  salinity  values  are  found  in 

clusters D  and  E, with  the  former  showing  a  relatively  small  range of mean  salinity  values 

around an average of 33.0 psu. The spatial variation in salinity values (figure 5.8a) provides 

further  support  for  the  salinity  of  sample  sites  being  strongly  controlled  by  their  location 

with respect to the gates of the Pearl River.  

 

 
 

Figure 5.7: Box plots (minimum, Q1, median, Q3 and maximum values) of (a) mean salinity 
and (b) depth data for clusters A to E.  
 

Depth measurements show a similar pattern to mean salinity measurements, with a general 

increase  from the northwest  to  the southeast  (figure 5.8b).  Cluster D  exhibits  the  greatest 

median and maximum depths (figure 5.7b), with clusters E and C  intermediate and A and B 

shallowest.  The  correlation  between  depth  and  mean  salinity  and  between  other 

environmental variables is analysed in section 5.2.2.  

 

Total  organic  carbon  and  total  nitrogen  show  a  more  complex  pattern  which  cannot  be 

attributed to fluvial influence alone (figures 5.8c, d). The percentage of total organic carbon 

does  exhibit  a  decline  with  distance  from  the  terrestrial  source,  however  a  number  of 

samples  from  the  northwest  show  relatively  low  percentages,  while  one  sample  from 

southwest  of  Hong  Kong  exhibits  a  much  higher  value.  Total  nitrogen  is  relatively  stable 

between  clusters,  with  the  exception  of  cluster  E,  which  is  characterised  by  significantly 

lower values. If this was related to the reduced input of nitrogen from fibrous plants due to 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distance from the freshwater source, cluster D would be expected  to show similarly  low or 

even lower values. δ13C values (Yu, 2009) are generally less negative with increasing distance 

from  the  Pearl  River  (figure  5.8e).  Cluster  E  does  not  conform  with  this  trend,  with  the 

average value suggesting significant  terrestrial  influence (Bender, 1971; Lamb et al., 2006). 

This  may  be  explained  by  a  localised  area  of  low  aquatic  productivity  or  discharge  of 

terrestrial C3 plants and freshwater plankton from streams in the east of the estuary.  

 

Particle size data again appears to be linked to proximity to the Pearl River. The sand sized 

fraction  is  highest  in  abundance  in  the northwest  (figure  5.8f), with  cluster  B  exhibiting  a 

high average proportion. Cluster  E,  however,  is  characterised by  the highest proportion of 

sand, perhaps suggesting increased current velocity through the restricted channels around 

Lantau and Neilingding Islands. Clusters A and C, located further from the source of fluvially 

transported sediment  than cluster  B,  show decreased sand and elevated clay percentages, 

while cluster D, furthest removed from the Pearl River, exhibits the highest fraction of silt. 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Figure  5.8:  Distribution  of  environmental  variables:  (a)  mean  salinity;  (b)  depth;  (c)  total 
organic  carbon;  (d)  total  nitrogen;  (e)  δ13C;  (f)  sand;  (g)  clay;  (h)  silt.  Note:  in  δ13C  plot, 
sample  PE  60  (δ13C = ‐27‰)  is  not  plotted  to  allow  variability  in  the  dataset  to  be  better 
visualised. 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5.2.2 Constrained ordination to investigate the influence of environmental variables 

 

While  indirect ordination methods  (section 5.1.3) optimize  the  variance  explained by  each 

axis,  direct  ordination  methods  are  constrained  to  linear  combinations  of  environmental 

variables, maximizing  variance  on  given  environmental  gradients  (Legendre  and  Legendre, 

1998).  Canonical Correspondence Analysis  (CCA;  ter  Braak, 1986), a constrained  version of 

Correspondence  Analysis,  allows  simultaneous  analysis  of  the  faunal  and  environmental 

data. CCA is chosen over linear methods, such as Redundancy Analysis, as the gradient of the 

first  DCCA  axis  suggests  unimodal  methods  best  describe  the  response  of  species  to 

environmental gradients. Partial CCAs, obtained in CANOCO version 4.55 (ter Braak, 2006) by 

constraining the ordination by a single environmental variable, describe the variance in the 

dataset explained by the chosen variable.  

 

The nine environmental variables outlined in section 5.2.1 explain 37.9 % of the variance in 

the  contemporary  foraminiferal  dataset  (figure  5.9a).  Partial  CCAs  suggests  mean  salinity 

alone  accounts  for  16.9 %  of  the  variance,  equivalent  to  20.5 %  of  the  total  explained 

variance  when  autocorrelation  between  variables  is  taken  into  account  (table  5.4;  figure 

5.9b). The length of each vector  is proportional to  the explained variance along each given 

axis. The close alignment of the salinity vector with the first extracted axis (figure 5.10) and 

the correspondingly high correlation between salinity and axis 1 (r = ‐0.90; table 5.5) confirm 

mean salinity as the most important variable in explaining variability in the faunal data. 

 

 
 

Figure 5.9: Pie charts showing the total variation in the contemporary fauna divided into (a) 
explained and unexplained sectors and (b) the total explained variance divided into sectors 
representing the individual environmental variables and interactions between variables. 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Environmental variable  % of variance in 
species data 
explained 

Estimated 
p value 

λ1  λ1 /λ2 

Mean salinity (psu)  16.9  0.001  0.290  1.429 
Depth (m)  10.4  0.001  0.179  0.617 
Total Nitrogen (%)  5.9  0.001  0.101  0.262 
Silt (%)  5.5  0.001  0.094  0.263 
Clay (%)  4.0  0.002  0.068  0.183 
Total Organic Carbon (%)  3.9  0.003  0.067  0.176 
Carbon / Nitrogen  3.4  0.005  0.058  0.151 
δ13C (‰)  3.2  0.008  0.054  0.136 
Sand (%)  2.7  0.022  0.046  0.117 

 
Table  5.4:  Results  of  partial  Canonical  Correspondence  Analysis  (following  square  root 
transformation of species data). λ1: eigenvalue of axis 1; λ1/ λ2: ratio of eigenvalues for axes 
1 and 2.  
 

 
 

Figure 5.10: Relationship between environmental variables analysed using CCA. 
 

While  mean  salinity  explains  a  significant  proportion  of  the  variability  on  axis  1,  total 

nitrogen is most important in explaining variation on the second axis, with δ13C, total organic 

carbon and depth also contributing. The correlation between mean salinity and depth  (r  = 

0.46;  table 5.5)  suggests  that, as expected,  the variables do not  vary  independently. Mean 

salinity  and  depth  both  increase  with  increasing  distance  from  the  Pearl  River.  The 

correlation between silt and depth (r = 0.24) conforms with the mapped distributions of the 

variables  (figure 5.8)  in  suggesting a decrease  in particle  size with distance  from  the Pearl 

River. A negative relationship between salinity and C/N (r = ‐0.28) suggests decreasing C/N 

with increasing marine influence. 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Salinity 
(psu) 

Depth 
(m) 

TOC  
(%) 

TN   
(%)  C/N 

δ13C 
(‰) 

Sand 
(%) 

Clay  
(%) 

Silt   
(%) 

CCA Axis 1  ‐0.90  ‐0.65  0.24  0.21  0.22  0.05  0.13  0.27  ‐0.38 

CCA Axis 2  0.16  ‐0.46  ‐0.52  ‐0.71  ‐0.36  0.52  0.34  0.07  ‐0.52 

Mean Salinity (psu)  1                 

Depth (m)  0.46  1               

TOC (%)  ‐0.21  ‐0.01  1             

TN (%)  ‐0.10  0.02  0.59  1           

C/N  ‐0.28  0.03  0.78  0.13  1         

δ13C (‰)  0.04  ‐0.19  ‐0.82  ‐0.34  ‐0.90  1       

Sand (%)  ‐0.15  ‐0.10  ‐0.10  ‐0.51  0.22  ‐0.02  1     

Clay (%)  ‐0.11  ‐0.14  ‐0.08  0.39  ‐0.37  0.28  ‐0.67  1   

Silt (%)  0.28  0.24  0.20  0.38  0.00  ‐0.20  ‐0.81  0.10  1 
 
Table 5.5: Canonical Correspondence Analysis correlation matrix for environmental variables 
and the first two extracted CCA axes.  
 

When analysed individually the significance level of all nine variables exceeds p = 0.05 (table 

5.4), however  if manual  forward selection  is applied using Bonferroni corrections only  five 

variables are needed  to  form the minimum significant model  (figure 5.11). The addition of 

further  variables  does  not  significantly  contribute  to  the  description  of  species  variability. 

Together mean salinity, total nitrogen, depth, clay percentage and sand percentage explain 

30.8 % of the variance in the species data. 

 

The  biplot  of  sample  scores  and  environmental  vectors  (figure  5.11)  supports  the 

environmental cluster averages  in suggesting that samples from cluster D are characterised 

by the highest salinities and deepest water depths, followed by cluster E, then clusters A and 

C, with cluster B the least saline and shallowest. The high proportion of sand and low total 

nitrogen  in  samples  from  cluster  E  account  for  their  relatively  low  axis  2  scores,  at  the 

positive end of the sand vector and the negative end of the total nitrogen vector. Low sand 

percentages explain the positive axis 2 scores shown by cluster D. 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Figure  5.11:  Biplot  of  Canonical  Correspondence Analysis  sample  scores  and  the minimum 
adequate  model  of  environmental  variables.  Samples  are  represented  by  circles  coloured 
according to clusters defined in section 5.1. 
 

A  biplot  of  species  scores  and  environmental  vectors  (figure  5.12)  allows  the  ecological 

preferences  of  individual  taxa  to  be  interpreted  (Kovach,  1995;  ter  Braak  and  Šmilauer, 

2002). The distribution of species scores along the first axis principally shows their tolerance 

to  salinity  and  water  depth. Negative  axis  1  sample  scores  suggest  Pararotalia  nipponica, 

Hanzawaia  nipponica, and Elphidium advenum  are  found  in high salinity areas.  A  range of 

taxa, including Quinqueloculina spp., Rotalinoides annectens and Spiroloculina lucida, prefer 

intermediate  salinity  areas,  with  Cribrononion  subincertum,  agglutinated  taxa,  Ammonia 

beccarii and Haynesina sp. found in progressively less saline areas. The agglutinated species 

Ammobaculites  formosensis,  Ammobaculites  sp.  and  Haplophragmoides  sp.  show  a  close 

affinity  to  the  clay  vector,  suggesting  a  preference  for  substrates  of  intermediate  particle 

size. 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Figure 5.12: Biplot of Canonical Correspondence Analysis species scores and environmental 
vectors on axes 1 and 2. See appendix 5.4 for species codes. 
 

While  the  recorded  environmental  variables  explain  38%  of  the  total  variation  in  the 

contemporary  data,  62 %  remains  unaccounted  for  (figure  5.9a).  This  percentage  is  in  line 

with a number of other investigations into factors affecting the contemporary distribution of 

marine microfossils (e.g. Zong and Horton, 1999; Zong et al., submitted b) and substantially 

better  than  for  some other ecological datasets with  a  large number of  samples with many 

zero values (e.g. Gasse et al., 1995). This unexplained variance may arise from a combination 

of the contribution of other environmental factors not quantified here, issues inherent in the 

sampling  and  counting  method  resulting  in  inaccuracies  in  the  recorded  assemblages  and 

stochastic  processes  affecting  foraminiferal  distributions.  Environmental  variables  not 

quantified  include  temperature,  calcium  carbonate  availability,  pH  and  dissolved  oxygen 

concentration, as well as ecological factors such as competition and predation. 

 

In  this  study  the use of  a  sampling  strategy  incorporating multiple  samples  from areas  of 

similar  mean  salinity  captures  variation  in  assemblages  across  as  well  as  along  the  main 

observed  gradient.  Sampling  strategies  based  on  transects  have  been  widely  adopted  in 

reconstructions  of  palaeoenvironments,  particularly  in  investigations  of  sea  level  (e.g. 

Horton et al., 1999; Edwards et al., 2004; Hamilton and Shennan, 2005), but also in studies 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of  estuarine  salinity  (e.g.  Hassan  et  al.,  2009).  These  strategies  serve  to  artificially  reduce 

variation  in  assemblage  composition  independent  of  the  main  environmental  gradient  of 

interest.  Consequently  the  importance  of  particular  environmental  variables  in  controlling 

species  distributions  may  be  exaggerated  and,  when  contemporary  data  are  used  in  the 

reconstruction of past environmental change from microfossil data, the magnitude of errors 

may be underestimated.  

 

5.2.3 Modelling species’ response to the environment 

 

The  estimation  of  optimum  environmental  conditions  for  particular  species,  an  essential 

component  of  quantitative  reconstructions,  is  also  valuable  for  qualitative 

palaeoenvironmental  inferences.  As  ecological  information  on  a  large  number  of  species 

found  in  Pearl  River  estuary  samples  is  limited,  establishing  their  ecological  preferences 

assists  in  interpretation  of  the  fossil  record.  While  constrained  ordination  orders  species 

along  environmental  gradients,  precise  estimates  of  their  optima  and  tolerances  cannot 

easily  be  extracted.  They  are,  however,  produced  as  part  of  Weighted  Averaging  in  C2 

version  1.5.0  (Juggins,  2003)  and  are  presented  for  the  20  dominant  or  common  species 

(figures 5.13, 5.14). Optima and tolerances are only presented for salinity and depth as other 

environmental variables do not exert as great an influence on foraminiferal assemblages. 

 

Figure  5.13  suggests  that  the  majority  of  species  have  relatively  broad  distributions  with 

respect to salinity, with average tolerances of ±6.0 psu for the 20 dominant or common taxa 

and 3.6 psu for the full dataset. Taxa with optima over 29 psu have an average tolerance of 

±2.5 psu, compared  to ±6.3 psu  for  species with optima  less  than 29 psu. These  tolerances 

reflect a plateauing of salinity at approximately 34.5 psu for the open South China Sea (Su, 

2004),  decreased  fluctuation  in  salinity  and  potentially  the  dominance  of  other  factors  in 

influencing the distribution of foraminifera  in highly saline environments. At the low end of 

the  gradient,  species  may  exhibit  wider  tolerances  to  salinity  due  to  more  variable 

conditions  in  the  inner  estuary,  both  on  daily  and  seasonal  timescales.  The  possibility  of 

species  opportunistically migrating  into  areas while  salinity  conditions  are  favourable may 

also  increase  the perceived  tolerance  to  salinity.  A  species  could  potentially  contribute  to 

the dead assemblage of a  location not appropriately  reflected by  the  corresponding mean 

salinity  value.  The  broad  tolerance  to  salinity  has  implications  for  quantitative 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reconstructions,  effectively  increasing  the  error  term  associated  with  any  reconstruction 

using the surface samples as a modern training set (Birks, 1995; 1998).  

 
 

Figure 5.13: Bootstrapped salinity optima and tolerances of Pearl River estuary foraminifera 
from Weighted Averaging in C2 (Juggins, 2003). Main diagram shows dominant and common 
taxa, inset shows full dataset.  
 

The  depth  optima  and  tolerance  data  (figure  5.14)  suggests  that  the  majority  of  species 

inhabit  a wide  range  of  depths,  with  an  average  tolerance  of  ±7.4 m.  A  slight  increase  in 

average  tolerance  with  increasing  depth  is  observed.  It  must  be  stated  that  WA‐derived 

optima  and  tolerances  are  estimates  of  real  distributions  and,  as  they  are  based  on  a 

unimodal model, may be biased if the entire range is not sampled. Weighted Averaging also 

assumes  an  equal  distribution of  samples with  respect  to  the  environmental  parameter,  a 

prerequisite not met by this or most other biological datasets. 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Figure  5.14 Bootstrapped depth optima and  tolerances of Pearl  River estuary  foraminifera 
from Weighted Averaging in C2 (Juggins, 2003). Main diagram shows dominant and common 
taxa, inset shows full dataset.  
 

5.3 Transfer function development 

 

Rossi and Horton (2009) suggests that quantitative reconstructions of specific environmental 

variables have replaced qualitative palaeoenvironmental  inferences. While this  is clearly an 

overstatement,  quantitative  methods  can,  in  certain  circumstances,  provide  additional 

information  inaccessible by qualitative  investigations alone. Quantitative reconstructions of 

palaeoenvironmental  variables  from  fossil  assemblages  rely  on  a  comprehensive 

understanding  of  the  contemporary  relationship  between  foraminifera  and  the 

environmental  variable of  interest. Fossil assemblage data can  then be  transformed, using 

this modern training set,  into quantitative estimates of past values of the selected variable. 

As  mean  salinity  explains  a  significant  amount  of  the  variability  in  contemporary 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foraminiferal assemblages and as the ratio of CCA eigenvalues for axes 1 and 2 is high (>0.5; 

table 5.4; Ng and Sin, 2003), salinity  is the most suitable variable for the development of a 

transfer function. Autocorrelation between environmental variables accounts for 32% of the 

explained variance and  it  is assumed that  the  joint distribution of  the variables with mean 

salinity is the same in the modern and fossil datasets (Birks, 1995).  

 

Transfer functions use regression to express an environmental parameter as a function of a 

modern training set of biological data. A number of transfer function techniques have been 

developed,  based  on  either  linear  or  unimodal  models  of  species  response  to  the 

environment  (see  Birks,  1995;  1998;  ter  Braak,  1995  for  reviews  of  techniques). 

Discrimination  between  linear  and  unimodal  techniques  is  undertaken  using  the  same 

criteria  as  for  constrained  ordination  methods.  As  the  eigenvalue  of  the  first  DCCA  axis 

suggests that foraminifera are ordered along relatively  long environmental gradients (Birks, 

1998; section 5.2.2), unimodal models of species’ response were selected. Transfer functions 

were  consequently  developed  using  Weighted  Averaging  (WA;  ter  Braak,  1987)  and 

Weighted Averaging Partial Least Squares (WA‐PLS; ter Braak and Juggins, 1993; ter Braak et 

al., 1993). 

 

WA  regression  uses  the  theory  that  a  given  sample  will  be  characterised  by  taxa with  an 

environmental  optima  close  to  the  sample’s  environmental  variable  value.  The  taxon’s 

environmental optimum is estimated through averaging the environmental values of all sites 

with  the particular  taxon, weighted by  their  relative  abundances. WA  calibration  averages 

the  relative  abundance  weighted  optima  of  all  taxa  found  in  a  sample  to  provide  a 

quantitative  estimate  of  the  environmental  variable  (ter  Braak  and  Juggins,  1993;  Birks, 

1995). Ter Braak and Juggins (1993) suggests that WA represents a modification of the first 

component  of  WA‐PLS,  with  further  components  in  the  latter  method  extracted  using 

residual structure  in the species data to  improve optima estimates. This not only  improves 

the performance of calibration, but may also better represent the true nature of the dataset, 

where  factors  other  than  the  primary  variable  of  interest  influence  the  distribution  of 

species (ter Braak and Juggins, 1993; ter Braak et al., 1993). The advantages of WA‐PLS over 

WA are most  significant  in  datasets with  low noise  (ter  Braak  and  Juggins,  1993). WA‐PLS 

also reduces, though does not eliminate, the influence of the edge effect (overestimation of 

optima at the low end of the gradient and underestimation at the high end) that affects WA 

(Birks, 1998). 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5.3.1 Formation of the modern training set 

 

Due to the increase in the magnitude of errors with decreasing total count size (Fatela and 

Taborda, 2002), all samples with total counts of less than 100 are removed from the modern 

training set, leaving a total of 63 samples. Following Jones and Juggins (1995) samples with a 

residual  (predicted  minus  observed  value)  greater  than  the  standard  deviation  of  the 

training set mean salinity data are removed. Samples PE 66 and 67 exceed the threshold of 

9.0 psu and are not included in the modern training set. Their high proportions of large tests 

of  Elphidium  spp.,  Rotalinoides  annectens  (PE  66)  and Quinqueloculina  spp.  (PE  67)  may 

suggest  winnowing  of  smaller  components  of  the  assemblage.  While  a  number  of 

investigations remove rare taxa (e.g. <2 %; Jian et al., 1999; Kim and Kucera, 2000; Hassan et 

al.,  2009;  Zong  et  al.,  submitted  b),  Birks  (1998)  argues  that  they  contribute  coherent 

information  to  the  model,  rather  than  having  a  negative  effect  by  introducing  random 

variation. Accordingly all taxa are included in transfer function development. 

 

Two alternative modern  training sets,  consisting of  (a) a  transect of 25 samples and  (b) 14 

pseudosamples created by combining samples  into 2.5 psu intervals, were also  investigated 

(appendix  5.5).  The  transect  was  rejected  as  it  resulted  in  reduced  predictive  ability.  The 

pseudosamples  increased  predictive  ability,  however  effective  estimation  of  optima  and 

tolerances depends on the use of a large modern training set (Birks, 1995; 1998), a demand 

not met by this training set. Consequently calibration of fossil assemblages  is based on the 

full modern training set. 

 

5.3.2 Transfer function performance 

 

The predictive ability of WA and WA‐PLS regression is assessed using the Root Mean Square 

Error of Prediction (RMSEP), the coefficient of determination (r2), mean and maximum bias. 

These  measures  of  the  similarity  between  observed  and  predicted  salinity  values  are 

obtained  by  bootstrapping,  a  method  of  resampling  the  original  dataset  to  produce 

pseudoreplicate training sets. Regression and calibration of these bootstrapped training sets 

provides  estimates  of  the  environmental  variable  of  interest  for  any  samples  not  selected 

during  bootstrapping  (Manly  and  Chotkowski,  2006).  Bootstrapping  is  chosen  over  jack‐

knifing  as  the preferred method of  cross‐validation  as  the  latter  does  not  provide  sample 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specific errors of prediction  for each  fossil  sample and  is more prone  to bias  (Birks, 1995). 

The cross validated coefficient of determination (r2), mean and maximum bias and errors of 

prediction (RMSE components and RMSEP) for WA and WA‐PLS are compared in table 5.6. 

 
Name  r2 boot  Average bias boot  Max bias boot  RMSE s1  RMSE s2  RMSEP 
WA_Inv  0.82  ‐0.31  6.35  0.90  3.68  3.79 
WA_Cla  0.82  ‐0.35  5.44  1.01  3.77  3.90 
WATOL_Inv  0.78  ‐2.21  7.77  1.74  4.62  4.94 
WATOL_Cla  0.78  ‐2.47  6.83  1.97  4.65  5.05 
        
WA‐PLS C1  0.82  ‐0.37  6.78  0.84  3.79  3.89 
WA‐PLS C2  0.88  ‐0.25  4.42  1.04  3.01  3.18 
WA‐PLS C3  0.88  ‐0.15  4.26  1.27  2.99  3.25 
WA‐PLS C4  0.87  ‐0.07  4.01  1.48  3.08  3.42 
WA‐PLS C5  0.87  0.01  4.10  1.60  3.14  3.52 

 
Table  5.6:  Comparison  of  transfer  function  components  using  the  modern  training  set 
consisting  of  all  samples  with  total  counts  >100,  except  samples  PE  66  and  67. 
Abbreviations:  WA  =  Weighted  Averaging;  WATOL  =  Weighted  Averaging  with  tolerance 
downweighted;  Inv  =  Inverse  deshrinking;  Cla  =  Classical  deshrinking; WA‐PLS  = Weighted 
Averaging ‐ Partial Least Squares; C = Component.  
 

WA‐PLS component 2 provides the best performance, with the lowest RMSEP, high r2 boot and 

low average and maximum bias (figures 5.15a, 5.15b). A plot of residuals against observed 

mean  salinity with  a  locally weighted  scatterplot  smooth  (LOWESS;  figure  5.15b),  suggests 

the transfer function systematically overestimates by an average of 1  to 4 psu at observed 

mean  salinities  of  less  than  21 psu,  with  slight  underestimation  of  mean  salinity  above 

28 psu. This bias, a relatively common feature of WA‐PLS (Jones and Birks, 2004), may be an 

artifact of the procedure by which model performance is assessed (Racca and Prairie, 2004). 

A scatterplot of residuals against predicted values (figure 5.16), as advocated by Racca and 

Prairie  (2004),  suggests  overestimation  between  10  and  24 psu  and  underestimation 

between 24 and 30 psu. 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Figure 5.15: Performance of Weighted Averaging ‐ Partial Least Squares component 2 using 
the reduced modern training set. (a) Observed vs. estimated mean salinity (b) Observed vs. 
residual (predicted ‐ observed) mean salinity with LOWESS of span 0.45. 
 

 

Figure 5.16: Weighted Averaging – Partial Least Squares residuals plotted against predicted 
mean salinity (psu) for the reduced dataset, with LOWESS of span 0.45.  
 

5.3.3 Discussion of transfer function performance 

 

Positive  spatial  autocorrelation,  the  tendency  for  proximal  sites  to  resemble  one  another 

more than randomly selected sites, may result in over‐optimistic evaluation of the predictive 

performance of the transfer function and may be exacerbated by the nature of the sampling 

strategy used in this  investigation (Telford et al., 2004; Telford and Birks, 2005; Zong et al., 

submitted  b).  The  RMSEP  of  3.01  is,  however,  comparable  with  other  estuarine  salinity 

transfer functions (e.g. Hassan et al., 2009; Zong et al., submitted b), but must be compared 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to  the  range  of  the  reconstructed  salinity  values  to  provide  meaningful  analysis  of  the 

predictive potential of the transfer function.  

 

Analysis  of  RMSE  components may  assist  in  explaining  the magnitude of  prediction  errors 

(Birks,  1995).  Estimation  error  in  the optima  and  tolerances  of  taxa  (RMSE  s1)  contributes 

10.7 % of  the RMSEP of WA‐PLS  component 2, while  the  remaining 89.3 %  is  explained by 

variations  in  taxa  abundance  at  a  given  environmental  value  (RMSE  s2).  Optima  and 

tolerance  estimations  may  be  biased  if  the  sampling  scheme  does  not  incorporate  the 

complete range of  the species’ distribution, with a shift away from the  truncated  tail  (Lepš 

and Šmilauer, 2003). While the contribution of the s1 component might be reduced through 

the  use  of  more  complex  model  of  species’  responses  to  the  environment,  possibly 

implemented using Artificial Neural Networks (e.g. Malmgren and Nordlund, 1997; Giraudel 

and Lek, 2001; Racca et al., 2004),  the majority of  the prediction  error  is accounted  for by 

the RMSE s2 component. Variations in abundance of taxa at given environmental values are 

unsurprising  given  the  nature  of  the  sampling  strategy.  Multiple  transects  parallel  with 

salinity isohales are likely to capture variability in assemblages independent of mean salinity. 

 

5.4 Chapter summary 

 

Contemporary  foraminiferal  assemblages  in  the  Pearl  River  estuary  show  clear  spatial 

variation,  linked  primarily  to  the  magnitude  of  fluvial  influence  on  the  sample  location. 

Mapping  the distribution of assemblages and  individual  taxa along with  estimating optima 

and  tolerances  provides  valuable  baseline  data,  essential  for  accurate  reconstruction  of 

palaeoenvironments.  Constrained  ordination  suggests  mean  salinity  explains  the  largest 

proportion  of  the  variability  in  contemporary  assemblages  and  is  the  most  appropriate 

environmental  variable  for  the  development  of  transfer  functions.  Transfer  function 

prediction  errors  arise  from  variation  in  assemblages  at  a  given  salinity  value,  in  part 

resulting  from  the  sampling  strategy,  and  inadequacies  of  unimodal  models  for 

representation of the response of taxa to environmental variables. 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6. Fossil foraminifera from core UV1: results 

and palaeoenvironmental interpretation 
 

 

The uppermost  10.09 m of  core UV1,  recovered  from an  area  to  the northwest  of  Lantau 

Island in the southeast of the Pearl River estuary, has been sampled at 12 to 14 cm intervals. 

While previous investigations have focused on the diatom flora and organic carbon isotopes 

(Zong  et  al.,  submitted  a;  Yu,  2009),  this  chapter  investigates  the  benthic  foraminiferal 

assemblages of  these samples. Trends  in  the  faunal data are highlighted using constrained 

ordination within  a  temporal  framework developed  using  radiocarbon dating.  Constrained 

ordination  is also used  to  investigate  the  variance  in  assemblage data  explained by  known 

factors.  Calibration  applies  the  transfer  function  developed  in  Chapter  5  to  provide 

quantitative  reconstructions  of  palaeosalinity.  An  ecological  interpretation  is  then 

constructed from the faunal data and supporting quantitative reconstructions.  

 

6.1 Lithology of core UV1 

 

The 30.0 m  long core – UV1 – consists of  two marine units  separated by a  terrestrial unit. 

Deposits below 10.6 m, dominated by silts and clays, date to MIS 5 and are assigned to Yim’s 



 ‐ 69 ‐ 

(1994) M2 unit (Yu, 2009; Zong et al., 2009a, b). The uppermost section of the M2 unit was 

subaerially  exposed and weathered during a period of  lowered sea  level  (MIS 4‐2; Zong et 

al., 2009b). During the last interglacial a terrestrial unit, occurring between 10.6 and 10.09 m 

core  depth, was deposited  in palaeo‐channels  (Zong et  al., 2009b). This unit, analogous  to 

Yim’s (1994) T1 deposit, is characterised by firm silt and clay with gravel and coarse sand. A 

second marine deposit, M1, consisting of silts and clays with some sand and shell rich layers, 

unconformably overlies the T1 unit (Yu, 2009). Two sections, from 6.25 to 6.00 m and from 

0.35 m to the present sediment surface, were lost during sampling. The M1 unit, Holocene in 

age (Yu, 2009; Zong et al., 2009a),  is the focus of analyses in this chapter. Particle size data 

(figure 6.1) shows a decline  in clay content  through the Holocene, accompanied by a slight 

increase in the proportion of silt and variable percentages of sand. A notably sand rich layer, 

with a high shell content occurs between 1.04 and 0.98 m. 

 

 

 
Figure 6.1: Sediment description, radiocarbon (see section 6.2) and particle size data (sand, 
clay and silt fractions) for the M1 unit of core UV1 (after Yu, 2009). 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6.2 Core chronology  

 

Seven  radiocarbon  dates  have  been  obtained  from  benthic  foraminifera  and  marine 

bivalves, in addition to a single optically stimulated luminescence date from a marine shell at 

12.5 m (table 6.1; figure 6.2; Zong et al., 2009a; Yu, 2009).  

 

Depth 
(m) 

Median 
depth 
(m) 

Sample code  Material 

14C 
enrichment 
(% modern 

±1σ) 

14C age 
Cal. year 
BP (±2σ) 

Median 
(cal. yr 
BP) 

0.50‐0.54  0.52  GZ2211  Shell  108.19±0.42  “Modern” (Yu, 2009: 124) 
1.32‐1.34  1.33  GZ2212  Foraminifera  ‐  2254±30  2140‐1876  2011 
1.90‐1.94  1.92  SUERC‐9602  Foraminifera  66.67±0.30  3019±35  3098‐2780  2935 
2.60‐2.62  2.61  GZ2213  Foraminifera  ‐  2974±33  3023‐2748  2878 
4.50‐4.54  4.52  SUERC‐9605  Foraminifera  61.06±0.27  3963±35  4297‐3968  4137 
7.50‐7.54  7.52  SUERC‐9606  Foraminifera  54.69±0.24  4847±35  5468‐5185  5331 
9.50‐9.54  9.52  SUERC‐9607  Foraminifera  49.60±0.22  5633±36  6284‐6017  6184 

12.50  12.50  OS‐51226  Shell  NA 
37900± 
320 

41220‐
40900 

41600 

 
Table 6.1: Radiocarbon and optically stimulated  luminescence dates obtained for core UV1 
(Yu, 2009; Zong et al., 2009a). Calibration of radiocarbon dates was undertaken using CALIB 
5.10 (Stuiver et al., 2005) and the marine04 correction (Hughen et al., 2004) with a marine 
reservoir correction of ‐128±40 years (Yu, 2009). 
 

The  six  radiocarbon  dates  indicating  Holocene  ages  suggest  a  relatively  constant 

sedimentation rate throughout the core. Yu (2009) excludes the date at 1.92m to resolve a 

minor  age  reversal  involving  samples  at  2.60  m  (3023  –  2748  cal.  years  BP)  and  1.92  m 

(dated to 3098 – 2780 cal. years BP). Reworking of older foraminifera at 1.92 m is provided 

as justification for the exclusion, however the contributions of bioturbation,  infaunality and 

the use of mixed  2  or  4  cm  core  slices  to  the  actual  dating  errors  are  not  quantified. The 

depth  of  bioturbation  in  microtidal  subtropical  estuaries  is  not  well  documented  in  the 

literature and the depth of infaunal activity of benthic taxa found in the Pearl River estuary is 

not known, however either factor could potentially increase the overlap between the actual 

error terms of the two dates. Sedimentation rates suggest the range of depths used for each 

radiocarbon  sample  may  contribute  a  further  ±10  to  20  years  to  the  error  term.  As 

insufficient data  is available to provide justification for the exclusion of the date at 1.92 m, 

age models are developed using the full set of dates. 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The  sample  from  0.52  m  shows  relative  enrichment  of  14C  in  comparison  to  the  modern 

value and,  therefore, a modern age  is  inferred  (Yu, 2009). This may  result  from the use of 

wood  grown  in  1890  as  the  “modern”  standard.  Saliège  and  Fontes  (1984)  also  suggests 

atmospheric CO2  is enriched by 4.3 % with respect  to wood due to the fractionation of 
14C 

during  photosynthesis.  Furthermore,  the  use  of  nuclear  weapons  and  fossil  fuels  has 

resulted in significant increases in atmospheric and, consequently estuarine 14C subsequent 

to  1890  (Reimer  et  al.,  2004).  14C  enrichment  of  more  than  4.3 %  may  suggest  that  the 

marine  reservoir  correction  used  by  Yu  (2009)  is  too  large,  with  the  delay  between  the 

transfer of carbon from the atmosphere to estuary and the death of the marine bivalve less 

than 128±40  years. The modern age  inferred  for  0.52 m and  the date of 2140  – 1876 cal. 

years BP at 1.33 m suggests either a substantial decline in the sedimentation rate within the 

last  two millennia  or  a  hiatus  in  deposition.  Consequently  the  date  at  0.52 m  is  excluded 

from age model development and samples above 1.33 m core depth are highlighted  in or 

removed from analyses.  

 

Three age models are considered,  incorporating a single  linear regression (figure 6.2a), two 

linear  regressions  (figure  6.2b;  Yu,  2009)  or  a  second degree polynomial  regression  (6.2c). 

While R2 values suggest that all are highly significant, the polynomial model is adopted. This 

model outperforms the simple linear regression in terms of R2 and there is no evidence for 

the rapid decline in sedimentation rate suggested by Yu’s (2009) model (Zong et al., 2009a). 

Additionally  the  perceived  gradual  decline  in  sedimentation  rate  may  better  model  the 

possible  differential  compaction of  the  core  by overlying  sediments  through  the Holocene 

and during the vibracoring process (Finkl and Khalil, 2005). No attempt is made to correct for 

compression during coring as the depth of core penetration is not known. 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Figure  6.2:  Comparison  of  age  models  based  on  (a)  linear  regression,  (b)  two  linear 
regressions (after Yu, 2009) and (c) second degree polynomial regression.  
 

The quadratic formula  is used to estimate the ages of each sample (equation 6.1). This age 

model  is  valid  from  1.33  to  9.52 m  and  is  also  tentatively  extrapolated  to  the  base  of 

Holocene sedimentation at 10.09 m. Modelled ages are cited as exact dates but are subject 

to errors in radiocarbon dating, reservoir correction and variations in the sedimentation rate 

between dated samples. 

 
x = (‐1.51*10‐4 + √ ((1.51*10‐4)2 – 4 * (2.28*10‐7) * (‐0.00188 – y))) /4.56x107 (Equation 6.1) 
 

Where x = age (cal. years BP) and y = depth (m).  

 

The  age model  suggests  sediments  from 10.09 m  to  1.33 m  relate  to  the period between 

6330 and 2090 cal. years BP. Modelled ages are generally older than those proposed by Yu 

(2009), with a maximum difference of 202 years and an average of 84 years. Modelled ages 

for  sediments  below  9.04  m  are  younger  than  those  calculated  by  Yu  (2009),  with  a 

difference in the base of the M1 unit of 73 years. Sedimentation rates at the base of the core 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are  approximately  0.30 cm/year,  declining  progressively  to  0.11 cm/year  by  1.33 m  and 

averaging  0.21 cm/year.  The  resolution of  foraminiferal  data  averages  57 years.  Each  2 cm 

slice  of  the  core  relates  to  10.3 years  of  sediment  accumulation on  average,  although  this 

varies from 6.6 years at the base of the Holocene sequence to 18.0 years at 1.33 – 1.31 m.  

 

The radiocarbon date at 9.52 m and  the optically stimulated  luminescence date at 12.50 m 

core depth  (6284 – 6017 and 41220  –  40900 cal.  years BP  respectively)  suggest  that  early 

Holocene  sediments  are  not  preserved  in  core  UV1  (Yu,  2009).  Extrapolation  of  the  age 

model provides a date of 6330 cal.  years BP for the onset of Holocene sedimentation, at a 

core depth of 10.09 m,  equivalent  to 19.09 m below present  sea  level. Subaerial  exposure 

due to sea level  lower than present during the early Holocene is proposed by Yu (2009) for 

the absence of older sediments. The sea‐level reconstructions of Zong (2004) include a sea‐

level  index  point  with  a  corrected  altitude  of  18.50 m  below  present  sea  level,  dated  to 

9396 – 8347 cal. years BP, perhaps suggesting an earlier inundation of the coring location of 

UV1 than the extrapolated age model date. Furthermore, by 6300 cal. years BP, the majority 

of index points from the eastern south China region suggest sea level was within 5 m of the 

present  level  (Zong,  2004).  This  evidence,  combined  with  an  unrealistically  low 

sedimentation  rate  (in  the  order  of  0.03 cm/year)  if  continuous  deposition  was  assumed 

from 8000 cal. years BP, may suggest inundation of the core location before 6300 cal. years 

BP  and  a  hiatus  in  sedimentation  before  the  deposition  of  the  first  radiocarbon  dated 

sample.  Cores V37  and  BVC,  located  in  close  proximity  to UV1,  further  support  an  earlier 

inundation, with radiocarbon dates suggesting strong marine influence by 8600 – 8500 cal. 

years BP and 8800 – 8600 cal.  years BP at depths of 11.3 m and 16.4 m below present sea 

level  respectively  (Zong  et  al.,  2009b).  The  inferred  hiatus  in  sedimentation  may  have 

resulted from higher energy water movement in a channel in the coring location preventing 

deposition. Subsequent channel shifting or abandonment may have then led to the initiation 

of sedimentation.  

 

6.3 Analysis of fossil benthic foraminifera 

 

6.3.1 The foraminiferal assemblages of core UV1 

 

Core  UV1  yielded  102  species  of  foraminifera,  of  which  85  (83%)  were  also  found  in 

contemporary  surface  samples.  Assemblages  are  dominated  by  Ammonia  beccarii  and 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Quinqueloculina  akneriana,  with  contributions  from  a  number  of  other  calcareous  taxa 

including  Cribrononion  subincertum,  Elphidium  advenum,  E.  hispidulum,  Quinqueloculina 

spp. and Rotalinoides annectens. The combined proportions of the 9 agglutinated taxa reach 

accessory  levels  (>5 %)  only  in  samples  between  0.67  and  1.17 m.  Fossil  foraminifera  are 

summarised in terms of number of samples, abundance of taxa according to  limits based of 

Fatela’s  (1994)  classification  (>20 %  dominant;  10  to  20 %  common;  5  to  10 %  accessory; 

1 to 5 % minor  and  <1 %  insignificant)  and  effective  number  of  taxa  per  sample  following 

Hill's  (1973) diversity measure  (N2)  (table 6.2). The distribution of dominant,  common and 

accessory  species  is  shown  in  figure  6.3.  The  included  summary plot  of  low,  intermediate 

and  high  salinity  taxa  is  based  on  the  modelled  contemporary  salinity  optima,  with 

boundaries  set  at  26  and  30  psu.  Summary  statistics  for  dominant  and  common  taxa  are 

given in appendix 6.1 and the full fossil dataset in appendix 6.2.  

 

Number of samples  84 
Total test count >300  84 

   
Number of taxa  102 

dominant (>20%)  4 
common (10‐20%)  2 
accessory (5‐10%)  9 
minor (1‐5%)  38 
insignificant (<1%)  49 

   
N2 for samples   

Minimum  10.9 
Median  19.0 
Mean  20.1 
Maximum  31.9 

 
Table 6.2: Contemporary Pearl River estuary foraminiferal data set descriptive statistics. 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Figure  6.3:  Foraminiferal  assemblages  and  environmental  variables  (Yu,  2009)  from  core 
UV1. Dominant, common and accessory taxa (>5%) only. N2 measures species diversity (Hill, 
1973).  Note:  Bolivina  spp.  and  Lagena  spp.  have  been  classified  to  species  level,  but  are 
presented  by  genus  in  this  figure.  δ13C  values  from  1.01 m  (δ13C = ‐18.5 ‰)  and  1.05 m 
(δ13C = ‐22.2 ‰) removed to allow better visualization of trends. Radiocarbon dates quoted 
as  calibrated  years  before  present  ±2σ  (Yu,  2009).  Dendrogram  produced  using 
stratigraphically constrained CONISS (Grimm, 1987). 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6.3.2 Cluster analysis and description of foraminiferal assemblage zones 

 

Stratigraphically constrained CONISS within TGView version 2.0.2 (Grimm, 2004) was used to 

divide  the  faunal  record  into  groups  of  similar  samples  and  to  highlight  changes  in 

assemblages. A square root  transformation was applied before analysis to downweight the 

influence  of  dominant  species.  Three  major  groups  of  samples  are  inferred  from  the 

dendrogram  and  foraminiferal  assemblage  data:  group  1,  ranging  from  the  base  of  the 

Holocene marine unit at 10.09 m to 8.71m; group 2, spanning the largest section of the core 

up to 2.96 m and group 3, consisting of samples from 2.96 m to 0.35 m. The three groups are 

subdivided into seven foraminiferal assemblage zones (FAZ),  labeled 1A, 1B, 2A, 2B, 3A, 3B 

and 3C (figure 6.3; table 6.3).  

 
The most significant division occurs between assemblage zones 1A to 2B and 3A to 3C. This 

division is not reflected by the characteristic species, which FAZ 2B and 3A share (table 6.3). 

This apparent contradiction reflects the agglomerative nature of CONISS and the square root 

transformation  of  species  data  before  clustering.  The  dendrogram  is  constructed  by  first 

grouping  the  two most  similar  samples,  then  treating  this group as a  single  sample before 

pairing the next most similar samples. Consequently relatively similar samples can appear to 

be  significantly  different  due  to  the  influence  of  more  dissimilar  samples  in  previously 

selected  groups.  The  square  root  transformation  applied  to  species  data  before  clustering 

reduces  the  influence  of  major  species  and  is  used  here  to  prevent  CONISS  primarily 

identifying  changes  in  the  abundance  of  Ammonia  beccarii  and,  to  a  lesser  extent, 

Quinqueloculina akneriana.  

 

FAZ  1A  is  characterised by Ammonia  beccarii, Quinqueloculina  akneriana  and Rotalinoides 

annectens,  with  N2  values  of  around  20. Q.  akneriana  and  R.  annectens  rapidly  fall  from 

common  (10  to 20 %)  to minor  (1  to 5 %)  levels  in FAZ 1B, accompanied by an  increase  in 

A. beccarii, Lagena spp. and Cribrononion subincertum. A. beccarii contributes approximately 

60 % of the total counts between 9.93 and 8.77 m core depth, forming the main component 

of  the  low  salinity  taxa  group  (species  with  contemporary  optima  of  less  than  26 psu). 

Effective species numbers, as measured by N2, are low and fluctuating (12 to 20). 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Foraminiferal 
assemblage 

zone 
Core depth 

Number 
of 

samples 
Characteristic species  Mean N2 

1A  10.09 – 9.99  2 
Ammonia beccarii 
Quinqueloculina akneriana 
Rotalinoides annectens 

20.6 

1B  9.99 – 8.71  11 
Ammonia beccarii 
(Cribrononion subincertum) 

15.8 

2A  8.71 – 6.61  18 
Ammonia beccarii 
Quinqueloculina akneriana 

15.8 

2B  6.61 – 2.96  29 
Ammonia beccarii 
Quinqueloculina akneriana 
(Elphidium spp.) 

20.2 

3A  2.96 – 1.11  15 
Ammonia beccarii 
Quinqueloculina akneriana 
(Elphidium spp.) 

28.2 

3B  1.11 – 0.96  2 
Rotalinoides annectens 
Elphidium hispidulum 

16.2 

3C  0.96 – 0.35  6 
 Ammonia beccarii 
Bolivina spp. 

21.8 

 
Table 6.3: Summary of the characteristic taxa of foraminiferal assemblage zones defined by 
CONISS.  Boundaries  between  zones  are  stated  as  the  mean  depth  of  the  two  adjacent 
samples.  
 

A  decline  in  A.  beccarii,  Cribrononion  subincertum  and  Lagena  spp.  and  corresponding 

increase in Q. akneriana is observed in FAZ 2A. The proportion of intermediate salinity taxa 

(contemporary  optima  of  26 to 30 psu)  increases  with  the  decline  in  low  salinity  taxa. 

Q. akneriana  exceeds  40 %  of  the  total  count  at  a  depth  of  8.37 m.  A  number  of  other 

porcelaneous  taxa,  including Q.  lamarckiana  and Q.  seminula,  are  also  seen  to  increase  in 

relative abundance. The assemblage zone  is  characterised by  fluctuating A. beccarii and Q. 

akneriana, with no other species exceeding 10 % and only Q. seminula, Q. lamarckiana and 

Rotalinoides  annectens  reaching  accessory  levels.  N2  scores  suggest  an  increase  in  the 

effective number of species per sample through FAZs 2A and 2B, from 14.7 at 8.65 m to 24.2 

at 3.03 m. Q.  akneriana exhibits a decline  in  relative  abundance  in FAZ  2B. Elphidium spp. 

are seen to increase in relative abundance from approximately 5.60 m, with the introduction 

of  E.  hispidulum  and  increases  in  relative  importance  of  E.  advenum  and  E.  asiaticum.  A 

gradual  increase  in  the  proportion  of  high  salinity  taxa  (contemporary  optima  of  greater 

than  30 psu)  characterises  zone  2B,  with  Bolivina  spp.,  particularly  B.  spathulata  and  B. 

robusta, show  increased relative percentages  towards the boundary with assemblage zone 

3A.  

 

While  there  is  no major  change  in  assemblages,  FAZ  3A  continues  the  trend  for  declining 

proportions of Q.  akneriana and A.  beccarii established  in  zone 2B, although both are still 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found  at  dominant  or  common  levels.  Bolivina  spp.  continue  to  contribute  to  the 

assemblage,  with  the  genus  supplying  3  to  11 %  of  the  assemblage.  Cribrononion 

subincertum increases in abundance, reaching over 6 % at a depth of 1.53 m. N2 scores reach 

their highest values in this section of the core, reaching 30.7 at 2.65 m and 31.9 at 1.65 m. 

 

Agglutinated  taxa,  mainly Ammobaculites  formosensis  and Haplophragmoides  sp.,  peak  in 

abundance  in  FAZ  3B,  immediately  below  the  sand  and  shell  rich  layer  between  0.98  and 

1.04 m.  The  sand  layer  itself,  also  included  in  zone  3B,  is  characterised  by  intermediate 

salinity  taxa,  including  Rotalinoides  annectens  and  Elphidium  hispidulum,  with  some 

Quinqueloculina  akneriana. Ammonia  beccarii  is  found  at  its  lowest  relative  abundance  in 

the core, with its contribution classed as minor at 1.01 m. The size of tests  is notably  larger 

than in  immediately underlying and overlying sediments, with the majority of R. annectens 

and  E.  hispidulum  tests  measuring  over  250 µm  in  diameter.  The  significant  change  in 

assemblage composition is accompanied by a sharp decline in assemblage diversity, with N2 

reaching its lowest value, 10.9, at 1.01 m. 

  

The assemblages of FAZ 3C are substantially different to both FAZ 3B and FAZ 3A, with low 

salinity  taxa  once  again  dominating.  Ammonia  beccarii  exceeds  50 %  of  the  total  count. 

Bolivina  spp.,  predominantly  B.  pseudopunctata  and  B.  spathulata,  contribute  the  second 

largest proportion of the assemblage, reaching 7 – 10 %, however  low salinity taxa are also 

observed  to  increase  in  abundance. Elphidium  hispidulum  and Quinqueloculina  spp.  fall  to 

insignificant  or  minor  levels.  N2  values,  although  initially  high,  decline  progressively  from 

28.2 at 0.91 m to 14.3 at 0.43 m.  

 

6.3.3 Constrained ordination to analyse trends in faunal data 

 

Canonical  Correspondence  Analysis  of  surface  samples  (section  5.2.2)  shows  a  significant 

ratio between the eigenvalues of the first and second axes and a close correlation between 

mean  salinity  and  the  first  axis.  A  partial  CCA,  involving  rotation  of  the  fossil  data  in  the 

ordination space defined by the relationship between contemporary assemblages and mean 

salinity (figure 6.4), provides an illustration of the magnitude and direction of compositional 

change (figure 6.5). Aligning axis 1 with salinity means that the change in CCA sample scores 

can be  interpreted primarily  in  terms of changes  in salinity. Quantitative estimates are not 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extracted  from  this  method  as  transfer  function  calibration  provides  more  appropriate 

estimates with associated error terms (Birks, 1995). 

 

 

 
Figure 6.4: Partial Canonical Correspondence Analysis sample scores (black: surface samples; 
red:  fossil  samples)  rotated  in  the  ordination  space  defined  by  the  relationship  between 
contemporary assemblages and mean salinity.  
 

Fossil sample scores plot towards the more saline end of the range of contemporary sample 

scores. When plotted stratigraphically (figure 6.5) partial CCA sample scores show a general 

trend  of  increasing  salinity  through  time,  with  substantial  short‐term  variability.  Low,  but 

fluctuating initial salinities are observed to give way to increased salinity, with less variability 

from around 5000 cal. years BP. A substantial decrease in sample scores (increase in salinity) 

is observed from around 4000 cal.  years BP,  interrupted by a reversion to a higher sample 

score at 3750 cal. years BP. CCA sample scores reach their lowest value immediately prior to 

2000 cal. years BP, with subsequent samples suggesting a return to lower mean salinities. 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Figure  6.5:  Fossil  partial  Canonical  Correspondence  Analysis  sample  scores  on  axis  1  after 
rotation  in  the  ordination  space  defined  by  the  relationship  between  contemporary 
assemblages  and  mean  salinity,  plotted  against  modelled  age.  Foraminiferal  assemblage 
zones (following constrained clustering in figure 6.3) are also included.  
 

6.3.4 Constrained ordination to investigate the influence of environmental variables 

 

Canonical  Correspondence Analysis also provides  information on  the  relationship between 

variability  in fossil assemblages and the available environmental data.  If a  large proportion 

of  fossil assemblage  variability was attributable  to  known  variables,  taphonomic processes 

might be viewed as more significant  than unknown variables such as bottom water salinity 

and depth. CCA was undertaken using three classes of particle size (sand, clay and silt), total 

carbon,  total  nitrogen,  carbon  –  nitrogen  ratio  and  δ13C,  obtained  from  Yu  (2009).  The 

methodology for the extraction of partial CCAs is discussed in section 5.2.2. 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The  seven  variables  together  account  for  26.0 % of  the  variance  in  the  fossil  foraminiferal 

dataset (figure 6.6a). Partial CCAs, including results of Monte Carlo permutation tests (table 

6.4) show that all of the environmental variables are significant (p > 0.05)  in explaining the 

variability  in  the  dataset.  Variables  associated  with  the  productivity  of  the  environment, 

including δ13C and total nitrogen, account for approximately 47 % of the explained variance, 

with  particle  size  classes,  potentially  reflecting  the  energy  regime  of  the  environment, 

account  for a  further 34 %  (figure 6.6b). The  remaining 18 % of  the  explained variability  is 

contributed  by  autocorrelation  between  variables.  The  distribution  of  sample  scores  with 

respect to the environmental variables is shown in figure 6.7. 

 

 

 
Figure  6.6:  Pie  charts  showing  the  total  variation  in  the  fossil  dataset  divided  into  (a) 
explained and unexplained sectors and (b) sectors representing the individual environmental 
variables and interactions between variables contributing to the total explained variance.  
 

Environmental variable 
% of variance in 
species data 
explained 

Estimated 
p value 

λ1  λ1 /λ2 

δ13C (‰)  6.9  0.001  0.048  0.600 
Clay (%)  6.3  0.001  0.044  0.564 
Total Nitrogen (%)  5.2  0.001  0.036  0.404 
Silt (%)  4.7  0.001  0.033  0.355 
Total Carbon (%)  4.6  0.001  0.032  0.348 
Sand (%)  3.5  0.002  0.024  0.261 
Carbon / Nitrogen  2.4  0.045  0.017  0.181 

 
Table  6.4:  Results  of  partial  Canonical  Correspondence  Analysis  (following  square  root 
transformation  of  species  data)  and  Monte  Carlo  permutation  tests  on  the  fossil  dataset 
(999 permutations). λ1: eigenvalue of axis 1; λ1/ λ2: ratio of eigenvalues for axes 1 and 2. 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The extent to which each environmental variable explains variability in the fossil dataset is in 

line with the corresponding variables influence on the contemporary dataset. This supports 

the  assumption  that  foraminiferal  assemblages  are  uniform  in  their  past  and  present 

responses to environmental variables. 

 

 
 

Figure 6.7: Biplot of Canonical Correspondence Analysis sample scores and environmental 
variables for core UV1. 
 

Approximately  74% of  the  variance  in  the  fossil  assemblage dataset  remains  unaccounted 

for.  Canonical  Correspondence  Analysis  of  contemporary  assemblages  suggests  that mean 

salinity  and  water  depth  are  likely  to  explain  part,  though  not  all  of  the  unexplained 

variance.  A  number  of  other  factors,  including  water  temperature,  dissolved  oxygen  and 

stochastic processes are also likely to influence the faunal assemblages of core UV1.  

 
6.4 Quantitative reconstructions of palaeosalinity 

 

6.4.1 Calibration of fossil assemblage data 

 

The transfer function developed in section 5.3 is used to calibrate foraminiferal assemblage 

data from core UV1 and provide a quantitative reconstruction of palaeosalinity (figure 6.8). 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Before  trends  in  the  record  are  discussed  it  must  be  observed  that  the  cross  validated 

sample‐specific error term is larger than the changes in reconstructed salinity. The predictive 

power of the transfer function is, in part, compromised by the magnitude of the error term 

with  respect  to  the  range  of  reconstructed  values  (c.f.  Hassan  et  al.,  2009;  Zong  et  al., 

submitted a). While the absolute values of palaeosalinity may not be reliable, the coherence 

of trends of  increase or decrease over a number of data points may increase confidence in 

interpretations of relative changes in salinity.  

 

 

 
Figure 6.8: Calibration of fossil assemblage data using WA‐PLS component 2. Bootstrapped 
estimates of mean salinity within range of radiocarbon dates indicated by black line; sample 
specific errors of prediction indicated by grey lines.  
 

Mean  salinity  estimates  within  the  radiocarbon  dated  section  of  the  core  range  from 

26.8±3.3 psu at 9.45 m (6116 cal. years BP)  to 31.2±3.2 psu at 6.89 m (5177 cal.  years BP). 

Reconstructed  mean  salinity  shows  a  slight  increase  over  the  record,  from  approximately 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28±3.2 psu at  the start of  the  record  to 30±3.2 psu between 4000 and 2200 cal.  years  BP. 

Assemblages above 1.33m (2140 – 1876 cal. years BP) suggest two further peaks  in salinity, 

up to a maximum of 33.0±3.5 psu at 0.79 m (1562 cal. years BP). A number of fluctuations in 

the order of 2 to 3 psu are superimposed on the long‐term trend, especially in the lower half 

of  the  core.  Fluctuations  appear  to  decrease  in  magnitude  over  time,  with  the  period 

between 3500 and 2200 cal. years BP showing particular environmental stability.  

 

6.4.2 Assessing transfer function reliability 

 

Whether or not  they are statistically or ecologically  sound, all  transfer  function  techniques 

will  produce  results  (Birks,  1998).  Consequently  further  analysis  is  needed  to  provide 

information on the reliability of the results. Woodroffe (2009) suggests current measures of 

discrimination of good and bad fit are insufficient and the use of complimentary methods is, 

at  present,  the  most  appropriate  technique  for  analysis  of  the  similarity  of  contemporary 

and  fossil  samples. Consequently  several  statistical measures have been undertaken  (after 

Woodroffe, 2006, 2009):  

 

1. Modern Analogue Technique (MAT) dissimilarity coefficients (MinDC)  

2. Analogue statistics (Birks, 1998) 

3. Constrained ordination in a mutual ordination space.  

 

These methods  determine  the  similarity  between modern  and  fossil  assemblages  and  can 

suggest  whether  the  modern  training  set  adequately  encompasses  the  environments 

suggested  by  foraminiferal  assemblages  from  the  Holocene  core.  There  is  an  inherent 

assumption that if modern and fossil foraminiferal assemblages show extensive similarities, 

their  inferred  environments  can  similarly  be  matched.  Erroneous  false  positive  matches 

could  possibly  occur  through  convergence  of  assemblages  representing  different 

environmental conditions (Jackson and Williams, 2004). 

 

Minimum  dissimilarity  coefficients  (MinDC)  between  individual  fossil  samples  and  the 

modern training set are obtained through Modern Analogue Technique (MAT) in C2 version 

1.5.0 (Juggins, 2003). The MinDC of each sample in the modern training set is also calculated 

and used  to provide  thresholds  for “good”,  “close” and “poor” modern analogues. Various 

percentiles of the range of modern MinDC have been proposed for the threshold of a good 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modern  analogue,  ranging  from  the  extreme  value  to  the  20th  percentile  (Birks,  1995; 

Horton, 1997; Hamilton and Shennan, 2005; Horton  and Edwards, 2005; Woodroffe, 2006; 

Simpson,  2007;  Rossi  and  Horton,  2009).  The  use  of  the  extreme MinDC  suggests  that  all 

modern samples are  good analogues  for one another, a  situation  that  is unlikely given  the 

range  of  environments  sampled  here.  Consequently  the  5th  percentile  is  used  as  the 

threshold  between  good  and  close  modern  analogues,  with  the  2.5th  percentile  the 

thresholds between close and poor modern analogues.  

 

Minimum dissimilarity thresholds of 50.2 (5th percentile of the modern range) and 52.4 (2.5th 

percentile)  are  not  exceeded  by  any  of  the  83  fossil  samples  (figure  6.9).  Adopting  these 

thresholds,  all  fossil  samples  can  be  said  to  have  good modern  analogues.  A  total  of  19 

samples,  almost  exclusively  located  between  1.41  and  4.04  m,  exceed  the  extreme  20th 

percentile  (minimum  dissimilarity  coefficient  of  34.8).  Samples  from  the  shell  rich  layer 

between  0.98  and  1.04 m  exhibit  the  lowest  MinDC  (17.2  and  23.0  respectively)  and  are 

therefore interpreted as having the closest modern analogues.  

 

Birks (1998) proposes two ‘analogue statistics’ to measure reconstruction reliability: 

 

1. The  percentage  of  the  fossil  assemblage  represented  by  taxa  not  found  in  the 

training set. No explicit threshold for good modern analogues is made. 

2. The percentage of the fossil assemblage that consists of taxa poorly represented in 

the modern training set. 

 

The  application  of  analogue  statistic  1  to  the  Pearl  River  estuary  datasets  suggests  that  a 

maximum of 3% of any fossil assemblage consists of taxa not found in the modern training 

set (figure 6.9). While the statistic suggests that modern and fossil assemblages are generally 

comprised  of  the  same  species,  it  does  not  provide  an  effective  means  of  discriminating 

between fossil samples. The definition of poor representation for analogue statistic 2 is not 

explicit  and  two  thresholds  are  adopted:  the  proportion  of  the  fossil  assemblage 

represented  by  taxa  exhibiting  (a)  less  than  5%  occurrences  and  (b)  less  than  10% 

occurrences in the modern training set (figure 6.9). Analogue statistics 2a and 2b show very 

similar trends to each other and to MAT MinDC. Taxa failing to reach common levels (>10%) 

contribute more  than  25%  to  each of  16  samples  between 3.15  and 1.17 m.  The peaks  in 

analogue statistics 2a, 2b and MinDC occur synchronously at 1.77 m, indicating the region of 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the core with  the poorest modern analogues. Similarly analogue statistics 2a and 2b  reach 

their  lowest  values  alongside  MinDC  at  1.01  m.  Analogue  statistics  may  suggest  a  high 

degree  of  similarity  between  the  fossil  and  modern  dataset  in  situations  where  taxa  are 

shared, though at widely different relative abundances.  

 

 

 
Figure  6.9:  Minimum  dissimilarity  coefficients  from  the  Modern  Analogue  Technique  and 
analogue statistics for each fossil sample from core UV1. Analogue statistic 1: percentage of 
the fossil assemblage represented by taxa not found in the training set; analogue statistic 2: 
percentage  of  the  fossil  assemblage  that  consists  of  taxa  poorly  represented  by  taxa 
exhibiting (a) <5 % occurrences and (b) <10 % occurrences  in the modern training set. Grey 
box  indicates  region  of  greatest  dissimilarity  between  fossil  samples  and  modern  training 
set. 
 

A number  of  authors  use Canonical  Correspondence  Analysis  to  provide  a measure of  the 

similarity  between  fossil  and  contemporary  samples  (e.g.  Hassan et  al.,  2009; Woodroffe, 

2009). CCA is performed on contemporary data, with supplementary fossil assemblage data 

transformed  in  the  same  ordination  space.  The  data  are  subjected  to  a  square  root 

transformation  and  rare  species  are  downweighted  before  performing  a  partial  CCA, 

constrained by mean salinity only. Sample scores  for  the contemporary and  fossil datasets 

are compared using scatter plots of the first and second axes (figure 6.10). There is no strict 

threshold  for what constitute similar  samples using  this method so  interpretation  is  visual 

and  subjective.  Fossil  and  contemporary  CCA  sample  scores  show  generally  overlapping 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distributions. The similarity of scores on the first two axes suggests analogous assemblages 

in the modern and fossil datasets. While overlap is seen, a number of the fossil samples are 

characterised  by  higher  axis  2  scores  than  modern  samples  with  similar  axis  1  scores 

(alternatively higher axis 1  scores  than samples with  similar axis 2  scores). These samples, 

identified as at the less saline end of the range of fossil samples due to the fact that the CCA 

is  constrained  by  salinity  only,  are  not  those  identified  by  analogue  statistics  and  MAT 

MinDC  as  having  poorer  than  average modern  analogues.  Instead  they  are  generally  from 

the base of the core, particularly from below 8.77 m core depth.  

 

 

 
Figure  6.10:  Canonical  Correspondence  Analysis  sample  scores  for  surface  samples  (black 
circles) and core samples (red circles) rotated in the ordination space defined by the surface 
samples.  
 

Minimum  dissimilarity  coefficients,  analogue  statistics  and  constrained  ordination  are 

generally  in agreement that the contemporary foraminiferal dataset provides good modern 

analogues for the fossil assemblages found in core UV1, supporting the reliability of transfer 

function calibration.  

 

6.5 Ecological interpretation of faunal data and quantitative palaeosalinity reconstructions 

 

A  comprehensive  view  of  the  palaeoecological  information  provided  by  the  foraminiferal 

assemblages of core UV1 is obtained through the combination of qualitative interpretations 

of  faunal  data  and  quantitative  reconstructions  of  palaeosalinity.  A  number  of  changes  in 

assemblage  composition  are  identified  and  their  potential  environmental  implications  are 

discussed  below.  Changes  in  faunal  composition  may  arise  from  one  or  more  living  or 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postmortem  processes.  The  magnitude  of  fluvial  influence,  controlled  by  changes  in  sea 

level,  fluvial  discharge  or  delta  progradation  is  proposed  as  the  most  important  factor  in 

controlling mean  salinity  and,  consequently  foraminiferal  assemblages.  A  number  of  other 

linked factors, including water depth, particle size and nutrient availability may explain some 

of  the  variation.  Postmortem  factors,  including  reworking  and  redeposition  by  tidal  and 

storm  forces,  are  also  likely  to  influence  the  relationship  between  the  foraminiferal 

assemblages and their depositional environment. It must be remembered that the majority 

of  contemporary  assemblage  variability  cannot  be  attributed  to  recorded  variables  and, 

accordingly,  much  of  the  variability  in  fossil  assemblages  may  relate  to  changes  in  other 

factors. 

 

6.5.1 Palaeoenvironments of assemblage zones 1A and 1B: 6330 to 5880 cal. years BP 

 

Foraminiferal  assemblage  zone  1A  shares  characteristic  species,  particularly  Ammonia 

beccarii,  Quinqueloculina  akneriana  and  Rotalinoides  annectens,  with  samples  from 

contemporary  cluster  E,  particularly  samples  PE  101  and  102  (figure  5.4).  These  modern 

samples are characterised by mean salinities of 25 to 30 psu, suggesting that basal samples 

from  core  UV1  were  deposited  in  a  saline  estuarine  environment.  Transfer  function 

calibration  estimates  concur,  suggesting  mean  salinities  for  the  earliest  Holocene  marine 

deposits of 28.6±3.2 and 29.3±3.1 psu.  

 

The low abundance of taxa with small tests, the frequency of test damage and the high sand 

content (figure 6.1) suggest that FAZ 1A relates to a relatively high energy environment. This 

concurs with  the  suggestion  that  a  channel may  have  occupied  the  coring  location  in  the 

early Holocene. Declining discharge may have allowed the deposition of the first Holocene 

marine deposits.  Extensive  test damage  could  also  be  indicative  of  reworking  of  the basal 

assemblage. While Wang and Murray (1983) and Wang et al.  (1992) suggest the microtidal 

nature  of  the  Pearl  River  estuary  means  that  tidal  reworking  is  minimal,  the  palaeo‐tidal 

regime  of  the  estuary  is  not  well  understood  and  past  basin  configurations  may  have 

resulted in a tidally dominated estuary, with implications for increased test redistribution (Li 

et  al.,  2001).  Reworking  of  allochthonous  forms  or  the  selective  non‐deposition  of  small 

tests  in  a  high  energy  environment  could  result  in  assemblages  not  providing  an  accurate 

reflection of the salinity of their depositional environment. 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Cluster  analysis  identifies  a  significant  change  in  fauna with  the  transition  from FAZ  1A  to 

FAZ 1B (figure 6.3). Taxa indicative of a range of different salinities are observed to increase, 

from  the  mesohaline  Cribrononion  subincertum  and  Ammonia  beccarii  to  the  polyhaline 

Lagena  spp.  and  Florilus  scaphus.  While  the  optima  and  tolerances  of  the  former  pair  of 

species  might  suggest  a  decrease  in  mean  salinity  when  compared  to  the  A.  beccarii  – 

Quinqueloculina akneriana – Rotalinoides annectens assemblage of FAZ 1A, Lagena spp. and 

F.  scaphus  exhibit  more  saline  optima.  This  combination  of  species  may  reflect  an 

environment  not  adequately  represented  in  the modern  sample  set. Calibration  estimates 

average 28.3±3.2 psu for FAZ 1B, suggesting a slight decline in salinity, a trend supported by 

the increase in low salinity taxa and the decline in species diversity, as measured by N2. The 

potential for the assemblage to not accurately reflect the depositional environment is again 

not  discounted.  The  possibility  of  reworking  of  tests  under  an  enhanced  tidal  regime  has 

been considered in relation to zone 1A. Bioturbation and infaunality could also contribute to 

smoothing  of  downcore  trends,  resulting  in  the  combination  of  assemblages  indicative  of 

higher and lower mean salinities (Martin, 1999).  

 

6.5.2 Palaeoenvironments of assemblage zones 2A and 2B: 5838 to 3330 cal. years BP 

 

FAZ  2A  is  characterised  by  the  establishment  of  Quinqueloculina  akneriana  as  a  major 

component of assemblages alongside Ammonia beccarii. Q. akneriana exceeds 15 % of the 

total assemblage  in only  four contemporary samples. These samples are all  located  to  the 

north  of  the  coring  location  and  are  characterised  by  water  depths  of  between  4.8  and 

9.6 m, with  salinities  in  the  range  of  25.7  to  31.0  psu.  Given  a  sea  level  close  to  present 

(Zong, 2004), the assemblages of zone 2A are likely to have been deposited in water depths 

of  between  15.5  and  17.5 m,  suggesting  Q.  akneriana may  have  a  broader  tolerance  to 

depth than contemporary distributions suggest. The decline in the relative abundance of low 

salinity taxa, including A. beccarii, Cribrononion subincertum and Haynesina sp., with the rise 

of Q. akneriana and other  intermediate salinity taxa  in zone 2A may suggest an increase in 

salinity with respect to the potential contemporary analogues of FAZ 1B. CCA sample scores 

and calibration estimates concur, suggesting a rapid  increase  in mean salinity from around 

6000  cal.  years  BP.  In  keeping with  the  salinity  values  of  the potential modern  analogues, 

calibration estimates for the assemblage zone range from 27.8±3.2 to 31.2±3.2 psu. 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The  progressive  increase  in  high  salinity  taxa,  including  Elphidium  spp.  and  Bolivina  spp., 

coincident with the decline of Ammonia beccarii and Quinqueloculina akneriana, suggests a 

further  decrease  in  fluvial  influence  in  FAZ  2B.  Assemblages  show  similarities  with 

contemporary  cluster  D,  although A.  beccarii  and Haynesina  sp.  form  a  larger  part  of  the 

fossil assemblage. The increase in N2 scores and decrease in total carbon and total nitrogen 

also  suggest  a more marine  environment with  respect  to  zone  2A  (figure  6.3).  Calibration 

estimates  show  a  slight  trend  for  increasing  salinity,  overlain  by  substantial  fluctuations 

including three notable troughs at 5048, 4159 and 3750 cal. years BP. Cluster analysis (figure 

6.3) suggests the sample at 3.77 m, dating to 3750 cal. years BP, shows extensive differences 

from  adjacent  samples.  CCA  sample  scores  and  calibration  estimates  also  suggest  a 

substantially lower salinity than the zone average. The increase in A. beccarii and Haynesina 

sp. at the expense of Q. akneriana, lasting for a single sample only, suggests a brief period of 

increased  fluvial  influence,  perhaps  resulting  from a  period of  increased discharge.  Events 

centred  on  5048  and 4159  cal.  years  BP  are  characterised by  lowered  estimates  for more 

than a single sample, suggesting more prolonged changes in fluvial influence. 

 

6.5.3 Palaeoenvironments of assemblage zones 3A, 3B and 3C: after 3246 cal. years BP 

 

The  trend  for  decreasing  abundances  of Quinqueloculina  akneriana and Ammonia  beccarii 

and  increasing  abundances  of  a  range  of  minor  high  salinity  species  continues  in  FAZ  3A, 

suggesting  increasing marine  influence.  The  brackish  taxa Haynesina  sp.  and Cribrononion 

subincertum  are  observed  to  increase  alongside  species  indicative  of  higher  salinities, 

including  Bolivina  spp..  Calibration  estimates  suggest  an  increase  in  salinity,  averaging 

30.5±3.3 psu for the assemblage zone. CCA sample scores and calibration estimates identify 

the sample at 1.29 m as  indicative of  the highest  salinity  in any core sample. High  relative 

abundances of Elphidium spp. and Bolivina spp. at the expense of A. beccarii, C. subincertum 

and Haynesina spp. contribute to the calibration estimate of 33.0±3.5 psu.  

 
Foraminiferal  assemblage  zone  3B,  relating  to  two  samples  from  immediately  below  and 

within  a  sand  and  shell  rich  layer  (1.04  to  0.98 m),  is  dominated  by  large  Rotalinoides 

annectens and Elphidium hispidulum tests. The link between the abundance of R. annectens 

and  the  concentration  of  sand  suggested  by  constrained  ordination  of  the  contemporary 

data  is  supported  by  this  fossil  assemblage  (figure  5.12,  chapter  5),  however  the 

concurrence  of  an  increase  in  particle  size  and  test  diameter  may  be  more  suggestive  of 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postmortem reworking or winnowing of  smaller  specimens  than any ecological preference 

(Wang and Murray, 1983; Huang, 2000). Huang and  Yim  (1998) and Huang  (2000)  identify 

sand  rich  layers  exhibiting a  significant  change  in assemblage  composition  in cores NL and 

VB1,  located  to  the  north  of  Lantau,  and  attribute  them  to  storm  deposition.  The  same 

process is proposed for the occurrence of the sand layer in core UV1. Changes in particle size 

(figure 6.1), total carbon,  total nitrogen and δ13C (Yu, 2009; figure 6.3) associated with the 

sand  layer  are  rapid  and  short‐lived,  however  foraminiferal  data  suggests  a more  gradual 

change,  with  increases  in  R.  annectens  and  E.  advenum  and  a  corresponding  decline  in 

Ammonia beccarii from at least 1.17 m core depth. A similar pattern is observed in cores NL 

and VB1  (Huang,  2000).  Bioturbation  could  result  in  the  smoothing of  an otherwise  sharp 

faunal  transition,  however  this  modification  would  be  expected  to  also  affect  the 

environmental  variable  datasets.  Murray  (2006)  lists  a  number  of  species  of Elphidium  as 

infaunal, however  the  frequency of abrasion and breakage  in  the sand  layer  suggests  that 

tests,  rather  than  live  foraminifera may have been deposited.  Furthermore  increases  in E. 

hispidulum and R. annectens are seen at least 13 cm below the sand layer, a depth requiring 

a high degree of vertical movement following deposition. Storm‐driven reworking of  in situ 

foraminifera is therefore seen as one possible explanation for the trends in assemblage data. 

Calibration  estimates  of  30.1±3.1  and  29.5±3.2 psu  for  samples  at  1.05 m 

(1842 cal. years BP)  and  1.01 m  (1801 cal. years BP)  respectively  are  in  keeping  with  the 

salinity  range  of  cluster  D,  which  includes  the  closest  modern  analogues  of  the  fossil 

assemblages.  

 

The  replacement  of  Quinqueloculina  akneriana  by  Bolivina  spp.  as  the  second  largest 

component of assemblages could suggest a decrease in fluvial  influence in FAZ 3C, with the 

latter genus exhibiting a more marine distribution in the contemporary dataset. Increases in 

the proportion of  low salinity  taxa, particularly Ammonia beccarii, and declining Elphidium 

spp.,  Rotalinoides  annectens  and  N2  values,  however,  suggest  increasing  fluvial  influence 

compared  to  zones  3A  and  3B.  Calibration  estimates  average  30.4±3.1  psu,  with  the 

maximum  of  32.4±3.1  psu  immediately  prior  to  2000 cal. years  BP  exceeding  the  present 

annual average salinity of the coring location. 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6.6 Spectral analysis to investigate cyclicity in foraminiferal time series 

 

Repeated  quantitative  estimates  of  palaeosalinity  through  core  UV1  form  a  time  series, 

potentially comprised of a long term trend, cyclic changes and residual irregular movements 

(Chatfield,  1989;  Diggle,  1990).  Spectral  analysis  is  used  to  determine  the magnitude  and 

significance of cyclic oscillations (Priestley, 1981) and is chosen over autocorrelation analysis 

due to the variation in the time interval between samples. Analysis has been undertaken on 

partial  CCA  sample  scores  constrained  by  mean  salinity  (figure  6.5),  transfer  function 

calibration estimates (figure 6.8),  the abundances of Ammonia beccarii and the percentage 

of taxa with contemporary salinity optima exceeding 30 psu (figure 6.3). As spectral analysis 

is  only  applicable  to  stationary  time  series  (Diggle,  1990),  data  are  first  detrended  using 

either linear or low degree polynomial models to remove any long term trend (figure 6.11). 

Spectral  analysis  of  detrended  data  is  undertaken  using  PAST  (Hammer  et  al.,  2001)  and 

presented  in  the  form of  periodograms  (figure  6.12).  Samples with  ages  younger  than  the 

youngest  radiocarbon  date  (1.33  m  core  depth)  are  not  included  in  analysis  due  to  the 

magnitude  of  uncertainties  over  their  ages.  Conclusions  drawn  from  analysis  of 

palaeosalinity  estimates  are  limited  by  substantial  uncertainties  in  both  salinity  and  the 

dating of samples. 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Figure  6.11:  Detrending  of  (a)  transfer  function  calibration  results;  (b)  Canonical 
Correspondence Analysis axis 1 sample scores; (c) Ammonia beccarii percentages and (d) the 
proportion of taxa with contemporary optima exceeding 30 psu. Black line: original data; red 
line:  detrended data with  samples  above  1.33 m  removed. Note:  x‐axes  of  (b)  and  (c)  are 
reversed with respect to figures 6.5 and 6.3 to facilitate comparison of records. 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Periodograms  showing  the  results  of  spectral  analysis  suggest  that  no  periodicities  are 

significant at p < 0.05  in the detrended calibration estimates (figure 6.12a), detrended CCA 

sample scores (figure 6.12b) or high salinity taxa data (figure 6.12d). An 830 year cycle in the 

Ammonia beccarii time series is, however, significant at p < 0.01 (figure 6.12c). Insignificant, 

but notable cycles of 426 and 461 years are also seen in the transfer function calibration and 

A. beccarii records respectively.  

 

 
 

Figure  6.12:  Periodograms  showing  results  of  spectral  analysis  of  (a)  detrended  transfer 
function  calibration  palaeosalinity  estimates,  (b)  detrended  partial  Canonical 
Correspondence  Analysis  sample  scores,  (c)  detrended Ammonia  beccarii proportions  and 
(d) detrended high salinity taxa proportions.  
 

While Ammonia beccarii favours brackish locations in the contemporary Pearl River estuary, 

its broad tolerance to salinity means  that relating the observed cyclicity directly  to fluvially 

driven  changes  in palaeosalinity  is assumptive at best. Spectral analysis of detrended sand 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percentages  suggests  an  insignificant  cycle  of  1606  years  (figure  6.13).  Comparison of  the 

corresponding  sinusoid  with  the  830  year  cycle  in  the  detrended  A.  beccarii  proportions 

suggests  an  in‐phase  relationship  (figure  6.14).  Given  an  infaunal  habitat  preference 

(Murray,  1991),  particle  size may play  an  important  role  in  defining  the niche of  the  taxa. 

Sand percentages may,  in  turn,  reflect  the magnitude of  fluvial discharge. As evidenced by 

contemporary  particle  size  data  (section  5.2.1;  figure  5.8),  sand percentages  are  linked  to 

fluvial influence. Periods of more intense discharge are hypothesised to lead to greater input 

of sand to the coring  location and, consequently,  influence the proportion of A. beccarii  in 

benthic assemblages.  

 

 
 

Figure 6.13: Periodogram showing results of spectral analysis of sand percentages. 
 
 
 

 
 

Figure 6.14: Comparison of spectral analysis derived periodicities  in faunal abundances and 
particle size data. Black line: 830 year Ammonia beccarii percentage sinusoid; red line: 1606 
year sand percentage sinusoid. 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6.7 Chapter summary 

 

Core  UV1  provides  a  4250  year  record  of  foraminiferal  assemblages  with  a  temporal 

resolution of between 0.15 and 0.24 cm/year. One‐hundred and two benthic taxa have been 

identified  from  83  fossil  samples,  with  Ammonia  beccarii  and Quinqueloculina  akneriana 

dominant throughout much of the core. Constrained ordination suggests that fluctuations in 

particle size, total  carbon, total nitrogen, carbon – nitrogen ratio and δ13C together explain 

26 %  of  the  variability  in  fossil  assemblages,  with  salinity  and  depth  hypothesised  to 

contribute to the unexplained variance. CCA is also used to provide an initial reconstruction 

of  the  relative  trends  in  salinity  through  core  UV1.  Transfer  function  calibration  provides 

quantitative  estimates  of  palaeosalinity,  but  its  predictive  power  is  compromised by  error 

terms  larger  than  the  reconstructed  changes  in  salinity.  Spectral  analysis  suggests  a 

significant  periodicity  of  830  years  in  foraminiferal  data,  with  further  insignificant  but 

noteworthy  cycles  of  426  and  461  years  in  transfer  function  calibration  palaeosalinity 

estimates and Ammonia beccarii data. 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7. The evolution of the Pearl River 

estuary and the East Asian monsoon: 
discussion and conclusions 

 
 
 
This  chapter  discusses  the  evolutionary  history  of  the  Pearl  River  estuary,  based on proxy 

records  from core UV1  (this  study; Zong et  al.,  2009a; 2009b;  submitted a; Yu, 2009).  The 

foraminiferal record is interpreted primarily in terms of changes in fluvial discharge from the 

Pearl River and comparisons are made with other proxy records of fluvial flux and monsoon 

precipitation. This significance of cyclic variation in the UV1 and other records  is examined 

and the potential mechanisms driving change in the East Asian monsoon are discussed.  

 

7.1 Evolution of the Pearl River estuary 

 

The  Holocene  evolution  of  the  Pearl  River  estuary  reflects  the  changing  influences  of  sea 

level, fluvial discharge and delta progradation. Inundation of the shallow basin of the palaeo‐

Pearl  River  occurred  during  a  period  of  rapid  early‐Holocene  sea‐level  rise  (Zong,  2004). 

Transgression resulted in the formation of a ria, with the northern coast at least as far inland 

as Guangzhou  (figure 7.1; Wu et al., 2007;  Zong et  al., 2009a). Sedimentation  in core UV1 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does not appear to have been initiated until after the marked slowdown in sea‐level rise at 

around  6800  cal.  years  BP.  Wu  et  al.  (2007)  and  Zong  et  al.’s  (2009a)  reconstructions 

indicate  that  the  rate  of  infilling  of  the  estuary  outstripped  further  rises  in  sea‐level, 

resulting  in  progradation  of  palaeoshorelines.  The  seawards  migration  of  the 

palaeoshoreline through the mid Holocene effectively brought the source of freshwater into 

the estuary closer to the coring  location, mitigating any possible increases  in salinity due to 

sea‐level rise. Furthermore the rate of sedimentation recorded in core UV1 suggests infilling 

of the southeast of the estuary at 0.30 cm year‐1, approximately three times the rate of sea‐

level rise between 6000 and 3000 cal. years BP suggested by Zong (2004). Any possible late‐

Holocene  decline  in  sea  level  from  a  highstand,  as  suggested  by  relative  sea‐level 

reconstructions  from  adjacent  regions  (Zong,  2004),  would  have  contributed  further  to 

seawards  shoreline  migration  and  decreases  in  salinity  in  the  southeast  of  the  estuary.  

Consequently  the decrease  in  low salinity  foraminiferal  taxa  in  favour of  intermediate and 

high  salinity  taxa  recorded  in  core  UV1  can  be  attributed  primarily  to  reductions  in  the 

volume  of  freshwater  discharged  from  the  Pearl  River,  rather  than  sea‐level  rise.  Indeed, 

increasing salinity concurrent with a possible  fall  in  sea  level and shoreline progradation  is 

suggestive of an even more marked decline in fluvial discharge.  

 

 
 

Figure 7.1: Palaeoshoreline of the Pearl River estuary at 6800 cal. years BP (after Zong et al., 
2009a). The positions of the contemporary shoreline and core UV1 are indicated. 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Although the precise date of the earliest marine Holocene deposits  in core UV1 is unclear, 

Zong’s (2004) sea‐level reconstruction suggests that water depths at the coring location may 

have  exceeded  14 m  during  the  deposition  of  foraminiferal  assemblage  zone  1A.  The 

location of the palaeoshoreline, 120 km to the northwest (figure 7.1; Wu et al., 2007; Zong 

et  al.,  2009a),  suggests  that  fluvial  influence  on  the  coring  site was  limited.  Furthermore, 

Coriolis  deflection  would  have  resulted  in  the  movement  of  freshwater  from  the 

Lingdingyang gates of  the Pearl  River, along  the western coast of  the estuary,  towards  the 

region presently occupied by the Modaomen and Huangmohai estuaries (Yim and He, 1988). 

The  proposed  mid‐Holocene  configuration  of  the  estuary  (Wu  et  al.,  2007;  Zong  et  al., 

2009a) and  inferred movement of freshwater would promote greater saline  intrusion from 

the  South  China  Sea  through  the  channels  around  Hong  Kong  and  Lantau.  Foraminiferal 

assemblages  from  sites  in  the  southeast  of  the  palaeo‐estuary  would  consequently  be 

expected  to reflect a highly saline environment. The fauna of assemblage zones 1A and 1B 

are  not,  however,  suggestive  of  a  more  saline  environment  than  that  which  is  presently 

found  in  the  coring  location.  Increased  fluvial  discharge  is  a  potential  explanatory 

mechanism, resulting from a greater  intensity of monsoonal precipitation in the Pearl River 

catchment. The diatom (Zong et al., submitted a) and δ13C (Yu, 2009) records from core UV1 

provide support for  this hypothesis, suggesting that surface water salinities were markedly 

lower before 6000 cal. years BP than at present (figure 7.2).  

 

Despite  the  progradation  of  palaeoshorelines  (Wu  et  al.,  2007;  Zong  et  al.,  2009a), 

foraminiferal data suggest a significant increase in mean salinity between 6000 and 3000 cal. 

years BP (figure 7.2). As previously mentioned,  the rate of shoreline progradation suggests 

that  increasing  salinity  cannot  be  attributed  to  rising  sea  level.  The  trend  for  increasing 

salinity is again extensively supported by diatom and δ13C data from core UV1 (figure 7.2; Yu, 

2009;  Zong  et  al.,  submitted  a)  and  by  diatom  and  δ13C  data  from  core  V37  (Zong  et  al., 

2006;  submitted a).  Increasing proportions  of  taxa with high contemporary salinity optima 

(figure 7.2d) and falling percentages of Ammonia beccarii cannot be explained by sea‐level 

rise;  therefore  declining  fluvial  discharge  is  speculated  as  the  primary  cause  of  increasing 

salinity  through  the  majority  of  the  UV1  record.  Outstanding  issues  over  defining  the 

morphology  and  hydrography  of  the  estuary  mean  that  long‐term  changes  in  estuarine 

circulation or tides cannot be discounted as possible contributing factors. 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A number of brief, but significant events are identified in the δ13C, diatom and foraminiferal 

data.  The  coincidence  of  increases  in  fluvial  flux  interpreted  from  foraminifera,  δ13C  and 

diatom proxies  is highlighted  in blue  in  figure 7.2, with samples suggesting  lowered  fluvial 

discharge  highlighted  in  grey.  Proxy  data  from  core  UV1  suggests  periods  of  elevated 

discharge  centred on 5923 and 3750 cal.  years  BP, with  lower discharge  estimates around 

5738, 5272 and 3044 cal. years BP. Further correlations between the foraminiferal and δ13C 

data are observed at  the base of  the Holocene section of  the  core, at approximately 4159 

cal. years BP and immediately following the final radiocarbon date at 2140 – 1876 cal. years 

BP.  The  agreement  between  the  three  separate  proxies  provides  support  for  the  records 

reflecting real changes  in fluvial flux. Rapid increases or decreases in salinity, affecting both 

surface and bottom water salinity may reflect flood or drought events. The lower resolution 

of the diatom and foraminiferal sampling strategy may explain the lack of peaks or troughs 

coinciding with  further events  identified  in  the δ13C  data. The  identification of high or  low 

discharge  events  from  the  microfossil  datasets  may  be,  in  part,  compromised  by  the 

sampling  resolution, which  results  in  a  large  number  of  data  points  appearing  as  peaks  or 

troughs.  

 
The  fluctuations  in  foraminiferal  palaeosalinity  estimates  in  the  poorly  age‐constrained 

section of  the core (after 2140 – 1876 cal.  years BP) are replicated  in  the δ13C data (figure 

7.2).  Anthropogenic  activity  may  have  exerted  an  additional  major  control  on  estuarine 

evolution  during  this  period.  δ13C  is  influenced  by  the  changing  proportions  of  C3  and  C4 

plants  with  the  development  of  agriculture  (Yu,  2009).  The  combination  of  increased 

sediment discharge resulting from deforestation of  the Pearl River drainage basin and  land 

reclamation for agriculture  increased the volume of sediment retained  in the estuary (Li et 

al.,  2001;  S.  Zhang  et  al.,  2008;  Zong  et  al.,  2009a).  Consequent  shoreline  progradation, 

exceeding 29 m year‐1 (Zong et al., 2009a) and supported by a possible sea‐level fall  from a 

high‐stand marginally above present (Zong et al., 2004), would have brought the freshwater 

source  closer  to  the  coring  location  and  may  explain  the  slight  decrease  in  foraminiferal 

palaeosalinity estimates at the top of the core. 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Figure 7.2: Compilation of proxy records from core UV1: (a) foraminiferal transfer function 
calibration  palaeosalinity  estimates;  (b)  partial  Canonical  Correspondence  Analysis  of 
foraminiferal data; (c) proportion of Ammonia beccarii;  (d) proportion of high salinity  taxa; 
(e)  bulk  organic  carbon  isotopes  (Yu,  2009)  and  (f)  diatom  transfer  function  calibration 
palaeosalinity  estimates  (Zong et  al.,  submitted  a).  Note:  δ13C  and diatom data  (Yu,  2009; 
Zong et al., submitted a) have been replotted using the age model developed in Chapter 6. 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7.2 The UV1 record and mechanisms responsible for East Asian monsoon variability 

 

7.2.1 Long term trends in Holocene monsoon intensity 

 

While  salinity  estimates  from  the  foraminifera  from  core  UV1  are  subject  to  errors  larger 

than the magnitude of changes, a slight long‐term trend towards increasing salinity values is 

observed.  It  is speculated that this trend is related to declining fluvial discharge. If genuine, 

this trend supports various proxy records of precipitation in the East Asian monsoon region 

(figure  7.3).  Intense  mid‐Holocene  rainfall,  as  suggested  by  more  negative  δ18O  values  in 

Dongge  Cave  speleothems  (figure  7.3c;  Y. Wang et  al.,  2005),  is  proposed  as  the  cause of 

high fluvial discharge and correspondingly low salinity at the start of the UV1 record (6300 to 

5900  cal.  years  BP).  Elevated  mid‐Holocene  precipitation  proxies  are  recorded  from 

numerous other speleothems (e.g. Cai et al., 2001; Zhang et al., 2004; Cosford et al., 2008; 

Hu et al., 2008), while increased Pearl River discharge is also seen as responsible for lowered 

sea surface salinity in the northern South China Sea (figure 7.3e; Wang et al., 1999b).  

 

The Dongge Cave record suggests a post‐peak decline in precipitation from around 7000 cal. 

years BP (figure 7.3c; Y. Wang et al., 2005), with coeval differences in δ18O between Heshang 

and Dongge Caves declining  from around 6000  cal.  years  BP  (figure 7.3d; Hu et  al., 2008). 

Pearl  River  estuary  foraminiferal  data  exhibits  an  increase  in  estimated  salinity  beginning 

between  6000  and  5500  cal.  years  BP,  which  may  relate  to  declining  fluvial  discharge. 

Declining monsoon intensity is postulated as responsible for these trends and for increasing 

sea surface salinity  in the South China Sea (figure 7.3e; Wang et al., 1999b) and the Yellow 

Sea  (Xiang  et  al.,  2008).  The  coherent  mid‐  to  late‐Holocene  decline  has  been  linked  to 

declining summer insolation (Dykoski et al., 2005), a function of the earth’s precession and 

obliquity  cycles  (figure  7.3g;  Berger  and  Loutre,  1991).  This  may  reflect  both  the  direct 

influence  of  reductions  in  the  thermal  contrast  between  land  –  sea,  resulting  in  reduced 

onshore movement  of moisture  bearing  summer winds,  and  the  southwards migration  of 

the Intertropical Convergence Zone (ITCZ; Yancheva et al., 2007). The movement of the ITCZ 

has also been used to explain the declining intensity of the Indian monsoon, as recorded by 

speleothems  from Oman  (Neff et  al., 2001; Fleitmann et  al., 2003), over  the same period. 

Furthermore, the global southwards shift  in  ITCZ position is supported by proxy records for 

declining  summer precipitation  from  the Cariaco  Basin,  Venezuela  (Haug et  al.,  2001)  and 

increasing effective moisture in the Amazon basin (Maslin and Burns, 2000).  



 ‐ 103 ‐ 

 

 
 

Figure 7.3: Comparison of (a) Pearl River estuary foraminiferal  transfer function calibration 
palaeosalinity  estimates;  (b)  partial  Canonical  Correspondence  Analysis  of  foraminiferal 
data;  (c)  Dongge  cave  stable  oxygen  isotope  record  (Y.  Wang  et  al.,  2005);  (d)  coeval 
differences  in δ18O between Heshang and Dongge Caves, calibrated to annual precipitation 
(Hu  et  al.,  2008);  (e)  South  China  Sea  surface  salinity  estimates  (Wang  et  al.,  1999b); 
(f) modelled June insolation at 30°N (Berger and Loutre, 1991). 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As outlined in Chapter 2, there are a range of outstanding issues over the interpretation of 

speleothem δ18O – the most widely cited proxy for Holocene monsoon intensity – as solely a 

record  of  precipitation  amount.  Nevertheless,  declining  monsoon  intensity  has  been 

recorded  by  various  other  proxies,  as  outlined  above.  The  increase  in  precipitation  after 

4000 cal. years BP inferred by Hong et al. (2005) from peat cellulose organic carbon isotopes 

from  Hani  bog,  northeast  China,  does  not,  however,  conform  with  the  majority  of 

precipitation intensity records. Furthermore, the record from Hani bog does not exhibit the 

same  trends  as  a  similar  peat  cellulose  δ13C  record  from  Jinchuan,  northeast  China, 

published  by  the  same  authors  (Hong  et  al.,  2001).  This  discrepancy  suggests  other 

processes may affect the δ13C values of peat cellulose in addition to monsoon precipitation.  

 

7.2.2 Abrupt changes in monsoon intensity 

 

A  number  of  abrupt  events  indicative  of  decreased  monsoon  precipitation  have  been 

identified from a variety of proxies. Literature suggesting dry periods and reduced monsoon 

intensity is summarised in table 7.1.  

 

Age range (cal. years BP)  Location  

~6300 
Pearl River estuary (this study; Yu, 2009) 
Dongge Cave (Y. Wang et al., 2005) 
Hani peat bog (Hong et al., 2005) 

5700 – 5500 
Pearl River estuary (this study; Yu, 2009; Zong et al., submitted a) 
Dongge Cave (Y. Wang et al., 2005) 

~5300 
Pearl River estuary (this study; Yu, 2009; Zong et al., submitted a) 
Dongge Cave (Y. Wang et al., 2005) 

4400 – 4000 

Pearl River estuary (this study) 
Jinchuan (Hong et al., 2001) 
Dongge Cave (Y. Wang et al., 2005) 
Loess Plateau (Porter and Zhou, 2006) 
Heshang and Dongge Caves (Hu et al., 2008) 

3000 – 2700 

Pearl River estuary (this study; Yu, 2009; Zong et al., submitted a) 
Jinchuan (Hong et al., 2001) 
Dongge Cave (Y. Wang et al., 2005) 
Loess Plateau (Porter and Zhou, 2006) 

1600 – 1400 

Qixing Cave (Cai et al., 2001) 
Jinchuan (Hong et al., 2001) 
Dongge Cave (Y. Wang et al., 2005) 
Loess Plateau (Porter and Zhou, 2006) 
Heshang and Dongge Caves (Hu et al., 2008) 

 
Table  7.1:  Summary  of  periods  characterised  by  decreased  summer  monsoon  intensity 
inferred from Chinese proxy records. 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Some  differences  in  the  timing  of  events  are  apparent,  however  it  appears  plausible  that 

these derive from age model inaccuracies. Liu et al. (in press) suggests cycles of 1606 years 

in the Dongge Cave δ18O data, incorporating these weak monsoon events, while Wang et al. 

(1999b)  identifies 775 year cyclicity  in South China Sea surface salinity. Spectral analysis of 

the  Pearl  River  estuary  foraminiferal  data  suggests  a  single  significant  period  of  around 

830 years, found  in the relative abundances of Ammonia beccarii (figure 7.4), although not 

in the calibration estimates, constrained ordination sample scores or the proportion of high 

salinity  taxa.  Issues over  inaccuracies  in  the age model and  the  low resolution of  sampling 

mean the equivalence of these cycles with published periodicities is uncertain. The 830 year 

cycle could  conceivably match  the 775  year cycle or  represent a  subharmonic of  the 1606 

year  cycle. While  the  low discharge  events  at  approximately  6300  and 5700  cal.  years  BP 

coincide  with  A.  beccarii minima,  further  events  are  more  easily  identified  from  transfer 

function  palaeosalinity  estimates,  constrained  ordination  sample  scores  and  other  proxy 

data from core UV1 (figures 7.2; 7.4).  

 

 
 

Figure  7.4:  830  year  sinusoid  fitted  to  detrended  Ammonia  beccarii  proportions.  Grey 
shading indicates low discharge events inferred from UV1 proxy data (figure 7.2). 
 

Correlations have been proposed between the timing of weak East Asian summer monsoon 

events and episodic increases in ice rafting in the North Atlantic (Y. Wang et al., 2005; Porter 

and Zhou, 2006). Noting the synchroneity between peaks in drift ice proxies and five periods 

of reduced rainfall inferred from Oman stalagmites, Bond et al. (2001) suggests a 1500 year 

cycle  in  solar  variability  as  the  forcing mechanism  for  changes  in  both  ice  rafting  and  low 

latitude  precipitation.  Decreased  solar  insolation,  resulting  in  expansion  of  northern 

hemisphere  ice  cover,  may  also  have  led  to  a  reduction  in  the  intensity  of  the  Western 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Pacific Warm Pool high pressure cell and, consequently, the thermal contrast between land 

and sea and ultimately  the  intensity of East Asian precipitation. Potential  synchroneity can 

be  seen  between  Bond  events  4  and  3  in  the  North  Atlantic  and  declines  in  Pearl  River 

discharge  inferred  from  foraminiferal,  δ13C  and  diatom  proxies  (figure  7.5).  A  further  low 

discharge  episode  at  around  6300  cal.  years  BP  observed  in  the  foraminiferal  data 

corresponds  with  a  positive  shift  in  the  oxygen  isotope  record  from  Dongge  Cave  (figure 

7.5c) and with an additional peak in ice rafted debris. 

 

Alternative  mechanisms  for  the  generation  of  abrupt  precipitation  anomalies  have  been 

proposed, advocating North Atlantic events as the cause of reductions  in East Asian rainfall 

(Porter  and  An,  1995;  An,  2000;  Zhao  et  al.,  2003).  Increasing  northern  hemisphere  ice 

extent may have resulted in the intensification and southward migration of the Siberian high 

pressure  cell  in  winter,  increasing  the  thermal  contrast  between  land  and  sea  and 

strengthening the East Asian winter monsoon (Porter and An, 1995; An, 2000; Y. Wang et al., 

2005).  A  reduced  summer  thermal  gradient  between  land  and  sea,  further  suppressed by 

lower  Western  Pacific  sea  surface  temperatures,  would  have  contributed  to  less  intense 

summer  precipitation  (Zhao  et  al.,  2003).  A  further  hypothesis  focuses  on  oceanic,  rather 

than  atmospheric  teleconnections,  with  intense  North  Atlantic  iceberg  calving  resulting  in 

perturbations  of  global  oceanic  circulation  and  cooling  in  the  western  Pacific  (Broecker, 

1994; Clift and Plumb, 2008). 

 

While  the  majority  of  East  Asian  proxy  records  suggest  periodic  abrupt  weakening  of 

precipitation  intensity,  the  Hani  peat  bog  record  suggests  in‐phase  abrupt  strengthening, 

particularly at around 4200 cal. years BP (Hong et al., 2005). While increased precipitation is 

supported  by  Shi  et  al.’s  (1994)  suggestion  that  a  legendary  catastrophic  flood  at  around 

4000 cal.  years  BP  led  to  the demise of  the Longshan and Lianzhu  cultures, Y. Wang et  al. 

(2005)  suggests  droughts  characterised  the  period,  resulting  in  the  collapse  of  Neolithic 

cultures. Again the peat cellulose δ13C record from Jinchuan is at odds with the Hani record, 

with  the  former  suggesting  decreased  humidity  or  precipitation  around  4150  –  3800  cal. 

years BP (Hong et al., 2001). 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Figure 7.5: Concurrence of abrupt dry events in (a) Pearl River estuary foraminiferal transfer 
function calibration palaeosalinity estimates; (b) partial Canonical Correspondence Analysis 
of foraminiferal data and (c) the Dongge cave stable oxygen isotope record (Y. Wang et al., 
2005), along with (d) peaks in drift ice tracers in the North Atlantic (Bond et al., 2001). Bond 
events 0  to 4 are  indicated  in  grey, with a  further weak monsoon event correlated with a 
drift ice proxy peak indicated in blue. 
 

As  previously  mentioned,  solar  variability  has  been  proposed  for  the  1500  year  cycles  in 

North Atlantic  ice  rafting and monsoon  intensity. Numerous shorter  cycles have also been 

attributed  to  changes  in  solar  activity,  with  significant  periods  of  around 11 –  13,  22  –  25 

years (P. Wang et al., 2005; Liu et al.,  in press), 84 – 88 years (Wang et al., 1999a; Hong et 

al.,  2001;  Y. Wang  et  al.,  2005;  Hu  et  al.,  2008;  Liu  et  al.,  in  press),  ~110  and  ~210  years 

(Hong et  al., 2001; Y. Wang et al., 2005; Hu et  al., 2008; Liu et al.,  in press). The sampling 

resolution of  foraminiferal  data  presented here  negates  the possibility  of  detecting  any of 

these  decadal  and  centennial  scale  cycles.  High  resolution  studies  have  additionally 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identified  sub‐decadal  cycles  that  have  been  attributed  to  El  Niño  (e.g.  Peng  et  al.,  2003; 

Dykoski et al., 2005; Hong et al., 2005).  

 

7.3 Conclusions 

 

7.3.1 Benthic foraminifera as proxies for salinity 

 

Analysis  of  76  grab  samples  from  the  Pearl  River  estuary  suggests  that  foraminiferal 

assemblages  show  clear  spatial  variation.  Cluster  analysis  and  unconstrained  ordination 

delineate  five  contemporary  clusters  of  samples.  Mapping  the  distributions  of  clusters, 

individual species and environmental data suggests a  link between sample composition and 

distance  from  the  gates  of  the  Pearl  River.  Ordination  provides  a  valuable  and  frequently 

overlooked  stage  in  the  analysis  of  contemporary  distributions  for  transfer  function 

development. Constrained ordination suggests 38 % of the variance in the species data can 

be  accounted  for  by  the  recorded  variables,  with  the  remaining  62 %  attributed  to 

environmental  factors  not  quantified  in  this  investigation  and  stochastic  processes.  Mean 

annual  bottom water  salinity  explains  16.9 % of  the  variance  and  is  deemed  significant  in 

controlling  the  distribution  of  foraminifera,  consequently  allowing  transfer  function 

development. Unimodal models of species’ response to the environment express salinity as 

a function of the contemporary faunal data. The use of a sampling strategy based on a single 

transect along the environmental gradient of interest, as adopted by a significant number of 

quantitative  palaeoenvironmental  studies,  minimizes  variation  in  assemblages  at  a  given 

environmental value and, consequently, leads to an underestimation of the error term. The 

multiple transect strategy used here better quantifies variability independent of the desired 

parameter, providing larger, but more realistic prediction errors.  

 

7.3.2 Reconstructing palaeosalinity and the evolution of the East Asian monsoon 

 

Eighty‐three fossil samples from core UV1 provide a record of palaeoenvironmental change 

spanning approximately 6330 to 2090 cal. years BP. Cluster analysis divides the stratigraphic 

data  into  seven  foraminiferal  assemblage  zones.  While  the  precise  estimates  of 

palaeosalinity provided by transfer function calibration are compromised by  the size of the 

sample  specific  error  term  with  respect  to  the  magnitude  of  recorded  changes,  relative 

trends are reliable and concur with qualitative assessments based on the preferred habitats 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of key indicator species. Foraminiferal assemblages suggest a long‐term trend for increasing 

salinity during the mid‐ to  late‐Holocene in the southeast of the Pearl River estuary. Given 

the  a  priori  knowledge  of  relative  stability  in  sea  level  (Zong,  2004),  palaeosalinity  is 

interpreted primarily as a record of fluvial influence. Despite shoreline progradation bringing 

the source of  freshwater closer  to  the coring  location,  I propose  that  the decline  in  fluvial 

discharge  during  the  mid‐  to  late‐Holocene  was  significant  enough  to  result  in  increasing 

salinity. The interpretation of the foraminiferal data in terms of changing fluvial discharge is, 

however, subject to a number of caveats, with the exact relationship between palaeosalinity 

and  palaeodischarge  unknown  and  a  number  of  other  factors  potentially  giving  rise  to 

salinity  variations.  A  long‐term  increase  in  salinity,  if  related  to  declining  fluvial  flux,  is  in 

accord  with  the  majority  of  records  of  changing  precipitation  intensity  derived  from 

biological,  sedimentiological  and  chemical  proxies  from  across  China.  Declining  insolation 

due  to  the  earth’s  obliquity  and precession  cycles  is  hypothesised  to  have  resulted  in  the 

southwards migration of  the ITCZ and reduction of  the thermal contrast between  land and 

sea.  While  issues  remain  over  the  interpretation  of  speleothem  records  as  indicative  of 

regional  precipitation  intensity,  the  Pearl  River  estuary  record  is  thought  to  document 

average changes in precipitation over the entire drainage basin.  

 

The progressive increase in Pearl River estuary salinity  is punctuated by a number of short‐

lived  high  and  low  salinity  events.  Foraminiferal  evidence  for  these  events  shows 

synchroneity  with  bulk  organic  carbon  isotope  data  from  core  UV1  (Yu,  2009)  and  with 

southeastern Chinese speleothem oxygen  isotope  records  (Y. Wang et  al., 2005; Hu et  al., 

2008).  The  coincidence  of  ice‐rafting  events  in  the  North  Atlantic  and  weak  monsoon 

intervals  in  East  Asia  is  proposed  to  reflect  forcing  by  solar  variability  or  the  rapid 

propagation  of  atmospheric  or  oceanic  circulation  disturbances  following  iceberg  calving 

events (Broecker, 1994; Bond et al., 2001; Zhao et al., 2003; Porter and Zhou, 2006).  

 

Holocene sedimentation in core UV1 is inferred to have commenced at approximately 6300 

cal. years BP. Subaerial exposure of the shallow basin due to  lowered sea level explains the 

lack of Last Glacial Maximum or early‐Holocene estuarine deposits. With significant changes 

in  monsoon  precipitation  intensity  inferred  for  these  periods  from  terrestrial  and  marine 

proxies  (e.g. Wang  et  al.,  1999a;  Y. Wang et  al.,  2005;  Yancheva  et  al.,  2007),  it  is  clearly 

desirable  for  further  work  to  be  focused  on  obtaining  a  corresponding  nearshore  record. 

While  cores  taken  from  further  offshore  contain  lowstand  sediments,  the  rise  in  sea  level 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during  the  early  Holocene  is  likely  to  have  had  a  profound  effect  on  faunal  assemblages. 

Furthermore  changes  in  fluvial  flux  are  unlikely  to  have  had  as  great  an  influence  on  the 

salinity of locations further removed from the contemporary coastline.  

 

7.3.3 Final thesis conclusions 

 

This  thesis  reports  the  distribution  of  benthic  foraminifera  from  the  Pearl  River  estuary, 

southeast China and their development as a proxy for salinity. Qualitative and quantitative 

analyses are used  to produce a high  resolution,  precisely  dated  record of a  relative stable 

estuarine environment over the mid‐ to  late‐Holocene. The slight increase in salinity   in the 

face of shoreline progradation observed over the course of the record is primarily attributed 

to  decreasing  fluvial  discharge,  supporting  previous  terrestrial,  lacustrine  and  marine 

reconstructions of Holocene East Asian monsoon intensity. Further work would be required 

to  establish  the precise  link  between  salinity  estimates  derived  from  foraminiferal  proxies 

and  palaeodischarge.  A  recent,  well  dated  sediment  record,  with  a  corresponding 

instrumental  record  of  fluvial  discharge  could  indicate  the  extent  to  which  variability  in 

salinity  in  the  southeast  of  the  estuary  is  dependant  on  fluvial  flux.  This  research  has 

provided extensive and hitherto unavailable baseline data on the ecology of foraminifera in 

an estuarine environment. While the magnitude of the sample specific errors to some extent 

negate  the  use  of  transfer  functions  to  reconstruct  Pearl  River  estuary  palaeosalinity,  the 

modern dataset may potentially provide a basis for the analysis of other cores  in the Pearl 

River estuary and vicinity. Areas of the contemporary delta plain and inner estuary may have 

experienced greater changes in salinity and cores from these locations could provide further 

information on fluvial flux and the evolution of the estuary. 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Appendices 
 

 
 
 
Appendix 5.1: Summary statistics for dominant and common benthic foraminiferal taxa in 
contemporary surface samples 
 

Taxa  Number of 
occurrences 

N2  Maximum 
% 

Sample with 
maximum % 

Mean %  Number of 
samples >5% 

Ammobaculites formosensis  71  35.8  66.8  72  14.5  49 
Ammobaculites sp.  54  23.7  17.3  78  2.5  11 
Ammotium salsum  20  6.9  24.4  78  1.1  6 
Haplophragmoides sp.  66  34.0  40.4  71  6.8  31 
Textularia foliacea  27  8.8  14.5  93  1.0  5 
Ammonia beccarii  76  52.5  83.8  55  29.7  72 
Cribrononion subincertum  34  16.8  11.0  104  1.1  4 
Elphidium advenum  40  24.2  14.4  28  3.0  18 
Elphidium hispidulum  41  22.7  10.9  36  1.3  3 
Florilus scaphus  29  13.7  12.6  23  1.0  4 
Hanzawaia nipponica  25  10.6  13.1  23  0.9  4 
Haynesina sp.  62  17.2  60.0  62  7.6  25 
Nonionella stella  35  15.7  11.1  24  1.0  3 
Pararotalia nipponica  13  6.9  11.1  21  0.6  4 
Quinqueloculina akneriana  46  18.2  26.2  102  2.7  13 
Quinqueloculina lamarkiana  26  8.7  12.7  38  0.6  2 
Quinqueloculina seminula  40  24.2  11.5  39  1.8  8 
Quinqueloculina sp.  47  27.3  12.0  85  2.0  11 
Rotalinoides annectens  56  23.4  49.1  60  6.0  24 
Spiroloculina lucida  30  10.6  13.2  60  0.9  2 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Appendix  5.2:  Relative  abundances  of  contemporary  Pearl  River  estuary  foraminifera, 
ordered by CONISS cluster 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6  103  62.14  13.59    3.88                           
72  331  66.77  9.37    4.53    0.3                       
4  65  43.08  9.23    9.23  1.54                         
5  61  44.26  3.28    24.59                           

14  57  40.35      21.05                           
71  312  36.54  8.33    40.38                           
78  127  16.54  17.32  24.41  11.02  0.79                    6.3     
79  123  33.33  13.82  7.32  6.5                      5.69     
81  303  47.19  8.58  13.86  1.98                      14.19  0.33   

103  75  36  9.33    8                           
104  73  32.88  10.96                               
82  125  34.4  6.4    16                      1.6     
83  124  16.94      10.48                      0.81     
66  305  14.75  0.66  3.28  20.98                           
87  321  30.84  4.05  0.62  15.89                        0.31   
90  349  25.21  2.01  0.29  22.64      0.29                  0.86   
85  308  27.92  0.97  2.27  14.61                        0.65   
97  399  29.32  3.76    14.29                           
98  312  33.97  1.92    11.22                           
95  328  32.62  1.83    12.2    0.3                       
39  347  25.07  0.58    6.34                          0.29 

100  322  15.84  3.11    6.83  0.31                         
1  65  1.54        6.15                         
8  110  0.91        1.82                         
9  68                                   

62  100        2                           
63  176    0.57  5.68  1.14                          0.57 
59  83  2.41                                 
55  136        0.74                           
57  124  0.81    0.81  0.81                           
58  157  7.01  1.27    2.55                           
64  104  5.77  1.92    1.92                          0.96 
65  116  14.66  2.59  4.31  10.34                           

105  318  8.49  2.83  8.49  11.64                           
69  104  20.19  0.96    4.81                    0.96       
68  105  4.76  0.95  0.95  4.76                           
75  100  5      22                           
80  66  16.67  4.55    7.58                           
94  97  5.15  6.19    6.19                        1.03   
40  354  19.21  2.82    17.51  1.13      0.28            0.56      1.98 
73  110  27.27  3.64    19.09                    0.91       
70  85  20  4.71    9.41                           
67  343  7.29  1.46  0.58  4.66                           
89  334  15.57  1.8  0.3  9.28      0.9          0.3        0.6   
3  64  9.38      3.13  1.56                         
7  115  22.61  4.35    12.17  1.74                         

84  101  8.91  0.99  0.99  4.95                      8.91     
93  76  7.89    5.26  10.53  1.32                    14.47     
86  140  6.43    0.71                        4.29  0.71   
91  324  14.81  0.62  2.78  13.89                    0.31       
92  327  6.42  0.31  0.31  4.59    0.92    0.61              1.53    0.31 
31  359  6.13  0.28    1.67    1.67    0.28                   
88  115  13.28  1.56    1.56  0.78                    0.78     
21  416  0.72  0.72    4.33      1.92  2.4  0.96  0.72          1.2     
22  426  0.7  0.94    5.87    0.47  0.47  0.7  0.47            2.11    4.69 
23  404  1.49  0.25    1.73    0.5  0.99  1.24              0.25    3.22 
27  430  8.37  0.23    3.95    0.23  5.81  5.12    0.47          0.47     
28  527  3.98  0.19    4.55    0.38  2.66  1.14            0.19  0.76     
29  340  12.65  1.47    2.94    3.53  1.76      4.71        0.88       
24  377  1.59  1.86    0.53    5.04  1.33  1.33    3.71      0.27  0.27  0.27    3.45 
30  257  1.17  0.39        1.95  4.28  3.5            0.78  0.39    0.78 
26  427  2.34  0.7    1.41      1.87  2.81            0.23  0.7     
32  334  0.9      0.6    0.3  0.9  0.9          0.3    0.9     
33  331  1.21      0.6    0.6  2.42  2.11          0.6  0.6  2.72    0.3 
25  349  4.87  0.57    0.57    0.57    1.15    1.15      0.86  1.72  1.15    2.01 
60  106  0.94      1.89                           
61  135  0.74    0.74                             

101  308  3.25  0.97    1.3                           
102  347  1.15      0.86                           
99  312  10.26  2.56    3.53                      0.64     
96  307              0.98                     
35  229  5.24      2.62    0.44          0.44    0.44    1.75     
36  202  1.98  0.5    1.98    0.5  1.49  1.98  0.99            0.5    0.99 
34  476  4.83  2.31    1.68  0.21  0.42  1.89  1.47              0.21    0.84 
37  359  6.96      1.95      0.28      0.56          0.28     
38  308  0.65              0.97  0.32            0.32 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6      17.48                               
72      13.6      0.91                         
4      35.38                               
5      19.67                               

14      22.81                               
71      8.65      1.6                         
78      20.47      0.79                         
79      20.33      0.81    0.81                     
81      8.58      1.98                         

103      9.33    1.33  1.33                         
104      16.44                               
82      16      1.6                         
83      29.03  0.81    0.81            3.23        0.81  1.61   
66      12.13      3.28                         
87      12.77  0.62        0.31      0.31        0.31       
90      15.47  0.29            0.29  2.58  0.86          0.57   
85      24.03      1.95    0.32                     
97      16.79    0.5  1.75                         
98      21.79      3.85                         
95      32.01      3.05  0.3        0.3  0.61        0.3     
39      32.28      3.46      0.58                   

100      22.98      0.62                         
1      53.85      6.15                         
8      38.18      3.64                         
9      41.18                               

62      36                               
63      32.39  0.57                             
59      44.58                               
55      83.82      1.47                         
57      75.81      0.81                         
58      75.16      2.55                         
64      60.58                               
65      45.69      0.86                         

105      51.57      2.52                         
69    2  51.92      2.88                         
68      58.1      2.86                         
75      42      3                         
80      48.48              1.52  3.03  1.52    1.52  3.03       
94      53.61      2.06          1.03               
40  0.28    43.22      1.69            0.28             
73      36.36      2.73                         
70      27.06                               
67      49.85      3.5    0.29                     
89      43.11  0.6    2.1    0.6    0.6  1.2  1.8  0.3        0.3   
3      54.69                               
7      30.43      6.09                         

84      57.43      2.97    0.99                0.99     
93      36.84      1.32                         
86      67.86      2.86        0.71                 
91      31.79  0.31    1.85    1.54      0.31  0.93      0.62    0.62   
92      36.39  0.61    3.67    3.06    0.31  1.53  0.92  0.31    0.31    0.92   
31      64.9      0.84          1.95  2.51        0.84    0.28 
88      58.59  0.78    1.56        0.78  0.78  2.34        1.56     
21  0.24    5.05      1.68      0.48  0.48  1.44  0.96  0.48  0.24  0.48  0.96     
22  0.23  0.47  4.69    0.23  1.64      1.64  0.47  0.94  0.7  0.7      1.17    0.47 
23  0.5    0.25  0.74    2.23      0.74  0.5  1.98  1.49  0.25      0.99  0.25  0.74 
27  0.23    14.88      1.63      0.93  0.47  0.47  3.26  0.7  0.23    2.09     
28      11.76      2.85      0.57    1.71  1.33  0.57  0.76  0.95  0.76     
29    2.65  22.65      1.76  0.59        2.35  3.82    0.88    0.59     
24  0.8    7.96  1.06    3.98      0.8    4.77  2.12  0.27    0.53  1.59    0.53 
30    2.33  7.78  0.78  0.39  4.67          3.89  2.33  2.72    0.39  5.06  0.78   
26      9.13      2.58      0.23    2.11  2.34  0.47      1.17     
32      19.76    1.2  2.4      0.3  1.2    3.29        0.3     
33    1.21  11.48  1.51  0.6  4.83            1.51  0.6      1.21     
25    0.57  4.01  1.43  0.29  1.15      0.86    1.72  1.43  0.57      2.01  0.29   
60      22.64  0.94                             
61      47.41      1.48          0.74               

101      12.66    0.65  2.27                         
102      20.17    0.86  1.15                         
99      18.59      3.85          0.32               
96      3.91      0.33          0.33        0.98       
35  0.44    8.3    0.44        0.44      0.44             
36  1.98    15.35    1.49                  1.49         
34    1.26  15.13    0.84  3.78      0.63    0.42  0.63  0.42  0.42         
37    0.84  10.31    0.28  3.62            0.56             
38      7.14      4.55            0.32        0.32 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6                                   
72                                   
4                                   
5                                   

14                      1.75             
71                0.32                   
78                                   
79        3.25      0.81                     
81                                0.33   

103        8              2.67             
104        10.96              1.37             
82                                0.8   
83  1.61                              1.61   
66  0.33            1.97  6.23      1.97      0.66       
87              0.93        0.31          0.31   
90        0.57      1.43  0.86      1.15          0.57   
85              1.95  0.32                0.65  0.32 
97  0.5  0.25    1.5      1.5  1  0.75    0.5             
98  1.28      1.6      3.85  0.32      0.32             
95  1.22    0.3        0.91  0.91                0.3   
39        0.29      2.02  0.86  0.29    2.59  0.58        0.29   

100  0.62  0.31    0.31      6.83  1.55  3.11    1.24  0.31           
1                                   
8                                   
9                                   

62                                   
63                    0.57               
59        2.41                           
55                      0.74             
57                                   
58                                   
64                                   
65                                   

105        6.29                           
69        1.92        0.96                   
68        4.76                           
75              1                     
80        4.55                           
94                2.06                1.03   
40                0.28      1.98  1.13    0.28    0.28   
73  0.91      4.55                           
70        8.24                           
67  0.58      0.58      0.58        4.96      0.29       
89              1.5  0.3      0.3    0.3      0.3   
3                      1.56             
7                      1.74             

84  1.98                    0.99             
93  1.32      1.32              1.32             
86                                   
91              2.78  0.31      0.93    0.31      0.93   
92  2.75            2.14  0.61      1.83  0.61  0.31  1.83    0.92   
31        2.51      1.39  0.84  0.28    1.39      0.84    1.11   
88  0.78            0.78  1.56      2.34    0.78      1.56   
21      0.24        14.42  0.48  1.2    2.4             
22  0.7    0.23  0.47    0.47  14.32  0.94  1.17    2.11          0.7   
23  0.99            10.64  0.74  0.99    1.24  0.5      0.74  0.5   
27  0.7      0.23      10.93  0.7  1.4    0.47  0.23    1.86    1.16   
28  0.95      1.33      14.42  3.42  3.23    3.42  0.57    2.85       
29      0.29  1.76      6.76  2.65      1.76  1.76    2.06    0.88   
24  0.27      2.39      4.24  1.86  0.27      1.86    1.06    1.86   
30  0.39    0.78  1.95      3.11  0.78      0.78  4.28    0.78    0.39   
26      0.7  0.47  0.23    13.11  3.28  1.17    2.81  0.47    1.17       
32  0.6      0.6  0.3    11.68  3.29  0.6    8.08  2.1    0.9    0.3   
33  1.51    1.21  1.21      7.55  1.81  2.42    4.23  0.6    1.51  0.3  0.91   
25  0.57            7.16  0.29  2.58    0.57  0.57    0.57    0.29  0.57 
60        3.77      0.94                     
61        2.96      8.15  2.96  0.74    1.48             

101  0.65  0.65          4.22  0.65  2.27    2.27  0.65      0.32     
102    0.86    0.86    0.29  5.19  0.29  3.46    1.73  1.15  0.58         
99  1.6  0.32    0.64      4.81  1.28  0.96                 
96  3.91            3.58  0.98  2.93              0.33   
35  1.75      2.62  0.44  0.44  5.68    7.42    6.11  0.87           
36  1.49      0.5      13.37  1.98  2.97    10.89             
34  0.21    0.84  0.42      9.87  1.05  3.99    3.36  1.89    0.63    0.84   
37      0.56        13.37  2.79  6.13    4.74      2.51       
38              11.36  2.27  0.97    4.87  0.32    2.27    0.32 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6                    2.91               
72                    3.02               
4                                   
5                    8.2               

14                    8.77               
71      0.32              0.32               
78                    2.36               
79      1.63              4.88               
81          0.33          0.33               

103                    1.33               
104                    1.37               
82      1.6              1.6               
83  0.81                  6.45               
66    0.33                0.66               
87                  0.31  0.31          0.31     
90  0.57    0.29  0.86    0.29        0.57            0.29   
85            0.32        1.3               
97      0.5              0.25               
98                    0.96               
95  0.3    0.3    0.3        0.3  2.13            0.3   
39                                   

100      0.31            0.31  0.62               
1                    30.77               
8      0.91              51.82               
9                    58.82               

62      1              60               
63                    56.25               
59                    46.99               
55                    13.24               
57                    20.97               
58                    11.46               
64      0.96              25               
65                    21.55               

105                    6.92               
69                  0.96  12.5               
68                    10.48               
75                    22               
80                    6.06               
94      2.06              8.25               
40                    0.56               
73                                   
70                    7.06               
67    0.58        0.29        2.33            0.29   
89    0.3    0.3            1.2               
3                    20.31               
7                    9.57               

84      0.99              0.99               
93      5.26              6.58               
86                    5               
91      1.54  0.31          2.16  0.62          0.62  0.31   
92  0.92    3.36  0.61  0.31  0.61      0.31  1.53            0.61   
31        0.84                           
88      2.34  0.78            1.56               
21  2.16    8.41  2.16          9.13                 
22  3.05    4.69  3.76        0.47  6.81                 
23  7.43    12.62  1.73          13.12    0.74             
27  4.19    4.65  2.33          3.95                 
28  4.36    4.17  1.52          3.04  2.66               
29  2.35    1.76  0.88  0.88        1.47          0.29       
24  1.86    5.57  7.96          1.06                 
30  2.72    2.33  1.17          1.17  0.39    0.78           
26  4.22    2.81  1.87          3.28  0.23               
32  1.5    0.6  0.3          2.1                 
33  1.81    0.3  0.91  0.6        3.32  1.81              0.3 
25  2.87    2.29  2.58      0.57    7.16  0.57      0.29         
60                    2.83               
61                    0.74               

101        0.32          0.32  0.32               
102        0.58          0.58  0.58               
99          0.32        0.64                 
96    0.65                0.65               
35                  2.18                 
36      0.99            1.49                 
34          0.42        0.63  0.63  0.63             
37                  1.11  0.28               
38                    0.97 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6                                   
72                                   
4                                   
5                                   

14                                   
71                0.32          0.96         
78                                   
79                          0.81         
81                          0.66         

103                          2.67         
104                1.37          2.74         
82                                   
83                2.42          1.61      0.81   
66                0.33                   
87                0.31          6.23         
90                          2.01      0.29   
85                          0.97         
97                0.5          6.52         
98                0.96          3.85  0.32       
95                1.52          1.52  0.3       
39                          5.19  0.58  0.29     

100                          5.9         
1                                   
8                                   
9                                   

62                                   
63                                   
59                1.2          1.2         
55                                   
57                                   
58                                   
64                0.96            0.96       
65                                   

105                0.63          0.31         
69                          1.92         
68                3.81          3.81         
75                2          3         
80                1.52                   
94                9.28                   
40                          4.52         
73                          2.73         
70                          8.24         
67                1.17          2.33         
89    0.3      0.3                1.5         
3                          1.56    1.56     
7                          0.87         

84                0.99            1.98       
93                          1.32         
86                                   
91    0.31            2.47      0.62    2.78         
92    0.31            3.67      0.31    1.83      0.92   
31                0.56          6.41         
88                                2.34   
21  0.48  0.48            4.09      11.06    1.44         
22  0.23  1.64      0.23      6.34    0.23  8.45    0.94         
23    0.5            4.46      8.42    0.5         
27  1.16              0.93        0.23        0.23   
28  0.57  0.57            2.66        0.38           
29    0.59                    0.59  0.59  0.29       
24    1.06            11.14  0.27    3.45    0.27         
30    3.11          1.17  2.72  0.39    0.39    2.33      0.78   
26    1.87    0.47        2.11      6.32  0.23  3.28  0.47    0.47   
32    0.6    0.3              4.19    7.19  0.3       
33    0.91        0.91  0.6  0.91      1.21    2.11  0.3  0.3  0.6   
25    2.01    0.57      0.29  3.15      2.29  0.57  2.29  0.57       
60                            0.94       
61                                0.74   

101                0.65          18.18  0.97       
102                0.29          26.22      0.29   
99                0.32          17.95  0.64       
96            0.33    0.65          19.54  2.28    0.33  0.33 
35                              0.87  0.87   
36                              3.47     
34        0.84        0.42      0.63    7.14  1.05    0.21   
37        0.56              1.39        0.84  0.56   
38      0.32  0.97  1.95                8.44  1.62 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6                                   
72                0.91                  0.3 
4                1.54                   
5                                   

14              1.75  3.51                   
71      0.32        0.32  0.96                  0.64 
78                                   
79                                   
81                0.66                  0.99 

103                                  20 
104              2.74                    17.81 
82            0.8                      19.2 
83                                  20.16 
66              2.3  0.33                  29.51 
87  0.31            1.25  5.61              0.31    14.95 
90      0.57        1.43  5.16                  10.6 
85  0.97          0.32    12.01                  6.49 
97  0.5            3.01  3.51                  9.52 
98  1.6            1.6  3.21                  4.81 
95  1.83    0.3        0.3  1.22                  0.61 
39      0.29        11.53    0.29      0.29          6.05 

100      2.48    0.31    2.17  1.24                  19.57 
1                                  1.54 
8                                2.73   
9                                   

62                                  1 
63                                  2.27 
59              1.2                     
55                                   
57                                   
58                                   
64                                  0.96 
65                                   

105                                  0.31 
69                                   
68              1.9                0.95    1.9 
75                                   
80                                   
94                                  2.06 
40              0.28  0.85                  0.85 
73                1.82                   
70              3.53  11.76                   
67  1.17    0.29        9.62  6.41                  0.87 
89  0.3            7.19  2.1                  3.59 
3              3.13  1.56                  1.56 
7              1.74  3.48                  5.22 

84                3.96                  0.99 
93                1.32    1.32              2.63 
86  0.71    4.29          6.43                   
91  1.23    1.23        0.93  0.93    0.31          0.62    6.79 
92  1.53    0.61        1.22  2.75  0.31            0.31    1.53 
31                0.56                  1.95 
88                                   
21  0.24    0.96        2.64  2.16      0.96        1.44  0.72  5.53 
22  0.47    0.23        3.52  1.17      0.47      0.23  1.41  0.23  2.58 
23  0.5            3.71  1.73          0.5  0.99  2.97  1.24  1.49 
27  3.02    0.7        0.93  1.86        0.23      1.86  1.4  3.49 
28  0.76  0.19  1.33        1.33                1.14    6.64 
29  0.88    0.29        1.18  2.06        0.88        2.06  1.47 
24  1.86    0.27        1.86  0.27  1.06          0.27  1.59  1.06  1.33 
30  2.33          0.78  3.89  2.72  3.89        0.78  1.95  2.72  3.5  0.39 
26  3.98    0.23    0.23    3.75  1.87    0.94  0.94    0.23  1.17  1.64  1.41  0.7 
32  5.99    0.9        2.69  2.99    0.3  1.2        2.4  1.2  1.2 
33  4.23  0.3  0.6    0.3    3.63  2.42      0.91      2.11  1.21  1.51  4.83 
25  3.44    0.86  0.29      3.72  0.57  2.01    4.3    0.29  0.57  3.72  0.57  3.72 
60            2.83                      49.06 
61                2.22                  27.41 

101  1.3    3.25    0.32    6.17  5.84                  20.45 
102  1.44        0.29    7.49  2.02  0.58                15.27 
99  3.85            5.77  6.09    0.32              4.81 
96  5.21    0.98    0.98    4.89  9.77    0.65              23.45 
35  0.87    3.93    2.18    11.35  3.93    0.87        0.87    0.44  15.72 
36      3.96          5.45              0.5    18.32 
34  3.15    1.26    0.42    4.2  5.46                1.26  4.83 
37  0.56    5.85    1.11    5.29  2.23    0.28              10.58 
38  5.19    12.66          3.57  2.6  0.97          0.97  0.65  15.58 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Appendix 5.2 (continued): 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6                     
72          0.3           
4                     
5                     

14                     
71                     
78                     
79                     
81                     

103                     
104          1.37           
82                     
83                     
66          0.33           
87          1.87    0.62       
90          0.57  0.29  0.29       
85          1.3      0.32     
97        1.5  0.75        1   
98  0.32      1.28  0.96           
95        0.3  0.61    0.61       
39                     

100        0.93  1.86        0.31   
1                     
8                     
9                     

62                     
63                     
59                     
55                     
57                     
58                     
64                     
65                     

105                     
69                     
68                     
75                     
80                     
94                     
40                     
73                     
70                     
67                     
89  0.3              0.6     
3                     
7                     

84                     
93                     
86                     
91          0.62          0.31 
92        0.92  0.31    0.92  0.31    0.92 
31                     
88                  0.78   
21  0.24              1.2  0.24  1.92 
22          0.23      1.17  0.47  3.29 
23                0.74    4.95 
27    0.23      0.7      0.7    1.16 
28  0.19  0.19  0.57    1.9      0.57    0.95 
29          0.29           
24                     
30                    0.78 
26  0.7  0.23      0.7      1.41  0.7  2.34 
32        0.6  0.3      0.3  1.2  0.3 
33  0.3        1.51      0.6  1.21   
25      1.72    1.15      1.15  1.72  1.43 
60          13.21           
61          1.48           

101        4.22  4.22        0.65   
102        2.88  2.59      0.29     
99  0.32      4.81  4.17        0.64   
96      0.65  3.58  3.26      1.63  1.95   
35        5.24  0.87    1.75  1.75     
36        0.99      1.98  0.5     
34  0.21  0.84      3.99      1.26     
37          12.26    0.28  1.11     
38        0.65  4.55      0.65  0.65 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Appendix 5.3: Summary surface samples environmental data, grouped by CONISS clusters 

Cluster  Sample 
Longitude 

(ºE) 
Latitude 
(ºN) 

Mean 
salinity 
(psu) 

Water 
depth 
(m) 

TOC 
(%) 

TN 
(%)  C/N 

δ13C 
(‰) 

Sand 
(%) 

Clay 
(%) 

Silt 
(%) 

A  6  113.80  22.52  20.30  5.8  1.27  0.09  14.60  ‐23.50  16.8  28.2  55.0 
  72  113.75  22.39  23.85  15.0  0.96  0.10  9.90  ‐22.00  16.8  30.5  52.8 
  4  113.83  22.46  26.00  4.8  0.90  0.08  11.10  ‐23.90  35.7  21.5  42.8 
  5  113.83  22.54  23.45  4.0  1.32  0.11  12.30  ‐23.30  18.9  29.1  52.0 
  14  113.65  22.77  12.15  3.8  0.74  0.07  11.40  ‐22.70  8.4  32.4  59.2 
  71  113.78  22.38  29.25  13.0  0.95  0.08  11.60  ‐23.80  15.8  28.4  55.8 
  78  113.60  22.25  14.50  6.2  1.24  0.15  8.40  ‐23.10  20.3  33.2  46.5 
  79  113.65  22.25  21.50  5.3  1.25  0.14  9.10  ‐23.10  9.0  32.5  58.6 
  81  113.60  22.19  17.00  5.3  1.24  0.14  8.80  ‐23.10  16.1  31.3  52.6 
  103  113.77  22.44  30.25  5.0  ...  0.06  ...  ...  18.5  31.3  50.1 
  104  113.74  22.44  17.50  12.0  ...  0.07  ...  ...  7.1  35.5  57.3 
  82  113.65  22.19  23.50  7.0  1.13  0.12  9.40  ‐22.90  16.9  28.2  54.9 
  83  113.70  22.19  27.25  6.0  1.16  0.12  9.60  ‐23.20  14.7  29.7  55.6 
  66  113.60  22.29  12.75  3.5  0.94  0.11  8.90  ‐22.90  22.0  31.1  46.9 
  87  113.65  22.08  28.75  8.5  0.93  0.09  10.30  ‐23.00  20.9  20.2  58.9 
  90  113.75  22.13  31.75  8.5  1.09  0.11  9.90  ‐22.90  18.6  24.3  57.1 
  85  113.67  22.13  28.25  8.5  0.90  0.09  9.70  ‐22.90  19.6  25.2  55.2 
  97  113.82  22.33  31.00  11.3  ...  0.08  ...  ...  18.7  30.7  50.5 
  98  113.82  22.33  31.00  10.5  ...  0.07  ...  ...  24.5  27.1  48.4 
  95  113.76  22.30  29.75  5.3  ...  0.09  ...  ...  13.1  35.6  51.3 
  39  113.93  22.46  24.63  4.0  1.05  0.11  9.30  ‐23.80  4.0  32.3  63.8 
  100  113.83  22.42  29.50  5.2  ...  0.06  ...  ...  41.4  22.7  35.9 
 Average  113.74  22.34  24.27  7.2  1.07  0.10  10.27  ‐23.13  18.1  29.1  52.8 
                         
B  1  113.64  22.58  6.00  4.4  1.02  0.06  17.50  ‐24.20  32.9  12.8  54.3 
  8  113.72  22.61  14.50  2.8  1.51  0.12  12.70  ‐24.10  19.9  25.4  54.7 
  9  113.67  22.63  11.60  2.1  0.99  0.08  13.00  ‐23.60  24.0  22.0  53.9 
  62  113.68  22.58  10.00  8.0  0.25  0.03  8.50  ...  37.8  11.2  51.0 
  63  113.66  22.45  6.80  5.5  1.21  0.11  11.20  ‐23.50  9.3  27.0  63.7 
  59  113.72  22.47  14.00  15.0  1.34  0.13  10.50  ‐23.40  12.7  23.9  63.4 
 Average  113.68  22.55  10.48  6.3  1.05  0.09  12.23  ‐23.76  22.8  20.4  56.8 
                         
C  55  113.63  22.53  2.80  8.0  1.40  0.08  17.10  ‐23.90  55.8  7.3  37.0 
  57  113.65  22.45  5.85  7.0  1.35  0.13  10.70  ‐22.70  13.3  29.8  57.0 
  58  113.68  22.46  8.50  10.0  1.26  0.11  11.40  ‐23.20  12.5  29.2  58.3 
  64  113.65  22.38  11.50  7.0  1.27  0.13  9.90  ‐23.20  36.0  11.1  53.0 
  65  113.62  22.33  12.25  5.0  0.71  0.06  11.30  ‐23.50  12.8  34.5  52.7 
  105  113.69  22.43  11.40  7.0  ...  0.09  ...  ...  16.7  32.2  51.0 
  69  113.72  22.34  20.75  13.5  1.23  0.12  9.90  ‐23.10  12.5  33.3  54.1 
  68  113.68  22.32  16.75  12.0  1.13  0.09  12.20  ‐23.40  19.9  18.4  61.6 
  75  113.68  22.49  9.50  7.0  1.11  0.09  11.80  ‐23.10  26.9  20.8  52.3 
  80  113.70  22.25  25.25  5.8  1.26  0.13  9.70  ‐23.40  13.7  35.2  51.1 
  94  113.71  22.29  23.55  5.8  ...  0.11  ...  ...  6.3  34.7  59.0 
  40  113.96  22.48  22.00  3.0  1.23  0.14  9.00  ‐23.90  13.8  23.3  62.9 
  73  113.75  22.35  24.50  15.0  1.13  0.11  10.30  ‐22.90  18.4  28.9  52.7 
  70  113.77  22.37  27.50  20.0  1.38  0.12  12.00  ‐23.60  15.7  31.3  53.0 
  67  113.64  22.31  15.50  13.0  1.07  0.12  8.90  ‐22.60  7.1  38.3  54.6 
  89  113.76  22.19  30.50  8.5  1.10  0.11  9.70  ‐23.20  14.8  25.6  59.6 
  3  113.74  22.45  19.85  5.0  1.17  0.10  11.50  ‐23.10  22.3  26.1  51.6 
  7  113.76  22.56  17.20  4.8  1.13  0.06  17.70  ‐23.50  30.8  17.8  51.4 
  84  113.62  22.13  23.75  6.8  1.23  0.13  9.40  ‐23.30  15.4  29.5  55.1 
  93  113.64  22.25  19.00  15.0  ...  0.12  ...  ...  3.4  38.1  58.4 
  86  113.60  22.08  24.75  6.0  1.50  0.15  10.30  ‐23.40  17.1  28.7  54.2 
  91  113.73  22.08  32.25  11.5  0.91  0.09  10.60  ‐23.10  16.9  19.8  63.3 
  92  113.80  22.10  33.75  14.0  0.98  0.11  8.80  ‐22.50  15.9  21.5  62.6 
  31  114.02  22.26  33.01  8.0  1.13  0.14  7.80  ‐21.80  6.8  32.8  60.4 
  88  113.77  22.25  30.50  6.3  1.09  0.12  9.40  ‐23.20  16.0  30.2  53.8 
   Average  113.72  22.33  20.09  9.0  1.17  0.11  10.88  ‐23.16  17.6  27.1  55.2 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Appendix 5.3 (continued):  

Cluster  Sample 
Longitude 

(ºE) 
Latitude 
(ºN) 

Mean 
salinity 
(psu) 

Water 
depth 
(m) 

TOC 
(%) 

TN 
(%)  C/N 

δ13C 
(‰) 

Sand 
(%) 

Clay 
(%) 

Silt 
(%) 

D  21  114.45  22.37  33.64  24.0  0.68  0.10  6.80  ‐21.00  17.3  18.8  63.9 
  22  114.45  22.29  33.75  25.0  0.75  0.11  6.80  ‐20.80  14.4  21.6  63.9 
  23  114.45  22.22  33.84  28.0  0.63  0.10  6.50  ‐21.20  19.8  24.6  55.6 
  27  114.18  22.22  32.99  14.0  0.92  0.12  7.70  ‐21.80  9.9  26.0  64.1 
  28  114.08  22.19  32.98  14.0  1.60  0.09  10.00  ‐22.50  23.5  18.1  58.4 
  29  114.08  22.23  31.78  8.0  1.02  0.12  8.80  ‐22.30  15.8  24.8  59.4 
  24  114.32  22.20  33.75  31.0  0.92  0.13  7.10  ‐21.10  3.4  27.8  68.7 
  30  114.12  22.25  33.18  35.0  0.83  0.09  9.00  ‐23.20  2.6  31.0  66.5 
  26  114.23  22.21  33.11  14.0  0.68  0.09  7.10  ‐21.00  16.5  17.4  66.1 
  32  113.96  22.22  31.62  6.0  0.62  0.08  8.00  ‐21.90  8.3  15.8  75.9 
  33  114.10  22.32  32.64  20.0  0.59  0.06  10.30  ‐24.10  29.0  21.7  49.2 
  25  114.27  22.24  33.31  21.0  0.57  0.07  8.00  ‐21.50  21.3  17.6  61.1 
  Average  114.22  22.25  33.05  20.0  0.82  0.10  8.01  ‐21.87  15.2  22.1  62.7 
                         
E  60  113.75  22.50  23.50  18.0  0.66  0.04  14.90  ‐24.20  63.2  8.6  28.2 
  61  113.72  22.55  22.50  16.0  0.38  0.03  15.10  ‐27.00  42.5  17.9  39.5 
  101  113.85  22.45  29.00  5.2  ...  0.04  ...  ...  8.9  28.6  62.5 
  102  113.81  22.50  25.75  4.8  ...  0.04  ...  ...  46.8  19.0  34.1 
  99  113.83  22.36  30.75  9.5  ...  0.08  ...  ...  11.9  34.6  53.5 
  96  113.81  22.31  31.00  6.5  ...  0.05  ...  ...  12.2  27.7  60.0 
  35  113.95  22.36  30.92  14.0  1.45  0.07  10.60  ‐22.20  13.9  29.3  56.8 
  36  113.90  22.32  28.38  5.0  0.39  0.04  9.00  ‐22.80  24.9  22.4  52.6 
  34  113.98  22.35  30.24  11.0  0.78  0.08  10.10  ‐24.10  18.9  24.9  56.2 
  37  113.90  22.38  30.51  20.0  0.56  0.05  10.40  ‐23.20  47.8  15.2  37.0 
  38  113.89  22.43  28.63  8.0  0.75  0.06  12.30  ‐22.80  11.9  28.2  59.9 
  Average  113.85  22.41  28.29  10.7  0.71  0.05  11.77  ‐23.76  27.5  23.3  49.1 

 

 
Appendix  5.4:  Species  codes  used  in  Canonical  Correspondence  Analysis  species  – 
environment biplots 
 
Ammo for  Ammobaculites formosensis 
Ammo sp.  Ammobaculites sp. 
Ammo sal  Ammotium salsum 
Hapl sp.  Haplophragmoides sp. 
Text fol   Textularia foliacea 
Ammo bec  Ammonia beccarii 
Crib sub   Cribrononion subincertum 
Elph adv  Elphidium advenum 
Elph his   Elphidium hispidulum 
Flor sca   Florilus scaphus 
Hanz nip  Hanzawaia nipponica 
Hayn sp.  Haynesina sp. 
Noni ste  Nonionella stella 
Para nip  Pararotalia nipponica 
Quin akn  Quinqueloculina akneriana 
Quin lam  Quinqueloculina lamarckiana 
Quin sem  Quinqueloculina seminula 
Quin sp.  Quinqueloculina sp. 
Rota ann  Rotalinoides annectens 
Spir luc    Spiroloculina lucida 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Appendix 5.5: Derivation and performance of alternative modern training sets 
 
Two potential solutions to reducing the influence of the RMSEP s2 component are proposed:  

a) Select  a  subset  of  samples, minimising  the number  of  samples  at  any  given mean 
salinity value (samples PE 6, 22, 26, 33, 37, 39, 40, 55, 57, 58, 62, 63, 66, 67, 72, 75, 
78, 79, 81, 85, 87, 97, 100, 102 and 105) 

b) Combine assemblages from samples with similar mean salinities, forming a reduced 
number of assemblages with recalculated percentage values (c.f. Woodroffe, 2006) 

 
Analysis of transfer function performance for solution a: 
 

Name  r2 boot  Average bias boot  Max bias boot  RMSE s1  RMSE s2  RMSEP 
WA_Inv  0.76 ‐0.57 5.54 1.51 4.73 4.96 
WA_Cla  0.77 ‐0.65 5.65 1.68 4.73 5.02 
WATOL_Inv  0.76 ‐3.85 8.20 3.88 6.05 7.19 
WATOL_Cla  0.77 ‐4.36 8.67 4.34 6.33 7.68 
        
WA‐PLS C1  0.76 ‐0.47 5.73 1.58 4.85 5.10 
WA‐PLS C2  0.80 ‐0.10 6.68 1.68 4.25 4.57 
WA‐PLS C3  0.82 ‐0.27 5.87 1.90 4.06 4.48 
WA‐PLS C4  0.83 ‐0.24 5.54 1.92 3.97 4.41 
WA‐PLS C5  0.83 ‐0.24 5.65 1.93 3.95 4.40 
 
Analysis of transfer function performance for solution b: 
 

Name  r2 boot  Average bias boot  Max bias boot  RMSE s1  RMSE s2  RMSEP 
WA_Inv  0.96 ‐1.00 4.23 1.32 2.63 2.94 
WA_Cla  0.96 ‐1.04 3.85 1.32 2.47 2.80 
WATOL_Inv  0.95 ‐3.30 7.49 2.32 4.53 5.08 
WATOL_Cla  0.95 ‐3.46 7.55 2.41 4.45 5.07 
        
WA‐PLS C1  0.96 ‐0.83 4.51 1.47 2.84 3.20 
WA‐PLS C2  0.96 ‐0.52 4.01 1.31 2.41 2.75 
WA‐PLS C3  0.96 ‐0.53 3.61 1.32 2.38 2.72 
WA‐PLS C4  0.96 ‐0.54 3.47 1.33 2.35 2.70 
WA‐PLS C5  0.96 ‐0.53 3.44 1.33 2.34 2.69 
 
 
 
Appendix 6.1: Summary statistics for dominant and common benthic foraminiferal taxa in 
samples from core UV1 
 
Taxa  Number of 

occurrences 
Maximum 

% 
Depth with 
maximum % 

Mean %  Number of 
samples >5% 

Ammonia beccarii  83  65.5  8.77  39.0  82 
Cribrononion subincertum  66  16.3  9.45  2.2  8 
Elphidium hispidulum  74  20.7  1.01  2.3  9 
Quinqueloculina akneriana  82  41.0  8.37  14.7  67 
Quinqueloculina lamarckiana  78  12.0  4.27  3.9  25 
Rotalinoides annectens  76  41.7  1.01  3.0  8 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Appendix 6.2: Relative abundance of fossil benthic foraminifera from core UV1 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0.35  300  2.67                    54.33    1       
0.43  300  4.33          0.33          54.33    0.67      2.67 
0.55  300  2.33    0.33    0.67  0.33  0.33        50.67    0.67    0.67  0.33 
0.67  301  4.32  0.33  0.33    0.33  0.66  0.33    0.33  0.33  48.84    1      0.66 
0.79  305  1.97  0.33      0.33  1.31        0.33  42.62    2.62      0.66 
0.91  300  6.33  0.67        1  1      0.33  37    1.67       
1.01  300  5          1          3.33           
1.05  307  8.47  0.33  0.33    0.65  6.19          7.82    0.33      0.33 
1.17  333  3.9        0.6  2.4          15.62    1.5      0.6 
1.29  301          0.33  0.66          17.94    1.33      0.66 
1.41  300              1.33        22    0.67      1.33 
1.53  310              1.29        21.29    1.61      2.58 
1.65  301      0.33    0.33    1.66        22.92    2.66      0.33 
1.77  309          0.65  0.32  0.65        29.77    3.24      1.62 
1.89  307      0.33    0.33    0.98        25.73    2.61       
2.03  303    0.33      0.33    1.32        30.36    2.64      0.66 
2.15  315          0.95  0.32  0.63        33.97    1.27      0.32 
2.27  301    0.33          0.33        26.91    1.99      0.33 
2.39  306              1.63      0.65  24.84    1.31       
2.57  308          0.32  0.32  1.62        20.13    0.97      0.65 
2.65  302  0.33  0.66      0.66  1.66  1.66      0.66  27.81    1.32      0.33 
2.77  300    0.33    0.33    1  1.67        26    0.67      0.33 
2.89  317    0.32          3.47        27.76    0.95      0.32 
3.03  305              1.64        30.49          0.66 
3.15  323              0.62        34.67    0.62      0.31 
3.27  300              1        31    1.67      1.67 
3.39  315              1.9        31.75    0.95       
3.57  321              1.87        42.99    0.93      0.31 
3.65  348              1.15        35.34    0.29       
3.77  300                      44.67          1.67 
3.89  301              0.66        36.88    1      2.66 
4.04  317              1.26        31.23    0.95      0.63 
4.15  330              0.61      0.3  26.67    0.61      0.91 
4.27  309              0.65        25.24    1.94      0.32 
4.39  300    1          2        35.67           
4.57  311    0.32          1.61        49.2    1.29       
4.65  317    0.63                  50.47    0.95       
4.77  362              0.83        47.24    0.28       
4.89  330    0.3          2.12        36.06    0.91      0.61 
5.03  304              1.32        40.13    0.66      0.33 
5.11  309    1.29          0.97        31.39    1.29      0.65 
5.23  312              0.32        35.9    0.32       
5.35  309    0.65          0.97        33.66    1.29      0.65 
5.47  300    1.33          1        38    1.33       
5.57  339    0.88      0.59    0.59        40.71    1.47      0.88 
5.61  307          0.33    0.98      0.33  34.85    0.33    0.33  0.98 
5.73  322    0.31      0.31            35.09    0.31      0.31 
5.85  300              0.67        27.67    0.67      1.33 
5.97  300    0.33      0.33  0.33  0.67        35.67    0.67       
6.29  327          0.31    0.61        29.36          0.92 
6.41  316          0.32            34.18      0.32    0.63 
6.57  305          0.33    0.33        40.98    0.33  0.33    1.31 
6.65  300    0.33                  51.67          0.67 
6.77  310          0.32  0.32  0.32        55.81          1.29 
6.89  300    0.33          1        47.33  0.33        2 
7.01  319  0.31  0.31                  50.16           
7.13  314              1.91        37.9          0.32 
7.25  317              0.95        47.95          0.32 
7.37  311          0.32    1.61        34.41          0.32 
7.49  306  0.65            1.31        48.04          0.33 
7.57  310              0.97        45.48          0.65 
7.65  314              1.27        54.14          0.96 
7.77  300              2.33        48.33          1 
7.89  309              3.24        45.95          0.32 
8.01  302              1.99        44.7    0.66      1.32 
8.13  307              0.33        41.04          0.65 
8.25  300              0.33        37    0.33       
8.37  300    0.33      0.33    0.33        33.33    0.33       
8.49  300              0.33        38.67    0.33      0.33 
8.65  300              1        46.67           
8.77  301              0.33        65.45           
8.89  300    0.33      0.33    2        61.67           
9.01  300    0.33          0.67        62    0.33      0.67 
9.09  301  0.33    0.33        1.66        58.47    1       
9.21  301    0.33          0.66        62.79    1.33      0.33 
9.33  319  0.31                    56.43    0.31      0.31 
9.45  300    0.33        0.33          57.67    0.33      0.33 
9.57  317  0.32            1.26        56.15    0.63      0.32 
9.69  304    0.33      0.33    0.33        56.91    0.33      1.32 
9.81  300                  0.33    49    0.67      0.67 
9.93  329          0.3    0.61        59.27          0.91 
10.05  300              1  0.33      32.67          1 
10.09  300              0.33        27  0.33  1      0.33 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Appendix 6.2 (continued): 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0.35    5    3.67          0.33      0.67      2    2 
0.43  0.67  5    1.67          2            0.33    2.67 
0.55    0.67  1.33  5      0.67  2  1  1    1.33      1.67    4 
0.67  0.33  1.33  2.33  3.99  1    2.33  1  1.33  1.66    1      1.99    4.98 
0.79  0.66    3.61  1.97  0.66    1.97  2.62  1.31  3.61    0.33  0.33    1.97    2.95 
0.91  0.33  1.67  1  2      2  0.67  0.67  2    0.33  0.67    1.33    7 
1.01                              0.33    2 
1.05      0.65  0.65  0.33      0.33    0.65              5.54 
1.17    0.9  0.3  1.8      2.4      0.9    0.3          4.8 
1.29  0.33    1.33  2.99      2.66  0.66    0.33    0.33  0.66        4.98 
1.41      1.33  2.33      3.67  0.33  0.33  2    0.67  0.67    3    3 
1.53    1.29  0.97  2.58      4.19  1.29  0.32  0.65    0.32  0.97    6.45    7.1 
1.65      1.33  4.32  1    1.33  0.66    0.66    0.66  0.33    3.32    5.65 
1.77    0.32  1.94  6.47  0.32    0.65  0.32    0.97      0.65  0.97  4.21    6.8 
1.89    0.33  0.33  2.28  0.33      0.33  0.33  0.98      1.3    3.26    6.51 
2.03      0.66  1.98  0.66        0.33  1.98      0.66    1.98    3.3 
2.15      1.59  5.08  1.27    0.32    0.63  1.27      0.63    2.22    4.44 
2.27    1.66  1.99  2.99          0.66  1          2.33    5.65 
2.39    0.65  1.31  0.65          0.98  0.65      0.33    1.96    6.54 
2.57    0.32  0.65  1.62  1.95        0.32  1.62      0.32    0.65    5.19 
2.65    0.66  0.99  2.65  0.66        0.33  0.99      0.33    2.32    1.99 
2.77      1  2  0.33        0.33  0.33      1    1.33    4.33 
2.89    0.32  0.63  2.21  1.58    0.32      0.95      0.32    1.89    4.42 
3.03    0.33  0.66  1.31  0.33          1.64      0.33    0.33    8.2 
3.15    0.62  1.55  3.72            0.93              7.12 
3.27        1.67  0.33          1              6.33 
3.39    0.32  1.9  1.59    0.32  0.32            0.32        3.49 
3.57      0.62  2.49          0.62  0.31          0.31    3.74 
3.65      1.44  1.72  0.29        0.29  0.29        0.29  0.29    4.89 
3.77    0.33  2.33  3            0.33              4.33 
3.89      1  4.32          0.33  1.33          0.33  0.33  4.32 
4.04      0.63  2.21  0.63        0.32  0.63              3.15 
4.15  0.3  0.61  1.52  2.73          0.3  0.3  0.3            3.33 
4.27        0.97                  0.32    0.32    4.53 
4.39  0.67    0.33  0.67                  0.33    3.33    7.67 
4.57      0.32  0.96                  0.32    2.25    5.14 
4.65      0.63  1.58          0.32  1.26          2.21    5.68 
4.77      0.83  1.38          0.28  0.28      0.28    3.59    4.97 
4.89      0.61  1.52    0.3        0.3      0.91    0.91    3.03 
5.03      0.66  2.96  0.33          0.33      0.66    1.32    4.28 
5.11      0.65  1.62            0.65          0.65    5.5 
5.23    0.64  0.32  2.24  0.64          0.32      0.32    1.92    6.73 
5.35    0.32  0.65  1.29            0.65              6.8 
5.47      1.33  2.33          0.67  0.67          2.33    7.67 
5.57    0.29    1.77                  0.29    2.06  0.29  4.42 
5.61    0.65  0.33  0.33  0.33  0.33        0.33      0.65        1.95 
5.73      0.31  1.24            0.31      0.31    1.86    1.86 
5.85    0.33  1.33  0.67                      1.33    3.33 
5.97      0.33  2            0.33          0.33    2.33 
6.29        0.61            0.31      0.31        3.67 
6.41    0.32  0.63  0.63                      0.95    4.43 
6.57        1.31                      2.3    3.93 
6.65    0.33  0.67  1          0.33            0.67    3.33 
6.77    0.32  0.97  2.26          0.32  0.32          0.97    4.84 
6.89      0.67  2        0.33    1          1.67    5 
7.01    0.31  0.63  2.82            0.31          1.25    2.19 
7.13      0.64  0.64                          5.1 
7.25    0.32    1.89        0.32    0.63              1.89 
7.37      0.96  2.25          0.32  0.32              3.54 
7.49      0.65  1.31                          5.88 
7.57      0.32  0.97                0.32      0.65    3.55 
7.65    0.32  0.32  0.96                      3.18    2.87 
7.77        1                      1.67    3.33 
7.89        2.27                      1.94    5.5 
8.01        1.32          0.33            1.32    4.3 
8.13        1.3            0.33          3.26    1.95 
8.25        0.67                      1.67    1.33 
8.37      0.33  1.33            0.33              1.33 
8.49      0.33                        3.67    2.67 
8.65      0.67  1                      2.67    1.33 
8.77        1.33                      1.66    2.99 
8.89        1.67  0.33      0.33    0.33        0.33  2.33    3.67 
9.01        1.33        0.67              1    4.33 
9.09      0.33  1                    0.33  3.99    1.99 
9.21        2.33            0.33          6.98    1.66 
9.33      1.25  2.82                      7.52    2.51 
9.45      1  2          0.33            16.33    2 
9.57      0.32  0.32            0.32          10.09    2.52 
9.69      0.66  1.64          0.33          0.33  7.57  0.33  2.3 
9.81      0.67  1.33            0.33          6.67    2.67 
9.93      0.3  1.52          1.22            9.42    1.82 
10.05        1.67                      4    2.33 
10.09        1                      3    5.33 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Appendix 6.2 (continued): 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0.35  0.33  4            1                   
0.43  0.33  2            2                   
0.55    5.33  0.33          1.33                   
0.67    5.98    0.33        1.33    0.33               
0.79    4.59            1.31                   
0.91    5            1.67    0.33               
1.01                                   
1.05    1.95            0.33    0.33               
1.17    2.1            0.6    0.3      0.6         
1.29  1.33  1          0.33  1.99    0.33               
1.41    3.67            1.67    0.33  0.33             
1.53  1.29  7.1            4.84      0.32    0.32         
1.65  0.66  5.65    2.66        1.66    0.33  0.66      0.33       
1.77  0.32  4.85    2.59        2.59                   
1.89    2.28    0.33        1.3                   
2.03  0.33  6.27    2.64      0.33  1.65              0.33     
2.15  0.32  3.49    2.54        2.22  0.32                 
2.27  0.33  4.65    2.99        2.99  0.33                 
2.39    2.94    0.65        1.63      0.33          0.33   
2.57    1.3    1.3        2.6      0.32  0.32           
2.65  0.33  3.31    0.66        2.65                   
2.77    3    1.33      0.67  1.67          0.33         
2.89    4.42    1.58        2.21      0.32             
3.03    2.95    1.64        0.98    0.66               
3.15    3.1    0.93        0.31    1.24  0.31             
3.27    1.33    1.33  0.33      1    1               
3.39    1.27    0.95        0.63    1.27      0.63         
3.57    2.8    1.56        2.49    1.25               
3.65  0.57  3.45    1.72        2.3    0.29               
3.77    7.67    3.33        2    2               
3.89    4.98    1.99        2.66                   
4.04  0.32  3.15    3.15        1.89    0.95               
4.15    1.82    1.82        1.52    0.3               
4.27    2.27    0.97      0.97  0.32      0.32    0.32         
4.39  0.33  4    0.67        1.33    0.33               
4.57    1.61    1.93        1.29    0.32               
4.65  0.32  3.47    1.26        1.58    0.95               
4.77  0.28  2.49    2.49        0.55    0.28               
4.89    3.03    1.82        0.3    0.61               
5.03    2.3    1.32        1.64    0.33               
5.11    4.85    0.97        0.97    0.32               
5.23    2.56    0.64        0.96                   
5.35    3.24    1.94      0.32  1.62    0.65               
5.47    3.33    0.67        1.67    1               
5.57    3.54    0.88        1.77    0.59  0.29             
5.61  0.33  1.3    0.98        0.65    0.33               
5.73    2.17    1.86      0.31  0.62  0.31  0.31               
5.85    1.33    1.67      0.33  2    0.33               
5.97    3.33    1.67    0.33  0.33  0.67    0.67    0.33  0.33         
6.29    1.22    1.22        1.22                   
6.41    1.9    0.63        0.95    0.32      0.32         
6.57    2.3    2.3        1.31    0.66               
6.65  0.33  5    0.33        0.67    1.33               
6.77    3.55    1.94        1.29    0.32      0.65         
6.89    2.67    2.33        2.67    1               
7.01    1.88    2.51        2.82                   
7.13    1.27    2.23      0.32  0.64          0.64         
7.25    1.89    1.58        0.63    0.32      0.32         
7.37    3.22    1.61        0.96                   
7.49    2.61    1.31        0.98    0.65               
7.57    2.26    0.97        1.94        0.32           
7.65  0.32  4.14    1.91        2.55                   
7.77    2.33    2.33        2                   
7.89    1.62    0.97        0.97                   
8.01    0.99    0.66        1.99        0.33  0.66         
8.13    2.28    2.61        2.28          0.33         
8.25    4.33    2        1.33    0.33      0.33      0.67   
8.37    1.67    0.33        0.67                   
8.49    2.67    1.33        2        0.33  0.67        0.33 
8.65    4.33    2.33        2                   
8.77    2.33    1        1.66        0.33           
8.89    6    1.33        1.67    0.67               
9.01    5.33    2        2    0.33      1         
9.09  0.33  5.65    0.66      0.33  2.99    1.66      0.66         
9.21    2.33    2.33        1.99    0.33      0.66         
9.33    3.76    1.57      0.94  2.82    1.88      0.63         
9.45    4.67    3        3.33    1.33      0.67         
9.57    2.52    2.21      0.32  2.84    0.63      0.63         
9.69    2.63    2.63        2.96    1.32      0.66         
9.81  0.33  2.33    1.33        1    0.33               
9.93    4.26    4.56      0.3  3.34    2.13    0.61  0.3         
10.05    4.33    2        1.33    0.67      0.33         
10.09    3    0.33        1.33    0.33 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Appendix 6.2 (continued): 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0.35    1      2.67  0.33          2.33    3  0.67  0.33     
0.43    2      1            2    2.33         
0.55  0.33  2      1.67  0.33          1.67    2        0.67 
0.67  0.66  0.33    0.33  1            0.66    0.33         
0.79    0.98      2.95  0.33          1.97    1.64        1.97 
0.91    0.33      2  1  0.67        2.33    1.67    0.33    2.33 
1.01          10.67  0.67              5    1    2.33 
1.05          8.79  0.98  0.33        0.33    6.84        3.58 
1.17    0.9      12.31  1.5          1.5    3.6    0.3  1.2  4.5 
1.29  0.33  0.66      13.95  0.66  1.99        4.98    4.98        1.66 
1.41    0.67      13  0.67  2.33        4    6.33    0.33    3 
1.53    0.97      2.58    0.97        3.55    0.97        1.61 
1.65    1      8.97    1.33        1.66    4.98      0.66  3.32 
1.77    1.94      2.27    1.62    1.62    1.62    1.29      0.32  1.29 
1.89  0.65  1.3      14.01  0.33  0.98  0.33  0.65    2.61    9.45      0.98  3.26 
2.03    0.33      9.24    1.65        0.99    7.59      1.65  4.95 
2.15  0.32  1.59      10.16    2.86        0.95    3.81        1.9 
2.27    0.33      13.62  0.33  3.32        2.33    5.32      1  0.66 
2.39    0.33      14.71  0.33  1.96        0.98    5.56      2.29  1.63 
2.57    1.3      21.43  0.32  3.57  0.32    0.32  2.6    6.49      2.6  0.65 
2.65    1.99      14.57    2.32    0.33    1.99    2.65      1.32  2.65 
2.77    1      19.33    3        4.67    3.67    0.33  1.67  2.33 
2.89      0.32    18.3    1.89        3.15    3.47      0.95  2.84 
3.03    0.66      15.74            1.97    3.93      1.64  2.3 
3.15    0.62      8.98  0.31  0.93        2.48    6.19      1.55  2.48 
3.27          15    0.67        2    5.33      1.33  4 
3.39    0.32      18.73            2.86    9.52      1.27  3.49 
3.57    0.31      12.46    0.31  0.31      2.8    2.8      0.62  0.62 
3.65      0.29    18.39    0.57        1.44    4.02      0.86  2.3 
3.77  0.33  0.67      6.33    0.33        1.33      0.33    0.33  1.67 
3.89    0.33      14.62            1    2.33      0.33  2.99 
4.04  0.32  0.63  0.32    21.45  0.32  0.63    0.32    0.63    3.47      0.95  4.73 
4.15    1.21      21.52    0.3        2.12    9.7        9.39 
4.27  0.32        25.89  0.32  0.32  0.32      1.29    11.97      0.65  6.15 
4.39    0.33      15.33  0.33  2.33        1.33    6.67      0.33  2 
4.57    0.32      9.97  0.32  1.93        0.32    3.86        3.54 
4.65  0.32  1.26      12.3    1.58        1.26    2.21        0.95 
4.77  0.28  0.55      9.67  0.28  1.1        1.93    4.42      0.55  2.76 
4.89  0.3        23.94    1.52        0.91    5.15      0.61  5.15 
5.03    0.33      18.75    1.64        1.32    4.61        3.95 
5.11    0.32      19.09  0.65  1.29        0.65    7.12      0.32  3.56 
5.23          24.68    0.96        2.56  0.32  5.13  0.32    0.64  1.28 
5.35    0.65      22.65  0.97  2.27      0.32  0.97    4.53      0.65  2.91 
5.47    0.33      15.67  0.67  1.33        1    3.33      0.67  0.67 
5.57          14.75  0.29  1.47        2.06    3.54      0.29  2.36 
5.61          25.41  0.98  1.3        2.93    6.19      0.65  5.54 
5.73          27.64  0.31  0.31        3.11    6.21      0.62  2.8 
5.85  0.33  0.33      36    1        1    5.67      0.33  1.33 
5.97          28.67    1        1.33    7      0.67  2.33 
6.29          38.23    0.92        3.06    5.5        2.45 
6.41    0.32      26.58  0.32  0.32        3.16    7.91      0.32  1.58 
6.57          19.67  0.66  0.98        1.31    5.25      0.33  1.97 
6.65          12    1.33        1.67    3.67      0.33  2 
6.77          7.74    0.97        1.94    1.94        1.29 
6.89          11.33    0.67        1    3        1.33 
7.01    0.31      11.91    0.31        3.76    3.76        1.57 
7.13    0.32      26.11    0.64        1.91    4.78        3.5 
7.25    0.63      22.71    0.63        1.58    1.89        2.84 
7.37    0.64      28.3  0.64  1.93        2.89    3.22        1.93 
7.49    0.33      16.99    1.31        1.31    2.29        0.65 
7.57    0.32      25.81    0.65        1.29    2.26      0.65  0.32 
7.65    0.64      11.78    0.96        0.96    1.91      0.32  0.96 
7.77    0.67      18.33  0.67          1    2.67      0.33  1.33 
7.89    0.32      17.48  0.32  1.94        0.65    2.27        1.29 
8.01    0.66      11.59    2.32        2.32    1.32      0.33  0.66 
8.13  0.33        24.76    0.65        1.3    2.93      0.33  3.26 
8.25          28  0.33  1        1.33    5.33        5 
8.37    0.33      41    1        1.33    4        4.33 
8.49    0.67      26.67    1.33        1.67    4.67        2 
8.65          19.33    1        1.67    4    0.33    1.67 
8.77    0.66      6.64    1        1.33    1.33        0.33 
8.89    0.33      4.67    1        1.33            0.67 
9.01          2.67    1.67        0.67    1    0.33    1.33 
9.09    0.66      3.65    1            1.99        1 
9.21    0.66      1.33    0.66        0.66    0.33        0.33 
9.33          2.19    1.57        0.63    0.94        0.63 
9.45    0.33          0.33                     
9.57    0.32      6.62    0.95        0.32    1.26      0.32  0.63 
9.69    0.66      1.32    1.97        0.99             
9.81  0.33  0.33      10.67  1  1.67        0.33    3.33        1.33 
9.93    0.3      0.3    0.91                     
10.05    0.33      12.67  1.33  1        1.67    3.33        2.67 
10.09    0.67      21.33  1  0.67            4.33    0.67    4.67 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Appendix 6.2 (continued): 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0.35  2.33  1      0.67  0.33  0.33                   
0.43          0.33    0.33                   
0.55  0.33  1.33                      0.33      0.33 
0.67        0.33    0.33                0.33  0.66  1 
0.79  1.64  0.98        0.33        0.33  0.33    0.33      0.66 
0.91  0.67  2        3        0.33  0.33          0.67 
1.01    1.33        41.67        1             
1.05    2.28  0.33      23.78        1.63  1.3          0.33 
1.17    4.2        11.41  0.3      0.6  0.3    0.3       
1.29    1.99        8.64        0.66  0.66          1 
1.41    2      0.33  2.67        0.67            0.33 
1.53  0.97  1.61        2.58                    0.97 
1.65    2.66        1.99          0.33          1 
1.77    1.29        2.27                    2.59 
1.89  0.33  1.63        1.3        0.33            0.65 
2.03  1.32  0.99        1.65      0.66  0.33            0.99 
2.15  0.63  0.32        0.95        0.32             
2.27  1  2.33        2.99      0.33    0.33          0.33 
2.39  0.65  1.63        5.88                    0.65 
2.57  0.97  1.3    0.32    2.6        0.65            0.32 
2.65  0.66  1.99        1.66    0.33    0.99            1.66 
2.77  2.67  2    0.67    1.33                    1 
2.89  0.95  1.89  0.32  0.32    2.21  0.32                0.32  2.21 
3.03    1.64  0.33  0.33    1.31        0.33      1.31  0.66    0.33 
3.15  0.31  1.24    0.31    2.17          0.62      0.93  0.31  0.93 
3.27  0.67  1.33        4.33        0.33  1    0.33  1  0.33  0.33 
3.39  0.63  0.95  0.32      2.54                0.63    0.63 
3.57  1.56  1.25    0.31    1.25      0.31      0.31    0.31  0.31  1.87 
3.65  1.15  2.3  0.29      0.57          0.86    0.57  0.29    0.86 
3.77  0.33  1        1          0.33      0.33    2.67 
3.89  1.66  1.33  0.66              0.66        0.66    0.33 
4.04  1.26  1.58        0.63  0.32        0.63    0.32  0.95    0.63 
4.15  0.61  0.3        1.21                0.3    0.3 
4.27  0.32  1.29        0.97      0.32    0.65    0.97      0.32 
4.39  0.67  1.33                        0.33    1 
4.57  0.32  0.64        1.61  0.32        0.32      0.32     
4.65    0.95        0.32            0.32         
4.77            1.38        0.55            0.55 
4.89  0.91                0.3  0.91            1.21 
5.03    0.66        1.64        0.33            0.33 
5.11    0.97        2.27        0.32            0.65 
5.23    0.64        1.28        0.64  0.64          0.96 
5.35  0.65          0.65        1.29            0.32 
5.47            1        0.67      0.33      0.33 
5.57  0.29  0.88    0.29    1.47        0.29  0.29          0.88 
5.61  0.33  0.65    0.65            0.65             
5.73  0.31  0.31        1.55  0.31      0.93  0.93           
5.85            1.33        2            1 
5.97            0.67        1.67        0.67    0.33 
6.29    0.31        1.83        1.22             
6.41    0.32        2.53        1.27          0.32  0.63 
6.57    0.66        1.31        0.98            0.33 
6.65    0.33        2        0.67            0.33 
6.77            2.26                    0.97 
6.89            2.67                    0.33 
7.01    0.63        0.94        0.63  0.63    0.31       
7.13    0.32        1.59  0.64      0.96      0.32      0.96 
7.25    0.63        1.89  0.32                0.32   
7.37            0.96        1.61          0.64   
7.49            4.25        0.33             
7.57            3.23          0.32    0.32      0.65 
7.65            3.18        0.32            0.64 
7.77            4        0.33            0.67 
7.89            4.53      0.32  0.65             
8.01            9.27        1.32            0.66 
8.13    0.33        2.61        1.63  0.33    0.33       
8.25            3.33        1.33        0.67    0.33 
8.37            2        1.33  0.33           
8.49    0.33        2        1  0.33    0.33  0.33    1 
8.65    0.67        2.33        0.67            1 
8.77    0.66        2.33        0.66  0.66           
8.89    0.67        2.33                    0.67 
9.01    1        1.33        0.67  0.33          0.33 
9.09    1        1                    1 
9.21    0.66        1.99          0.33          1 
9.33    0.94        2.19                  0.31  1.25 
9.45    0.33                            0.33 
9.57    0.95        0.95                    1.26 
9.69    0.33        2.3          0.33        0.33  0.66 
9.81    1        3.67        0.67            0.67 
9.93    0.61        1.52                    1.82 
10.05    1        14.67              0.33  0.33  0.33  0.33 
10.09    0.33        8.33        0.67      2.33    0.33 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Plates 
 

 
 
 
The  following  plates  have  been  prepared  using  a  Phillips  XL30  environmental  scanning 
electron  microscope  at  magnifications  of  80x  to  800x.  Specimens  were  gold  coated  and 
analysed in high vacuum mode with a secondary electron detector. 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Plate 1 
 

 
 
1.  Ammobaculites  formosensis  Nakamura,  1937;  2.  Ammotium  salsum Cushman  and 
Brönnimann, 1948; 3. Haplophragmoides spp.; 4. Textularia foliacea Heron‐Allen & Earland, 
1915;  5,  6.  Bolivina  striatula Lévi,  1957;  7.  Bolivina  robusta  Brady,  1881;  8.  Brizalina  c.f. 
canvallaria Millet; 9. Bulimina marginata  d'Orbigny,  1826;  10. Fursenkoina  compactiformis 
McCulloch,  1977;  11. Lagena  substriata Williamson,  1848;  12.  Lagena  perlucida Montagu, 
1803 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Plate 2 
 

 
 
13. Ammonia beccarii Linné, 1758 c.f. morphotype T6 (Hayward et al., 2004); 14. Ammonia 
beccarii Linné, 1758; 15, 16. Ammonia beccarii Linné, 1758 c.f. morphotype T6 (Hayward et 
al., 2004); 17, 18. Ammonia beccarii Linné, 1758 c.f. morphotype T4 (Hayward et al., 2004); 
19.  Ammonia  beccarii  Linné,  1758;  20,  21.  Pararotalia  nipponica  Asano,  1936;  22. 
Hanzawaia  nipponica Asano,  1944;  23, 24, 25. Rotalinoides annectens Parker & Jones, 1865
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Plate 3 
 

 
 
26,  27.  Elphidium  advenum  Cushman,  1922;  28,  29.  Elphidium  asiaticum  Polski,  1959; 
30, 31. Elphidium  hispidulum  Vacelet,  Vasseur &  Lévi,  1976; 32. Haynesina  sp.; 33. Florilus 
scaphus Fichtel and Moll, 1798; 34. Cribrononion subincertum Asano, 1950; 35. Nonionella 
stella Cushman & Moyer, 1930 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Plate 4 
 

 
 

36, 37. Quinqueloculina akneriana d’Orbigny, 1846; 38, 39. Quinqueloculina lamarckiana 
d’Orbigny, 1839; 40. Quinqueloculina seminula Linné, 1758; 41. Quinqueloculina elongata 
Natland, 1938; 42. Spiroloculina lucida Cushman and Todd, 1944
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