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Non-Destructive Foraminiferal Paleoclimatic Proxies: A Brief Insight
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The knowledge of past climate can help us to understand imminent climatic changes. Oceans are the vast archives of past
climate.Various indirect techniques termed as proxies are used to infer key components of the past climate from the
marine sediment§.he fossil remains of marine micrganism foraminifera, are widely used to reconstruct past climate

from marine archives, as foraminifera are highly abundant and extensively present in almost all marine realms. Foraminiferal
paleoclimatic proxies can be classified in two broad categorie®)Miestructive (the stable isotopic and trace element
composition of foraminifera), those wherein the foraminiferal remains are analyzed to measure its chemical composition
and it leads to destruction of the foraminiferal test, and B) non-destructive, wherein changes in the abundance and morphology
of foraminifera are used to reconstruct past climate. Here the non-destructive foraminiferal paleoclimatic proxies have
been discussed with its recent developments as well as applications. Despite the extensive application of the stable isotopic
and trace element composition of foraminifera to infer past climate, non-destructive techniques are still quite helpful to
reconstruct past climate as well as to substantiate inferences drawn from destructive techniques.
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Intr oduction are used to infer past climate changks.index
sensitive to changes in the physico-chemical

]E:Itlma]'fe 'S OE.e gf the |thrJ]0fé&|1_nt f?CtOLS thdeefthel dcharacteristics of the ambient environment and having
ate of mankind on eartn. Limate thanges can fea good preservation potential (resistant to any pre- or
to significant cultural shifts, lge-scale migration or

even demise of civilizations (Polyak aAdmerom post depositional change, especially the changes that
' can alter the signatures of environmental conditions
2001; Haug etal., 2003; Gupta, 2004; Roblsal . g )

A _ o can be used to infer past climatic conditions.
2013).Therefore, precise information of imminent
climatic variations is necessary to secure the fate of The aquatic bodies, with continuous
mankind on earth and for long and short-term policy accumulation of sediments are among the ideal places
planning. Continuous ffrts are made to develop to retrieve paleoclimatic proxies and recor@ike
models to predict future climatic variationEhe sediments accumulating at the bottom of aquatic
training and validation of climate prediction models bodies contain various indices that incorporate
requires knowledge of intaelationship among signatures of environmental conditions. In the aquatic
various climatic parameters, as well as short and long-bodies, the indices containing climatic signatures are
term changes in the climate. In view of the absenceimmediately buried below subsequent sediments to
of written records of climate variations prior to the be preserved for long time. Even though the
last ~100-150 yrindirect techniques called proxies characteristics of sediments, including its physical
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and chemical properties, have been used to infer pasbuter covering, called testhe foraminiferal test is
climate (Bassinot, 1993Meber et al, 1997), the  made up either of calcium carbonate secreted by the
variations in the characteristics of the biological cell (Calcareous) or various sized sediments adhered
component of the sediments have been used mostogether with cement (Agglutinated). Foraminifera
extensively The preferred application of biological inhabit both the sediments on the sea floor (benthic
components over the abiogenic remains arises due téoraminifera) (Fig. 1) as well as the upper few
the high sensitivity and enhanced response ofhundred meters of the seawater column (planktic
biological components to the changes in ambientforaminifera) (Fig. 2). Benthic foraminifera live both
environment. Since marine sediments contain plentyon the seafloor (epifaunal) and up to a few cm in the
of remains of marine microganisms (like upper sediments (infaunallThe epifaunal and
coccolithophores, radiolarians, pteropods, ostracodesinfaunal benthic foraminifera have a distinct
foraminifera, and others), such remains serve asmorphology Most of the infaunal forms are
potential proxy to infer past climatic conditions. Out rectilinear as it aids in burrowing, while the epifaunal
of these remains of various marine micgarisms,  forms are round in shape (Boltovskoy anfight,

the hard outer skeletal remains of foraminifera, 1976; Murray 2006).A few benthic foraminifera,
termed as tests, are among the most widely usedelonging to the familllogromidae, thrive in fresh
paleoclimatic proxy water and do not have hard exoskeleton like their

- . marine counterparts. By using molecular systematic
As foraminifera are extremely sensitive to

ambient conditions, and ubiquitous in almost all the

marine realms, they are extensively used to

reconstruct past climate. Ever since their discqvery

numerous characteristics of foraminifera have been

used to infer dilerent seawater parametefishe

initially developed techniques made use of changes

in abundance and morphology of foraminifera and

thus were non-destructiva.he stable isotopic

analysis of foraminifera were initiated in the early

fifies (Ureyetal., 1951; Emiliani and Epstein, 1953;

Emiliani, 1955), while the first successful attempts

to analyze trace element ratio of foraminiferal tests Fig. 1: Calcareous benthic foraminifera from the north-eastern
were made in early eighties (Boyle, 1981; Boyle and Indian Ocean.The white scale barat the base of each figu
Keigwin, 1985) leading to the development of equals 100um
destructive techniques to reconstruct past climate by

using foraminiferal tests. Despite the growing

application of stable isotopic and trace element ratio

of foraminifera to reconstruct paleoclimate, non-

destructive techniques are still extensively applied

not only to independently infer past climate but also

to substantiate inferences drawn from the stable

isotopic and trace element ratio. In this revidve

traditional non-destructive foraminiferal proxies are

summarized.

Foraminifera Fig. 2: Planktic foraminifera fr om the north-eastern Indian Ocean.

o . . . A majority of planktic foraminiferal tests have globular
Foraminifera are unicellulapreferentially marine chambers and ae usually perforate. The white scale barat

microoiganisms with the single cell encased by a hard the base of each figue equals 10Qum
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analysis, foraminifera have also been reported in soilschambers arranged in one, two or many linear rows
collected from diferent terrestrial regions (uniserial, biserial and multiserial, respectively) as
(Lejzerowicz et al, 2010).The planktic foraminifera  well as chambers arranged in circular fashion (spiral
are depth stratified with a few species inhabiting the forms). The planktic foraminiferal tests in general,
top mixed layer while a few others being abundant have globular and highly perforated chambers and
in the thermocline regiorA vertical migration to  also comparatively lge aperture.

cooler deep waters during the later phase of life for
gametogenesis is reported in a few planktic

foraminifera. The near coastal waters are almost 1 variation in the abundance and morphology of
exclusively inhabited by benthic foraminifera while  {ha tests is an adaptive response of the foraminifera
both benthic and planktic foraminifera are found in {4 the changes in environment inhabited by
oceanic regions deeper than ~75-100 m but abovgg aminifera. Thus the changes in the foraminiferal
carbonate compensation depth (CCD)he  asts in response to climatic changes, makes it
agglutinated benthic foraminifera (Fig. 3) are pogsiple to apply various foraminiferal characteristics
abundant in regions where carbonate dissolution isg jnfer past environmental conditionarious non-
prevalent, including marshes, deep shelves or belowyesiryctive characteristics of the foraminiferal tests

the carbonate compensation depth (Mur2§06;  that have been used to infer past climatic variations
SchrodetAdams and Rooyen, 201 Even though  jnclude:

the planktic foraminifera live in the surface water

column in deeper oceanic regions, their tests almostl.  Total Foraminiferal Number
completely dissolve, before reaching the seafloor due
to over saturation of deeper oceanic waters by carbon
dioxide (Beger, 1967). 3. Foraminiferal Fragmentation index

Foraminiferal Proxies

Benthic:Planktic Ratio

While the benthic foraminifera are 4. Foraminiferal Size Fraction
tremendously diverse with thousands of species
reported from dierent parts of the world oceans,
there are only ~40 species of planktic foraminifera 6.  SpeciesAbundance
found in modern world oceandhe tests of
foraminifera, especially benthic foraminifera, show 7.
wide variations in size, ornamentation and shape,g Coiling Direction
from being single chambered (unilocular) to

SpeciefAssemblages
Test Size/Diameter

9. Average Number of Chambers
10. Proloculus Size
11. TestAbnormalities

12. TestWeight

Total Foraminiferal Number

The total foraminiferal number (TFN) is defined as
the number of intact foraminiferal tests in unit dry
sediment.All the intact benthic and planktic
foraminiferal tests are picked from a pre-weighed
_ _ _ o representative fraction and tM&N is calculated by
Fig. 3: Agglutinated benthic foraminifera from the north-eastern . .. . .
Indian Ocean.The white scale barat the base of each figue extrapolat.lng the foraminiferal number I_n ur"t gram
equals 100um of dry sedimentThe representative fraction is taken
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either by quartering and coning the entire coarseBenthic: Planktic Ratio

fraction or by using a splitteAlthough, initially it Planktic f inif i turbid shall
was proposed that the water depth or water mass atn |cSorr;1]m|n|.era alre rzre mt urbt St a ?_W |
characteristics are the major factors that control W&1€rs. SUCh TegIons aiso do not support vertica

foraminiferal population, later it was realized that the moyement of planlftp foramlnlfe.ra, as req“'fe‘?'
food availability has the dominant control on the dur}ng gamejcogenessmafew species, thus restnc.tlng
living benthic foraminiferal population (Jorissen et thelrp.opulatlc.)nTherefore_,the abunda_nce of planktic
al., 2007). In addition to food, benthic foraminiferal foraminifera in general increases with depth away

population also depends on dissolved oxygen conten{rom the coast, till foraminiferal lysocline. Below the
of the waterThe oganic matter flux and dissolved oraminiferal lysocline, significant dissolution of the
oxygen content are inteelated and a model was foraminiferal tests leads to decreased foraminiferal

proposed to infer the relative role of these factors Onabundance‘.l’herefore,- the changes. in the rglgtlve
benthic foraminiferal population (Jorissenal. abundance of benthic and planktic foraminifera

2007). Besides the food and dissolved oxygen, the'(r;dlcfrfei gceha.mgehst Tgt7h7e bz;]lthymet.rﬁter(]lﬁil an.?
foraminiferal population has definite environmental reain, Aright, ), changes in the position

control, depending upon the water depth, turbjdity of foramln!feral Iysocll_ne_ as well as carbonate
sediment characteristics, eggrconditions in the compensation depth (P|'n>.<|an €,al.995; Cheret
region and other physico-chemical characteristicsal_" 1997), and productivity changes (Ber an.d
(Boltovskoy andWright, 1976; Murray 1991; Lee D|est§fHaass, 1958)Although the planktic
andAnderson, 1991). Dissolution during the sinking foraminiferal popglaﬂon in general decreases away
of planktic foraminiferal tests from the surface to the from the coast in all world oceans, the exact

sea bottom as well as the post-depositional dissoIutionrel‘sltlonShlp between changes in relative abundance

at the sea bottom, alters the foraminiferal population of planktlc foram|n|fera and water depth varies from
(Berger, 1967; 1968; Peterson and Prell, 1985: de region to regionA paleodepth model for the eastern

Villiers, 2005).The agglutinated benthic foraminifera Arabian Sea was suggested on the basis of study of

readily dissolve after death while asubsequentchangg Izpkt|ct forﬁlm;néfferal 1p3ercten1t§590e n iurl;ac?h
in pore-water pH leads to partial or full dissolution sediments coflectedirom 1omHto mwater depth,

of calcareous forms, thus altering the original th_us allowing predic_tion of pglgodepth_in samples
foraminiferal population. Dissolution of calcareous with ,5'93% planktic fo.rammlfera' (N|gam and

foraminiferal tests also depends on the amount OfHenrlques, 1992). ngthlc to plgnktlc ratio can qlso
organic matter settling in the sediments (Berketey be used as productivity proxy in deep-sea regions

al., 2007). Since the planktic and benthic foraminifera Qev0|dhof d;ferg ntial 3'?3 olutlp n:.[l'hhe proguc:|V|'1[Eyth
represent the top several hundred meters of the Wate'tl? Sl;]C / |c|)e ?(glc conditions 1s the F()erhUCd © h ef
column, and bottom water as well as sediment enthic/planktic ratio In percent, and the depth o

characteristics, respectivelgeparate estimates of .dzposglon:[wgereas |nth§rp|pfrl]ag:;:_ iondltl?ns, ttr;]e
changes in population of benthic and planktic index has fo be corrected for the distance from the

foraminifera are more &tient proxy than the I(?ntd by rfnultlptlr)]/mlg ';[j by the S(cqlu;.re-troHot of its
combined population, i.e. total foraminiferal number istance from the land (Bger and DiesteHaass,

The variations in planktic, benthic or total 1988).

fora_minife_ral popul_ation have been used for ggrgminiferal Fragmentation I ndex

stratigraphic correlation (Bggren and Boersma,

1969; Reisst al., 1980), changes in the concentration The foraminiferal fragmentation index is defined as
of pollutants (see Nigaret al., 2006 for review), the number of fragments of foraminiferal tests per
bathymetric changes (Band$956; Sharma and gram dry sedimenf part of the test which is less
Takayanagi, 1982; Nigam and Henriques, 1992) andthan two-thirds of the original test is defined as a
shifts in lysocline depth (Cullen and Prell, 1984). foraminiferal fragment (Beyer et al., 1982).The
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foraminiferal fragmentation index (FFI) can be a few others make use of dissolution resistance of

calculated by several ways. benthic foraminifera as compared to dissolution
) . . . susceptibility of planktic foraminiferal tests (Conan
A simple foraminiferal fragmentation index is
, et al., 2002).
defined as
. The fragmentation of the foraminiferal tests
FFlI (%) = [Foraminiferal Fragments/

increases under high-eggrconditions (increased
turbidity) or increased dissolution susceptibility due

Here tests with more than H%ortion intact  to shoaling of lysocline or carbonate compensation
are considered whole tests, while any test with lessdepth.The variation in the amount of dissolved

than 2/& part intact is counted as fragment (@ar carbon-dioxide and carbonate ions alsiec the
1970; Begeret al., 1982). rate of fragmentation of foraminiferal test&wus the

_ . foraminiferal fragmentation index provides

According toWilliams et al. (1985) and  jnformation about turbidity currents as well as
Malmgren (1987) the FFI can be calculated by the changes in the concentration of dissolved, @6d
following equation carbonate ions (Peterson and Prell, 1985; Pinxian et

FFI = (F/8)/[(F/8) + Whole Planktic al., 1995; Cheret al., 1997). Dittert and Henrich
(2000) proposed, ultrastructure breakdown in
Glabigerina bulloides as proxy to infer the position
where F is number of fragmen#ss a foraminiferal  of lysocline and carbonate compensation depth.
test on an average usually breaks into 8 fragmentssimilarly, the degree of attrition of tests of planktic
and the number of fragments with respect to intactforaminiferal speciesloborotalia menardii and
tests provides a better idea about dissolution, theG|oborotalia tumida has been applied to estimate

number of fragments is divided by 8 plus the numberamount of calcium carbonate dissolved from the
of intact foraminiferal tests (Le and Shackleton, sediments (Ku and Oba, 1978).

1992) As the benthic foraminifera are more resistant
to dissolution their tests are not included in the whole g o aminiferal Size Fraction

foraminifer count to assess changes in dissolution
susceptibility The foraminiferal tests, especially the planktic

foraminiferal tests of diérent species fall within a
Stuut et al. (2002) proposed carbonate pticular size rang@hus the sediments of tifent
fragmentation index (CFI) based on grain size gj;¢ fractions are dominated byfdint species (Bé

distributiops of the bulk calcareous ooze. It i§ defined g Hutson, 1977: Peetetsl., 1999: Kandiano and
as the ratio of the 25-9im and >9um fractions.  paych, 2002)The total planktic foraminiferal
The CFI relies on the fact that the complete She”Scomposition tremendously changes with size: the

and fragments ofuvenile foraminiferal shells species richness and diversity increases with
dominate the 25-90m of the bulk sediments, while decreasing sieve size (Peetetsal., 1999).The

>90 pm fraction primarily consists odult  foraminiferal composition in diérent size fractions,
foraminifera shells and fragmenthe ratio of the ;¢ the water and sediment samples, feli§

25-90 pm and >90 m fractions is suggested as a gjgnificantly, suggesting lae scale modulation of

measure ofthe extent of carbonate dissolution ¢oraminiferal population during its post mortem
induced fragmentation of the foraminifera shells settling on the sea floor (Peetesal., 1999).

(Stuutet al., 2002). Therefore, the variation in weight of fiifent sized
A few foraminiferal dissolution indices make foraminiferal tests in the sediments where sand

use of relative ranking of species in order of their fraction (>63pm) consists almost entirely of
dissolution susceptibility as inferred from both the foraminiferal tests can be applied to document past

field samples as well as controlled experiments, while V&riation in relative abundance of feifent species

(Foraminiferal Fragments Whole Tests)]*100

Foraminifera]
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and to infer past climatic variations. Howewghile foraminiferal species in either >12%8nuor >150 pn
applying the test size/diameter to reconstruct pastfraction.A relatively coarser fraction is taken to count
climate, the evolutionary changes in size of certain the relativeabundance of planktic foraminifera as the
foraminiferal tests must also be considered, especiallyspecies identification is possible in only these coarser
in studies including long time frame of several million fractions. The juveniles of several planktic

years. foraminifera are similar untthey attain maturity and
_ an average size of usually >12%. The foraminiferal
Species Assemblages studies from the surface sediments and sediment traps

Certain foraminiferal species prefer similar restricted SNOW significant changes in the abundance of

environmental conditions, while a few others dwell foraminiferal species with changing ambient
in a wide range of seawater conditiofise group of environmental conditions (Bé amdlderlund, 1971;

species that inhabit similar and restricted environmentBoltovskoy andWright, 1976; Bé and Hutson, 1977;

is referred to as species assemblage. The speci€s©rliss, 1985Thunnel and Honjo, 1987; Murray
assemblages are often identified with cluster analysist973; Murray1991; Lee andnderson, 1991; Naidu,
and the characteristic species of an assemblagd993; Guptha et al.,, 1997; Kawahata et,&002;
representing a particular environmental parameterFraile et al, 2008; Panchang and Nigam, 2012; Rao
like organic matter flux, dissolved oxygen, grain-size, et al., 2013).Therefore, the fact that the abundance
water depth, may vary from region to region. Such of certain planktic as well as benthic foraminiferal
species assemblages are thus representative oiP€cies changes with a change in physico-chemical
specific environmental conditions in a region conditions, has been applied to infer paleoclimatic

(Murray, 1973; SenGupta, 1977: Lutze and changes. Besides the use in paleoclimatic
Coulbourn, 1984; SenGupt al., 1993; Gooday reconstruction, appearance and disappearance of

1994: Mackensest al., 1995: Jorissen et al1998: foraminiferal species, termed as ‘first appearance
Loubere and Fariduddin, 1999: Good&®p03; datum’ and ‘last appearance datum’ are widely used
Jorissen et al., 2007; Kirci-Elmas, 2013herefore, [0 assign stratigraphy of a marine sedimentary
temporal variation in such species assemblages i$&duence. Benthic foraminiferasterorotalia

applied to infer variation in environmental conditions trispinosa, is abundant in fine grained low salipity
and is one of the most extensively used foraminiferal "€9ions of the Bay of Bengal (Panchang and Nigam,
proxies to infer paleoclimatic variations (Nigam et 2012; Ra®@tal., 2013) and thus its relative abundance

al., 1992: Mackensest al., 1994; Guptat al., 2001a; has been used to reconstruct late Holocene monsoon

Gupta andThomas, 2003)Application of species changes (Panchang and Nigam, 20TBg variation

assemblages is preferred over that of the relativeln the abundance of benthic foraminiferal species
abundance of individual species due to a usuallyEPiStominella exigua has been applied to infer past

statistically significant number of individuals changes in @anic matter production (Gupta and

representing a species assemblage than individuaMelice, 2003; Saraswat al., 2005).Among the
species. planktic foraminifera, the temporal variation in the

abundance of Globigerina bulloidebas very often

Species Abundance been used to infer past upwelling/productivity

_ _ changes from the Indian Ocean (Prell and Gurry
The relative abundance of any species can be counte9981_ Naidu and Malmgren, 199nderson et al
by picking a minimum of ~300 specimens of 5,0, gaccinger al. 201: Naiket al., 2014).The
forar.nl.nllfera from a representat.lve sample and tr!enabundance and diameter of planktic foraminiferal
by dividing the number of specimens of t_he Spec:'esspeciesOrbuIina universa is influenced by the
by the total number of foraminiferal tests picked from ambient seawater temperature and salinity and thus

the entirerepresentative fractioriihe relative has been used to infer past temperature and salinity

abundance of benthic foraminiferal species is countedfrom the Indian Ocean (Colombo and Cita, 1980:
in fraction >63 um, while that of planktic ' '
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Haenel, 1987; Nigam, 19900he disappearance of Indian Ocean and northeftlantic Ocean. Other than
pink variety ofGlobigerinoidesruber from the Indian  physico-chemical controls on the size of foraminifera,
and Pacific Ocean at 120,000 yr Bhias been used evolutionary changes have also been reported to result
as a biostratigraphic datum (Thompson et #79). in an increase in the size of planktic foraminifera
While applying the relative abundance of species to(Arnold et al., 1995).A concurrent change in test
reconstruct past climate or oceanographghould diameter of several dominant deep-sea benthic
however be kept in mind that its depth habitat may foraminifera and dissolved oxygen content of the
vary latitudinally (Saraswat and Khare, 2010). seawaterduring the last 120 m yegasuggests a
Additionally, the species abundance also depends ordominant control of climatic changes on benthic
the size fraction taken for picking foraminifera. In foraminiferal test diameter (Kaiho, 1999he size
the polar northAtlantic region, polar species and abundance of planktic foraminifera fluctuates
Neogloboquadrina pachyderma (s) forms almost  with environmental factors such as temperature,
monospecific assemlgas in lager size fractions primary productivity and environmental variability
(125-250um, >150um) of MIS 8 to 7 whereas, the and is maximum at optimum conditions suggesting a
smaller size fractions (100-150r4 80150 pm) are prominent efiect of climatic conditions on planktic
dominated by the subpolar speciesborotalita foraminiferal test size (Schmidtal., 2003; Schmidt

guingueloba (Kandiano and Bauch, 2002). et al., 2004) Abundance oEpistominella exigua is
_ ) inversely related to its size suggesting increased
Test Size/Diameter instances of asexual reproduction during favourable

The morphological changes, especially the variation conditions (Saraswatal., 2011). Thus, the temporal
in size (Fig. 4), in response to the changes in thechanges in foraminiferal test dimensions have been

physico-chemical conditions like temperature, applied to infer past va_lriations _in physico-_chemic_al
salinity, upwelling intensityhave long been recorded parameters as well as in evolutionary studies (Naidu
from both field as well as laboratory culture studies @nd Malmgren, 19964rnold et al., 1995; Kaiho,
of foraminifera (Bé et al, 1973; Hecht, 1976; Caron 1999; Schmidt et al 2004). It should however be
etal., 1987a; Carestal., 1987b; Bijma et al., 1990; kept in mind that the close correspondence between
Naidu and Malmgren, 1996; Schmidt et,22004). planktic foraminiferal test size and climatic
Bé et al. (1973) showed that the test diameter of Parameters is confined only to the regions ojear
Orbulina universa from tropical and subtropical climate variability like frontal systems and upwelling
Indian Ocean shows a latitudinal variation and thatZ0nes, whereas such a relationship is obscure in
the mean diameter of the testbiuniversain surface  €dgions with relatively stable climate (Schmidt f al
sediments and surface waters is strongly associated004)-
with the distribution of water masses in the southern Coiling Pattern
The foraminiferal tests, especially those of benthic
foraminifera, show a wide variation in the number
and arrangement of chambers. Out of several
thousands of species of foraminifera, chambers are
arranged trochospirally in a few foraminiferal species.
In the species belonging to this group, the chambers
may be arranged either in dextral (clockwise) or
sinistral (anticlockwise) manner (Fig. 3he coiling
Fig. 4: A schematic of measuring the test size as well as the size of ~direction is determined by placing the tests in spiral
the proloculus. ‘P"indicates the maximum diametgrgf the view and following the direction of addition of
proloculus or the first formed chamber. The foraminiferal L .
chambers beginning from the proloculus and moving

test should be kept in spiral view to measu@ the maximum .
diameter of the proloculus towards the last added chamb#rpossible, a
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formerly considered to belong to the same species,
are, in fact, diferent species (Baucdt al., 2003;
Darlinget al., 2006).

Average Number of Chambers

Many species of foraminifera have bimodal
reproduction with morphologically distinct sexual
and asexual phasdshe tests belonging tofsprings
of sexual and asexual mode of reproduction have
Fig. 5: Dextral (A) and sinistral (B) coiling in a trochospirally coiled several diferences, including diérent number of
foraminifera chambersThe environmental conditions influence
the mode of reproduction in foraminifera (Boltovskoy
minimum of 50 specimens of a species should pe@ndWright, 1976; Nigam and Rao, 1987; Nigam and
picked from each interval while assessing temporal ©@ron, 2000) and thus the number of chambers in
changes in coiling direction, in order to arrive at a the individuals belonging to the same foraminiferal
statistically significant interpretationarious studies ~ SPECiesThis distinctive variation in average number
have shown that the ambient environmental of chambers, in certain foraminiferal species as a

conditions influence the direction in which the “?SU“ of chgnglng mode o.f' reproduction under
chambers are arranged in certain species Ofdlfferent environmental conditions, has been used to

foraminifera (Bolli, 1950; Ericson, 1959; Nigam and Understand ecology of foraminifera and further
Khare, 1992; Naidu and Malmgren, 1996his proposed as a tool to infer paleoclimatic variations.

preferred coiling pattern of both benthic and planktic The number of chambers in a test is counted starting

foraminiferal species has been applied to infer pastToM the proloculus and moving along the direction

climatic conditions (Ericsoet al., 1954: B&, 1960; of addition of chambers till the last formed chamber

Thiede, 1971; Keany and Kennett, 19V@|liams, (Fig. 6)..Onthe pasis of inverse relationship between
1976; Nigam and Khare, 199%estet al., 2004). Eplstomlnell_aemgug abundance and _the number of
The dextral Rotalidium annectensare preferentially chambers, it was inferred thgt E. emgpaefers an
microspheric suggesting that the mode of asex.u.al mode of reproduction during favorable
reproduction influences the coiling pattern (Nigam ¢onditions (Saraswat et al201L).

and Khare, 1992Y he relative abundance of dextral
and sinistral forms of planktic foraminifera
Neogloboguadrina pachydermawas frequently used Cushman (1905) coined the term proloculus to
to reconstruct past seawater temperature, with theepresent the first formed chamber of the
sinistral form being dominant in colder waters foraminiferal test. The changing mode of
(Bandy 1960; Keany and Kennett, 1972; Naik etal  reproduction as discussed in the previous section, also
2013). Even though a similar possible control of influences the size of the proloculus (Fig. 4) with
regional seawater properties on the coiling direction

of Globorotalia menardii was suggested by Bolli

(1971), but no such relationship between coiling

direction and sea water properties during the late

Quaternary was found in the northern Indian Ocean,

wherein only an insignificant percentage of

specimens were dextrally coiled (Bhonsale and

Sargsm{at, 2012)' Howgv,eof late, _Wlth t_he Fig. 6: A schematic of counting the total number of chambers in a
apphca-t'on of molecular b|0|09y technlques, it has test. The foraminiferal test should be kept in spiral view to
been established that thefeitntly coiled specimens, count the total number of chambers

Proloculus Size
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megalospheric specimens havinggkar proloculus  2011). The abnormalities in foraminiferal tests from
as compared to microspheric specimens (Boltovskoyecologically stressed environments include stunted
and Wright, 1976). The microspheric and tests, comparatively smaller or bigger chambers,
megalospheric forms of a few benthic foraminiferal chambers oriented away from the normal plane of
species cannot be clearlyfdifentiated from the size  addition of chambers and tests with regressed or
of the proloculus. In such cases, the number ofcompletely absent ornamentatidrus the unusual
chambers (more in microspheric forms as comparedpresence of abnormal foraminiferal tests is applied
to megalospheric forms) and the size of the testsas a proxy to infer ecologically-stressed
(microspheric being lger than megalospheric) can environmental conditions (Nagy ardve, 1987;
help substantiate the thfentiation between the two Schaferet al., 1991; Scott et al 1995; Panchang
forms. The mean proloculus size of benthic al., 2005). Howeverthe application of test
foraminiferaCavarotalia annectens, calculated asthe  abnormalities to infer ‘specific’ ecologically-stressed
ratio of microspheric to megalospheric forms is environment is hampered due to the report of nearly
inversely proportional to salinity and temperature in similar test abnormalities from ¢&fently stressed
the shallow water regions of the eastérabian Sea  environments and further by no correlation between
(Nigam and Rao, 1987As mentioned above, since abundance of deformed tests and known sources of
the mode of reproduction in foraminifera is pollution (Cosentino et a] 2013).

environmentally controlled, the mean proloculus size _

of selected foraminiferal species have been used tolest Weight

infer past climatic variations (Nigam and Rao, 1987; A majority of the foraminiferal tests are calcareous.
Nigam and Sarkar1993; Nigam and Khare, 1995, Thjg shell calcite is a mixture of primary calcite and

Saraswaet al., 2005). secondary calcite. Most of the planktic foraminifera
grow in size by adding chambers secreted from
primary calcite. In contrast, secondary calcification
Majority of the foraminifera follow a well defined thickens existing chamber walls, which can double a
pattern to add chambers during its growth till it shell's mass without significantly f&kcting its size
reaches maturityThis normal course of addition of (Lohmann, 1995)The different efect that primary
chambers for any species, can be assessed by lookingnd secondary calcification has on shell size, allow
at the general population of that particular species intheir relative proportions to be estimatekhe

a region Any deviation from this normal course of secondary calcite is added to the shell when there is
addition of chambers is termed as abnormalihe excess [CQ’-—] available, i.e., the more the [C;é]
regions where deformed tests comprise upto 1% ofconcentration, more the secondary calcification will
the total population, are termed as normal while occur (Broecker and Clark, 1999). Laboratory culture
locations with >1% abnormal tests are termed asstudies under controlled conditions indicate that an
stressed (Alve, 1991) comparatively lage number  increase in ambient [C{] increases the

of abnormal foraminiferal tests have been reportedcalcification rates and size-normalized weight (SNW)
in sediments collected from ecologically stressed of planktic foraminiferasuggesting a dominant
(both naturally as well as anthropogenically) control of carbonate ions which are two orders of
environments (such as very high or low salinity magnitude smaller than that of calcium ions in
temperature, pH, or high concentration of pollutants seawaterduring the calcification (Bijmet al., 2002).

like heavy metal, sewage) as well as in laboratory Hence, if we can determine the secondary calcite
culture experiments wherein foraminifera were amount then we can infer the [%J concentration
subjected to pollutants (Boltovskay al., 1991; of the seawatefTherefore, the species in which
Yankoet al., 1998;Alve, 1995; Souff et al., 1999; secondary calcification changes only shell mass (e.g.
Scottet al., 2001; Saraswat et al2004; Nigam et Pulleniatina obliquiloculata and Globoquadrina

al., 2006a; 2006b; Nigam et al., 2009; Caruso et al dutertrei) and not the size, the amount of secondary

Test Abnormalities
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calcite added to a shell reflects the change in theis not a reliable proxy to determine past [Z]
[CO,%] concentration of the seawater changes (Beeet al., 2010).A few other studies
reported a dominant control of phosphate ion
concentration in seawater on shell weight in addition
fo [CO,%] and seawater temperature and minimal
effect of optimum growth conditions, thus implying
that further work is required before the shell weight
can be used as a reliable proxy for [E{(Aldridge
etal., 2012).

The size normalized weight of a foraminiferal
species can be determined either by taking the averag
weight of specimen@vith a precision of j1g) picked
from a narrow size range (usually 5thuobtained
by sieving the coarse fraction (Broecker and Clark,
2001) or by measuring the diameter of individual tests
and by dividing the weight of the tests by the average
measured size (Barker and Elderfield, 2002). Prior Conclusions
to weighing, the specimens should be thoroughly ) _ o
cleaned to remove ganic matter/clay adhering to Reconstructing the past climate is important and

the testsThe changes in shell weight have been usedcharacteristics of marine microfossils, foraminifera
to infer decrease in biogenic marine carbon offer a wealth of information about past climate.

sequestration due to increasing ocean acidificationChanges in abundance, morphology and chemical

as a result of high atmospheric green-house gaé:omposition of the foraminiferal tests are used to
concentration (de Moet al., 2009)The shell weight reconstruct past climatéhe non-destructive

is often used to assess the degree of dissolution anfpraminiferal proxies help in understanding seawater
its potential gect on the trace element composition t€mperature, salinipproductivity dissolved oxygen
of the tests (Naik et a 2014). content, lysocline movement, sea level changes,

organic matter flux, monsoon changes, circulation and
The use of shell weight as carbonate ion proxy several othersThe non-destructive foraminiferal
however has a few potential problerii$ie shell  proxies not only help to reconstruct qualitative
weight may not always increase or decrease due t¢hanges in past climate but are alsteetive to
change in the carbonate ion concentration of sedimenfjuantify a few parameters like paleodepth and
pore waterAdditionally, the shell weight can also temperatureThe foraminiferal proxies are region

vary due to changes in environmental factors specific and work best if calibrated regionally
unrelated to carbonate ion concentration (Broecker

and Clark, 2001). Only a weak covariance of shell Acknowledgements
weight with climate indicators and a smaller than
expected dket between down-core records at a
shallow and deeper sites in the Ontong-Java Platea

The review was written as Prof. S.C. Lakhotia, the
Editorin-Chief, Proceedings of the Indian National
u$cienceAcademy provided an opportunity to the

sugge§ts that the contrqls on shel_l weight are moreINSAYoung Scientist Medal winners to contribute a
complicated and also raises questions about the usg

t shell iaht t truct ¢ b ¢ eview of the work related to their field of
Of Shell Welgnt to reconstiuct past car OnaespecializationThe continuous guidance and support
saturation and carbon dioxide levels (ddliers,

. - . . of Dr. R. Nigam, Chief Scientist, National Institute
2003; deVilliers, 2005). Lage interspecies- and of OceanographyGoa is thankfully acknowledged.

intraspecies-specific variations were reported notonIyThe author acknowledges the financial support by
in the strength and gradient of the relationship

between [CCP] and the shell weight but also the
sign of this relationship, suggesting that shell weight

the Council of Scientific and Industrial Research,
Department of Science amdchnologyand Ministry
of Earth Sciences, New Delhi.

References Foraminiferal Res 21 1-19

Alve E (1991) Benthic foraminifera in sediment cores reflecting Alve E (1995) Benthic foraminiferal responses to estuarine
heavy metal pollution in SgrfjordVestern Norway pollution: a review J Foraminiferal Re25 190-203.



Foraminiferal Proxies

391

Aldridge D, Beer C J and PurdieAX2012) Calcification in the
planktonic foraminifera Globigerina bulloidesinked to

BergerW H (1967) Foraminiferal ooze: solution at deg@tience
156 383-385

phosphate concentrations in surface waters of the North Begerw H (1968) Planktonic Foraminifera: selective solution

Atlantic Ocean Biogeoscience® 1725-1739
Anderson D M, OverpeckTDand Gupt# K (2002) Increase in

theAsian southwest monsoon during the past four centuries

Science 297 596-599

Arnold A J, Kelly D C and ParkéW C (1995) Causality and
Copes rule: evidence from the planktonic foraminifdra
Paleontol 69 203-210

Bandy O L (1956) Ecology of foraminifera in the northeastern
Gulf of MexicoU SGeol Surv Prof Pap 724-G 179-204

Bandy O L(1960)The geologic significance of coiling ratios in
the foraminifera Globigerina pachyderma J Paleontod
671-681

Barker S and Elderfield H (2002) Foraminiferal calcification
response to glacial-intglacial changes in atmospheric
CO, Science 297 833-836

Bassinot F C (1993) Sonostratigraphy of tropical Indian Ocean
giant piston cores: toward a rapid and high-resolution tool
for tracking dissolution cycles in Pleistocene carbonate

sedimentgEarth Planet Sci Lett 120327-344

Bassinot F C, Marzin C, BraconngtMarti O, Mathien-Blard
E, Lombard F and Bopp (2011) Holocene evolution of
summer winds and marine productivity in the tropical

Indian Ocean in response to insolation forcing: data-model

comparison Clim Past B15-829

Bauch D, Darling K, Simstich J, Bauch&; Erlenkeuser H and
Kroon D (2003) Palaeoceanographic implications of
genetic variation in living North Atlantic
Neogloboquadrina pachyderma Nature 424 299-302

BéA W H (1960) Ecology of Recent planktonic foraminifera:
Part 2-Bathymetric and seasonal distributions in the
Sagasso Sea bBermuda Micopaleontology 6 373-392

BéA W H andTolderlund D S (1971) Distribution and ecology
of living planktonic foraminifera in surface waters of the
Atlantic and Indian Ocean. Ifthe Micropaleontology of
Oceans (Eds: Funnel B M and Rietl¢R) pp 105-149

BéA W H, Harrison S M and Lott (1973)Orbulina universa
d’Orbigny in the Indian Oceavlicropal eontology 19 150-
192

Bé A W H and HutsorA (1977) Ecology of planktonic
foraminifera and biogeographic patterns of life and fossil
assemblages in the Indian Oceéditropaleontology 23
269-414

Beer C J, Schiebel R amilson PA (2010)Testing planktic
foraminiferal shell weight as a surface water [E[proxy
using plankton net samples Geologg 103-106

and paleoclimatic interpretation Deep-Sea R&5 31-43.

BergerW H (1970) Planktonic foraminifera: selective solution
and the lysoclindlar Geol 8 111-138.

BergerWH, Bonneau M-C and Parker H1982) Foraminifera
on the deep-sea floor: lysocline and dissolution rate
Oceanol Acta 5 249-258

BergerW H and DiesteHaass L(1988) Paleoproductivitythe
benthic planktonic ratio in foraminifera as a productivity
indexMar Geol 81 15-25

BerggrenW A and Boersma (1969) Late Pleistocene and
Holocene planktonic foraminifera from the Red Sea. In:
Hot Brines and Recent Heavy Metal Deposits in the Red
Sea (Eds: DegenslEand Ross B) pp 282-298, Springer
Verlag, Berlin

BerkeleyA, Perry CT, Smithers S (Horton B PandTaylor K G
(2007)A review of the ecological and taphonomic controls
on foraminiferal assemblage development in intertidal
environment€arth-Sci Rev 83 205-230

Bhonsale S and Saraswat R (204B)indance and size variation
of Globorotaliamenardii in the northeastern Indian Ocean
during the Late QuaternadyGeol Soc India 80 771-782

Bijma J, FabeWW W and Hemleben C (1990emperature and
salinity limits for growth and survival of some planktonic
foraminifers in laboratory cultures J Foraminiferal Res
20 95-16

Bijma J, Honisch B and Zeebe R E (2002) Impact of the ocean
carbonate chemistry on living foraminiferal shell weight:
Comment on “Carbonate ion concentration in glacial-age
deep waters of the Caribbean SeaWys Broecker and
E. ClarkGeochem Geophys Geosyst 31064, doi: 10.1029/
2002GC000388

Bolli H (1950) The direction of coiling in the evolution of some
GloborotaliidaeContr Cushman Found Foraminiferal Res
182-89

Bolli H M (1971) The direction of coiling in planktonic
foraminifera. In: Micropaleontology of Oceans (Eds:
Funnel B M and RiedelV R) pp 639-648, Cambridge
University Press, Cambridge

Boltovskoy E andNright R (1976) Recent Foraminifera. ¢
Junk b.v Publisher§'he Hague

Boltovskoy E, Scott D B and Medioli F S (1991) Morphological
variations of benthic foraminiferal tests in response to
changes in ecological parameters: a revieial eontol
65 175-185

Boyle EA (1981) Cadmium, zinc, coppeand barium in



392 Rajeev Saraswat

foraminiferal tests Edh Planet Sci Lett 53 11-35 doi:10.1029/2005/001189
Boyle EA and Keigwin LD (1985) Comparison dftlantic and de Moel H, Ganssen G M, Peeters F J C, Jung,Sdoon D,
Pacific paleochemical records for the Last 215,000 years: Brummer G JA and Zeebe R E (2009) Planktic
Changes in deep ocean circulation and chemical foraminiferal shell thinning in thArabian Sea due to
inventories Earth Planet ci Lett 76 135-150 anthropogenic ocean acidificatiofBPogeosciences 6
BroeckeW and Clark E (1999) CaC@ize distribution: a paleo 1917-1925
carbonate ion proxipaleoceanography 14 596-604 deVilliers S (2003A 425 kyr record of foraminiferal shell weight
BroeckeW S and Clark E (2001n evaluation of Lohmans’ variability in the western equatorial Pacific
foraminifera-weight dissolution inddal eoceanography Paleoceanography 18 1080, doi:10.1029/2002P00801
16 531-534 de Villiers S (2005) Foraminiferal shell-weight evidence for
Caron DA, FaberW W J and B&A W H (1987a) Hects of sedimentary calcite dissolution above the lysocline Deep-
temperature and salinity on the growth and survival of the Sea Res 52 671-680
planktonic foraminifer Globigerinoides sacculiferd Mar Dittert N and Henrich R (2000) Carbonate dissolution in the
Biol Assoc UK 67 323-342 SouthAtlantic Ocean: evidence from ultrastructure
Caron DA, Fabe®W W J and B W H (1987b) Growth of the breakdown irGlobigerina bull oides Deep-Sea Res 47 603-
spinose planktonic foraminife®rbulina universa in 620
laboratory culture and thefe€t of temperature on life Emiliani C (1955) Pleistocene temperatures J Geol 63 538-578
processes J Mar Biohkssoc UK 67 343-358 Emiliani C and Epstein S (1953mperature variations in the
Carusd, Cosentino CTranchina Land Brai M (201) Response Lower Pleistocene of southern Califordi&eol 61 171-
of benthic foraminifera to heavy metal contamination in 181
marine sediments (Sicilian coasts, Mediterranean Sea) Ericson D B (1959) Coiling direction &flobigerina pachyderma
Chem Ecol 27 9-30 as a climatic index Scienc&30219-220
Chen MT, Huang CYyandWei K'Y (1997) 25,000-year late  Ericson D BWollin G andWollin J (1954) Coiling direction of
Quaternary records of carbonate preservation in the South Globorotalia truncatulinoidesin deep-sea cor&eep-Sea
China Sea Palaeogeogra Palaeoclimatol Palaeoecol 29 Res 2 152-158
155-169 Fraile I, Schulz M, Mulitza S and Kucera M (2008) Predicting
Colombo M R and Cita M B (1980) Changes in size and test the global distribution of planktonic foraminifera using a
porosity ofOrbulina universad’orbigny in the Pleistocene dynamic ecosystem model Biogeoscience891-911

record _Of Cape _Bojador (DSDP site 397, eastern north GoodayA J (1994)The biology of deep-sea foraminifefareview
Aatlantic) Mar Miciopaleontol 5 13-29 of some advances and their applications in
Conan S M-H, Ivanova E M and Brummer GAJ(2002) paleoceanographyalaios 9 14-41

Quantifying carbonate dissolution and calibration of ,,4aya 3 (2003) Benthic foraminifera (protista) as tools in
foraminiferal dissolution indices in the Somali Basin Mar deep-water palacoceanography: Environmental influences
Geol 182325-349 on faunal characteristi¢sdv Mar Bio 46 1-90
Corliss B H (1985) Microhabitats of benthic foraminifera within GuptaA K (2004) Origin of agriculture and domestication of
deep-sea sediments NaiB14435-438 plants and animals linked to early Holocene climate
Cosentino C, Pepe Ecopelliti GCalabro M and Carugo(2013) ameliorationCurr Sci 87 54-59
Benthic foraminiferal response to trace element pollution- GuptaA K and Srinivasan M S (1990) Response of northern
the case study of the Gulf of Milazzo, NE Sicily (Central Indian Ocean deep-sea benthic foraminifera to global
Mediterranean Se#gnviron Monit Assess 1858777-8802 climates during Pliocene-Pleistocéviar Micropal eontol
Cullen J Land PrelWL (1984) Planktonic foraminifera of the 16 77-91

northern In(?ian Ocean: d.istribution and preservation in GuptaA K and Srinivasan M S (1992)vigerina proboscidea
surface sediments Mar Migpaleontol 9 1-52 abundances and paleoceanography of the northern Indian

Cushman & (1905) Developmental stages in the Lagenidae Am Ocean DSDP Site 214 during the Late Neoghkfas
Naturalist 39 537-553 Micropaleontol 19 355-367

Darling K F, Kucera M, Kroon D andade C M (2006 A GuptaA K, Joseph S arithomas E (2001) Species diversity of
resolution for the coiling direction paradox in Miocene deep-sea benthic foraminifera and watermass

Neogloboquadrina pachyderma Paleoceanography 21 stratification in the northeastern Indian Ocean



Foraminiferal Proxies 393

Micropaleontology 47 111-124 Ku T L and Obar (1978)A method for quantitative evaluation
GuptaA K and Melice J —L(2003) Orbital forcing of the Plio- of carbonate dissolution in deep-sea sediments and its
Pleistocene Indian monsoons: benthic foraminiferal application to paleoceanographic reconstrudfoat Res

proxies from ODP Site 758urr Sci 85 179-184 10 12-129
GuptaA K and Thomas E (2003) Initiation of Northern LeJand Shackleton N J (1992) Carbonate dissolution fluctuations

Hemisphere glaciation and strengthening of the northeast in the western equatorial Pacific during the late Quaternary

Indian monsoon: Ocean Drilling Program Site 758, eastern Paleoceanography 7 21-42

equatorial Indian OceaBeology 31 47-50 Lee J J anddAnderson O R (1991) Biology of Foraminifera.
Guptha MV S, CurrnW B, IttekkotV and MurlinathA S (1997) Academic Press

Seasonal variation in the flux of planktonic foraminifera: Lejzerowicz FFPawlowski J, Fraissinetathet Land Marmeisse

sediment trap results from the Bay of Bengal, northern R (2010) Molecular evidence for widespread occurrence

Indian OceanJ Foraminiferal Res 27 5-19 of foraminifera in soils Envisn Microbiol 12 2518-26
Haenel P (1987) Paleoceanographic valu®rdiilina universa Lohmann G R1995)A model for variation in the chemistry of

d’orbigny (Foraminifera) OceanoActa 10 15-25 planktonic foraminifera due to secondary calcification and
Haug G H, Guinther D, PetersorCl. Sigman D M, Hughen K selective dissolution Paleoceanography0 445-457

andAeschlimann B (2003) Climate and the collapse of Loubere P and Fariduddin M (1999) Quantitative estimation of

Maya civilizationScience 2991731-1735 global patterns of surface ocean biological productivity
HechtA D (1976)An ecologic model for test size variation recent and its seasonal variation on time scales from centuries to

planktonic foraminifera: application to the fossil recard millenniaGlob Biochem Cycles 13 115-133

Foraminiferal Res 6 295-311 Lutze G and CoulbourtW (1984) Recent benthic foraminifera
Jorissen F Wittling I, Peypougquet J, Rabouille C and Relexans from the continental main off northwestAfrica:

J C (1998) Live benthic foraminiferal faunag Gfape community structure and distributiéfar Micropal eontol

Blanc, NWAfrica: Community structure and 8361-401

microhabitatdDeep Sea Res 45 2157-2188 Mackenser, Grobe H, Hubberten H —\&nd Kuhn G (1994)
Jorissen F J, Fontanier C an@homas E (2007) Benthic foraminiferal assemblages and th€&ignal in

Paleoceanographical proxies based on deep-sea benthic the Atlantic sector of the Southern Ocean: glacial-to-

foraminiferal assemblage characteristics. In: Proxies in interglacial contrasts. In: Carbon cycling in the glacial

Late Cenozoic Paleoceanography: Pt. 2: Biological tracers ocean: constraints on the ocesardle in global change

and biomarkers (Eds: Hillaire-Marcel C and\ignalA) (Eds: Zahn R, PedersdrF, Kaminiski MA and Labeyrie

pp 263-326, Elsevier L) 117 pp 105-144, Springeverlag, Berlin, Heidelbey,

Kaiho K (1999) Evolution in the test size of deep-sea benthic NATOASI Series

foraminifera during the past 120 miyar Micropaleontol Mackense\, Schmiedl GHarloff J and Giese M (1995) Deep

37 53-65 sea foraminifera in the Souttlantic Ocean: ecology and
Kandiano E S and Bauch A (2002) Implications of planktic assemblage generation Mipeleontology 41 342-358

foraminiferal size fractions for the glacial-inggacial Malmgren BA (1987) Differential dissolution of Upper

paleoceanography of the polar norgtlantic J Cretaceous planktonic foraminifera from a temperate

Foraminiferal Res 32 245-251 region of the soutltlantic OceanMar Micropal eontol
Kawahata H, Nishimurd and Gagan M K (2002) Seasonal 11 251-271

change in foraminiferal production in the western Murray JW (1973) Distribution and Ecology of Living Benthic

equatorial Pacific warm pool: evidence from sediment trap Foraminiferids. Heinemann, London.

experiments Deep-Sea Res 49 2783-2800 Murray JW (1991) Ecology and Paleoecology of Benthic
Keany J and Kennet J P (1972) Pliocene-early Pleistocene Foraminifera. Johwiley, New York and Longman

paleoclimatic history recorded Antarctic-Subantarctic Scientific andTechnical, HarlowUK

deep-sea cord3eep-Sea Res 19 529-548 Murray JW (2006) Ecology and\pplications of Benthic
Kirci-ElImas E (2013) Benthic foraminiferal distribution (living Foraminifera. Cambridge University Press

and dead) from a permanently stratified giaal sea Murray JW andAlve E (1999) Natural dissolution of shallow

(Marmara Sealurkey)J Foraminiferal Res 43 340-360 water benthic foraminifers: taphonomidesfts on the

paleoecological recor@®aleogeogra Paleoclimatol



394 Rajeev Saraswat

Paleoecol 146 195-209 Nigam R, Saraswat R and Panchang R (208@ipJication of

Nagy J andilve E (1987)Temporal changes in foraminiferal foraminifers in ecotoxicology: Retrospect, perspect and

faunas and impact of pollution in Sandebucta, Oslo Fjord prospecEnviron Int 32 273-283
Mar Micropaleontol 12 109-128 Nigam R, LinshyV N, Kurtarkar S R and Saraswat R (2009)

Naidu P D (1993) Distribution patterns of Recent planktonic Effects of sudden stress due to heavy metal mercury on
foraminifera in surface sediments of the western benthic foraminiferRosalina leei: Laboratory culture

continental magin of India Mar Geol 110 403-418 experiment Mar Pollut Bulb9 362-368

Naidu PD and Malmgren B\ (1996) Relationship between Late Panchang R and Nigam R (2012) High resolution climatic records
Quaternary upwelling history and coiling properties of of the past ~489 years from Centala as derived from
Neogloboquadrina pachyderma and Globigerina benthic foraminiferal specieasterorotaliatrispinosaMar

bulloides in theArabian Sea Foraminiferal Res 26 64- Geol 307-310 88-104
70 Panchang R, Nigam R, Baig N and Nayak G N (20A5)
Naik D K, Saraswat R, Khare N, Pande¢ and Nigam R (2014) foraminiferal testimony for the reduced adverdeas$ of
Hydrographic changes in thegulhas Recirculation mining in Zuari EstuaryGoalnt J Environ Sud 62 579-
Region during the late Quaternalim Past 10 745-758 591
Nigam R (1990) Palaeoclimatic implications of size variation in Peeters Flvanova E, Conan S, Brummer G-J, Ganssen G
Orbulina universain a core from the North Indian Ocean Troelstra S and van Hinte J (199)size analysis of
Curr i 59 46-47 planktic foraminifera from thérabian SeaMar

Nigam R and Caron [ (2000) Does temperaturefaét Micropaleontol 36 31-63
dimorphic reproduction in benthic foraminifer2ulture Peterson LC and PrelW L (1985) Carbonate dissolution in
experiment on Rosalina lesCurr Sci 79 1105-1106 recent sediments of the eastern equatorial Indian Ocean:

Nigam R and Henriques P J (1992) Planktonic percentage of prese.rvation patterns and carbonate loss above the
foraminiferal fauna in surface sediments of #rabian lysoclineMar Geol 64 259-290

sea (Indian Ocean) and a regional model for paleodepth PinxianW, LuejiangW, Yunhua B and Zhimi J (1995) Late

determination Palaeogeogra Palaeoclimatol Palaeoecol Quaternary paleoceanography of the South China Sea:

91 89-98 surface circulation and carbonate cydiéar Geol 127
Nigam R and Khare N (1992he reciprocity between coiling 145-165
direction and dimorphic reproduction in benthic PolyakV J andAsmeromY (2001) Late Holocene climate and
foraminifera J Micppalaeontol 11 221-228 cultural changes in the southwestern UnitedeSScience
294 148-151

Nigam R and Khare N (1995) Significance of correspondence
between river dischge and proloculus size of benthic PrellW L and Curnyw/ B (1981) Faunal and isotopic indices of

foraminifera in paleomonsoonal studies Geo-Mar Lett 15 monsoonal upwelling: westeArabian Se&ceanol Acta
45-50 491-98

Nigam R, Khare N and Borole W (1992) Can benthic =~ Rao N R, Jayaprakash M amélmurugan PM (2013) The
foraminiferal morpho-groups be used as indicator of ecology ofAsterorotalia trispinosa (Thalmann, 1933)-
paleomonsoonal precipitation? Est Coastal Shelf Sci 34 New insights from Muthupet Lagoon, southeast coast of
533-542 India J Foraminiferal Res 43 14-20

Nigam R and Rad S (1987) Proloculus size variation in Recent Reiss Z, Luz BAImogi-Labin A, Halicz E, Wnter A, Wolf M
benthic foraminifera: Implications for paleoclimatic studies and Ross [A (1980) Late Quaternary paleoceanography
Est Coastal Shelf Sci 4 649-655 of the Gulf ofAqaba (Elat), Red SeQuat Res 14 294-
308

Robbins S @Blevins K E, Cox B, Gray K and Mushrifripathy
V (2013) Infection, disease, and biosocial processes at
the end of the Indus CivilizatioRLoS One 8 €84814.
doi:10.1371/journal.pone.0084814

Saraswat R, Kurtarkar SR, Mazumdeand Nigam R (2004)
Foraminifers as indicators of marine pollution: a culture
experiment with Rosalina leeMar Poll Bull 48 91-96

Nigam R and Sarkak (1993)Mean proloculus size *& and
5180 variations in recent benthic foraminifera from the
west coast of India and their climatic implications Ind J
Earth Sci 20 1-6

Nigam R, Saraswat R and Kurtarkar S R (2006a) Laboratory
experiment to study fct of salinity variations on benthic
foraminiferal species - Paratalia nipponica (Asano)J
Geol Soc India 67 41-46



Foraminiferal Proxies 395

Saraswat R, Nigam R and Barreto L (2005) Palaeoceanographic regional environments Bulm Assoc Pet Geol 48 1810-

implications of abundance and mean proloculus diameter 1827

of benthic foraminiferal specié=pistominella exigua in Stouff V, Geslin E, Debenay J#&hd Lesourd M (1999) Origin

sub-surface sediments from distal Bay of BengalJXan of morphological abnormalities inAmmonia

Earth Syst Sci 114 453-458 (foraminifera): studies in laboratory and natural
Saraswat R and Khare N (2010) Deciphering the modern environments) Foraminiferal Res 29 152-70

calcification depth ofGlobigerina bulloides in the Stuut J-BW, Prins MA and Jansen J H F (2002) Fast

southwestern Indian Ocean from its oxygen isotopic reconnaissance of carbonate dissolution based on the size

composition] Foraminiferal Res 40 220-230 distribution of calcareous ooze dMalvis Ridge, SE
Saraswat R, Deopujafi, Nigam R and Henriques P (201) Atlantic Ocean Mar Geoll90581-589

Relationship between abundance and morphology of Thiede J (1971)ariations in coiling ratios of Holocene

benthic foraminifer&pistominella exigua: Palaeoclimatic planktonic foraminifera Deep-Sea Res 18 823-831

implications J Geol Soc India 77 190-196 Thompson AR, BEA W H, Duplessy J-C and Shackleton N J
Schafer CT, Collins E S and Smith J N (1991) Relationship of (1979) Disappearance of pink-pigmen@ldbigerinoides

foraminifera and thecamoebian distributions to sediments ruber at 120,000 yr BP in the Indian and Pacific Oceans

contaminated by pulp mill 8ient: Saguenay Fiord, Nature 280554-557

Quebec, Canaddar Micropaleontol 17 255-283 Thunnel R C and Honjo S (1987) Seasonal and interannual
Schmidt D N, Renaud S and Bollmann J (2003) Response of changes in planktonic foraminiferal production in the

planktic foraminiferal size to late Quaternary climate North PacificNature 328 335-337

change Paleoceanography 18 doi:10.1029/ ey 1 c, Lowenstam WA, Epstein S and McKinney C R (1951)

2002000831 Measurement of paleotemperatures and temperatures of
Schmidt D N, Renaud S, Bollmann J, Schiebel REmdrstein the Upper Cretaceous of Eng|and, Denmark’ and the
R (2004) Size distribution of Holocene planktic southern United t8tesBull Geol Soc Am 62 399-416

foraminifer assemblages: biogeograpkygology and Weber M E, Niessen,FKuhn G andWiedicke M (1997)

adaptation Mar Miapaleontol 50 319-338 Calibration and application of marine sedimentary physical
SchréderAdams C J and Rooyen\D(2011) Response of Recent properties using a multi-sensor core logger Mar Geol 136

Benthic ForaminiferalAssemblages to Contrasting 151-172

Environments in Bdin Bay and the Northern Labrador West S, Jansen J H F antu@ J-B (2004) Surface water

Sea, Northweshtlantic Arctic 64 317-341 conditions in the Northern Benguela region (&E&ntic)
Scott D B, Schafer @, Honig C andYounger D C (1995) during the last 450 ky reconstructed from assemblages of

Temporal variations of benthic foraminiferal assemblages planktonic foraminifera Mar Mi@paleontol 51 321-344

_under ornear aquacult_ur_e operations: documentation and\yijjiams D F (1976) Late Quaternary fluctuations of the polar

impact history J Foraminiferal Re5 224-235 front and subtropical convgence in the southeast Indian
Scott D B, Medioli F S and SchaferTC(2001) Monitoring in OceanMar Micropaleontol 1 363-375

Coastal E.nviron.ments using_ Forarpinif_era and \yijliams D F, Healy-Wlliams N and Leschak R1985)
Thecamoebian Indicators, Cambridge University Press Dissolution and watemass patterns in the Southeast

SenGupta B K (1977) Depth distribution of modern benthonic Indian Ocean. Part |. Evidence from Recent to late
foraminifera on continental shelves of the world Ocean Holocene foraminiferal assemblages Geol %um Bull
Indian J Earth Sci 4 60-83 96 176-189

SenGupta B K (1991) Modern Foraminifera. Kloweademic Wright R G (1977) Planktonic-benthonic ratio in foraminifera
Publishers as paleobathymetric tool. Quantitative evaluathomAm

SenGupta B K and Machain-Castillo M L (1993) Benthic Assoc Pet Geol and Soc Econ Paleontol Mineral Conv,
foraminifera in oxygen-poor habitdar Micropal eontol Washington, D C, 842
20 183-201 YankoV, Ahmad M and Kaminski M (1998) Morphological

Sharma/ andTakayanagy (1982) Paleobathymetric history of deformities of benthic foraminiferal tests in response to
late Neogene foraminiferal assemblages of the Kakugawa pollution by heavy metals: implications for pollution
area, Central Japai Rep Tohoku Imp Univ 52 77-90 monitoring J Foraminiferal Res28 177-200.

Stehli F G and CreathV B (1964) Foraminiferal ratios and



