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Abstract 

 

/his thesis aims to =evelop neP metho=s to establish in situ reference con=itions in nearshore 

marine environments� using morphospecies an= se=imentary environmental D)� �eD)� an= 

se=aD)�� metabarco=ing analysis of the benthic foraminifera assemblages
 /he stu=y focuses 

on Pell	stu=ie= fCor= systems along the SDagerraD coast� to a==ress othe estuarine Juality 

para=oQp� by =elineating the anthropogenically pro=uce= environmental stress from that Phich 

is naturally a feature of transitional environments
  cological ,uality Status � co,s� 

assessment in environments that are most proQimal to� an= therefore =isproportionally effecte= 

by� human activities is essential to preserve ecosystem services an= mitigate further =amage
 

Some Dey fun=ings of this thesis shoP that a� Se=aD)� preservation is increase= in loP	

oQygen environments that lacD bioturbation� meaning this metho=ology coul= be particularly 

effective in areas effecte= by both natural an= human en=uce= eutrophication �� Diversity 

in=ices calculate= from morpho	taQonomic an= genetic assemblages shoP coherent response to 

both contemporary an= historical variation in environmental con=itions �� Se=aD)� analysis 

can help to resolve the ecological preferences of otherPise un=er stu=ie= taQonomic groups� 

such as monothalami=s
 /aQa consistently foun= to be associate= Pith pollute=� or stresse= 

environmental con=itions coul= represent novel in=icator species for future biomonitoring 

stu=ies
    

/he ultimate goal of this thesis is to =emonstrate that by integrating benthic foraminiferal 

morphospecies an= genetic =iversity� sensitivity an= multimeric in=ices for use in 

biomonitoring� benthic foraminifera hol= a high potential as a qbiological Juality elementr 

��, � in anoQic or pollute= coastal environments� in Phich tra=itional monitoring strategies 

such as macrofaunal community analysis are not applicable
  

Key words: Anthropogenic stress, eDNA, sedaDNA, Hypoxia, Microfossils, Paleoecology 
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Svensk sammanfattning  

 

Denna avhan=ling syftar till att utvecDla nya meto=er far att faststZlla loDala referenstillst\n= i 

DustnZra marina milCaer me= hCZlp av bentisDa foraminiferer �meiofauna�
 !oraminiferanalys 

inDlu=era=e artbestZmning me= hCZlp av tra=itionella morfologisDa stu=ier och se=imentZrt 

milCa	D)� �eD)� och se=aD)��
 �vhan=lingen foDuserar p\ vZlun=ersaDta fCor=system 

lZngs Sveriges vZstDust� me= m\let att a=ressera =en s\ Dalla=e pestuarina Dvalitetspara=oQenp 

genom att farsaDa sZrsDilCa milCastress orsaDa= av mZnsDlig p\verDan fr\n naturlig stress� 

fareDomman=e i fCor=milCaer
 �e=amning av loDala referenstillst\n= och milCastatus i =e 

milCaer som ligger i nZra anslutning till mZnsDlig aDtivitet och =Zrme= p\verDas mest� Zr 

avgaran=e far att i=entifiera och bevara eDosystemtCZnster samt motverDa fortsatt sDa=a
 )\gra 

centrala resultat fr\n avhan=lingen visar att� a� bevaran=et�bevaringsgra=en av se=aD)� Zr 

hagre i syrefattiga fCor=milCaer =Zr se=imenten utsZtts far en begrZnsa= eller avsaDna= av 

bioturbation
 Det innebZr att =enna meto= Dan vara sZrsDilt effeDtiv i omr\=en som p\verDas av 

b\=e naturlig och antropogent orsaDa= syrebrist
 b� =iversitetsin=eQ basera=e p\ morfologisD 

och genetisD analys hos foraminiferfaunor visar samstZmmiga manster i respons p\ s\vZl nuti=a 

som historisDa milCafarZn=ringar i fCor=ar� c� se=aD)�	analys Dan bi=ra till att fylla i 

DunsDapslucDor om eDologisDa preferenser hos hittills un=erstu=era=e taQonomisDa grupper� 

som eQempelvis monothalamider� taQa som associeras me= farorena=e eller stressa=e 

milCafarh\llan=en
 Denna grupp Dan potentiellt utgara nya in=iDatorarter inom framti=a 

milCaavervaDning stu=ier
 

Slutligen� =enna avhan=ling visar att morfologisDa och genetisDa analysmeto=er tillsammans 

visar en mer fullstZn=ig bil= av =iversitet hos bentisDa foraminiferer� vilDet gar meiofauna och 

foraminiferer till ett mycDet lovan=e biologisD Dvalitetselement ��,$� i syrefattiga och 

farorena=e DustmilCaer =Zr tra=itionella milCaavervaDningsmeto=er� s\som analys av 

maDrofauna� inte Zr tillZmpliga =\ =e m\nga g\nger slagits ut eller Zr far f\
  

Nyc�elord: antropogen p �er�an, eDNA, sedaDNA, hypoxi, �i�rofossil, paleoe�ologi 
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1. Background and Context 

ἐτεῇ	δὲ	οὐδὲν	ἴδμεν·	ἐν	βυθῷ	γὰρ	ἡ	ἀλήθεια. 

E�ertainl@��>e�2no>�nothin.��-or�tr<th�lie:�hidden�in�the�)entho:F�D�Democritus� 'ives of 
the +hilosophers �
�2 �via Diogenes 'aertius�
 

 

1.1  Importance of the sedimentary record 

Seafloor se=iments are the archives of marine environmental history
 /o both protect an= 

restore our oceans� the largest continuous ecosystem on earth� se=iment recor=s provi=e us Pith 

constantly accumulating Juantifiable metrics of both current an= past environmental con=itions
 

$n the conteQt of biomonitoring an= ecosystem restoration� obtaining reference con=itions is 

paramount� as ecosystem status is an inherently comparative measure
 $n itrs simplest form 

ecological Juality can be eQpresse= as a ratio� DnoPn as the  cological ,uality -atio � ,-�� 

Phich categorises  cological ,uality Status � co,S� �!ig
 
�
 

  

Figure 1� �",),&(" ) �1 )(05 � 0(, �����  +# �",),&(" ) �1 )(05 �0 01/ ��",��� " 0$&,.($/ � # -0$# %.,* 
�1.,-$ + �+2(.,+*$+0 ) �&$+"5� 
�	���  

$n coastal an= transitional Paters such as fCor=s� high primary pro=uctivity� terrestrial runoff 

an= slope processes provi=e precon=itions for rapi= se=iment accumulation
 Due to restricte= 

bottom Pater eQchange� fCor=s often =evelop bottom Pater hypoQia resulting in minimal 

bioturbation an= thus provi=ing high	resolution paleoenvironmental recor=s
 /he stu=y of these 

recor=s enables reconstruction of ecological responses to present an= past environmental 

con=itions� inclu=ing a history of anthropogenic impact
 Such analyses can then be use= to 



 

 

inform =ecision	maDers about the status of marine ecosystems an= the pre	impact �reference� 

con=itions� Phich restoration efforts shoul= aim for
  

1.2  Transitional waters as critical zones of ecological monitoring   

/he term otransitionalp Pas intro=uce= about 20 years ago by the 2ater !ramePorD Directive 

�2!D� � uropean �ommission� 2000� as a means to complete the continuum betPeen 

continental an= coastal Paters
  ncompassing fCor=s� bays� lagoons an= estuaries� transitional 

Paters stra==le the interface betPeen marine an= terrestrial biomes �Mc'usDy an=  lliot� 200��
 

/he 2!D =irective =efines them as obo=ies of surface Pater in the vicinity of river mouths� 

Phich are partially saline in character as a result of their proQimity to coastal Paters� but Phich 

are substantially influence= by freshPater infloPsp � uropean �ommission� 2000�
  

�lthough transitional Paters are characterise= by strong environmental gra=ients� as Pell as 

hy=rological an= physiochemical variability� they are valuable nursery an= fee=ing groun=s for 

a high =iversity of aJuatic� terrestrial an= migratory species �Munari an= Mistri� 20
2�
 /hese 

coastal systems are also essential for in=ustries involve= in transport an= manufacturing an= 

provi=e ecosystem services for aJuaculture an= recreational activities
 /hese Sones of 

ecological convergence fit Pithin the U
S
 )ational -esearch �ouncil �200
� =efinition of a 

qcritical Soner� a oheterogeneous� near	surface environment in Phich compleQ interactions 

involving rocD� soil� Pater� air� an= living organisms regulate the natural habitat an= =etermine 

the availability of life	sustaining resources
p $n  urope� this concept has been further =evelope= 

through inter=isciplinary initiatives such as the  uropean �ritical 5one  Qploration )etPorD 

��5 )� an= �ritical 5one *bservatories ��5*s�� Phich incorporate both terrestrial an= aJuatic 

components� into broa=er  arth system framePorDs ��anPart et al
� 20
2�
 /he interaction of 

marine an= terrestrial influences Pith human pressures Pithin these qcorri=ors of changer 

��ianchi � Morrison� 20
��� can pro=uce cumulative effects an= abrupt ecosystem transitions 

/he onset of the �nthropocene� our current an= still only loosely =efine= epoch� marDe= the 

beginning of accelerating human influence on the planet ��rutSen an= Stoermer� 2000�
 �limate 

change intensifie= =uring the in=ustrial revolution �ca
 
�00 � � an= surge= in the �Great 

�cceleration� �ca
 
�50 � �� noP affecting an estimate= �2� of marine ecological processes 

�Scheffers et al
� 20
��
 /he biogeochemical functioning of qaJuatic critical Sonesr ��ianchi et 

al
� 2020� is influence= by compleQ fee=bacDs Phereby nutrient runoff� se=iment loa=ing� an= 



 

 

in=ustrial =ischarges Phich can alter oQygen =ynamics� re=oQ gra=ients� an= microbial activity 

�'evin et al
� 200
�
   

�ssessing  co,S in transitional Paters poses a challenge =ue to high natural variability of 

abiotic parameters such as e
g
 salinity� oQygen� temperature an= particularly� high organic 

matter �*M� enrichment
 /he variability of these parameters promotes tolerant an= 

opportunistic species� at the eQpense of their more sensitive counterparts� resulting in benthic 

communities that are more similar to those foun= in anthropogenically =isturbe= areas 

��lanchet et al
� 200�� Munari et al
� 20
2�
 �onseJuently� pristine� but naturally =isturbe= 

transitional Paters coul= easily be misclassifie= into a poorer  co,S category� a phenomenon 

is DnoPn as the oestuarine Juality para=oQp � lliot et al
� 200�� Dauvin� 200�� Dauvin an= 

-uellet� 200��
 /his state of qnatural stressr ren=ers more commonly use= macrofaunal 

assemblage assessment metho=s� ina=eJuate� =ue to macrofauna being largely intolerant to high 

*M enrichment an= severe hypoQia ��orCa et al 2000� �ouchet an= Sauriau� 200�� %osefson an= 

2i=bom� 
����
 �onseJuently� alternative components of the benthos� such as meiofaunal 

organisms� e
g
 benthic foraminifera� can be utilise= as environmental sentinels to form the basis 

for  co,S assessment in=ices in naturally *M enriche= systems
  

1.3  Fjords as unique ecological archives   

!Cor=s can be =escribe= as natural laboratories for stu=ying environmental change� =ue to their 

uniJue ability to accumulate� preserve� an= archive se=imentary signals across space an= time
 

!orme= through glacial eQcavation an= subseJuent marine transgression� fCor=s commonly have 

sill	boun=e= basins that eQhibit strong salinity stratification� loP ti=al miQing� an= limite= 

bottom Pater renePals
 /hese features cause =evelopment of bottom Pater hypoQia� limit 

bioturbation by burroPing macrofauna an=� hence� facilitate the accumulation an= preservation 

of fine	graine= se=iments an= associate= biogeochemical signatures �SyvitsDi et al
� 
���� 

#oPe et al
� 20
0�
 

!Cor=s can be terme= �Juatic �ritical 5ones ���5s� ��ianchi et al
� 2020�� Phere terrestrial� 

marine� atmospheric an= sometimes glacial� processes interact Pithin a single =epositional 

system
 /he structural an= hy=rological characteristics of fCor=s create i=eal con=itions for long	

term carbon storage an= high	resolution palaeoenvironmental reconstruction
 Se=imentation 

rates in fCor=s are among the highest recor=e= globally� Pith some systems eQcee=ing 
 cm�year� 



 

 

Phich enables =eca=al to even sub	=eca=al resolution of stratigraphic recor=s �MiDalsen et al
� 

200
� !aust et al
� 20
�b� +olovo=ova �steman et al
� 20
��
 2here bottom Pater is severely 

hypoQic to anoQic an= bioturbation limite=� se=imentary recor=s remain un=isturbe=� preserving 

signals of both natural variability an= anthropogenic forcing
 !Cor=s can thus provi=e insights 

into regional =ynamics e
g
 atmospheric an= ocean circulation �!aust et al
� 20
�� 20
�� 

+olovo=ova �steman an= )or=berg� 20
��� marine pro=uctivity �!aust an= &nies� 20
�� an= 

coastal ocean temperature ��age an= �ustin� 20
0� #al= et al
� 20

� +olovo=ova �steman et 

al
� 20
��� Pith similar temporal resolution to that of tree	rings ��ianchi et al
� 2020�
  

1.4  Ecosystem assessment using benthic foraminifera  

�enthic foraminifera �-etaria� -hiSaria� are a =iverse group of unicellular euDaryotes Pi=ely 

use= in marine ecological assessment =ue to their global =istribution� rapi= response to 

environmental stressors� an= role as geochemical archives �Murray� 200�� &lootPiCD et al
� 

202
�
 !oraminiferal community structure reflects environmental parameters such as oQygen 

availability� foo= supply� salinity� p# an= biogeochemical cycling �Murray� 200��
 /hey 

contribute �0m50� of benthic euDaryotic biomass �Goo=ay et al
� 
��2� Moo=ley et al
� 2000�� 

have short life spans that alloP for recovery of high	resolution ecological information an= 

sufficient numbers for statistical analysis even in small se=iment volumes ��lve� 
��5� �lve et 

al
� 200�� �arras et al
� 20
�� �ouchet et al
� 20
2� DimiSa et al
� 20
�� %orissen et al
� 20
�� 

Silva et al
� 2022�
  

UnliDe macrofauna� benthic foraminifera are eQtremophiles� tolerating severe hypoQia to anoQia 

via specialise= metabolisms inclu=ing =enitrification� Dleptoplasti=y� bacterial symbiosis� an= 

=ormancy ��ernhar= et al
� 20
2� +i_a *choa et al
� 20
0� -oss � #allocD� 20
�� 'e&ieffre et 

al
� 20
�� *rsi et al
� 2020� %esus et al
� 2022� -ichirt et al
� 2022� 2oehle et al
� 2022� GlocD et 

al
� 20
�� 2025�
  

Since the initial application of foraminifera as bioin=icators in the 
��0s �-esig� 
��0�� 

foraminifera have been reliable in=icators of anthropogenic stress� inclu=ing =esalination 

�&enigsberg et al
� 2020�� oil spills ��loulou et al
� 20
2� �runner et al
� 20
�� Morvan et al
� 

200�� 4oung et al
� 202
�� aJuaculture ��ouchet et al
� 200�� *ron et al
� 20
��� sePage ��urone 

et al
� 200�� #yams	&aphSan et al
� 200��� heavy metal pollution ��lve� 
��
� Debeney et al
� 



 

 

200
� Mart^neS	�ol`n et al
� 20
��� an= pulp mill effluents �Schafer et al
� 
��
� +olovo=ova 

�steman et al
� 20
5�
 

#ence� as biological Juality elements ��, s�� foraminiferal assemblages offer insight into both 

natural an= anthropogenic impacts in transitional systems through� 

o �hanges in population =ensity an= species abun=ance ��lve et al
� 
��5� Scott et al
� 2005� 

o �ompositional shifts from sensitive to opportunistic species �+olovo=ova �steman et al
� 

20
5� 

o �alcareous to agglutinate= species transitions �#ayPar= et al
� 200�� +olovo=ova et al
� 

202
� �lve� 
��5� )or=berg et al
� 20
�� 

o Sensitivity an= =iversity in=ices �Dolven et al
� 20
��  l &ateb et al
� 2020� �ouchet et al
� 

20
�� �arras et al
� 20
�� 

o 1ertical migration in the se=iment ��runner et al
� 20
�� 'inDe an= 'utSe� 
���� 

o �berrant shell formation ��lve et al
� 200�� �arras et al
� 20
�� 4anDo et al
� 
���� Samir 

et al
� 200
� +olovo=ova an= Schanfel=� 200�� �renillas et al
� 20
�� 

o +ollutant uptaDe in shells �Smith an= Gol=stein� 20
�� )ar=elli et al
� 20
�� �oehnert et al
� 

2020� 

o $ntro=uction of alien an= invasive species ��ouchet et al� 202�� Morin et al
� 202�� 

�hanges in foraminiferal communities �!ig
 2� have been effectively applie= in a Pi=e range of 

transitional Paters� inclu=ing fCor=s ��lve an= �ernar=� 
��5� +olovo=ova �steman an= 

)or=berg� 20
��� lagoons �Mart^neS	�ol`n et al
� 20
��� estuaries� an= harbours �#ess et al
� 

2020� DiCDstra et al
� 20
�� �rmynot =u �hYtelet et al
� 200��
 

/olerant species such as #tain-orthia� -<:i-ormi:� #7iro7le*tammina� )i-ormi:� �l7hidi<m�

in*ert<m an= �mmonia�aomorien:i: �as ���)e**arii in )iDulina et al
� 200��� an= �mmoni*a�

)e**arii have been linDe= to organic enrichment an= hypoQia �)or=berg et al
� 20
�� �lve an= 

�ernar=� 
��5� +olovo=ova �steman et al
� 200�� 20
5� )iDulina et al
� 200�� /homas et al
� 

2000�
 /he remarDable tolerance of these species is relate= to metabolic an= behavioural 

strategies liDe =enitrification �#��-<:i-ormi:� -isgaar=	+etersen et al
� 200��� se=iment migration 

an= =ormancy insi=e a protective cyst ����in*ert<m� 'inDe an= 'utSe� 
���� Gustafsson an= 

)or=berg� 
������mmonia�te7ida�4anDo et al
� 
������m7hi:te.ina�.i))o:a� -oss an= #allocD� 

20
�� 20
�� �ra=shaP� 
�5��
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/here have been several sensitivity in=ices =evelope= specifically for foraminifera inclu=ing 

the !oraminiferal $n=eQ for  nvironmental $mpact �!$ $�� /olerant Species $n=eQ for the 

Me=iterranean �/S$	Me=�� !oraminiferal Stress $n=eQ �!S$� an= !oraminiferal �5/$ �iotic 

$n=eQ �!oram	�M�$�� �MoCtahi= et al
� 200�� �arras et al
� 20
�� DimSa et al
� 20
�� �lve et 

al
� 20
�� respectively�
 /he most Pi=ely applie= of these being !oram	�M�$ Phich Pas base= 

on a metho=ology originally =evelope= for macrofauna
 /aQa are groupe= into one of the 

folloPing categories� group $� Sensitive Species� group $$� in=ifferent species� group $$$� tolerant 

species� group $1� secon=	or=er opportunistic species� group 1� first	or=er opportunistic 

species� =epen=ing on their relative abun=ance along a concentration gra=ient of /*� �!ig
 ��
 

/he assignments Pere ma=e using 
� publishe= =atasets an= vali=ate= against � in=epen=ent 

foraminiferal =atasets� by correlating !oram	�M�$ Pith =iversity in=ices as Pell as /*� 

content
 /his in=eQ has since been a=apte= to an= applie= in various environmental settings 

inclu=ing transitional Paters ��ouchet et al
� 202
�
   



 

 

1.6  Diversity indices  

Diversity in=ices� applie= to benthic foraminifera� have become an establishe= tool for 

assessing  co,S in transitional environments
 /he first stu=y utilising this techniJue� by �lve 

et al
 �200�� in *slofCor=� =emonstrate= the potential of foraminiferal	base= in=ices� such as 

#urlbertrs  S�
00� an= Shannon	2iener #� �log��� to reconstruct historical environmental 

con=itions an= =etect anthropogenic impacts Pell beyon= the reach of observational monitoring 

Pith macrofauna
 �ouchet et al
 �20
2� subseJuently refine= the metho=ology� intro=ucing #ill 

number � Qp�#rbc�� an= =eveloping a=Custe= regional  co,S threshol=s
 

/hroughout the stu=ies presente= in this thesis� $ focuse= on four =iversity metrics� -ichness� 

Shannon� Simpson� an=  Qp�#rbc�
 -ichness is a simple count of the number of taQa observe= 

in a sample an= gives a basic i=ea of hoP many species are present
 /he Shannon in=eQ accounts 

for both the number of species an= their relative abun=ances� so it captures hoP evenly the 

in=ivi=uals are =istribute= across taQa
 Simpsonrs in=eQ is more sensitive to the most abun=ant 

species� Phich maDes it useful for =etecting =ominance or shifts in community structure
 

 Qp�#rbc� is a bias	correcte= version of Shannon =iversity� eQpresse= as the effective number 

of species
 $t alloPs for easier comparison across =atasets an= betPeen metho=s� especially 

Phen seJuencing =epth or sample siSe varies
 /ogether� these metrics provi=e= a balance= vieP 

of =iversity patterns in both the morphological an= genetic =atasets obtaine= in this thesis
  

� comprehensive revieP of =iversity an= sensitivity in=ices =erive= from benthic foraminifera 

for  co,S assessment in transitional Paters is given in 5a5er �
 

1.7  Environmental DNA and sedimentary ancient DNA  

!oraminiferal in=ices are noP being consi=ere= from a neP perspective� basing the  co,S 

assessment on D)� �or -)�� present in environmental samples
 Molecular techniJues can 

pro=uce high volumes of =ata� generate= in relatively short time� Pithout the nee= for eQpert 

taQonomic DnoPle=ge
  

 nvironmental D)� �eD)�� is a miQture of genomic D)�� present in the living cells an= 

preserve= Pithin cellular organelles� an= eQtracellular molecules Phich can be foun= in 

fragments of tissue� secretions or other organic materials ��or=ier et al
 20
��
  nvironmental 

D)� fragments can be foun= outsi=e of their biotic origin an= can be eQtracte= from the 



 

 

se=iment or Pater Pithout isolating the target organism
 #igh	throughput seJuencing an= 

bioinformatic pipelines alloP analysing the millions of D)� seJuences present in 

environmental samples
 �s long as the D)� remains uncontaminate= an= =oes not =egra=e� it 

is possible to target even small an= elusive taQa ��or=ier et al
 20
�� 2020�
 

 nvironmental D)�	base= stu=ies usually taDe the form of single	species =etection� 

bio=iversity surveys or biotic in=ices
 $ncreasingly� metabarco=ing is being use= to assess 

human impacts on the marine environment
 /his techniJue Pas first successfully applie= to 

characterise a benthic foraminiferal community in the 20
0s �'ecroJ et al
� 20

� 'eCSeroPicS 

et al
� 20
�� +aPloPsDi et al
� 20
2� 20
�a� 20
��� using D)� hypervariable regions of the SSU 

r-)� gene �+aPloPsDi an= 'ecroJ� 20
0�
 $t has since been use= to investigate the response 

of benthic foraminifera to various anthropogenic activities such as� oil an= gas platforms 

�'aroche et al
� 20
�� �or=ier et al
� 20
�� !rontalini et al
� 2020�� aJuaculture �+aPloPsDi et 

al
� 20
��� as Pell as =elineating environmental effects of urbanisation an= in=ustrialisation ��l 

 neSi et al
� 2022�
  

Se=imentary ancient D)� �se=aD)�� is eD)� foun= in se=iments =eposite= before the 

present =ay
 Se=aD)� can be absorbe= into se=iment particles Phich contributes to long	term 

preservation� especially un=er anaerobic con=itions ��orinal=esi et al
� 20

�
 /his analysis is 

typically =one using se=iment or ice cores an= has been shoPn to she= light on past 

foraminiferal bio=iversity� enabling palaeo	environmental reconstructions �+aPloPsDa et al
� 

2020a� �rmbrecht et al
� 2022�
  

/he Juestion remains if the biotic in=ices applie= to morphologically i=entifie= foraminifera 

are =irectly applicable to this novel =ata type
 /o =ate only a feP stu=ies have use= 

morphospecies	base= assemblage =ata metho=s along	si=e Pith those =erive= from eD)�� to 

vali=ate the results an= test eD)� usefulness in assessing  co,S in nearshore marine 

environments
 !eP of those stu=ies Pere still =one in transitional Paters but none to =ate eQists 

for  co,S assessment in fCor=s
 /his DnoPle=ge gap is eQplore= in 5a5er7 ��� ��� an= �$
 



 

 

2. Aims and hypotheses   

/he aim of this thesis is to =evelop neP metho=s to set reference con=itions an= to a=vance the 

evaluation of anthropogenically in=uce= environmental =egra=ation an= recovery in coastal an= 

transitional Pater bo=ies
 /o achieve this goal eD)� analysis is teste= against in=epen=ent 

geochemical� hy=rological an= micropalaeontological =ata obtaine= from surface se=iment 

samples an= se=iment cores
 /he utility of foraminifera in palaeoecological stu=ies is Pell 

establishe= Pithin the literature� an= the fiel= of eD)� analysis has surge= since the early 

2000s� Pith Pi=esprea= D)� seJuencing an= the =evelopment of online =ata banDs
 $n this 

thesis $ Pill test three separate hypotheses�  


� �enthic foraminiferal assemblages in=icate= by morphospecies an= eD)� analysis shoP 

similar an= =irectly comparable response to contemporary geochemical an= hy=rological 

gra=ients in fCor=s �paper ��� paper ���� 

2� �enthic foraminiferal assemblages in=icate= by morphospecies an= eD)� analysis can 

both be use= to tracD ecological recovery of heavily pollute= or naturally stresse= fCor=ic 

systems �paper ���� �$� 

�� �enthic foraminiferal assemblages in=icate= by morphospecies an= eD)� analysis can be 

use= to establish reference con=itions in highly pollute= or natural stresse= fCor= systems 

�paper ���� �$� 

 stablishing Phether benthic foraminiferal assemblages� in=icate= by morphospecies an= 

eD)� analysis� can reliably recor= biotic response to pre	in=ustrial environmental con=itions� 

therefore =elineating anthropogenic =isturbance from natural environmental stress
  



 

 

3. Methods employed in the thesis    

/his thesis is base= on fiel= campaigns con=ucte= on the Pest coast of SPe=en aboar= -�1 

SDageraD in 2020 an= 202
� each =esigne= to investigate benthic foraminiferal communities 

along spatial or temporal environmental gra=ients using morphological an= molecular �eD)� 

an= se=aD)�� metho=s
 /he sampling campaign in 202
 focuse= on environmental gra=ients 

across three fCor=s ��y !Cor=� Gullmar !Cor=� an= #aDe !Cor=�� Phile sampling in 2020 eQplore= 

spatial tren=s an= se=imentary archives in a SPe=ish	)orPegian $=efCor= to assess ecological 

changes in response to a more than century	long historical pollution
 �ll taDen samples 

un=erPent parallel analyses of morphological foraminiferal assemblages� foraminiferal eD)�� 

se=aD)�� an= se=iment geochemistry
 #ere� $ provi=e an overvieP of the main sampling an= 

analytical metho=s use= across all stu=ies
 !or =etaile= protocols� rea=ers are =irecte= to the 

respective publications� attache= as separate chapters in this thesis
 

3.1 Sediment geochemistry and porewater analysis  

Geochemical =ata Pere collecte= to conteQtualise the benthic foraminiferal assemblages an= 

ai= interpretation of ecological con=itions across all stu=ies
 $n paper ��� porePater nutrient an= 

=issolve= inorganic carbon �D$�� concentrations Pere measure= in surface �0 	� cm� se=iments 

to capture early =iagenetic signals
 *ne set of =uplicate cores Pas slice= un=er anoQic 

con=itions an= centrifuge= for nutrient eQtraction
 )utrient concentrations �+*�z�� )*~�� )#��� 

Si*�� Pere =etermine= by segmente= floP colourimetry� folloPing establishe= protocols 

�&oroleff� 
����� Pith precision ranging at �m
2�
 � secon= set of cores Pas processe= for 

D$�� using non	=ispersive infrare= spectrometry onboar= after aci=ification
 �ll porePater 

PorD folloPe= proce=ures aime= at minimising contamination an= preserving in situ chemistry
 

$n papers ��� ��� an= �$� bulD se=iment geochemistry Pas use= to assess long	term 

environmental tren=s� inclu=ing organic matter content an= trace element �/ � contamination 

targeting the effluent release= by the )orsDe SDog Saugbrugs paper an= pulp mill to $=efCor=
 

Se=iments Pere freeSe	=rie=� homogenise=� an= aci=	fumigate= before analysis of /*� an= 

/) using $-MS �Ser�on� GU�
 /he carbon to nitrogen ���)� ratio Pas calculate= from these 

measurements to in=icate organic matter Juality an= provenance
 !or trace element ��s� �=� 

�o� �r� �u� #g� )i� +b� 1� 5n� analysis� all samples Pere freeSe	=rie= an= sent to �'S 

Scan=inaviars certifie= laboratory
 $n paper ��� Pe also =i= se=imentary nutrient �)*��� +*�z�� 



 

 

)#��� an= Si*�� an= pigment analysis �chlorophyl a an= SeaQanthin�
 +orePater nutrient 

concentrations Pere =etermine= using segmente= floP colourmetric analysis �,u��tro� Seal 

�nalytical� &oroleff� 
����
 )utrient concentrations are linDe= to microbial activity an= organic 

matter =egra=ation �Mi==elburg � 'evin� 200��
 +igment eQtracts Pere analyse= using high 

performance liJui= chromatography �#+'�� Shima=Su U1�1$S +hoto=io=e array =etector 

S+D�M20�� an= Juantifie= Pith a �	point calibration curve an= pigment specific stan=ar=s 

�chlorophyll a at ���nm an= 5eaQanthin at �50nm�
 +ore Pater nutrients have been shoPn to 

+hytopigments such as chlorophyl a�an= SeaQanthin can be use= to eQamine organic carbon 

fluQ� in fCor=s they reflect organic matter inputs from phytoplanDton pro=uctivity� microbial 

=ecomposition an= terrestrial run off �-euss et al
� 2005� Sol\s et al
� 202��
  

$n paper ���� pollution in=ices Pere calculate= to Juantify the =egree of organic an= metal 

contamination
 /he *rganic Se=iment $n=eQ �*S$� Pas use= to assess organic enrichment base= 

on /*� an= /) content
 Metal contamination Pas summarise= using the +ollution 'oa= $n=eQ 

�+'$�� Phich incorporates normalise= contamination factors ��f� for each metal relative to 

regional bacDgroun= values �MilCk=ireDtoratet� 20
��
 

3.2 Benthic foraminifera: Morphological analysis   

!or every research =ata paper presente= in this thesis �paper ��� ���� �$� tra=itional morphology	

base= analysis Pas use= to assess the benthic foraminiferal assemblage
 /he se=iment Pashing� 

sieving an= picDing Pas conserve= across all stu=ies� an= folloPe= the !*�$M* protocol 

�Schanfel= et al
� 20
2�
 /he se=iments Pere Pashe= over a 
mm an= �� im mesh stacD� to 

retain only the ��� im fraction use= for Pet picDing an= i=entification
 /he 
 mm sieve serve= 

to remove larger =ebris that might obscure smaller in=ivi=uals
 So=ium pyrophosphate Pas use= 

to =isaggregate the se=iments� but sparingly� to avoi= =estruction of agglutinate= species
 /he 

��� im se=iment fraction Pas transferre= into a picDing tray Pith �5 sJuares covere= Pith a 

thin Pater layer� =epen=ing on the post	Pashing sample volume several sample splits may have 

been =one before this step
 �t least �00 in=ivi=uals Pere counte= from the tray� continuing to 

count the full final sJuare� as this Pas important for the calculating the foraminiferal =ensity 

�in=ivi=uals per gram =ry se=iment for =oPncore paper �$ an= in=
 per 
0 cm3 for surface 

se=iment papers �� and ����
 Specimens Pere then transferre= to micropaleontological sli=es 



 

 

an= i=entifie= to species level� Phere possible� un=er a stereomicroscope� using region	specific 

literature an= taQonomic references �see paper ��� for full list�
 

!or paper �� an= ���� surface samples Pere analyse= an= only living in=ivi=uals Phere inclu=e= 

Phich reJuire= staining Pith rose �engal	ethanol solution �2 mg�'�
 $n paper �$ Pe con=ucte= 

at =oPn	core analysis� in this case the se=iments Pere freeSe =rie= after being subsample= but 

picDe= an= i=entifie= using the Pet	picDing metho= as Pell
  

3.3  Benthic foraminifera: Genetic analysis      

Metabarco=ing Pas use= to capture the foraminiferal =iversity� in tan=em Pith the 

morphological analysis� in all three =ata papers
 $n paper �� species	specific assay base= on 

=igital +�- �=+�-� from Morin et al
� �202�� Pas also use= to target an= investigate 

=istribution of the putatively invasive species �onionella sp
 /

 /he Metabarco=ing approach 

enables simultaneous =etection of multiple taQa from compleQ environmental samples an= is 

especially useful for meiofaunal groups liDe foraminifera� Phere morphological i=entification 

can be time	consuming an= taQonomically challenging
 !or metabarco=ing in all three stu=ies 

�papers ����$�� Pe use= foraminifera	specific primers targeting the ��f hypervariable region of 

the SSU r-)� gene� Phich has been Pi=ely applie= in metabarco=ing stu=ies =ue to its 

=iscriminatory poPer across benthic foraminiferal lineages �+aPloPsDi et al
� 20
0� 

'eCSeroPicS et al
� 20
��
 

$n paper ��� se=iment samples Pere collecte= from surface se=iment �0	� cm� at nine stations 

spanning three fCor=s Pith =ifferent bottom	Pater oQygenation regimes ranging from anoQic� to 

seasonally hypoQic an= permanently oQic
 /Po biological replicates per station Pere eQtracte= 

using the D)easy +oPerMaQ Soil &it �,iagen�� folloPing the manufacturerrs protocol
 +�- 

amplification of the SSU fragment Pas performe= using �ccu+rimee /aJ D)� +olymerase 

#igh !i=elity an= the s
�!
ms
5r primer pair
 /hree +�- replicates per sample Pere poole=� 

an= a secon= +�- Pas use= to a== $llumina a=apters an= sample	specific barco=es
 �mplifie= 

pro=ucts Pere Juantifie= an= poole= in eJuimolar concentration before seJuencing on an 

$llumina MiSeJ platform using a �00	cycle v2 cartri=ge
 � negative control Pas inclu=e= 

throughout an= seJuence= in parallel
 



 

 

!or papers ��� an= �$� se=imentary D)� Pas eQtracte= from three replicates per sample using 

the D)easyc +oPer'ySer +oPerSoil &it �,iagen� at the $D	Gene  co=iagnostics 'ab in 

Geneva
 $n paper ���� only surface �0	� cm� se=iments Pere analyse=� Phereas in paper �$� 

=oPn	core samples from se=iment cores at tPo selecte= stations Pere collecte= an= processe= 

to eQamine historical changes in species composition by morphospecies an= se=aD)�
 $n both 

stu=ies� the same primer pair �s
�!
 an= s
5� Pas use= Pith an eight	nucleoti=e tag a==e= to 

the 5r en= for multipleQing
 +�- amplification Pas carrie= out using !astStarte /aJ 

polymerase� an= three +�- replicates per eQtraction Pere poole=
 'ibraries Pere constructe= 

using the /ruSeJ D)� +�-	!ree 'ibrary +rep &it� an= seJuencing Pas con=ucte= on the 

$llumina MiSeJ platform using �00	cycle chemistry
 )egative controls Pere inclu=e= for every 



 eQtractions an= throughout +�- processing
 

3.4 Bioinformatics  

�ioinformatic processing Pas con=ucte= using the D�D�2 pipeline ��allahan et al
� 20
�� in 

all three papers �papers ����$�� Pith specific steps a=apte= to each stu=y
 /he general PorDfloP 

involve= Juality filtering� error mo=elling� seJuence merging� an= chimera removal to generate 

�mplicon SeJuence 1ariants ��S1s� or *perational /aQonomic Units �*/Us�� =epen=ing on 

the pipeline use=
 

$n paper ��� raP rea=s Pere =emultipleQe= using �uta=apt �Martin� 20

� to remove primers 

an= loP	Juality rea=s
 �fter D�D�2	base= �S1 inference� taQonomic assignment Pas carrie= 

out using the +-2 =atabase �v
�

�� Guillou et al
� 20
��
 )on	foraminiferal �S1s� those Pith 

fePer than 
0 rea=s� an= potential contaminants i=entifie= in the negative controls Pere 

remove=
 -are �S1s Pere filtere= out� an= the most abun=ant �S1s ��50 rea=s� or those 

assigne= to species level Pere manually checDe= using �'�S/ against Gen�anD
 SeJuences 

affiliate= Pith the same taQon Pere merge= into *perational /aQonomic Units �*/Us�� an= a 

final curate= table Pas pro=uce= for =oPnstream analyses
 

$n contrast� papers ��� an= �$ applie= a stricter post	processing pipeline to a==ress seJuencing 

artefacts an= improve taQonomic resolution
 �fter D�D�2 inference� seJuences Pere clustere= 

into */Us at ��� similarity using 1S �-�# �-ognes et al
� 20
��
 /o further curate the =ata� 

the 'U'U algorithm �!rkslev et al
� 20
�� Pas applie= to remove artefactual =uplicates an= 

account for intra	in=ivi=ual variability
 SeJuences Pere then manually screene= to ensure that 



 

 

only fragments terminating at the en= of the conservative ��f region Pere retaine= �as 

recommen=e= in �arrenechea �ngeles et al
� 202��
 /aQonomic assignment Pas carrie= out 

using �'�S/ an= 1S �-�# at ��� similarity against the )��$ =atabase� Pith genetic 

signatures applie= to categorise seJuences into globothalamea an= monothalamea Phen full 

species	level i=entification Pas not possible
 

/his tPo	step taQonomic assignment process of automate= matching folloPe= by manual 

verification� Pas use= to increase the accuracy of classification� given the short fragment 

lengths inherent to metabarco=ing an= the limite= reference =atabase coverage for Scan=inavian 

benthic foraminifera
 

2hether metabarco=ing rea=s can be treate= as a Juantitative proQy for abun=ance remains 

uncertain
 $n paper �$� this Pas eQplore= by comparing the =oPn	core =istribution of rea= 

counts� regar=e= as semi	Juantitative �Di Muri et al
� 2020�� Pith the establishe= Juantitative 

measure of morphological counts eQpresse= as in=ivi=uals per gram
 



 

 

4. Key results and discussion 
4.1 Literature review on foraminiferal indices in EcoQS assessment  

� Dey aspect of paper � Pas to assess the =evelopment an= utility of foraminiferal ecological 

in=ices� using both morphospecies an= genetic =ata� via a comprehensive revieP of the current 

literature on these topics
 $n the revieP Pe firstly =iscusse= the =evelopment an= 

implementation of various foraminifera	base= in=ices to tracD an= mitigate human 

environmental impact
 2e focuse= on transitional Paters� Phich eQperience =isproportionate 

levels of human impact an= are =ifficult to assess Pith stan=ar=  co,S metho=s
  

2e presente= case stu=ies to eQemplify Dey issues an= =iscusse= potential solutions for those
 

Such Dey issues inclu=e� for eQample� the =isparate performance of multiple in=ices applie= to 

the same site an= a proper assignment of  co,S class boun=aries �threshol= values� for each 

in=eQ
 �s some in=ices are more suite= to a particular system� for eQample !oram	�M�$ ��lve 

et al
� 20
�� correlates most closely Pith /*�� a site characteristics catalogue coul= enable the 

i=entification of the most appropriate in=eQ to apply� an= even the integration of multiple 

in=ices resulting in more representative  co,S assessment in heterogenous transitional 

environments
  

$n a==ition� the =ifficulty in assigning threshol= values to systems Pithout analogous 

unimpacte= reference sites �a common issue among many transitional Paters� can be overcome 

by recor=ing  co,S as an ecological Juality ratio � ,-�
 'astly� Pe evaluate= the current status 

an= future potential of an emerging fiel=� genetic biomonitoring� focusing on hoP these neP 

techniJues can be use= to increase the accuracy of  co,S assessment in transitional systems 

by supplementing more establishe= morphology	base= metho=s
 

�fter reviePing the various foraminiferal in=ices� it Pas clear that a variety of in=ices shoul= 

be teste= an= compare=� similar to a multimeric approach
 &ey features of the site such as high 

terrestrial input� compleQ bottom topography characterise= by a series sills an= basins an= the 

prior DnoPle=ge of perio=ic hypoQia occurrence an= heavy metal pollution� an= =ata format i
e
 

morphological count =ata� genetic seJuence as �S1 an= hy=rogeochemical =ata Pere taDen 

into account Phen selecting the applicable in=ices
  



 

 

4.2 Spatial patterns and environmental gradients in transitional waters on the 
Swedish west coast 

�n:iron2en8al �radien87 A(ro77 �/ord7 

/he three fCor=s in paper �� provi=e= a natural laboratory to test hoP each foraminiferal 

community analysis metho= respon=s to clear environmental gra=ients� particularly bottom 

Pater oQygenation
 �y !Cor=� Gullmar !Cor= an= #aDe !Cor= represent a natural range in bottom 

Pater oQygenation� ranging from persistently anoQic to seasonally hypoQic an= to permanently 

oQic con=itions� respectively
 �yfCor= Pas characterise= by loPer salinity� higher se=imentary 

organic matter content� elevate= pore Pater ammonium �)#���� phosphate �+*�z��� =issolve= 

inorganic carbon �D$��� an= silica �Si*��� alongsi=e Pith consistently loP oQygen levels 

in=icative of persistent anoQic con=itions
 Seasonally hypoQic Gullmar !Cor= generally ha= the 

loPest nutrient concentrations� Pith permanently oQic #aDe !Cor= having only slightly higher 

nutrients� in=icating relatively favourable environmental con=itions at both
  

�o229ni8y �o25o7i8ion� �ole(9lar :7 �or5holo,i(al �n7i,h87 

Metabarco=ing pro=uce= ��� operational taQonomic units �*/Us� across nine sites� =ominate= 

by monothalami=s ���
�� rea=s� folloPe= by globothalamea �2

2��� un=etermine= 

foraminifera �
0
���� an= tubothalamea �0

��
 /he morphological approach i=entifie= 5��0 

in=ivi=uals across the same stations� Pith a clear =ominance of globothalamea ��0

�� an= 

loPer proportions of Monothalami=s ��
���
  uler =iagrams in=icate= high replicability for 

both metho=s� but genetic =ata shoPe= greater variability betPeen replicates in Gullmar an= 

#aDe fCor=s� possibly reflecting se=iment heterogeneity an= patchiness  in eD)� preservation 

=ue to higher bottom Pater oQygen concentrations �!ig
 ��
  



 

 


  

Figure 4. Proportional Euler diagrams showing overlap of species detected across replicates at each 
station for genetic (top two rows) and morphological (bottom two rows) datasets. Circle area is scaled 
to the number of taxa per replicate; overlaps are taxa shared between samples. Station BM from the 
morphological dataset was excluded from the figure due to replicates barren of foraminifera. 

/he =iscrepancy in monothalami= =etection highlights metho=ological limitations of 

morphology	base= techniJues� Phich ten= to miss an= un=erestimate abun=ance of soft	shelle= 

taQa� Phich can be useful in=icators of benthic eutrophication in biomonitoring stu=ies 

�Sabbatini et al
� 20
��
 /he molecular approach therefore complements morphological =ata� 

provi=ing a more holistic picture of benthic community composition
  

�i:er7i8y �ndi(e7 A(ro77 �/ord7 

�oth molecular an= morphological metho=s reveale= consistent spatial tren=s in =iversity� Pith 

highest =iversity in Gullmar !Cor=� interme=iate in #aDe !Cor=� an= loPest in �yfCor= �!ig
 5�
 

/he genetic approach consistently =etecte= higher absolute =iversity in=ices �richness� 

Shannon� eQp#�bc� than morphological approach� reflecting greater sensitivity of eD)� to 

cryptic taQa an= better preservation of D)� un=er anoQic con=itions
 #oPever� Simpson�s 



 

 

in=eQ shoPe= an opposite tren= for morphological =ata� liDely =ue to its sensitivity to 

=ominance by fePer taQa
 

 

 

Figure �. �enetic (top) and morphological (bottom) foraminiferal diversit% along the studied f�ords 
based on indices such as Species �ichness+ Shannon+ Simpson and exp�/bc (Bouchet et al.+ (&'(). 

/he congruent =iversity patterns observe= across metho=s shoP that metabarco=ing is a 

promising ecological in=icator� that coul= be particularly valuable for assessment in loP oQygen 

con=itions
  

!5e(ie7 �i78rib98ion and �(olo,y 

�yfCor=�s assemblage Pas =ominate= genetically by monothalami=s �$� M*) �� $� M*) �� 

an= morphologically by stress	tolerant taQa �mmonia an= �l7hidi<m ��lve et al
� 200��
 

�lthough the genetic assemblage Pas more consi=erably more =iverse� signals from putatively 

invasive species liDe $ro*hammina� hadai an= �mmonia� *on-ertite:ta still pointe= to 

unfavourable environmental� as these taQa thrive in loP	oQygen se=iments ��ouchet et al
� 

202��
 



 

 

�long Pith the highest proportion of genetic globothalamea� Gullmar !Cor= hoste= the most 

=iverse communities� =ominate= by species a=apte= to seasonal hypoQia liDe #tain-orthia�

-<:i-ormi: an= �<limina�mar.inata� ��lve� 
��5� %orissen et al
� 20
��
 Morphological =ata 

confirme= this� =emonstrating high consistency betPeen metho=ologies an= vali=ating the 

ecological interpretation of seasonal hypoQia influence on foraminiferal assemblages
 

/he putatively invasive �onionella�sp
 /
 Pas highly =ominant in both =atasets from #aDe 

!Cor=� reflecting its ability to outcompete native species� particularly in Pell	oQygenate= 

environments� potentially ai=e= by its metabolic versatility �=enitrification� �hoJuel et al
� 

202
�
 #oPever� =+�- =etecte= far higher Juantities at Gullmar !Cor=� Phich better reflecte= 

the morphological counts� in=icating +�- primer bias� seJuence mismatches or competition 

Pith other =ominant taQa �Guar=iola et al
� 20
5�
 

�n:iron2en8al �on8rol7 and !5e(ie7 A77o(ia8ion7 

$ use= a correlation analysis to assess hoP the most abun=ant �5 species across each =ataset 

relate= to environmental con=itions
 /he molecular assemblage respon=e= bi	=irectionally� 

meaning that species eQhibite= both positive an= negative associations� Phereas for 

morphology the correlations Phere mainly negative asi=e from for oQygen� salinity an= 

SeaQanthin
 /his =ivergence liDely stems from =ifferences in taQa =etection biases
 /his Din= of 

analysis coul= be use= to resolve the ecological preferences of un=er	stu=ie= monothalami=s� 

an= as	yet	unname= environmental cla=es �labelle= as  )1333�
 

�e8hodolo,i(al �i2i8a8ion7 and �25li(a8ion7 +or �(o�! 

�lthough genetic analyses capture= a broa=er range of taQa� particularly monothalami=s� the 

eD)� metho= shoPe= biases such as primer specificity issues an= uneven D)� preservation 

particularly at Pell	oQygenate= sites� Phich resulte= in inconsistent =etection of =ominant 

species liDe �onionella�sp
 /

 /he morphological approach hoPever reliably i=entifie= Pell	

establishe= in=icator species but un=erestimate= overall =iversity by eQclu=ing soft	bo=ie= 

taQa
 $n paper �� Pe conclu=e= that combining both approaches �eD)� an= morphospecies� in 

foraminifera provi=es a more accurate assessment of environmental Juality status � co,S� than 

either of approaches can achieve alone
  



 

 

4.3 Spatial reference conditions: Contemporary EcoQS assessment with Benthic 
foraminifera 

$n the paper ��� $ narroPe= the focus to a single fCor=� $=efCor=� on the SPe=ish	)orPegian 

boar=er
 /his fCor= Pas selecte= =ue to its Pell	DnoPn pollution history� the primary source of 

Phich is )orsDe SDog Saugbrugs paper an= pulp mill
 Surface se=iments provi=e= a snapshot 

of the benthic foraminiferal communities present at the time of sampling
 !ive stations Pithin 

the fCor= Pere sample= �$!20	
2� $!20	
0� $!20	
�� $!20	0�� $!20	0
 in or=er from mouth to 

hea=�� as Pell as one reference station in the open marine Sone �S!20	- !�
 #ere $ Pill put 

=etail into the site characterisation an= pollution history� as $=efCor= Pas use= for both 

contemporary  co,S assessment an= the =etermination of qpristiner reference con=itions
  

!89dy Area and Poll98ion �i78ory  

/he $=efCor= system� eQten=s 25 Dm inlan= from the SDagerraD coast an= has a series of shalloP 

sills at � to 2� m Pater =epth
 /he sills restrict fCor= circulation an= bottom Pater oQygen 

renePal� particularly into the inner basin Phich hol=s aroun= �5� of the fCor=rs total volume� 

creating a =epositional basin
 /he fCor= eQperiences typical estuarine circulation Pith a thin 

outfloP of a freshPater layer overlying a more saline coastal Pater importe= from the a=Cacent 

SDagerraD�
 /Po rivers� the  nning=al -iver at the fCor= hea= an= the /ista -iver� Phich Coins 

the fCor= at the ben= Phere )orsDe SDog Saugbrugs paper an= pulp mill is locate=� both account 

for over tPo	thir=s of the annual freshPater =ischarge ��erge et al
� 
����
 *Qygen renePals of 

the fCor= bottom Pater are largely mo=ulate= by the )orth �tlantic *scillation �)�*�
 *nly 

=uring negative )�* can =ense coastal Pater overtop the sills an= replenish the bottom Pater 

oQygen� Phich occurs one to three times per year
 Due to the presence of multiple sills an= a 

more lan=	locDe= position oQygen renePals are much less freJuent in the inner fCor=
  



 

 

 

Figure 	. �imeline for the �def�ord pollution histor% caused b% the paper mill at �alden (courtes% of 
Polovodva �steman).  

/he $=efCor= is consi=ere= one of the most pollute= fCor=s in Scan=inavia �#ansliD� 200
� 

+olovo=ova �steman et al
� 20
5�
 $ts =egra=ation stems primarily from in=ustrial an= urban 

=ischarge via the /ista -iver� inclu=ing untreate= sePage from #al=en an= =eca=es of effluent 

from a paper an= pulp mill locate= upstream
 /hese =ischarges inclu=e= oQygen	consuming 

organic matter �Poo= fibres� pulp�� bleaching chemicals� an= sulphates �!ig
 ��
 /he fCor=rs 

restricte= circulation� combine= Pith se=iment trapping in the =eep basins� le= to long	term 

accumulation of organic pollutants an= trace elements �/ s�
  

Abio8i( �ondi8ion7 and A77e2bla,e !8r9(89re Alon, 8he Poll98ion �radien8 

#y=rographic =ata an= se=iment geochemistry shoPe= that there Pas a clear environmental 

gra=ient along the stu=ie= $=efCor= transect� from relatively oQygenate= outer fCor= con=itions 

to anoQic inner basins
 /he highest levels of /*�� / rs an= pollution in=ices Pere foun= at the 

sites closest to the /ista -iver an= main pollution source
 /his spatial variability in abiotic 

parameters correspon=e= closely to shifts in benthic foraminiferal =iversity� eQemplifie= here 

by the eQp�#rbc� an= Pas successfully capture= by both morphological an= genetic techniJues 

�!ig
 ��
  

 



 

 

 

Figure 
. (a) Environmental variables shown at each station along the transect in the �def�ord. �xis 
denotes log transformed �
C ())+ 
x%gen (ml1�)+ 
S�+ and P��. (b) �og transformed metal 
concentrations along the transect. (c) Exp(�0bc) of morphological diversit% indices+ (d) Exp(�0bc) of 
�enetic diversit% indices.  

/he reference station �- !� locate= outsi=e the fCor= =isplaye= the highest morphospecies 

=ensity ��5�
� in=
 
0 ml�y� an= =iversity� =ominate= by SDagerraD an= &attegat en=emic 

species such as %=i.erina sp
� �<limina� mar.inata� �riAalina� :2a.erra2en:i:� an= several 

�onionella taQa
 /hese species are typically associate= Pith Pell	oQygenate=� fine	graine= 

mu==y� soft bottoms ��lve� 
��5� Gustafsson � )or=berg� 2000�
 )otably� 2�� of the 

assemblage at - ! station consiste= of rare species �� ���� suggesting environmental stability 

an= minimal stress
 

+rogressing insi=e the fCor=� the morphological assemblage shoPe= a =ecline in both abun=ance 

an= =iversity� as Pell as a transition toPar=s opportunistic taQa
 Stations $!20	
0� $!20	
2� an= 

$!20	
� Pere increasingly =ominate= by pollution	 an= hypoQia	tolerant species such as 

#tain-orthia�-<:i-ormi:� #7iro7le*tammina�)i-ormi:� an= $e?t<laria�earlandi ��lve et al
� 20
�� 

�ouchet et al
� 20
2�
 

�t the stations in the inner basin �$!20	0
 an= $!20	0��� =iversity collapse=� Pith assemblages 

ma=e up of mainly #tain-orthia� -<:i-ormi:
 #oPever� even the presence of this opportunist 



 

 

suggests a partial ecological recovery� or recolonisation since the se=iments foun= at these 

stations tPo =eca=es prior to our stu=y Pere barren �+olovo=ova �steman et al
� 20
5�
  

/he molecular =ata similarly capture= a community transition along the transect
 -eference 

station - ! Pas =ominate= by globothalamea */Us� Pith near	eJual proportions of 

monothalamea ����� an= globothalamea ������ alongsi=e 
�� unassigne= taQa
 �t $!20	
0 

an= $!20	
�� monothalamea replace= globothalamea as the =ominant group� comprising more 

than tPo	thir=s of the assemblage
 �nalogous to the loP =iversity in the morphological =ataset� 

$!20	0
 eQhibite= almost complete =ominance by a single monothalamea cla=e
 

/he taQonomic resolution of the molecular =ataset Pas generally loPer than that of the 

morphological =ataset� Pith many */Us unassigne= beyon= the class level
 )evertheless� 

consistent patterns in higher taQonomic composition Pere observe=� once again at more 

=egra=e= an= anoQic stations the proportion of monothalamea Pas higher� buil=ing the case for 

the in=icative value of particularly stress tolerant monothalamea taQa 
e
g
 �a*o.romia�*a::7ira 

an= more broa=ly monothalamea vs globothalamea ratio �Sabbatini et al
� 20
�� +aPloPsDi et 

al
� 20
�� �avaliere et al
� 202
� �l	 neSi et al
� 2022�
  

�(o�! A,ree2en8  

� Dey aspect of paper ��� Pas  co,S agreement betPeen the tPo applie= metho=ologies
 $ 

focuse= here on  Qp�#rbc� in=eQ� a bias	correcte= measure of true =iversity� that accounts for 

rare taQa an= sampling effort
 /he highest =iversity Pas observe= at the reference station� so 

these =iversity values Pere use= as qpristine reference	con=itionsr for the calculation of  ,- 

�!ig
 
�
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 Qp�#rbc�	=erive=  ,- values generally shoPe= goo= agreement betPeen =atasets �/able 
�
 

Morphological =ata classifie= tPo stations �- ! an= $!20	
0� as having qacceptabler  co,S 

�high or goo=�� Phile the genetic =ata returne= similar classifications for - ! an= $!20	
2
 

$!20	
2 eQpose= limitations of the morphological techniJue� this station is locate= on a fCor= 

sill� supporte= by the presence of genetically =etecte= �i)i*idoide:�lo)at<l<:��a species DnoPn 

to live attache= on fCor= sills �#al= � &orsun� 
����
 #ere the grain siSe Pas larger =ue to the 

higher energy environment� maDing it an inhospitable environment for larger testate 

foraminifera� so =espite the loP pollution concentration the morphological =iversity remaine= 

loP
 /his may not be an accurate assessment of the full assemblage� as evi=ence= by the high 

genetic =iversity� Phich Pas able to capture both transporte= eD)� an= resi=ual signal
   

$n this analysis $ teste= tPo arbitrary filtering metho=s� as consensus on filtering strategy has 

not yet been reache= regar=ing biomonitoring Pith eD)�
 �greement improve= slightly Phen 

using filtere= genetic =ata ��
00 rea=s� compare= to unfiltere=� Pith 
5 of 
� assessments 

matching those from the morphological =ataset �Sign test� p � 0
00��
 /his eQemplifie= the 

value of rea=	abun=ance threshol=s to re=uce noise from rare taQa
 

/o sum up� both morphological an= genetic approaches converge= on the same ecological 

traCectory across the $=efCor=
 /he high =iversity at the reference site alloPe= the calculation of 

 ,-� although the =rastically =ifferent geomorphology an= Pater =epth �� �0 m� ma=e it 

unsuitable for use as a reference site for the much shalloPer inner fCor= basins� Phich 

eQperience severely restricte= infloPs an= therefor seasonal anoQia
 �gain� the tPo 

metho=ologies PorDe= Pell together� by eluci=ating a more complete snapshot of foraminiferal 

=iversity inclu=ing often un=errepresente= soft	shelle= taQa
  

4.4  Reconstructing pristine baseline conditions from pre-impacted sediments: 
temporal reference conditions 

$n paper �$ $ focuse= on obtaining in situ� pre	impact reference con=itions from tPo stations at 

$=efCor= �$!20	
0 an= $!20	0��
 /hese tPo cores Pere selecte= for temporal investigation =ue 

to their positions on either si=e of the pollution source at the city of #al=en capturing contrasting 

pollutant =eposition an= re=oQ regimes
 Station $!20	
0 Pas locate= closer to the fCor= mouth 

in the outer fCor=� an= therefore Pas more influence= by the coastal Paters� Phereas $!20	0� 

Pas in the inner fCor= Pith severely restricte= bottom Pater infloPs replenishing oQygen
 



 

 

�==itionally� both are basin sites� controlling for large =ifferences in energy regime� grain siSe 

an= se=iment accumulation
 

/he main obCective Pas to recover ecological Juality baselines prece=ing in=ustrial =isturbance 

in the fCor= an= to eQamine hoP foraminiferal =iversity� reporte= by morphological an= 

molecular analyses� respon=e= to changing pollution regimes through time
 �y recovering 

se=iments =eposite= before the in=ustrial revolution �
�00s� an= great acceleration �mi= 
�00s� 

$ aime= to be able to =istinguish anthropogenic impact from bacDgroun= variability to a==ress 

the estuarine Juality para=oQ
  

Poll98ion a7 a !8ra8i,ra5hi( "ool  

/his stu=y reJuire= an age mo=el� to conteQtualise changes in the foraminiferal assemblage 

over time
 #istorical events� such as the intro=uction of in=ustrial effluent =ischarges� Pere 

i=entifie= from the literature an= use= as tie points to establish chronologies for the four 

se=iment cores use= in the analysis �$!20	0� �G an= $!20	
0��!�
 +eaDs an= =eclines in / s 

concentrations ��=� �u� +b� 5n� #g� an= /*� serve= as stratigraphic marDers
 !or a =etaile= 

eQplanation� please refer to paper �$ an= the supplementary materials therein
   

�n:iron2en8al �ondi8ion7 and Poll98ion Pha7e7  

Se=iment geochemistry reveale= four temporal phases of anthropogenic impact
 /otal /*� an= 

/) concentrations increase= at both stations from the U
��0s� peaDing in the U
��0s� 

coinci=ing Pith the height of in=ustrial activity at the )orsDe SDog Saugbrugs paper an= pulp 

mill
 2hile /*� =ecrease= stea=ily toPar= the core top� /) remaine= relatively elevate= into 

the 2000s� particularly at station 
0� Phere surface concentrations of both /*� an= /) Pere 

higher than at the basal core intervals �!ig
 ��
 

/race elements �/ s� Pere groupe= into tPo functional categories� Group 
 elements ��=� �u� 

+b� 5n� #g� are associate= Pith in=ustrial sources an= shoPe= =istinct mi=	core peaDs �U
�50m


��0�� consistent Pith effluent =ischarge an= bleaching practices typical of pulp an= paper 

pro=uction
 $n contrast� Group 2 elements ��o� �r� )i� 1� shoPe= elevate= concentrations 

=eeper in the cores at both stations� suggesting their natural lithogenic inputs
 /hese elements 

=ecline= sharply post U20
0� Pith some falling beloP baseline threshol=s
 �rsenic Pas the only 

/  that Pas more pronounce= at station �� peaDing betPeen U
��0 an= 
��0 �!ig
 ��
 



 

 

/he post U
��0s re=uction in all Group 
 / s aligns Pith the implementation of stricter 

environmental regulations an= increase= regulations regar=ing PastePater treatment un=er the 

�lean 2ater �ct �
��0� �!ig
 ��
  vi=ence of bioturbation at the se=iment surface of Station 


0� Phich Pas absent from Station �� supports the i=ea that macrofaunal recolonisation has 

facilitate= re=oQ cycling an= contaminant immobilisation
 MeanPhile� the blacD� sulphurous� 

an= laminate= se=iments at Station � suggest persistently re=uce= con=itions Pith minimal 

benthic =isturbance� even in the most recent =eposits sample= in 2020
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A77e2bla,e !hi+87 and �i:er7i8y "rend7  

DoPn	core recor=s from both station � an= station 
0 reveale= =istinct community transitions 

betPeen four ecological phases� the first is a pre	in=ustrial baseline prece=ing the increase in 

pollution levels� Phich Pas more evi=ent in the longer of the tPo cores �station ��
 /his Pas 

folloPe= by the first community transition as pollution levels increase=� characterise= by a 

proliferation of opportunistic species
 � collapse of the community occurre= aroun= the peaD 

of in=ustrial pollution in the U
��0s an= then ensue= a recolonisation as the /  levels return to 

baseline values
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Pha7e �� Pre�5oll98ion Ba7eline 

�t Station �� the ol=est se=iments� =ate= to the U late 
�00s to 
�00� capture the natural benthic 

community prece=ing significant in=ustrial influence in the fCor=
 #ere the morphological 

recor= is =ominate= by �<limina� mar.inata� accounting for �2m�0� of in=ivi=uals� 

accompanie= by taQa such as �a::id<lina� lae=i.ata� #tain-orthia� -<:i-ormi:� an= loP 

abun=ances of �der*otr@ma� .lomerata
 � similar pattern is evi=ent at Station 
0� Pith ���

mar.inata =ominant until the 
�20s� Coine= by �a::id<lina sp
 an= �ie)<:ella�.oe:i� Phich 

=isappear from the upper intervals
 /hese assemblages are broa=ly consistent Pith pre	

in=ustrial foraminiferal communities in fCor=s an= reflect stable� oQygenate= con=itions 

�+olovo=ova �steman et al
� 20
5� Dolven an= �lve� 202
�
 



 

 

/his phase Pas corroborate= in the molecular =ataset
 �t Station �� basal intervals Pere 

characterise= by high relative abun=ance of �ima?ia�al)a an= large agglutinate= taQa such as 

"eo7ha? sp
 an= �ri)ro:tomoide:� 1e--re@:ii� alongsi=e several unassigne= monothalami=s
 

Station 
0 shoPe= a similar signature� but =ue to shorter core length� a pre	pollution assemblage 

Pas not as clear
 /he basal sample containe= "eo7ha? sp� as the only =ominant globothalamea� 

the folloPing samples Pere in rich in monothalamea $o?i:ar*on� :@n:<i*idi*a� 

#he7heardellidae sp
� an= �le?ammina sp
 Unassigne= seJuences ma=e up a large proportion 

of the =eepest samples at both stations� possibly in=icating =iagenetic =egra=ation of se=aD)� 

��orinal=esi et al
� 20

� 'eCSeroPicS et al
� 20
��
 

Geochemical =ata supporte= this phase as a reference baseline� marDe= by loP levels of Group 


 trace elements ��=� �u� #g� +b� 5n�� minimal /*��/)� an= higher concentrations of 

lithogenic metals ��o� �r� )i� 1�� supporting their interpretation as natural bacDgroun= 

con=itions �ScholS � )eumann� 200�� &ersten � !arstner� 
����
 Diversity in=ices Pere 

relatively loP across both =atasets =uring this perio= �!ig
 ��� this liDely reflects the naturally 

stresse= con=itions of sille= fCor=s Pith restricte= circulation� rather than anthropogenic 

=egra=ation� consistent Pith the estuarine Juality para=oQ � lliott an= ,uintino� 200�� Dauvin� 

200��
 

Pha7e ��� On7e8 o+ Poll98ion �?�
�� a8 !8a8ion 
� ?�
	� a8 !8a8ion ��� 

/he first maCor community shift occurre= Pell before the peaD of in=ustrial =ischarge
 /his 

change is marDe= by a replacement of �<limina�mar.inata Pith �der*otr@ma�.lomerata� Phich 

abruptly became =ominant at both stations ���m�5
�� at Station �� up to 50
�� at Station 
0�
 

/his occurre= ahea= of visible /  peaDs� suggesting early anthropogenic impact compoun=ing 

naturally stresse= con=itions consistent Pith the ��5 ��ianchi et al
� 2020�� potentially from 

catchment	Pi=e lan=	use changes �Dolven an= �lve� 202
�
 

Genetically� this transition is mirrore= by =eclining representation of large testate taQa an= a 

rise in unassigne= monothalami=s an= simpler forms such as �a*o.romia�*a::i7ara
 �t Station 


0� �i)i*idoide:�lo)at<l<: an= "eo7ha? sp
 =ecline post U
��0� Phile Monothalamea /2 an= 

&ellaria sp
 become prominent by the U
�50s
 



 

 

/hese faunal shifts align Pith increasing /*� an= /) concentrations� Phich began rising at 

both stations aroun= the mi=	20th century �!ig
 ��� prior to the main effluent release perio=
 

2hile ���.lomerata has previously been classifie= as sensitive to organic enrichment ��lve et 

al
� 20
��� our results suggest a more compleQ response� Pith this species increasing in 

abun=ance up to the /*� peaD before =isappearing altogether� shoPing regional =isparity an= 

a threshol=	type response to sustaine= environmental pressure
 

Pha7e ���� �o229ni8y �olla57e �? �
��7� 

/he buil=	up of pollution culminate= in benthic community collapse aroun= 
��0s at both 

stations
 Geochemically� this perio= inclu=es the sharp rise in re=oQ	sensitive metals ��=� +b� 

#g� an= organic matter� Pith /*� an= /) peaDing aroun= the late 
��0s �!ig
 �� �erge� 
����
 

Se=iments =eposite= =uring this time Pere laminate= �paper �$� Supplementary !ig
 S
�� 

reflecting absent bioturbation an= persistent anoQia at Station �
 

�t Station �� a near	absence of i=entifiable species is recor=e= in the U
��5 interval� Pith the 

assemblage re=uce= to malforme= calcareous tests �qcalcareous variar� an= only a feP 

in=ivi=uals per sample
 �t Station 
0� there Pas a similar =ecline in =iversity an= a =rop in 

absolute foraminifera abun=ance
 Species ��� .lomerata =isappeare= an= Pas replace= by 

opportunistic species such as �..erelloide:�:*a)er an= #7iro7le*tammina�)i-ormi:� taQa DnoPn 

to tolerate fluctuating or loP oQygen con=itions ��lve� 
��5� +olovo=ova �steman et al
� 20
5�
  

/he genetic signal mirrors this breaD=oPn
 �t both sites� monothalami=s =ominate =uring the 

collapse phase� Phile overall richness =eclines sharply
 Station � intervals betPeen 
��0s 

U
��0s Pere almost eQclusively compose= of �a*o.romia�*a::i7ara an= �<1a77i2ia�idalliae� 

Pith earlier testate taQa such as "eo7ha? an= �a::id<lina absent
 �t Station 
0� the U
��� 

sample Pas similarly loP in =iversity� Pith the highest proportion of unassigne= seJuences an= 

#7iro7le*tammina� )i-ormi:� �asi=e from the =eepest interval�
 /he pre=ominance of 

monothalami=s� suggests they may be reliable in=icators of unstable or =egra=e= environments 

in se=imentary D)� archives �Sabbatini et al
� 20
�� +aPloPsDi et al
� 20
��
 #igh replicate 

variability in the genetic =ataset aroun= this time �stan=ar= =eviation� suggeste= patchy D)� 

=egra=ation relate= to contamination events �/urba et al
� 202�� Schnell et al
� 20
5�
 

Pha7e �$�  e(oloni7a8ion �?�
��7 D 5re7en8� 



 

 

/he final phase Pas evi=ence= by an increase in =iversity an= pre	pollution taQa at both stations� 

albeit occurring earlier an= being more pronounce= at Station 
0
 #ere� the morphological 

recor= shoPs a resurgence of ���mar.inata an= persistent presence of #��)i-ormi: an= ���:*a)er 

from the U
��0s onPar=s� all species common in post	=isturbance assemblages in fCor=s ��lve 

� Gol=stein� 200�� +olovo=ova �steman et al
� 20
5�
 #tain-orthia�-<:i-ormi: =ominate= the 

previously barren surface se=iments at station � �+olovo=ova �steman et al
� 20
5�� suggesting 

ongoing recolonisation even in perio=ically anoQic� organic	rich se=iments Phere =ense saline 

Pater masses are retaine= in the basin ��lve� 
��
�
 

Molecular =ata supporte= this recovery traCectory� particularly at Station 
0� Phere ?
��0s 

intervals shoP a clear increase in �lo)othalamea� Pith �i)i*idoide:� lo)at<l<:� "eo7ha?�

helenae returning� as Pell as a consistent species composition to the core top
 �t both stations 

overall =iversity increase= by all metrics� although for Station � this Pas only evi=ent in the 

surface samples �!ig
 ��
 /hese changes coinci=e Pith re=uction in /  an= /*� levels 

folloPing regulatory reforms in the 
��0s� inclu=ing stricter effluent controls un=er the �lean 

2ater �ct ��erge� 
����
 

4et� as of the moment of sampling in )ovember 2020� the recovery at Station � remaine= 

incomplete
 Se=iments Pere blacD� sulphurous� an= =isaggregate=� an= �/D =ata confirm 

persistently loP oQygen con=itions beloP 20}m
 $n contrast� Station 
0 eQperiences seasonal 

but less severe hypoQia =ue to more freJuent Pater mass renePal ��erge� 
���� Stigebran=t� 

pers
 comm
�
 /his hy=rographic contrast eQplains the =elaye= an= fragmente= recolonisation 

at Station �
 

�inal �on7idera8ion7 +or �(o�! �oni8orin,  

+aper �$ shoPe= the strengths of multi	metho= community assessment� Pith each sampling 

strategy able to successfully characterise =ifferent components of foraminiferal community
 

�oth morphological an= genetic =atasets capture= the same four	phase traCectory of community 

change� Morphological =ata preserve= clear� taQonomically resolve= transitions of species Pith 

DnoPn ecological affinities� Phile the genetic =ataset eQpan=e= =etection to inclu=e soft	bo=ie= 

an= cryptic taQa� particularly =uring =isturbance phases
 



 

 

$n this stu=y ecological Juality para=oQ Pas apparent
 'oP =iversity in the ol=est core intervals� 

=espite loP trace metal concentrations� ma=e the challenge of =efining reference con=itions in 

naturally stresse= fCor= environments clear
 /hese loP	oQygen� organic	rich settings are 

inherently =epauperate an= shoul= not be misclassifie= as anthropogenically =egra=e=� 

reinforcing the importance of palaeoecological reconstructions in conteQtualising =iversity 

baselines
 !uture stu=ies shoul= aim to a==ress this by =efining specific threshol= values for 

naturally stresse= environments� =etermine= from se=iments =eposite= before the onset of 

regional anthropogenic mo=ification
  



 

 

5. Conclusions and future perspectives     

/his thesis =emonstrates that benthic foraminifera� assesse= through both morphological an= 

genetic approaches� are useful in=icators of environmental Juality in transitional Paters
 �y 

integrating palaeoecological reconstruction Pith se=aD)� analysis� $ shoP that se=imentary 

recor=s in fCor=s can be use= not only to evaluate current ecosystem status but also to un=erstan= 

baseline con=itions in systems Phere natural stress an= anthropogenic pressure co	occur
 

/hroughout the four stu=ies� $ foun= that metabarco=ing an= morphospecies analysis provi=e 

complementary insights� genetic =ata capture a broa=er range of =iversity� particularly soft	

shelle= an= cryptic taQa� Phile morphological =ata preserve taQonomic resolution an= 

ecological interpretability
 /his combine= strategy prove= essential in i=entifying Dey phases 

of environmental =egra=ation an= recovery� an= in a==ressing challenges such as the estuarine 

Juality para=oQ
 

+aper � conteQtualise= my un=erstan=ing of the fiel= an= helpe= me to i=entify DnoPle=ge gaps 

aroun= the application of novel genetic biomonitoring strategies
 +aper �� establishe= the 

reliability of metabarco=ing for characterising benthic foraminiferal communities across 

oQygen gra=ients in fCor=s� Phile +aper ��� shoPe= hoP both morphological an= molecular =ata 

coul= tracD recovery traCectories in a heavily pollute= system an= be use= to establish spatial 

reference con=itions chosen nearby the impacte= site
 +aper �$ eQten=e= this approach into the 

past� searching for in	situ reference con=itions an= reconstructing ecological shifts from the 

pre	in=ustrial baseline to the present
 /ogether� these stu=ies reinforce the potential for 

foraminiferal eD)� to complement tra=itional biomonitoring tools� particularly in systems 

Phere conventional macrofaunal in=ices are limite=
 

'ooDing ahea=� the increasing accessibility of se=imentary eD)� opens opportunities for 

routine application in long	term monitoring
 #oPever� further PorD is nee=e= to refine the 

metho=ology� particularly in terms of buil=ing up regional reference =atabases by a==ing 

barco=es of missing species� =efining seJuence filtering threshol=s� an= =eveloping techniJues 

for the Juantification of D)� signal
 Developing stan=ar=ise= protocols for calculating  ,- 

values from molecular =iversity metrics coul= also alloP for =irect integration into regulatory 

framePorDs liDe the 2!D
 



 

 

'astly� future research shoul= focus on calibrating  co,S threshol= values for =iversity in 

naturally stresse= systems using pre	impact se=iment recor=s
 /his is essential to avoi= 

misclassification of naturally =epauperate environments an= for setting realistic restoration 

goals un=er changing climate an= lan=	use con=itions
 !unctional trait assignments an= 

ecological preference mo=els for otherPise un=erstu=ie= monothalami=s an= other un=er	

stu=ie= foraminifera groups coul= also enhance interpretation of genetic =ata
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