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Abstract

This thesis aims to develop new methods to establish in situ reference conditions in nearshore
marine environments, using morphospecies and sedimentary environmental DNA (eDNA and
sedaDNA) metabarcoding analysis of the benthic foraminifera assemblages. The study focuses
on well-studied fjord systems along the Skagerrak coast, to address “the estuarine quality
paradox”, by delineating the anthropogenically produced environmental stress from that which
is naturally a feature of transitional environments. Ecological Quality Status (EcoQs)
assessment in environments that are most proximal to, and therefore disproportionally effected
by, human activities is essential to preserve ecosystem services and mitigate further damage.
Some key fundings of this thesis show that a) SedaDNA preservation is increased in low-
oxygen environments that lack bioturbation, meaning this methodology could be particularly
effective in areas effected by both natural and human enduced eutrophication B) Diversity
indices calculated from morpho-taxonomic and genetic assemblages show coherent response to
both contemporary and historical variation in environmental conditions C) SedaDNA analysis
can help to resolve the ecological preferences of otherwise under studied taxonomic groups,
such as monothalamids. Taxa consistently found to be associated with polluted, or stressed
environmental conditions could represent novel indicator species for future biomonitoring

studies.

The ultimate goal of this thesis is to demonstrate that by integrating benthic foraminiferal
morphospecies and genetic diversity, sensitivity and multimeric indices for use in
biomonitoring; benthic foraminifera hold a high potential as a ‘biological quality element’
(BQE) in anoxic or polluted coastal environments, in which traditional monitoring strategies

such as macrofaunal community analysis are not applicable.
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Svensk sammanfattning

Denna avhandling syftar till att utveckla nya metoder for att faststilla lokala referenstillstand i
kustnira marina miljéer med hjélp av bentiska foraminiferer (meiofauna). Foraminiferanalys
inkluderade artbestimning med hjdlp av traditionella morfologiska studier och sedimentirt
miljo-DNA (eDNA och sedaDNA). Avhandlingen fokuserar pa vilundersokta fjordsystem
langs Sveriges véstkust, med maélet att adressera den s kallade “estuarina kvalitetsparadoxen”
genom att forsoka sirskilja miljostress orsakad av minsklig paverkan fran naturlig stress,
forekommande i fjordmiljoer. Beddmning av lokala referenstillstind och miljostatus i de
miljoer som ligger i ndra anslutning till méinsklig aktivitet och darmed paverkas mest, &r
avgorande for att identifiera och bevara ekosystemtjanster samt motverka fortsatt skada. Nagra
centrala resultat fran avhandlingen visar att: a) bevarandet/bevaringsgraden av sedaDNA ar
hogre i1 syrefattiga fjordmiljoer diar sedimenten utsitts for en begriansad eller avsaknad av
bioturbation. Det innebair att denna metod kan vara sérskilt effektiv i omrdden som péverkas av
bade naturlig och antropogent orsakad syrebrist. b) diversitetsindex baserade pad morfologisk
och genetisk analys hos foraminiferfaunor visar samstimmiga monster i respons pé savél nutida
som historiska miljofordndringar i fjordar; c¢) sedaDNA-analys kan bidra till att fylla i
kunskapsluckor om ekologiska preferenser hos hittills understuderade taxonomiska grupper,
som exempelvis monothalamider, taxa som associeras med fororenade eller stressade
miljoforhéllanden. Denna grupp kan potentiellt utgéra nya indikatorarter inom framtida

miljodvervakning studier.

Slutligen, denna avhandling visar att morfologiska och genetiska analysmetoder tillsammans
visar en mer fullstidndig bild av diversitet hos bentiska foraminiferer, vilket gér meiofauna och
foraminiferer till ett mycket lovande biologisk kvalitetselement (BQI) i syrefattiga och
fororenade kustmiljoer dér traditionella miljodvervakningsmetoder, sasom analys av

makrofauna, inte ar tillimpliga da de ménga génger slagits ut eller &r for fa.

Nyckelord: antropogen piverkan, eDNA, sedaDNA, hypoxi, mikrofossil, paleoekologi
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1. Background and Context
€tef] 6¢ o0dev Spev- év BuB® yap 1) dAnBeLa.

“Certainly, we know nothing, for truth lies hidden in the benthos” — Democritus, Lives of
the Philosophers 9.72 (via Diogenes Laertius).

1.1 Importance of the sedimentary record

Seafloor sediments are the archives of marine environmental history. To both protect and
restore our oceans, the largest continuous ecosystem on earth, sediment records provide us with
constantly accumulating quantifiable metrics of both current and past environmental conditions.
In the context of biomonitoring and ecosystem restoration, obtaining reference conditions is
paramount, as ecosystem status is an inherently comparative measure. In it’s simplest form
ecological quality can be expressed as a ratio, known as the Ecological Quality Ratio (EQR),

which categorises Ecological Quality Status (EcoQS) (Fig. 1).

EQR EcoQS Level of disturbance
1

> No or minimal deviation from reference conditions:

Ecological Observed value Good | > sight deviation
Qualty = in relation to >> Moderate | > Moderate deviation
Rato (EQR)  Reference condition value Poor > Major deviation
0:- > Severe deviation

Figure 1. Ecological Quality Ratio (EQR) and Ecological Quality Status (EcoQS) categories (adapted from
European Environmental Agency, 2018).

In coastal and transitional waters such as fjords, high primary productivity, terrestrial runoff
and slope processes provide preconditions for rapid sediment accumulation. Due to restricted
bottom water exchange, fjords often develop bottom water hypoxia resulting in minimal
bioturbation and thus providing high-resolution paleoenvironmental records. The study of these
records enables reconstruction of ecological responses to present and past environmental

conditions, including a history of anthropogenic impact. Such analyses can then be used to



inform decision-makers about the status of marine ecosystems and the pre-impact (reference)

conditions, which restoration efforts should aim for.

1.2 Transitional waters as critical zones of ecological monitoring

The term “transitional” was introduced about 20 years ago by the Water Framework Directive
(WFD) (European Commission, 2000) as a means to complete the continuum between
continental and coastal waters. Encompassing fjords, bays, lagoons and estuaries, transitional
waters straddle the interface between marine and terrestrial biomes (McLusky and Elliot, 2007).
The WFD directive defines them as “bodies of surface water in the vicinity of river mouths,
which are partially saline in character as a result of their proximity to coastal waters, but which

are substantially influenced by freshwater inflows” (European Commission, 2000).

Although transitional waters are characterised by strong environmental gradients, as well as
hydrological and physiochemical variability, they are valuable nursery and feeding grounds for
a high diversity of aquatic, terrestrial and migratory species (Munari and Mistri, 2012). These
coastal systems are also essential for industries involved in transport and manufacturing and
provide ecosystem services for aquaculture and recreational activities. These zones of
ecological convergence fit within the U.S. National Research Council (2001) definition of a
‘critical zone’, a “heterogeneous, near-surface environment in which complex interactions
involving rock, soil, water, air, and living organisms regulate the natural habitat and determine
the availability of life-sustaining resources.” In Europe, this concept has been further developed
through interdisciplinary initiatives such as the European Critical Zone Exploration Network
(CZEN) and Critical Zone Observatories (CZOs), which incorporate both terrestrial and aquatic
components, into broader Earth system frameworks (Banwart et al., 2012). The interaction of
marine and terrestrial influences with human pressures within these ‘corridors of change’
(Bianchi & Morrison, 2018), can produce cumulative effects and abrupt ecosystem transitions
The onset of the Anthropocene, our current and still only loosely defined epoch, marked the
beginning of accelerating human influence on the planet (Crutzen and Stoermer, 2000). Climate
change intensified during the industrial revolution (ca. 1800 CE) and surged in the 'Great
Acceleration' (ca. 1950 CE), now affecting an estimated 82% of marine ecological processes
(Schefters et al., 2016). The biogeochemical functioning of ‘aquatic critical zones’ (Bianchi et

al., 2020) is influenced by complex feedbacks whereby nutrient runoff, sediment loading, and



industrial discharges which can alter oxygen dynamics, redox gradients, and microbial activity

(Levin et al., 2001).

Assessing EcoQS in transitional waters poses a challenge due to high natural variability of
abiotic parameters such as e.g. salinity, oxygen, temperature and particularly, high organic
matter (OM) enrichment. The variability of these parameters promotes tolerant and
opportunistic species, at the expense of their more sensitive counterparts, resulting in benthic
communities that are more similar to those found in anthropogenically disturbed areas
(Blanchet et al., 2008; Munari et al., 2012). Consequently, pristine, but naturally disturbed
transitional waters could easily be misclassified into a poorer EcoQS category, a phenomenon
is known as the “estuarine quality paradox” (Elliot et al., 2007; Dauvin, 2007; Dauvin and
Ruellet, 2009). This state of ‘natural stress’ renders more commonly used macrofaunal
assemblage assessment methods, inadequate; due to macrofauna being largely intolerant to high
OM enrichment and severe hypoxia (Borja et al 2000; Bouchet and Sauriau, 2008; Josefson and
Widbom, 1988). Consequently, alternative components of the benthos, such as meiofaunal
organisms, e.g. benthic foraminifera, can be utilised as environmental sentinels to form the basis

for EcoQS assessment indices in naturally OM enriched systems.

1.3 Fjords as unique ecological archives

Fjords can be described as natural laboratories for studying environmental change, due to their
unique ability to accumulate, preserve, and archive sedimentary signals across space and time.
Formed through glacial excavation and subsequent marine transgression, fjords commonly have
sill-bounded basins that exhibit strong salinity stratification, low tidal mixing, and limited
bottom water renewals. These features cause development of bottom water hypoxia, limit
bioturbation by burrowing macrofauna and, hence, facilitate the accumulation and preservation
of fine-grained sediments and associated biogeochemical signatures (Syvitski et al., 1987;

Howe et al., 2010).

Fjords can be termed Aquatic Critical Zones (ACZs) (Bianchi et al., 2020), where terrestrial,
marine, atmospheric and sometimes glacial, processes interact within a single depositional
system. The structural and hydrological characteristics of fjords create ideal conditions for long-
term carbon storage and high-resolution palacoenvironmental reconstruction. Sedimentation

rates in fjords are among the highest recorded globally, with some systems exceeding 1 cm/year,



which enables decadal to even sub-decadal resolution of stratigraphic records (Mikalsen et al.,
2001; Faust et al., 2014b; Polovodova Asteman et al., 2018). Where bottom water is severely
hypoxic to anoxic and bioturbation limited, sedimentary records remain undisturbed, preserving
signals of both natural variability and anthropogenic forcing. Fjords can thus provide insights
into regional dynamics e.g. atmospheric and ocean circulation (Faust et al., 2014, 2016;
Polovodova Asteman and Nordberg, 2013), marine productivity (Faust and Knies, 2019) and
coastal ocean temperature (Cage and Austin, 2010; Hald et al., 2011; Polovodova Asteman et

al., 2018), with similar temporal resolution to that of tree-rings (Bianchi et al., 2020).

1.4 Ecosystem assessment using benthic foraminifera

Benthic foraminifera (Retaria, Rhizaria) are a diverse group of unicellular eukaryotes widely
used in marine ecological assessment due to their global distribution, rapid response to
environmental stressors, and role as geochemical archives (Murray, 2006; Klootwijk et al.,
2021). Foraminiferal community structure reflects environmental parameters such as oxygen
availability, food supply, salinity, pH and biogeochemical cycling (Murray, 2006). They
contribute 40-50% of benthic eukaryotic biomass (Gooday et al., 1992; Moodley et al., 2000),
have short life spans that allow for recovery of high-resolution ecological information and
sufficient numbers for statistical analysis even in small sediment volumes (Alve, 1995; Alve et
al., 2009; Barras et al., 2014; Bouchet et al., 2012; Dimiza et al., 2016; Jorissen et al., 2018;
Silva et al., 2022).

Unlike macrofauna, benthic foraminifera are extremophiles, tolerating severe hypoxia to anoxia
via specialised metabolisms including denitrification, kleptoplastidy, bacterial symbiosis, and
dormancy (Bernhard et al., 2012; Pifia Ochoa et al., 2010; Ross & Hallock, 2016; LeKieffre et
al., 2017; Orsi et al., 2020; Jesus et al., 2022; Richirt et al., 2022; Woehle et al., 2022; Glock et
al., 2013, 2025).

Since the initial application of foraminifera as bioindicators in the 1960s (Resig, 1960),
foraminifera have been reliable indicators of anthropogenic stress, including desalination
(Kenigsberg et al., 2020), oil spills (Aloulou et al., 2012; Brunner et al., 2013; Morvan et al.,
2004; Young et al., 2021), aquaculture (Bouchet et al., 2007; Oron et al., 2014), sewage (Burone
et al., 2007; Hyams-Kaphzan et al., 2009), heavy metal pollution (Alve, 1991; Debeney et al.,



2001; Martinez-Colon et al., 2018), and pulp mill effluents (Schafer et al., 1991; Polovodova
Asteman et al., 2015).

Hence, as biological quality elements (BQEs), foraminiferal assemblages offer insight into both

natural and anthropogenic impacts in transitional systems through:

o Changes in population density and species abundance (Alve et al., 1995; Scott et al., 2005)

o Compositional shifts from sensitive to opportunistic species (Polovodova Asteman et al.,
2015)

o Calcareous to agglutinated species transitions (Hayward et al., 2004; Polovodova et al.,
2021; Alve, 1995; Nordberg et al., 2017)

o Sensitivity and diversity indices (Dolven et al., 2013; El Kateb et al., 2020; Bouchet et al.,
2018; Barras et al., 2014)

o Vertical migration in the sediment (Brunner et al., 2013; Linke and Lutze, 1993)

o Aberrant shell formation (Alve et al., 2009; Barras et al., 2014; Yanko et al., 1994; Samir
et al., 2001; Polovodova and Schonfeld, 2008; Arenillas et al., 2018)

o Pollutant uptake in shells (Smith and Goldstein, 2019; Nardelli et al., 2016; Boehnert et al.,
2020)

o Introduction of alien and invasive species (Bouchet et al, 2023; Morin et al., 2023)

Changes in foraminiferal communities (Fig. 2) have been effectively applied in a wide range of
transitional waters, including fjords (Alve and Bernard, 1995; Polovodova Asteman and
Nordberg, 2017), lagoons (Martinez-Colon et al., 2018), estuaries, and harbours (Hess et al.,
2020; Dijkstra et al., 2017; Armynot du Chatelet et al., 2004).

Tolerant species such as Stainforthia fusiformis, Spiroplectammina biformis, Elphidium
incertum and Ammonia aomoriensis (as A. beccarii in Nikulina et al., 2008), and Ammonica
beccarii have been linked to organic enrichment and hypoxia (Nordberg et al., 2017; Alve and
Bernard, 1995; Polovodova Asteman et al., 2009, 2015; Nikulina et al., 2008, Thomas et al.,
2000). The remarkable tolerance of these species is related to metabolic and behavioural
strategies like denitrification (S. fusiformis: Risgaard-Petersen et al., 2006), sediment migration
and dormancy inside a protective cyst (E. incertum: Linke and Lutze, 1993; Gustafsson and
Nordberg, 1999; Ammonia tepida:Yanko et al., 1999; Amphistegina gibbosa: Ross and Hallock,
2016, 2019; Bradshaw, 1957).
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Figure 2. Overview of foraminiferal applications within biomonitoring studies, including (a) EcoQS indices based
on species diversity and sensitivity; (b) reconstruction of preindustrial baseline (reference conditions); (c)
accumulation of pollutants (e.g., heavy metals and microplastics) within foraminiferal shells; (d) species responses
to environmental stress present in situ (e.g., field studies) and (e) simulated in the lab (e.g., culturing experiments);
and (f) genomic methods, such as eDNA and sedaDNA.

1.5 Sensitivity indices

Sensitivity indices are based on the theoretical ecological succession of species along environmental
gradients (Fig. 3). Taxa are assigned to predefined sensitivity categories (typically 1-5), reflecting their
tolerance to specific stressors, such as organic matter (OM) enrichment or pollution. The changing
abundance of species across categories provides a quantitative proxy for EcoQS, with increasing stress

reflected in the proliferation of opportunists and the loss of sensitive taxa.
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Figure 3. Theoretical relative abundance patterns for benthic foraminifera species along the main stress gradients
(total organic carbon), grouped into the five ecological categories adapted from (Alve et al., 2016; Jorissen et al.,
2018 ).

There have been several sensitivity indices developed specifically for foraminifera including
the Foraminiferal Index for Environmental Impact (FIEI), Tolerant Species Index for the
Mediterranean (TSI-Med), Foraminiferal Stress Index (FSI) and Foraminiferal AZTI Biotic
Index (Foram-AMBI), (Mojtahid et al., 2006; Barras et al., 2014; Dimza et al., 2016; Alve et
al., 2016, respectively). The most widely applied of these being Foram-AMBI which was based
on a methodology originally developed for macrofauna. Taxa are grouped into one of the
following categories: group I: Sensitive Species; group II: indifferent species; group III: tolerant
species; group IV: second-order opportunistic species; group V: first-order opportunistic
species; depending on their relative abundance along a concentration gradient of TOC (Fig. 3).
The assignments were made using 19 published datasets and validated against 4 independent
foraminiferal datasets, by correlating Foram-AMBI with diversity indices as well as TOC
content. This index has since been adapted to and applied in various environmental settings

including transitional waters (Bouchet et al., 2021).



1.6 Diversity indices

Diversity indices, applied to benthic foraminifera, have become an established tool for
assessing EcoQS in transitional environments. The first study utilising this technique, by Alve
et al. (2009) in Oslofjord, demonstrated the potential of foraminiferal-based indices, such as
Hurlbert’s ES(100) and Shannon-Wiener H' (log:), to reconstruct historical environmental
conditions and detect anthropogenic impacts well beyond the reach of observational monitoring
with macrofauna. Bouchet et al. (2012) subsequently refined the methodology, introducing Hill
number (Exp(H’bc)) and developing adjusted regional EcoQS thresholds.

Throughout the studies presented in this thesis, I focused on four diversity metrics: Richness,
Shannon, Simpson, and Exp(H’bc). Richness is a simple count of the number of taxa observed
in a sample and gives a basic idea of how many species are present. The Shannon index accounts
for both the number of species and their relative abundances, so it captures how evenly the
individuals are distributed across taxa. Simpson’s index is more sensitive to the most abundant
species, which makes it useful for detecting dominance or shifts in community structure.
Exp(H’bce) is a bias-corrected version of Shannon diversity, expressed as the effective number
of species. It allows for easier comparison across datasets and between methods, especially
when sequencing depth or sample size varies. Together, these metrics provided a balanced view

of diversity patterns in both the morphological and genetic datasets obtained in this thesis.

A comprehensive review of diversity and sensitivity indices derived from benthic foraminifera

for EcoQS assessment in transitional waters is given in paper L.

1.7 Environmental DNA and sedimentary ancient DNA

Foraminiferal indices are now being considered from a new perspective, basing the EcoQS
assessment on DNA (or RNA) present in environmental samples. Molecular techniques can
produce high volumes of data, generated in relatively short time, without the need for expert

taxonomic knowledge.

Environmental DNA (eDNA) is a mixture of genomic DNA, present in the living cells and
preserved within cellular organelles, and extracellular molecules which can be found in
fragments of tissue, secretions or other organic materials (Cordier et al. 2019). Environmental

DNA fragments can be found outside of their biotic origin and can be extracted from the



sediment or water without isolating the target organism. High-throughput sequencing and
bioinformatic pipelines allow analysing the millions of DNA sequences present in
environmental samples. As long as the DNA remains uncontaminated and does not degrade, it

is possible to target even small and elusive taxa (Cordier et al. 2019, 2020).

Environmental DNA-based studies usually take the form of single-species detection,
biodiversity surveys or biotic indices. Increasingly, metabarcoding is being used to assess
human impacts on the marine environment. This technique was first successfully applied to
characterise a benthic foraminiferal community in the 2010s (Lecroq et al., 2011; Lejzerowicz
etal., 2013; Pawlowski et al., 2012, 2014a, 2014), using DNA hypervariable regions of the SSU
rRNA gene (Pawlowski and Lecroq, 2010). It has since been used to investigate the response
of benthic foraminifera to various anthropogenic activities such as, oil and gas platforms
(Laroche et al., 2016; Cordier et al., 2019, Frontalini et al., 2020), aquaculture (Pawlowski et
al., 2014), as well as delineating environmental effects of urbanisation and industrialisation (Al

Enezi et al., 2022).

Sedimentary ancient DNA (sedaDNA) is eDNA found in sediments deposited before the
present day. SedaDNA can be absorbed into sediment particles which contributes to long-term
preservation, especially under anaerobic conditions (Corinaldesi et al., 2011). This analysis is
typically done using sediment or ice cores and has been shown to shed light on past
foraminiferal biodiversity, enabling palaco-environmental reconstructions (Pawlowska et al.,

2020a; Armbrecht et al., 2022).

The question remains if the biotic indices applied to morphologically identified foraminifera
are directly applicable to this novel data type. To date only a few studies have used
morphospecies-based assemblage data methods along-side with those derived from eDNA, to
validate the results and test eDNA usefulness in assessing EcoQS in nearshore marine
environments. Few of those studies were still done in transitional waters but none to date exists

for EcoQS assessment in fjords. This knowledge gap is explored in papers II, III and IV.



2. Aims and hypotheses

The aim of this thesis is to develop new methods to set reference conditions and to advance the
evaluation of anthropogenically induced environmental degradation and recovery in coastal and
transitional water bodies. To achieve this goal eDNA analysis is tested against independent
geochemical, hydrological and micropalacontological data obtained from surface sediment
samples and sediment cores. The utility of foraminifera in palacoecological studies is well
established within the literature, and the field of eDNA analysis has surged since the early
2000s, with widespread DNA sequencing and the development of online data banks. In this

thesis I will test three separate hypotheses:

1) Benthic foraminiferal assemblages indicated by morphospecies and eDNA analysis show
similar and directly comparable response to contemporary geochemical and hydrological
gradients in fjords (paper II, paper III)

2) Benthic foraminiferal assemblages indicated by morphospecies and eDNA analysis can
both be used to track ecological recovery of heavily polluted or naturally stressed fjordic
systems (paper IIL, IV)

3) Benthic foraminiferal assemblages indicated by morphospecies and eDNA analysis can be
used to establish reference conditions in highly polluted or natural stressed fjord systems

(paper IIL, IV)

Establishing whether benthic foraminiferal assemblages, indicated by morphospecies and
eDNA analysis, can reliably record biotic response to pre-industrial environmental conditions,

therefore delineating anthropogenic disturbance from natural environmental stress.



3. Methods employed in the thesis

This thesis is based on field campaigns conducted on the west coast of Sweden aboard R/V
Skagerak in 2020 and 2021, each designed to investigate benthic foraminiferal communities
along spatial or temporal environmental gradients using morphological and molecular (¢eDNA
and sedaDNA) methods. The sampling campaign in 2021 focused on environmental gradients
across three fjords (By Fjord, Gullmar Fjord, and Hake Fjord), while sampling in 2020 explored
spatial trends and sedimentary archives in a Swedish-Norwegian Idefjord to assess ecological
changes in response to a more than century-long historical pollution. All taken samples
underwent parallel analyses of morphological foraminiferal assemblages, foraminiferal eDNA,
sedaDNA, and sediment geochemistry. Here, I provide an overview of the main sampling and
analytical methods used across all studies. For detailed protocols, readers are directed to the

respective publications, attached as separate chapters in this thesis.

3.1 Sediment geochemistry and porewater analysis

Geochemical data were collected to contextualise the benthic foraminiferal assemblages and
aid interpretation of ecological conditions across all studies. In paper II, porewater nutrient and
dissolved inorganic carbon (DIC) concentrations were measured in surface (0 -3 cm) sediments
to capture early diagenetic signals. One set of duplicate cores was sliced under anoxic
conditions and centrifuged for nutrient extraction. Nutrient concentrations (PO+*~, NO,~, NH4",
SiO2) were determined by segmented flow colourimetry, following established protocols
(Koroleft, 1983), with precision ranging at 4-12%. A second set of cores was processed for
DIC, using non-dispersive infrared spectrometry onboard after acidification. All porewater

work followed procedures aimed at minimising contamination and preserving in situ chemistry.

In papers II, III and IV, bulk sediment geochemistry was used to assess long-term
environmental trends, including organic matter content and trace element (TE) contamination
targeting the effluent released by the Norske Skog Saugbrugs paper and pulp mill to Idefjord.
Sediments were freeze-dried, homogenised, and acid-fumigated before analysis of TOC and
TN using IRMS (SerCon, GU). The carbon to nitrogen (C/N) ratio was calculated from these
measurements to indicate organic matter quality and provenance. For trace element (As, Cd,
Co, Cr, Cu, Hg, Ni, Pb, V, Zn) analysis, all samples were freeze-dried and sent to ALS

Scandinavia’s certified laboratory. In paper II, we also did sedimentary nutrient (NOs~, PO4*,



NH4*, and SiOs) and pigment analysis (chlorophyl ¢ and zeaxanthin). Porewater nutrient
concentrations were determined using segmented flow colourmetric analysis (QuAAtro, Seal
Analytical; Koroleff, 1983). Nutrient concentrations are linked to microbial activity and organic
matter degradation (Middelburg & Levin, 2009). Pigment extracts were analysed using high
performance liquid chromatography (HPLC; Shimadzu UV/VIS Photodiode array detector
SPD-M20A) and quantified with a 4-point calibration curve and pigment specific standards
(chlorophyll @ at 436nm and Zeaxanthin at 450nm). Pore water nutrients have been shown to
Phytopigments such as chlorophyl a and zeaxanthin can be used to examine organic carbon
flux, in fjords they reflect organic matter inputs from phytoplankton productivity, microbial

decomposition and terrestrial run off (Reuss et al., 2005; Soléas et al., 2024).

In paper III, pollution indices were calculated to quantify the degree of organic and metal
contamination. The Organic Sediment Index (OSI) was used to assess organic enrichment based
on TOC and TN content. Metal contamination was summarised using the Pollution Load Index
(PLI), which incorporates normalised contamination factors (Cf) for each metal relative to

regional background values (Miljedirektoratet, 2016).

3.2 Benthic foraminifera: Morphological analysis

For every research data paper presented in this thesis (paper IL, I1L, IV) traditional morphology-
based analysis was used to assess the benthic foraminiferal assemblage. The sediment washing,
sieving and picking was conserved across all studies, and followed the FOBIMO protocol
(Schonfeld et al., 2012). The sediments were washed over a Imm and 63 pm mesh stack, to
retain only the >63 pm fraction used for wet picking and identification. The 1 mm sieve served
to remove larger debris that might obscure smaller individuals. Sodium pyrophosphate was used
to disaggregate the sediments, but sparingly, to avoid destruction of agglutinated species. The
>63 pum sediment fraction was transferred into a picking tray with 45 squares covered with a
thin water layer, depending on the post-washing sample volume several sample splits may have
been done before this step. At least 300 individuals were counted from the tray, continuing to
count the full final square, as this was important for the calculating the foraminiferal density
(individuals per gram dry sediment for downcore paper IV and ind. per 10 cm? for surface

sediment papers II and III). Specimens were then transferred to micropaleontological slides



and identified to species level, where possible, under a stereomicroscope, using region-specific

literature and taxonomic references (see paper III for full list).

For paper II and III, surface samples were analysed and only living individuals where included
which required staining with rose Bengal-ethanol solution (2 mg/L). In paper IV we conducted
at down-core analysis, in this case the sediments were freeze dried after being subsampled but

picked and identified using the wet-picking method as well.

3.3 Benthic foraminifera: Genetic analysis

Metabarcoding was used to capture the foraminiferal diversity, in tandem with the
morphological analysis, in all three data papers. In paper II species-specific assay based on
digital PCR (dPCR) from Morin et al., (2024) was also used to target and investigate
distribution of the putatively invasive species Nonionella sp. T1. The Metabarcoding approach
enables simultaneous detection of multiple taxa from complex environmental samples and is
especially useful for meiofaunal groups like foraminifera, where morphological identification
can be time-consuming and taxonomically challenging. For metabarcoding in all three studies
(papers II-IV), we used foraminifera-specific primers targeting the 37f hypervariable region of
the SSU rRNA gene, which has been widely applied in metabarcoding studies due to its
discriminatory power across benthic foraminiferal lineages (Pawlowski et al.,, 2010;

Lejzerowicz et al., 2014).

In paper II, sediment samples were collected from surface sediment (0-3 cm) at nine stations
spanning three fjords with different bottom-water oxygenation regimes ranging from anoxic, to
seasonally hypoxic and permanently oxic. Two biological replicates per station were extracted
using the DNeasy PowerMax Soil Kit (Qiagen), following the manufacturer’s protocol. PCR
amplification of the SSU fragment was performed using AccuPrime™ Taq DNA Polymerase
High Fidelity and the s14F1—s15r primer pair. Three PCR replicates per sample were pooled,
and a second PCR was used to add Illumina adapters and sample-specific barcodes. Amplified
products were quantified and pooled in equimolar concentration before sequencing on an
Illumina MiSeq platform using a 300-cycle v2 cartridge. A negative control was included

throughout and sequenced in parallel.



For papers III and IV, sedimentary DNA was extracted from three replicates per sample using
the DNeasy® PowerLyzer PowerSoil Kit (Qiagen) at the ID-Gene Ecodiagnostics Lab in
Geneva. In paper III, only surface (0-3 cm) sediments were analysed, whereas in paper IV,
down-core samples from sediment cores at two selected stations were collected and processed
to examine historical changes in species composition by morphospecies and sedaDNA. In both
studies, the same primer pair (s14F1 and s15) was used with an eight-nucleotide tag added to
the 5 end for multiplexing. PCR amplification was carried out using FastStart™ Taq
polymerase, and three PCR replicates per extraction were pooled. Libraries were constructed
using the TruSeq DNA PCR-Free Library Prep Kit, and sequencing was conducted on the
Illumina MiSeq platform using 300-cycle chemistry. Negative controls were included for every

11 extractions and throughout PCR processing.

3.4 Bioinformatics

Bioinformatic processing was conducted using the DADA?2 pipeline (Callahan et al., 2016) in
all three papers (papers II-IV), with specific steps adapted to each study. The general workflow
involved quality filtering, error modelling, sequence merging, and chimera removal to generate
Amplicon Sequence Variants (ASVs) or Operational Taxonomic Units (OTUs), depending on
the pipeline used.

In paper II, raw reads were demultiplexed using Cutadapt (Martin, 2011) to remove primers
and low-quality reads. After DADA2-based ASV inference, taxonomic assignment was carried
out using the PR2 database (v.4.14; Guillou et al., 2013). Non-foraminiferal ASVs, those with
fewer than 10 reads, and potential contaminants identified in the negative controls were
removed. Rare ASVs were filtered out, and the most abundant ASVs (>50 reads) or those
assigned to species level were manually checked using BLAST against GenBank. Sequences
affiliated with the same taxon were merged into Operational Taxonomic Units (OTUs), and a

final curated table was produced for downstream analyses.

In contrast, papers III and IV applied a stricter post-processing pipeline to address sequencing
artefacts and improve taxonomic resolution. After DADA?2 inference, sequences were clustered
into OTUs at 97% similarity using VSEARCH (Rognes et al., 2016). To further curate the data,
the LULU algorithm (Freslev et al., 2017) was applied to remove artefactual duplicates and

account for intra-individual variability. Sequences were then manually screened to ensure that



only fragments terminating at the end of the conservative 37f region were retained (as
recommended in Barrenechea Angeles et al., 2024). Taxonomic assignment was carried out
using BLAST and VSEARCH at 97% similarity against the NCBI database, with genetic
signatures applied to categorise sequences into globothalamea and monothalamea when full

species-level identification was not possible.

This two-step taxonomic assignment process of automated matching followed by manual
verification, was used to increase the accuracy of classification, given the short fragment
lengths inherent to metabarcoding and the limited reference database coverage for Scandinavian

benthic foraminifera.

Whether metabarcoding reads can be treated as a quantitative proxy for abundance remains
uncertain. In paper IV, this was explored by comparing the down-core distribution of read
counts, regarded as semi-quantitative (Di Muri et al., 2020), with the established quantitative

measure of morphological counts expressed as individuals per gram.



4. Key results and discussion
4 1 Literature review on foraminiferal indices in EcoQS assessment

A key aspect of paper I was to assess the development and utility of foraminiferal ecological
indices, using both morphospecies and genetic data, via a comprehensive review of the current
literature on these topics. In the review we firstly discussed the development and
implementation of various foraminifera-based indices to track and mitigate human
environmental impact. We focused on transitional waters, which experience disproportionate

levels of human impact and are difficult to assess with standard EcoQS methods.

We presented case studies to exemplify key issues and discussed potential solutions for those.
Such key issues include, for example, the disparate performance of multiple indices applied to
the same site and a proper assignment of EcoQS class boundaries (threshold values) for each
index. As some indices are more suited to a particular system, for example Foram-AMBI (Alve
et al., 2016) correlates most closely with TOC, a site characteristics catalogue could enable the
identification of the most appropriate index to apply, and even the integration of multiple
indices resulting in more representative EcoQS assessment in heterogenous transitional

environments.

In addition, the difficulty in assigning threshold values to systems without analogous
unimpacted reference sites (a common issue among many transitional waters) can be overcome
by recording EcoQS as an ecological quality ratio (EQR). Lastly, we evaluated the current status
and future potential of an emerging field, genetic biomonitoring, focusing on how these new
techniques can be used to increase the accuracy of EcoQS assessment in transitional systems

by supplementing more established morphology-based methods.

After reviewing the various foraminiferal indices, it was clear that a variety of indices should
be tested and compared, similar to a multimeric approach. Key features of the site such as high
terrestrial input, complex bottom topography characterised by a series sills and basins and the
prior knowledge of periodic hypoxia occurrence and heavy metal pollution; and data format i.e.
morphological count data, genetic sequence as ASV and hydrogeochemical data were taken

into account when selecting the applicable indices.



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

Environmental Gradients Across Fjords

The three fjords in paper II provided a natural laboratory to test how each foraminiferal
community analysis method responds to clear environmental gradients, particularly bottom
water oxygenation. By Fjord, Gullmar Fjord and Hake Fjord represent a natural range in bottom
water oxygenation, ranging from persistently anoxic to seasonally hypoxic and to permanently
oxic conditions, respectively. Byfjord was characterised by lower salinity, higher sedimentary
organic matter content, elevated pore water ammonium (NH4"), phosphate (PO+*"), dissolved
inorganic carbon (DIC), and silica (SiOz), alongside with consistently low oxygen levels
indicative of persistent anoxic conditions. Seasonally hypoxic Gullmar Fjord generally had the
lowest nutrient concentrations, with permanently oxic Hake Fjord having only slightly higher

nutrients, indicating relatively favourable environmental conditions at both.
Community Composition: Molecular vs Morphological Insights

Metabarcoding produced 364 operational taxonomic units (OTUs) across nine sites, dominated
by monothalamids (68.3% reads) followed by globothalamea (21.2%), undetermined
foraminifera (10.4%), and tubothalamea (0.1%). The morphological approach identified 5630
individuals across the same stations, with a clear dominance of globothalamea (90.1%) and
lower proportions of Monothalamids (7.8%). Euler diagrams indicated high replicability for
both methods, but genetic data showed greater variability between replicates in Gullmar and
Hake fjords, possibly reflecting sediment heterogeneity and patchiness in eDNA preservation

due to higher bottom water oxygen concentrations (Fig. 4).
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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.

The discrepancy in monothalamid detection highlights methodological limitations of
morphology-based techniques, which tend to miss and underestimate abundance of soft-shelled
taxa, which can be useful indicators of benthic eutrophication in biomonitoring studies

(Sabbatini et al., 2013). The molecular approach therefore complements morphological data,

providing a more holistic picture of benthic community composition.

Diversity Indices Across Fjords

Both molecular and morphological methods revealed consistent spatial trends in diversity: with
highest diversity in Gullmar Fjord, intermediate in Hake Fjord, and lowest in Byfjord (Fig. 5).
The genetic approach consistently detected higher absolute diversity indices (richness,
Shannon, expH'bc) than morphological approach, reflecting greater sensitivity of eDNA to

cryptic taxa and better preservation of DNA under anoxic conditions. However, Simpson's



index showed an opposite trend for morphological data, likely due to its sensitivity to

dominance by fewer taxa.
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Figure 5. Genetic (top) and morphological (bottom) foraminiferal diversity along the studied fjords
based on indices such as Species Richness, Shannon, Simpson and expH’bc (Bouchet et al., 2012).

The congruent diversity patterns observed across methods show that metabarcoding is a
promising ecological indicator, that could be particularly valuable for assessment in low oxygen

conditions.

Species Distribution and Ecology

Byfjord's assemblage was dominated genetically by monothalamids (ICEMON 4, ICEMON 7)
and morphologically by stress-tolerant taxa Ammonia and Elphidium (Alve et al., 2009).
Although the genetic assemblage was more considerably more diverse, signals from putatively
invasive species like Trochammina hadai and Ammonia confertitesta still pointed to
unfavourable environmental, as these taxa thrive in low-oxygen sediments (Bouchet et al.,

2023).



Along with the highest proportion of genetic globothalamea, Gullmar Fjord hosted the most
diverse communities, dominated by species adapted to seasonal hypoxia like Stainforthia
fusiformis and Bulimina marginata (Alve, 1995; Jorissen et al., 2018). Morphological data
confirmed this, demonstrating high consistency between methodologies and validating the

ecological interpretation of seasonal hypoxia influence on foraminiferal assemblages.

The putatively invasive Nonionella sp. T1 was highly dominant in both datasets from Hake
Fjord, reflecting its ability to outcompete native species, particularly in well-oxygenated
environments, potentially aided by its metabolic versatility (denitrification: Choquel et al.,
2021). However, dPCR detected far higher quantities at Gullmar Fjord, which better reflected
the morphological counts, indicating PCR primer bias, sequence mismatches or competition

with other dominant taxa (Guardiola et al., 2015).

Environmental Controls and Species Associations

I used a correlation analysis to assess how the most abundant 35 species across each dataset
related to environmental conditions. The molecular assemblage responded bi-directionally,
meaning that species exhibited both positive and negative associations, whereas for
morphology the correlations where mainly negative aside from for oxygen, salinity and
zeaxanthin. This divergence likely stems from differences in taxa detection biases. This kind of
analysis could be used to resolve the ecological preferences of under-studied monothalamids,

and as-yet-unnamed environmental clades (labelled as ENVXXX).

Methodological Limitations and Implications for EcoQS

Although genetic analyses captured a broader range of taxa, particularly monothalamids, the
eDNA method showed biases such as primer specificity issues and uneven DNA preservation
particularly at well-oxygenated sites, which resulted in inconsistent detection of dominant
species like Nonionella sp. T1. The morphological approach however reliably identified well-
established indicator species but underestimated overall diversity by excluding soft-bodied
taxa. In paper II we concluded that combining both approaches (eDNA and morphospecies) in
foraminifera provides a more accurate assessment of environmental quality status (EcoQS) than

either of approaches can achieve alone.



4.3 Spatial reference conditions: Contemporary EcoQS assessment with Benthic
foraminifera

In the paper III I narrowed the focus to a single fjord: Idefjord, on the Swedish-Norwegian
boarder. This fjord was selected due to its well-known pollution history, the primary source of
which is Norske Skog Saugbrugs paper and pulp mill. Surface sediments provided a snapshot
of the benthic foraminiferal communities present at the time of sampling. Five stations within
the fjord were sampled (IF20-12, IF20-10, [F20-18, IF20-04, I[F20-01 in order from mouth to
head), as well as one reference station in the open marine zone (SF20-REF). Here I will put
detail into the site characterisation and pollution history, as Idefjord was used for both

contemporary EcoQS assessment and the determination of ‘pristine’ reference conditions.

Study Area and Pollution History

The Idefjord system, extends 25 km inland from the Skagerrak coast and has a series of shallow
sills at 9 to 23 m water depth. The sills restrict fjord circulation and bottom water oxygen
renewal, particularly into the inner basin which holds around 75% of the fjord’s total volume,
creating a depositional basin. The fjord experiences typical estuarine circulation with a thin
outflow of a freshwater layer overlying a more saline coastal water imported from the adjacent
Skagerrak). Two rivers, the Enningdal River at the fjord head and the Tista River, which joins
the fjord at the bend where Norske Skog Saugbrugs paper and pulp mill is located, both account
for over two-thirds of the annual freshwater discharge (Berge et al., 1997). Oxygen renewals of
the fjord bottom water are largely modulated by the North Atlantic Oscillation (NAO). Only
during negative NAO can dense coastal water overtop the sills and replenish the bottom water
oxygen, which occurs one to three times per year. Due to the presence of multiple sills and a

more land-locked position oxygen renewals are much less frequent in the inner fjord.
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Figure 6. Timeline for the Idefjord pollution history caused by the paper mill at Halden (courtesy of

Polovodva Asteman).

The Idefjord is considered one of the most polluted fjords in Scandinavia (Hanslik, 2001;
Polovodova Asteman et al., 2015). Its degradation stems primarily from industrial and urban
discharge via the Tista River, including untreated sewage from Halden and decades of effluent
from a paper and pulp mill located upstream. These discharges included oxygen-consuming
organic matter (wood fibres, pulp), bleaching chemicals, and sulphates (Fig. 6). The fjord’s
restricted circulation, combined with sediment trapping in the deep basins, led to long-term

accumulation of organic pollutants and trace elements (TEs).

Abiotic Conditions and Assemblage Structure Along the Pollution Gradient

Hydrographic data and sediment geochemistry showed that there was a clear environmental
gradient along the studied Idefjord transect, from relatively oxygenated outer fjord conditions
to anoxic inner basins. The highest levels of TOC, TE’s and pollution indices were found at the
sites closest to the Tista River and main pollution source. This spatial variability in abiotic
parameters corresponded closely to shifts in benthic foraminiferal diversity, exemplified here

by the exp(H’bc) and was successfully captured by both morphological and genetic techniques
(Fig. 7).
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Figure 7. (a) Environmental variables shown at each station along the transect in the Idefjord. Axis
denotes log transformed TOC (%), Oxygen (ml/L), OSI, and PLIL (b) Log transformed metal
concentrations along the transect. (c) Exp(H'bc) of morphological diversity indices, (d) Exp(H'bc) of
Genetic diversity indices.

The reference station (REF) located outside the fjord displayed the highest morphospecies
density (859.8 ind. 10 ml™?) and diversity, dominated by Skagerrak and Kattegat endemic
species such as Uvigerina sp., Bulimina marginata, Brizalina skagerrakensis, and several
Nonionella taxa. These species are typically associated with well-oxygenated, fine-grained
muddy, soft bottoms (Alve, 1995; Gustafsson & Nordberg, 2000). Notably, 28% of the
assemblage at REF station consisted of rare species (< 3%), suggesting environmental stability

and minimal stress.

Progressing inside the fjord, the morphological assemblage showed a decline in both abundance
and diversity, as well as a transition towards opportunistic taxa. Stations [F20-10, IF20-12, and
[F20-18 were increasingly dominated by pollution- and hypoxia-tolerant species such as
Stainforthia fusiformis, Spiroplectammina biformis, and Textularia earlandi (Alve et al., 2016;

Bouchet et al., 2012).

At the stations in the inner basin (IF20-01 and IF20-04), diversity collapsed, with assemblages

made up of mainly Stainforthia fusiformis. However, even the presence of this opportunist



suggests a partial ecological recovery, or recolonisation since the sediments found at these

stations two decades prior to our study were barren (Polovodova Asteman et al., 2015).

The molecular data similarly captured a community transition along the transect. Reference
station REF was dominated by globothalamea OTUs, with near-equal proportions of
monothalamea (33%) and globothalamea (38%), alongside 16% unassigned taxa. At IF20-10
and IF20-18, monothalamea replaced globothalamea as the dominant group, comprising more
than two-thirds of the assemblage. Analogous to the low diversity in the morphological dataset,

1F20-01 exhibited almost complete dominance by a single monothalamea clade.

The taxonomic resolution of the molecular dataset was generally lower than that of the
morphological dataset, with many OTUs unassigned beyond the class level. Nevertheless,
consistent patterns in higher taxonomic composition were observed: once again at more
degraded and anoxic stations the proportion of monothalamea was higher, building the case for
the indicative value of particularly stress tolerant monothalamea taxa .e.g. Lacogromia casspira
and more broadly monothalamea vs globothalamea ratio (Sabbatini et al., 2013; Pawlowski et

al., 2014; Cavaliere et al., 2021; Al-Enezi et al., 2022).

EcoQS Agreement

A key aspect of paper III was EcoQS agreement between the two applied methodologies. I
focused here on Exp(H’bc) index, a bias-corrected measure of true diversity, that accounts for
rare taxa and sampling effort. The highest diversity was observed at the reference station, so

these diversity values were used as ‘pristine reference-conditions’ for the calculation of EQR
(Fig. 1).

Table 1. EcoQS calculated using the EQR and Exp(H'bc) index values for each replicate from the morphological

and genetic data sets, followed by their congruency scores and disagreement/agreement diagnosis.
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Exp(H’bc)-derived EQR values generally showed good agreement between datasets (Table 1).
Morphological data classified two stations (REF and IF20-10) as having ‘acceptable’ EcoQS
(high or good), while the genetic data returned similar classifications for REF and IF20-12.
IF20-12 exposed limitations of the morphological technique, this station is located on a fjord
sill, supported by the presence of genetically detected Cibicidoides lobatulus, a species known
to live attached on fjord sills (Hald & Korsun, 1997). Here the grain size was larger due to the
higher energy environment, making it an inhospitable environment for larger testate
foraminifera, so despite the low pollution concentration the morphological diversity remained
low. This may not be an accurate assessment of the full assemblage, as evidenced by the high

genetic diversity, which was able to capture both transported eDNA and residual signal.

In this analysis I tested two arbitrary filtering methods, as consensus on filtering strategy has
not yet been reached regarding biomonitoring with eDNA. Agreement improved slightly when
using filtered genetic data (>100 reads) compared to unfiltered, with 15 of 18 assessments
matching those from the morphological dataset (Sign test: p = 0.008). This exemplified the

value of read-abundance thresholds to reduce noise from rare taxa.

To sum up, both morphological and genetic approaches converged on the same ecological
trajectory across the Idefjord. The high diversity at the reference site allowed the calculation of
EQR, although the drastically different geomorphology and water depth (> 70 m) made it
unsuitable for use as a reference site for the much shallower inner fjord basins, which
experience severely restricted inflows and therefor seasonal anoxia. Again, the two
methodologies worked well together, by elucidating a more complete snapshot of foraminiferal

diversity including often underrepresented soft-shelled taxa.

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

In paper IV I focused on obtaining in situ, pre-impact reference conditions from two stations at
Idefjord (IF20-10 and IF20-04). These two cores were selected for temporal investigation due
to their positions on either side of the pollution source at the city of Halden capturing contrasting
pollutant deposition and redox regimes. Station IF20-10 was located closer to the fjord mouth
in the outer fjord, and therefore was more influenced by the coastal waters, whereas 1F20-04

was in the inner fjord with severely restricted bottom water inflows replenishing oxygen.



Additionally, both are basin sites, controlling for large differences in energy regime, grain size

and sediment accumulation.

The main objective was to recover ecological quality baselines preceding industrial disturbance
in the fjord and to examine how foraminiferal diversity, reported by morphological and
molecular analyses, responded to changing pollution regimes through time. By recovering
sediments deposited before the industrial revolution (1800s) and great acceleration (mid 1900s)
I aimed to be able to distinguish anthropogenic impact from background variability to address

the estuarine quality paradox.

Pollution as a Stratigraphic Tool

This study required an age model, to contextualise changes in the foraminiferal assemblage
over time. Historical events, such as the introduction of industrial effluent discharges, were
identified from the literature and used as tie points to establish chronologies for the four
sediment cores used in the analysis (IF20-04E/G and IF20-10C/F). Peaks and declines in TEs
concentrations (Cd, Cu, Pb, Zn, Hg) and TOC served as stratigraphic markers. For a detailed

explanation, please refer to paper I'V and the supplementary materials therein.

Environmental Conditions and Pollution Phases

Sediment geochemistry revealed four temporal phases of anthropogenic impact. Total TOC and
TN concentrations increased at both stations from the ~1940s, peaking in the ~1970s,
coinciding with the height of industrial activity at the Norske Skog Saugbrugs paper and pulp
mill. While TOC decreased steadily toward the core top, TN remained relatively elevated into
the 2000s, particularly at station 10, where surface concentrations of both TOC and TN were

higher than at the basal core intervals (Fig. 8).

Trace elements (TEs) were grouped into two functional categories: Group 1 elements (Cd, Cu,
Pb, Zn, Hg) are associated with industrial sources and showed distinct mid-core peaks (~1950—
1980), consistent with effluent discharge and bleaching practices typical of pulp and paper
production. In contrast, Group 2 elements (Co, Cr, Ni, V) showed elevated concentrations
deeper in the cores at both stations, suggesting their natural lithogenic inputs. These elements
declined sharply post ~2010, with some falling below baseline thresholds. Arsenic was the only
TE that was more pronounced at station 4, peaking between ~1960 and 1980 (Fig. 8).
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The post ~1980s reduction in all Group 1 TEs aligns with the implementation of stricter
environmental regulations and increased regulations regarding wastewater treatment under the
Clean Water Act (1970) (Fig. 8). Evidence of bioturbation at the sediment surface of Station
10, which was absent from Station 4, supports the idea that macrofaunal recolonisation has
facilitated redox cycling and contaminant immobilisation. Meanwhile, the black, sulphurous,
and laminated sediments at Station 4 suggest persistently reduced conditions with minimal

benthic disturbance, even in the most recent deposits sampled in 2020.

Environmental Profifes by Age
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Figure 8. Downcore sediment profiles of TOC , TN, C/N ratio and TE’s, the dashed lines indicate the threshold
of EcoQS class: green line denotes the lower limit of class 2 (“good”), yellow the lower limit of class 3

(“moderate”), orange the lower limit of class 4 (“poor”) and red the lower limit of class 5 (“bad”).

Assemblage Shifts and Diversity Trends

Down-core records from both station 4 and station 10 revealed distinct community transitions
between four ecological phases: the first is a pre-industrial baseline preceding the increase in
pollution levels, which was more evident in the longer of the two cores (station 4). This was
followed by the first community transition as pollution levels increased, characterised by a
proliferation of opportunistic species. A collapse of the community occurred around the peak
of industrial pollution in the ~1970s and then ensued a recolonisation as the TE levels return to

baseline values.
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Figure. 9. Diversity indices from the left: Richness (ASVs and species), Simpson, Shannon, ExpH’bc, as well as
total reads and individuals per gram, against estimated year. Genetic data is shown in green and morphological in
orange.

Phase I: Pre-pollution Baseline

At Station 4, the oldest sediments, dated to the ~ late 1700s to 1900, capture the natural benthic
community preceding significant industrial influence in the fjord. Here the morphological
record is dominated by Bulimina marginata, accounting for 62-80% of individuals,
accompanied by taxa such as Cassidulina laevigata, Stainforthia fusiformis, and low
abundances of Adercotryma glomerata. A similar pattern is evident at Station 10, with B.
marginata dominant until the 1920s, joined by Cassidulina sp. and Liebusella goesi, which
disappear from the upper intervals. These assemblages are broadly consistent with pre-
industrial foraminiferal communities in fjords and reflect stable, oxygenated conditions

(Polovodova Asteman et al., 2015; Dolven and Alve, 2021).



This phase was corroborated in the molecular dataset. At Station 4, basal intervals were
characterised by high relative abundance of Limaxia alba and large agglutinated taxa such as
Reophax sp. and Cribrostomoides jeffreysii, alongside several unassigned monothalamids.
Station 10 showed a similar signature, but due to shorter core length, a pre-pollution assemblage
was not as clear. The basal sample contained Reophax sp, as the only dominant globothalamea,
the following samples were in rich in monothalamea Toxisarcon synsuicidica,
Shepheardellidae sp., and Flexammina sp. Unassigned sequences made up a large proportion
of the deepest samples at both stations, possibly indicating diagenetic degradation of sedaDNA
(Corinaldesi et al., 2011; Lejzerowicz et al., 2013).

Geochemical data supported this phase as a reference baseline, marked by low levels of Group
1 trace elements (Cd, Cu, Hg, Pb, Zn), minimal TOC/TN, and higher concentrations of
lithogenic metals (Co, Cr, Ni, V), supporting their interpretation as natural background
conditions (Scholz & Neumann, 2007; Kersten & Forstner, 1986). Diversity indices were
relatively low across both datasets during this period (Fig. 9), this likely reflects the naturally
stressed conditions of silled fjords with restricted circulation, rather than anthropogenic
degradation, consistent with the estuarine quality paradox (Elliott and Quintino, 2007; Dauvin,

2007).

Phase II: Onset of Pollution (~1900 at Station 4; ~1930 at Station 10)

The first major community shift occurred well before the peak of industrial discharge. This
change is marked by a replacement of Bulimina marginata with Adercotryma glomerata, which
abruptly became dominant at both stations (43—75.9% at Station 4; up to 50.8% at Station 10).
This occurred ahead of visible TE peaks, suggesting early anthropogenic impact compounding
naturally stressed conditions consistent with the ACZ (Bianchi et al., 2020), potentially from

catchment-wide land-use changes (Dolven and Alve, 2021).

Genetically, this transition is mirrored by declining representation of large testate taxa and a
rise in unassigned monothalamids and simpler forms such as Lacogromia cassipara. At Station
10, Cibicidoides lobatulus and Reophax sp. decline post ~1930, while Monothalamea T2 and
Vellaria sp. become prominent by the ~1950s.



These faunal shifts align with increasing TOC and TN concentrations, which began rising at
both stations around the mid-20th century (Fig. 8), prior to the main effluent release period.
While A. glomerata has previously been classified as sensitive to organic enrichment (Alve et
al., 2016), our results suggest a more complex response, with this species increasing in
abundance up to the TOC peak before disappearing altogether, showing regional disparity and

a threshold-type response to sustained environmental pressure.

Phase I1I: Community Collapse (~ 1970s)

The build-up of pollution culminated in benthic community collapse around 1970s at both
stations. Geochemically, this period includes the sharp rise in redox-sensitive metals (Cd, Pb,
Hg) and organic matter, with TOC and TN peaking around the late 1970s (Fig. 4; Berge, 1994).
Sediments deposited during this time were laminated (paper IV, Supplementary Fig. S1),

reflecting absent bioturbation and persistent anoxia at Station 4.

At Station 4, a near-absence of identifiable species is recorded in the ~1975 interval, with the
assemblage reduced to malformed calcareous tests (‘calcarcous varia’) and only a few
individuals per sample. At Station 10, there was a similar decline in diversity and a drop in
absolute foraminifera abundance. Species 4. glomerata disappeared and was replaced by
opportunistic species such as Eggerelloides scaber and Spiroplectammina biformis, taxa known

to tolerate fluctuating or low oxygen conditions (Alve, 1995; Polovodova Asteman et al., 2015).

The genetic signal mirrors this breakdown. At both sites, monothalamids dominate during the
collapse phase, while overall richness declines sharply. Station 4 intervals between 1970s
~1990s were almost exclusively composed of Lacogromia cassipara and Nujappikia idalliae,
with earlier testate taxa such as Reophax and Cassidulina absent. At Station 10, the ~1973
sample was similarly low in diversity, with the highest proportion of unassigned sequences and
Spiroplectammina biformis (aside from the deepest interval). The predominance of
monothalamids, suggests they may be reliable indicators of unstable or degraded environments
in sedimentary DNA archives (Sabbatini et al., 2013; Pawlowski et al., 2014). High replicate
variability in the genetic dataset around this time (standard deviation) suggested patchy DNA

degradation related to contamination events (Turba et al., 2023; Schnell et al., 2015).

Phase IV: Recolonisation (~1980s — present)



The final phase was evidenced by an increase in diversity and pre-pollution taxa at both stations,
albeit occurring earlier and being more pronounced at Station 10. Here, the morphological
record shows a resurgence of B. marginata and persistent presence of S. biformis and E. scaber
from the ~1980s onwards, all species common in post-disturbance assemblages in fjords (Alve
& Goldstein, 2003; Polovodova Asteman et al., 2015). Stainforthia fusiformis dominated the
previously barren surface sediments at station 4 (Polovodova Asteman et al., 2015), suggesting
ongoing recolonisation even in periodically anoxic, organic-rich sediments where dense saline

water masses are retained in the basin (Alve, 1991).

Molecular data supported this recovery trajectory, particularly at Station 10, where ~1980s
intervals show a clear increase in Globothalamea, with Cibicidoides lobatulus, Reophax
helenae returning, as well as a consistent species composition to the core top. At both stations
overall diversity increased by all metrics, although for Station 4 this was only evident in the
surface samples (Fig. 9). These changes coincide with reduction in TE and TOC levels
following regulatory reforms in the 1980s, including stricter effluent controls under the Clean
Water Act (Berge, 1994).

Yet, as of the moment of sampling in November 2020, the recovery at Station 4 remained
incomplete. Sediments were black, sulphurous, and disaggregated, and CTD data confirm
persistently low oxygen conditions below 20 m. In contrast, Station 10 experiences seasonal
but less severe hypoxia due to more frequent water mass renewal (Berge, 1994; Stigebrandt,
pers. comm.). This hydrographic contrast explains the delayed and fragmented recolonisation

at Station 4.

Final Considerations for EcoQS Monitoring

Paper IV showed the strengths of multi-method community assessment, with each sampling
strategy able to successfully characterise different components of foraminiferal community.
Both morphological and genetic datasets captured the same four-phase trajectory of community
change: Morphological data preserved clear, taxonomically resolved transitions of species with
known ecological affinities, while the genetic dataset expanded detection to include soft-bodied

and cryptic taxa, particularly during disturbance phases.



In this study ecological quality paradox was apparent. Low diversity in the oldest core intervals,
despite low trace metal concentrations, made the challenge of defining reference conditions in
naturally stressed fjord environments clear. These low-oxygen, organic-rich settings are
inherently depauperate and should not be misclassified as anthropogenically degraded,
reinforcing the importance of palacoecological reconstructions in contextualising diversity
baselines. Future studies should aim to address this by defining specific threshold values for
naturally stressed environments, determined from sediments deposited before the onset of

regional anthropogenic modification.



5. Conclusions and future perspectives

This thesis demonstrates that benthic foraminifera, assessed through both morphological and
genetic approaches, are useful indicators of environmental quality in transitional waters. By
integrating palaeoecological reconstruction with sedaDNA analysis, I show that sedimentary
records in fjords can be used not only to evaluate current ecosystem status but also to understand

baseline conditions in systems where natural stress and anthropogenic pressure co-occur.

Throughout the four studies, I found that metabarcoding and morphospecies analysis provide
complementary insights: genetic data capture a broader range of diversity, particularly soft-
shelled and cryptic taxa, while morphological data preserve taxonomic resolution and
ecological interpretability. This combined strategy proved essential in identifying key phases
of environmental degradation and recovery, and in addressing challenges such as the estuarine

quality paradox.

Paper I contextualised my understanding of the field and helped me to identify knowledge gaps
around the application of novel genetic biomonitoring strategies. Paper II established the
reliability of metabarcoding for characterising benthic foraminiferal communities across
oxygen gradients in fjords, while Paper III showed how both morphological and molecular data
could track recovery trajectories in a heavily polluted system and be used to establish spatial
reference conditions chosen nearby the impacted site. Paper IV extended this approach into the
past, searching for in-situ reference conditions and reconstructing ecological shifts from the
pre-industrial baseline to the present. Together, these studies reinforce the potential for
foraminiferal eDNA to complement traditional biomonitoring tools, particularly in systems

where conventional macrofaunal indices are limited.

Looking ahead, the increasing accessibility of sedimentary eDNA opens opportunities for
routine application in long-term monitoring. However, further work is needed to refine the
methodology, particularly in terms of building up regional reference databases by adding
barcodes of missing species, defining sequence filtering thresholds, and developing techniques
for the quantification of DNA signal. Developing standardised protocols for calculating EQR
values from molecular diversity metrics could also allow for direct integration into regulatory

frameworks like the WFD.



Lastly, future research should focus on calibrating EcoQS threshold values for diversity in
naturally stressed systems using pre-impact sediment records. This is essential to avoid
misclassification of naturally depauperate environments and for setting realistic restoration
goals under changing climate and land-use conditions. Functional trait assignments and
ecological preference models for otherwise understudied monothalamids and other under-

studied foraminifera groups could also enhance interpretation of genetic data.
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