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THESIS ABSTRACT
Eutrophication of coastal marine environments is described as an increasing rate of
supply of organic matter to the bottom ecosystem. In the coastal area of Pisco-
Paracas, Peru, a process of eutrophication induced by organic pollution from the
fishmeal industry developed between 1964 and 2004, the effects of which on

communities of benthic organisms have not been studied.

Currently, Paracas Bay is a shallow marine environment (<15 m deep) in which
there are natural conditions of bottom hypoxia, of a poorly described regime, which

is habitat for a benthic fauna that is low diverse but tolerant to such conditions.

Among benthic organisms, foraminifera (testate protists) represent one of the main
dominant groups in oxygen-deficient environments such as the Peruvian coast. Due
to their diversity and adaptations to specific environmental conditions, benthic
foraminifera are suitable to be used as indicators of the ecological quality of coastal
ecosystems. Furthermore, the tests of foraminifera are potentially preserved in the
sedimentary record, allowing us to reconstruct the ecological quality of an

environment in the past.

The main objective of this study was to evaluate the ecological quality of Paracas
Bay associated with the eutrophication process induced by the fishmeal industry,
by integrating environmental, ecological, and paleo-ecological approach based on
benthic foraminifera. For this, specific objectives were addressed in the chapters of
this document, such as: the determination of the main factors that control the bottom
oxygen regime on time scales using environmental monitoring data (Chapter 2), the

characterization of the assemblages of benthic foraminifera, their spatiotemporal



variability and associated abiotic factors (Chapters 3 and 4); and finally, historical
changes in the organic enrichment of the sediments and the preserved assemblages
of benthic foraminifera were evaluated, along with their relationships with the
geochemical variability of the sediments in the last 100 years, through the analysis

of a sedimentary record from the Paracas Bay (Chapter 5).

Between 1964 and 2004, industrial organic pollution in the Pisco-Paracas coastal
area induced eutrophic conditions in the environments at the bottom of Paracas Bay,
which did not affect, however, the structure of the benthic foraminiferal assemblage
of the bay, given that the same dominant species (adapted to tolerate anoxic and
sulfurous conditions) characterized the assemblages before, during and after the
period of greatest industrial influence. This led to the conclusion that the ecological

quality of Paracas Bay was not degraded in that period.

However, the sediments of Paracas Bay accumulated more and more organic matter
derived from phytoplankton that along with changes associated with other natural
or anthropogenic processes, would have caused a recent change in the dominant
foraminiferal species (from Bolivina costata to Buliminella elegantissima)

reflecting the current severe eutrophic conditions.

Keywords: organic pollution, coastal eutrophication, foraminifera indicators,

ecological quality.



RESUMEN DE TESIS

La eutrofizacién de ambientes marinos costeros es descrita como una tasa creciente
de suministro de materia orgénica al ecosistema de fondo. En la zona costera de
Pisco-Paracas, Perd, se desarrollé un proceso de eutrofizacion inducida por la
contaminacion orgéanica de la industria de harina de pescado, entre 1964 y 2004,
cuyos efectos sobre las comunidades de organismos bentonicos no han sido

estudiados.

Actualmente, la Bahia de Paracas es un ambiente marino somero (<15 m de
profundidad) en el que existen condiciones naturales de hipoxia de fondo, de
régimen poco descrito, que alberga una fauna bentdnica poco diversa y tolerante a

tales condiciones.

Entre los organismos benténicos, los foraminiferos (protistas testados) representan
uno de los principales grupos dominantes en ambientes deficientes de oxigeno
como la costa peruana. Debido a su diversidad y adaptaciones a condiciones
ambientales especificas, los foraminiferos bentonicos son aptos para ser utilizados
como indicadores de la calidad ecoldgica de los ecosistemas costeros. Ademas, las
testas de los foraminiferos potencialmente se preservan en el registro sedimentario,

permitiendo reconstruir la calidad ecoldgica de un ambiente en el pasado.

El objetivo principal de este estudio fue evaluar la calidad ecoldgica de la Bahia de
Paracas asociado al proceso de eutrofizacion inducida por la industria harinera,
mediante la integracion del estudio ambiental y un enfoque ecoldgico-
paleoecoldgico basado en foraminiferos bentonicos. Para esto, se abordaron

objetivos especificos en los capitulos del presente documento, como: la



determinacion de los principales factores que controlan el régimen de oxigeno de
fondo en escalas de tiempo usando datos de monitoreo ambiental (Capitulo 2), la
caracterizacion de los ensambles de foraminiferos bentonicos, su variabilidad
espaciotemporal y los factores abioticos asociados (Capitulos 3 y 4); y finalmente
se evaluaron los cambios histdricos del enriquecimiento orgénico de los sedimentos
y de los ensambles preservados de foraminiferos bentonicos, y su relacion con la
variabilidad geoquimica de los sedimentos en los dltimos 100 afios, a través del

analisis de un registro sedimentario de la Bahia de Paracas. (Capitulo 5).

Entre los afios 1964 y 2004, la contaminacion organica industrial en la zona costera
de Pisco-Paracas indujo condiciones més eutréficas en los ambientes del fondo de
la Bahia de Paracas, que no afectd, sin embargo, a la estructura del ensamble de
foraminiferos benténicos de la bahia, dado que las mismas especies dominantes
(adaptadas para tolerar condiciones andxicas y sulfurosas) caracterizaron los
ensambles antes, durante y después del periodo de mayor influencia industrial. Esto
llevé a concluir que la calidad ecoldgica de la Bahia de Paracas no fue degradada

en ese periodo.

Sin embargo, los sedimentos de la Bahia de Paracas acumularon cada vez mas
materia organica derivada del fitoplancton que, junto con los cambios asociados a
otros procesos naturales o antropogénicos, habrian ocasionado un cambio reciente
de especie de foraminifero dominante (de Bolivina costata a Buliminella

elegantissima) que refleja las condiciones eutroficas severas de la actualidad.

Palabras clave: contaminacion organica, eutrofizacion costera, foraminiferos

indicadores, calidad ecoldgica.



l. CHAPTER 1: General introduction

1.1. Marine eutrophication

Marine eutrophication is the process of the nutritional enrichment of a marine
coastal environment by increasing the organic and inorganic nutrient resources,
specially forms of nitrogen (N) and phosphorus (P). The immediate effect of
eutrophication is the increased primary production which can lead to changes in the
ecosystem’s energy flow. In order to differentiate the phenomenon from its causes
(e.g., nutrient enrichment and increasing water resident time) and consequences
(e.g., hypoxia and defaunation), eutrophication has also been described as the

increasing rate of organic matter supply to the marine ecosystem (Nixon, 2009).

Most scientific studies have focused in the inorganic forms of N as nutrients, and
nitrates as the most limiting factor for marine autotrophic production of organic
matter (Jessen et al., 2015). The sources of N can be natural or anthropogenic. The
natural ones comprise atmospheric deposition, upwelling, river runoff, whereas the

main anthropogenic sources are sewage, fertilizers and industrial runoffs.

The eastern boundary ocean margins, such as the American Pacific coast, are
subjected to natural nutrient enrichment due to wind-driven coastal upwelling that
transports deeper nutrient-rich waters into the surface (Wilkerson and Dugdale,
2008). On the other hand, human activities like the large-scale use of synthetic N
fertilizers in agriculture, the rapid expansion of industrial fossil fuel combustion
and the coastal urbanization, produced an increasing terrigenous discharge and
atmospheric N emissions affecting marine areas until the present (Paerl and Piehler,

2008).



1.2. The Pisco-Paracas coastal area

The Pisco-Paracas coastal area (Figure 1a) is located in the Ica region (13.5-16°S),
which is subjected to the most intense (e.g., Goubanova et al., 2010) alongshore
winds off the Peruvian coast as a consequence of the influence of the South Pacific
Anticyclone. These winds are permanently favorable to coastal upwelling, giving
rise to the main upwelling center of the Peruvian coast that is active year-round but
stronger during austral winter and early spring, while less intense during austral

summer (Gutiérrez et al., 2011, 2016).

In this coastal area, the bottom topography is bordered by a steep depth gradient
between 50 and 25 m, becoming gradually shallower into the intermediate zone and
the Paracas Bay, whereas exhibiting an even more gentle slope in the northern zone,
off the Pisco River (Figure 1b). The bottom substrate is predominantly composed
of terrigenous muddy sediments with sandier and gravelly sediments restricted to

the shores (Velazco and Solis, 2000).

The Paracas Bay is a small (<100 km?) and shallow (<15 m depth) environment in
the southern part of the Pisco-Paracas coastal area, where occurrences of bottom
hypoxia and anoxia are predominantly observed during the austral summer months
(Cabello et al., 2002; Aguirre-Velarde et al., 2019). The mechanisms and controls
of hypoxia have been insufficiently investigated in this coastal area, however, the
potential contributing factors include the advection of oxygen-depleted upwelled
waters into the bay, in-situ oxygen depletion following thermohaline stratification,
and the decay of harmful algal blooms (Pitcher et al., 2021). Moreover, the

spatiotemporal patterns of hypoxic conditions in the bay and adjacent coastal areas,



as well as the extent of the relationship between hypoxia and physicochemical

factors at different time scales, remain unexplored.

1.3. Eutrophication in the Pisco-Paracas coastal area

The Pisco-Paracas coastal area has been exposed to a process of anthropogenic
eutrophication since the 1960s, due to the industrial effluents of fishmeal processing
plants, located in the industrial zone of Pisco adjacent to the Paracas Bay (Figure
1b), until 2004, when a new system of wastewater treatment and a pipeline that

transports waste out of this area, were stablished.

This anthropogenic eutrophication was associated with frequent mortality events of
the marine fauna (fish and benthic invertebrates) due to anoxic events mainly
observed during the 1990s and the early 2000s (Cabello et al., 2002; Jacinto, 2014)
in Pisco and the Paracas Bay. In addition, aquaculture of the Peruvian scallop
Argopecten purpuratus in the bay was affected due to high mortality and production

drops in those years, but also recently since 2012 (Cueto-Vega et al., 2021).

The influence of eutrophication on the bottom hypoxic conditions of this coastal
area was evidenced by time-series data that showed the lowest bottom oxygen
concentrations prior the deployment of wastewater pipeline, and an increase of
concentrations after that (Pitcher et al., 2021). However, signs of eutrophic
conditions are still observed in the water column such as a deficit of nitrates with

respect to phosphates, particularly in summer (N:P ratio << 16; Pitcher et al., 2021),



and in the bottom such as anoxic sediments with high content of particulate organic

matter (Solis et al., 2022).

1.4. Benthic Foraminifera and the Ecological Quality

Among benthic organisms, the foraminifera (shell-bearing protists) are trophic links
between phytodetritus and metazoans (Nomaki et al., 2008), and represent one of
the major dominant groups of the benthic biota from oxygen-deficient

environments such as the Peruvian upper continental margin (Levin et al., 2002).

The concept of Ecological Quality (EcoQ) encompasses both the environmental and
biological conditions of aquatic ecosystems that have been impacted by human
activities. The assessment of the EcoQ relies on bioindicators such as benthic
foraminifera, whose abundance and diversity make them a promising tool for this
purpose (Bouchet et al., 2012). Moreover, benthic foraminifera are particularly
advantageous because they have inorganic external structures (tests) that manage to
be preserved in the sedimentary record, allowing paleoecological reconstructions

(Alve et al., 2009; Dolven et al., 2013).
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Figure 1. The study area in the environmental context of the Pisco region. a)
Isobathic contours in meters (black lines) are superimposed on the summer
distribution of Sea Surface Temperature (SST) in °C (color shading), adapted from
Pitcher et al. (2021). Colder SST in blue represents the extension of the upwelling
center off Pisco. b) The Pisco-Paracas coastal area, with Paracas Bay in its

southernmost part, including the bathymetry (in color shading and dashed lines).

1.5. Research question and hypothesis

Considering that benthic foraminifera are bioindicators of the ecological quality of
marine environments, the question that motivated this study was: How did the
industrial organic pollution of the Pisco coast affect the assemblage of benthic

foraminifera in the hypoxia-stressed Paracas Bay?



In order to answer this question, the present study formulates the following

hypothesis:

The industrial organic pollution in the Pisco-Paracas coastal area affected the
structure of the benthic foraminiferal assemblage in the Paracas Bay, decreasing its
species diversity and generating a strong dominance of very few tolerant species,

which characterize the current living foraminiferal assemblage.

1.6. Objectives

General

Evaluate the ecological quality of the hypoxia-stressed Paracas Bay, associated to
a eutrophication process, through the integration of environmental, ecological and

paleo-ecological approaches, based on benthic foraminifera.
Specific

e Determine the main natural factors that control oxygen regime at different time
scales of the bottom water of the Pisco-Paracas coastal area using historical
environmental monitoring data (Chapter 2).

e Characterize the benthic foraminiferal assemblages, their spatial and temporal
variability, and the abiotic factors that control them in the Pisco-Paracas coastal
area, through field surveys and monitoring (Chapters 3 and 4).

e Analyze the historical changes of the preserved assemblages of benthic
foraminifera, and their relationship with the variability of sediment geochemistry
in the last hundred years, based on the analysis of a sedimentary record from the

Paracas Bay. (Chapter 5).



1. CHAPTER 2: Bottom-water hypoxia in the Paracas Bay (Peru,

13.8°S) in seasonal and synoptic time scale variability.

2.1. Introduction

In general, the formation and persistence of coastal hypoxia are related to physical
and biogeochemical processes that act as sources or sinks of oxygen. The
complexity of these processes and their interactions in the coastal zone make it
difficult to identify specific causes of hypoxia. However, in many coastal systems,
hypoxia develops seasonally during periods of strong stratification of the water
column, resulting from increased insolation and/or freshwater inputs (Fennel and
Testa, 2019), and it is becoming more frequent and persistent mainly due to the
increasing anthropogenic discharges of nutrients and organic matter in the ocean

(Diaz and Rosenberg, 2008; Breitburg et al., 2018).

Coastal hypoxia can also occur naturally in the Eastern Boundary Upwelling
Systems (EBUS; Helly and Levin, 2004). In these regions, the upwelling dynamics
may influence the development of hypoxia and anoxia even in small bays
(upwelling bays; Largier, 2020), through its control on the water column
stratification and mixing, the productivity and development of algal blooms, and

the nearshore advection of the low-oxygen upwelled waters (Pitcher et al., 2014).

The Paracas Bay is a small and shallow environment in the Peruvian coast in which
the events of bottom hypoxia and anoxia occur mainly during austral summer
months (Cabello et al., 2002; Aguirre-Velarde et al., 2019). The processes and
control mechanisms of hypoxia in this bay have been little explored, and it has been

suggested that potential factors could be the advection of oxygen-depleted upwelled



waters into the bay, the in-situ oxygen depletion following thermohaline
stratification, and/or the decay of harmful algal blooms (Pitcher et al., 2021).
However, neither the spatiotemporal patterns of hypoxic conditions in the bay and
adjacent coastal areas, nor the degree of relationship between hypoxia and
physicochemical factors at different time scales, have yet been assessed. In
particular, the relative role of the wind forcing variability of the outside upwelling
area, and the local area, were not yet compared despite the potential relevance of
the wind-driven advection of oxygen-depleted waters, since the upwelling water
source is associated with a shallow and intense oxygen minimum zone (OMZ) that

impinges the shelf (e.g., Fuenzalida et al., 2009).

Therefore, we aim to explore the development of hypoxic conditions in Paracas
Bay, through the following objectives: (1) to describe the temporal and spatial
variability of bottom-water hypoxia in the Pisco-Paracas coastal area; and (2) to
analyze the association between physical factors (water temperature, river flow, and
intensity of winds) and hypoxic conditions in the Paracas Bay across daily to

seasonal time-scales.

2.2. Methods

2.2.1. Study area

Since the Pisco-Paracas coastal area is located downstream an upwelling center
(Figure 2.1a), its oceanographic regime is influenced by the coastal upwelling
variability. During winter, when the alongshore winds and coastal upwelling are
prominent, the vertical mixing and intrusion of cold waters characterize the water

column of this coastal area; while during summer, when the alongshore winds and



coastal upwelling weaken, the surface temperature increases and water stratification
intensifies (Pitcher et al., 2021). In the latter conditions, the Sea Surface
Temperature (SST) typically exhibits a spatial distribution with colder waters off
the Paracas Peninsula, warmer waters in the northern coast of Pisco, and
intermediate values of SST in the Paracas Bay (Figure 2.1a). Furthermore, the
highly seasonal freshwater input from the Pisco River, which is discharged 15 km
north of the bay mouth, ranges 100 — 150 m3s* on average in summer months,
peaking occasionally more than 250 m3s™, while during the rest of the year it is less

than 25 m3s* (Cuellar-Martinez et al., 2021).

2.2.2. Monitoring design and data sources

The analyzed data come from three different datasets. The first one was obtained
by the IMARPE-Pisco Coastal Laboratory (‘IMARPE dataset’), containing records
of water temperature and dissolved oxygen concentration from the Pisco-Paracas
coastal area. These were determined during oceanographic surveys, with a
frequency of at least once per month, between 2005 and 2015, according to a
sampling stations grid (Figure 2.1). At each station surface and bottom (1 m above
seafloor) water samples were collected with Niskin bottles and temperature and
oxygen were determined with a mercury thermometer and by the modified Winkler
titration method (Strickland and Parsons, 1972), respectively. Moreover, the
salinity was measured in water samples since 2010 with a Portasal Salinometer
8410A. The inshore subtidal area was divided in three zones for spatial
comparisons, corresponding to groups of nearby monitoring stations with a similar
depth range (Table 2.1): the zone off the river mouth or “river mouth” zone (r1 and

r2), the bay zone (b1, b2 and b3) and the intermediate zone (i1, i2 and i3), all of



them with a depth range between 8 and 12 m. Additionally, a deep zone was defined

(d1, d2 and d3) with a depth range between 25 and 30 m.

The second dataset (‘daily dataset’) consists of daily records of water temperature
and dissolved oxygen in Paracas Bay (pl), surface wind speed at two specific sites
(V1 and V2) and Pisco River flows (Figure 2.1), during the 2006 to 2015 period.
The pl site is a nearshore environmental monitoring station of the PLUSPETROL
Company, in which surface and bottom (1m above seafloor) water temperature and
dissolved oxygen were measured with a portable multiparameter HACH Sension
156. Wind speed data from V1 come from the ASCAT satellite-borne scatterometer
at about 10 km off the coastline, and correspond to the intensity of an upwelling-
favorable wind (upwelling wind henceforth), since it is almost ever southeasterly
(parallel to the coast). Wind speed data from V2 come from the Meteorological
Aerodrome Reports (METAR) of the Pisco airport station. Since this station is
located less than 1 km from the seashore in a zone with no major orographic feature,
wind speed from V2 was considered as a proxy of the local wind intensity in the
bay. The river flows were measured at a hydrological station located 60km
upstream from the coast (source: National Water Authority, ANA), and were

considered as a proxy of the river discharge into the ocean, 15 km north of the bay.

The third set of high-frequency data (‘HF dataset’) contains hourly records of water
temperature and dissolved oxygen at a bay station (p2, Figure 2.1). The surface
water temperature was recorded by an autonomous data-logger (HOBO U22-001;
Onset Corp., Bourne, MA), while bottom water temperature and oxygen were
recorded by a MiniDOT data logger (PME Inc., Vista, CA) deployed near the

muddy bottom (20 cm above the sediments), between April 2015 and January 2016.
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Hourly records of the zonal and meridional components of the METAR local wind

speed (VV2), were also available for this period.
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Figure 2.1. Features of the study area. a) Isobathic contours (black lines) are
superimposed on the summer distribution (color shading) of SST, adapted from
Pitcher et al. (2021). The sites of recording satellite wind data (V1) over the
upwelling cell, and local wind data (\V2) at the Pisco airport, are shown with their
predominant directions in purple arrows. b) The Pisco-Paracas coastal area
including a bathymetry (color shading and dashed lines). IMARPE monitoring
stations are plotted as white dots and some were grouped in 4 sub-areas: the deep
zone (d1, d2 and d3), river mouth zone (rl and r2), intermediate zone (i1, i2 and
i3), and bay zone (b1, b2, b3). The other monitoring stations (p1 and p2) are shown

inred.
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Table 2.1. Characteristics of the monitoring sites in the Pisco-Paracas coastal area.

The “river mouth” zone corresponds to the marine area off the river mouth.

Site  Zone Frequency Longitude Latitude Depth (m)

rl River mouth -13.65939 -76.23906 8

r2 -13.65986 -76.25758 10

il -13.71761 -76.25242 9

) Intermediate

i2 -13.71825 -76.27292 12

Once to four
i3 -13.76189 -76.25617 12
times per

bl -13.80911 -76.26258 9
Ba

b2 Y month -13.80569  -76.28483 12

b3 -13.81803 -76.27272 8

dl -13.66269 -76.28572 25
Deep

d2 -13.72122 -76.30556 26

d3 -13.76308 -76.32156 30

pl Bay Daily -13.80811 -76.29289 6

V1 - Daily -14.12500 -76.37500 -

p2 Bay Hourly -13.81447 -76.28731 9

V2 - Hourly -13.73651 -76.21787 -

2.2.3. Data processing

2.2.2.1. Hypoxia and its spatiotemporal variability

The value of 1.4 mL L* of the bottom-water dissolved oxygen (BWDO) was
considered as the upper threshold for hypoxic conditions and the lower one for
normoxic conditions (Rabalais et al., 2010). The BWDO levels under 0.5 mL L*

were further considered as severe hypoxic conditions since they are more
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characteristic of the offshore OMZ (Chan et al., 2008). The spatiotemporal
differences in the BWDO were first explored through maps of their average
distribution in the study area in summer and winter, elaborated from all the available
bottom water measurements of the IMARPE dataset, after applying a kriging
method for spatial interpolation using the Golden Surfer 15 software. Then, the
BWDO annual cycles were computed for the grouped monitoring stations in each

defined zone.

The normoxic, hypoxic and severe bottom hypoxic conditions in the sediment-
overlying waters of the bay (p2, HF dataset), in the April 2015 - January 2016

period, were characterized in duration and compared by seasons.

2.2.2.2. Physical factors and relationships

A depth-normalized index of stratification was calculated for comparing among
stations of different depth, only with the IMARPE dataset. According to Li (2002),
the stratification index is equal to Ac /Adepth; where Ac is the difference in
seawater density between surface and bottom calculated from temperature and
salinity records, and Adepth is the depth difference. On the other datasets of water-
column single station monitoring (p1 or p2), the temperature difference between
surface and bottom waters (AT) was calculated and used as a stratification proxy
for temporal comparisons, since AT was linearly well associated with Ac (Figure

AAL).

The average annual cycle (for the 2006-2015 period) of the Pisco River runoff and
of the speed of winds were compared with the average annual cycle of AT and

BWDO in the bay (p1), based on the daily dataset. Missing values of the time series
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were filled with linear interpolation in order to calculate daily anomalies of all these
variables, as the result of subtracting the loess-smoothed average annual cycles
from their actual daily values. Wavelets analyses (averaged power) and cross-
correlations were applied to these anomalies, using the R software (R Core Team,
2020), in order to explore their non-seasonal variability and their relationships,

respectively.

The hourly time series of the HF dataset were shown together in order to compare
their intra-seasonal variability and to analyze their relationships. Thus, the
associations of the zonal and meridional components of the local wind speed with
AT and BWDO of the bay (p2) were assessed by means of cross-correlations, after
applying a centered moving average (n = 25) in the time series, in order to avoid

correlations related to the diurnal cycle.

2.3. Results

2.4.1. Spatiotemporal variability of BWDO and stratification

The spatial distribution of the average BWDO, for the 2005-2015 period, indicated
that bottom hypoxic levels (<1.4 mL L) were present in the study area in both
summer and winter seasons. Hypoxia was typically found deeper than 15 m in
winter, but it had a wider distribution in summer reaching shallower depths (Figure
2.2a). The BWDO distribution resembles the bathymetry, so that the hypoxic levels
are projected towards the central area of the bay, whereas normoxic levels (>1.4
mL L) appear to be usually restricted to depths shallower than 8 m (b3 station

depth).
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The spatial distribution of the average SST exhibited warmer surface waters (about
20 to 24 °C) in summer, especially on the north and east sides, whereas colder
waters (about 16 to 18 °C) in winter (Figure 2.2b). Although SST was more
spatially homogenous in the latter, the west side of the study area were notoriously
characterized by colder surface waters in both seasons. Similar distribution was
observed for the average stratification index, with greater spatial differences (0.04

to 0.33 o unit.m™) in summer than in winter (0.01 to 0.05 ¢ unit.m?).

The BWDO data grouped in the four defined zones revealed that hypoxic conditions
are less frequent in the river mouth zone, whereas more frequent in the bay, and
almost permanent in the deep zone (Figure 2.3a). On the other hand, the
stratification index in the four zones revealed that strong stratified conditions are
more frequent in the river mouth zone than in the intermediate zone and the bay,

whereas the deep zone is better mixed (Figure 2.3b).

Annual cycles also showed that seasonality in the bay is actually characterized by
two long and contrasting seasons: December to April (late spring — summer — early
autumn) and June to September (late autumn — winter — early spring). Based on bay
zone records only, hypoxia (<1.4 mL L), and even severe hypoxia (<0.5 mL L),
occurred in both of them (Figure 2.4). Although hypoxia was much more frequent
(>90%) in the December-April season, it also occurred in more than half of the
records of the June-September season (Figure 2.4a). At first glance in the scatter
plot of BWDO vs stratification, a seasonal inverse association is not clear at all
(Figure 2.4b). The grouping of data towards the origin of axes rather showed that

hypoxia occurred mostly under non stratified conditions.
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Figure 2.2. Average spatial distribution of water variables superimposed on
isobaths (black contours) in austral summer (JFM) and winter (JAS), derived from
the monitoring stations of IMARPE database. a) Bottom-water dissolved oxygen
(BWDO) in color, with hypoxic threshold (1.4 mL L) in white. b) Sea surface
temperature (SST, °C) in color, and stratification index in bubbles at monitoring

stations (additional stations for SST).
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Figure 2.3. Annual cycles of the BWDO (a) and the stratification index (b), for each defined zone derived from the IMARPE-Pisco monitoring

stations: the river mouth zone and the intermediate, bay and deep zones. Horizontal lines in (2) indicate the boundary for hypoxic (<1.4

mL L) conditions.
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Figure 2.4. Distribution of BWDO data from Paracas Bay for the December-April
(n = 271) and June-September (n = 229) seasons. (a) Probability density functions
of BWDO of each season. (b) Scatter plot of BWDO vs stratification index,
exhibiting data mainly grouped near the origin of axes. Dashed lines indicate the

boundaries for hypoxic (<1.4 mL L) and severe hypoxic (<0.5 mL L) levels.

2.4.2. The BWDO and physical factors at different time scales

Average annual cycles of the daily dataset’s variables showed that stratification and
hypoxia intensify in the bay in the season of weaker upwelling wind and stronger
local wind, as well as with higher Pisco River flows; whereas water mixing and
oxygenation increase in the season of stronger upwelling wind, weaker local wind
and lower river flows (Figure 2.5). Moreover, local wind and upwelling wind
exhibited almost opposite seasonal cycles, with the latter exhibiting a much greater

amplitude of variation.
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The daily anomalies of these variables showed modes of significant and intense
non-seasonal variability mainly at a synoptic time scale (from few to several days),
and secondarily at an interannual scale (>400 days, Figure 2.6 f-j). Thus, the BWDO
fluctuated intensely in 3-8 days, AT in 2-4 days, local wind in 3-5 days, and the
upwelling wind in 4-10 days. Instead, the river flows fluctuated mostly on the scale

of 1-8 weeks.

In addition, the BWDO anomalies in the bay revealed interannual periods of
predominant oxygenation (positive values during 2008-2010) and predominant
deoxygenation (negative values during 2011-2014), which coincided with less
stratification (negative values of AT) and more stratification (positive values)
during the same periods, respectively (Figure 2.6 a-b). Moreover, the trend of
increasing stratification along the 2006-2015 period was opposed to a trend of

decreasing upwelling winds in the same period (Figure 2.6 b, d).

The significant cross-correlations of the daily anomalies (Figure A.A2) revealed
that despite the opposite seasonal patterns in the intensity of the two winds, their
daily anomalies correlate directly (r = 0.38), with the upwelling wind 1-day lagged
behind local wind. The anomalies of AT, as well as those of each the surface and
bottom water temperatures, were negatively correlated with the anomalies of the
upwelling wind (r = -0.19) and of the local wind (r = -0.17), with about 1 or 2-day
lag. The anomalies of BWDO were negatively correlated, 1-day lagged, with those
of the upwelling wind (r = -0.10) and local wind (r = -0.20), but also with AT (r = -
0.17) with no time-lag. And finally, the river flow was very weakly correlated with

BWDO and AT (Jr]| <0.10) (Figure A.A2).
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Figure 2.5. Average annual cycles based on data of the 2006-2015 period, of the (a)
BWDO, the (b) water column temperatures (surface in gray and bottom in black),
and (c) AT, of the Paracas Bay compared to the (d) upwelling wind (gray) and local

wind (black) speeds, and the (e) Pisco River runoff.

20



(o]
s
a) ) f) [
Q FA C
=TI, A afl N e
= 3 AR BT £ S
m & _ - 200
' - 500
- 1000
o™l (o]
' 2
F s
b) A A F -~ 8 C 3
1 F20 @
" Py " Al = < L so :»;
NV < [ ™ = 100 ©
< - 200
! - 500
- 1000
™ [}
' 2
C) o ) -5
E ~ h 1o
- - 20 w0
i ‘a:_ o a B A Y. A A.PM L 50 Eé
= g |t '} b F 100 ©
& = 200
! ; 500
—~ - 1000
3 (= By
%1 2
d) -2 1) L io
b= F20 @
° g Fso o 2
. F 100 ©
-2 - 200
3 : 500
=) a2 1000
a as] 2
6) z : s
2~ J F 10
= k B
T 22 U=
£ = - 100 ©
z = F 200
= - 500
- ‘ ‘ - 1000
2

0 0.1 0.2 03
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 power

Figure 2.6. Non-seasonal variability of the BWDO, AT, local and upwelling winds,
and river flow from the 2006-2015 period. Anomalies of the variables shown at a
monthly-averaged scale in order to facilitate the observation of interannual changes
(a-e), with vertical lines pointing out January of each year. The wavelets average
power of daily anomalies of each variable (f-j), exhibiting peaks of significant

variability at synoptic and interannual time scales, above the noise spectrum in red.
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2.4.3. Analysis of hourly time series

The local wind speed (in the March 2015 — January 2016 period) exhibited a
meridional component (V) with larger variability than the zonal component (U).
The patterns of changing of these components were compared with those of
temperatures and BWDO of sediment-overlying waters at p2 in the bay (Figure
2.7). Since the December-April season was not totally covered by this period, the
available intervals March-April (i) and December-January (ii) were considered for

comparing with the June-September season.

Bottom hypoxia was the predominant condition in the entire period. In the June-
September season, the normoxic conditions were just intermittent, lasting up to 7
days maximum (Table 2.2), and the surface and bottom water temperatures steadily
decreased (Figure 2.7¢), with low values of AT. On the other hand, the meridional
wind and water temperatures exhibited greater fluctuations during the December-
April season (i and ii), whereas BWDO exhibited low variability. Yet, there were
persistent and severe hypoxic conditions in this season, which were only interrupted
by episodes of oxygenation of up to 2 days maximum (Table 2.2) that started

simultaneously with longer lasting warming events (Figure 2.7 c-d).

The cross-correlations of the meridional wind speed with the water temperature, AT
and BWDO were stronger, and negative, in the December-April season with about
24 hours of time-lag (Figure A.A3). Thus, the oxygenation episodes and warming
events occurred one day after the relaxation of this local wind component. During
most of the warming events in that season, AT increased due to a more intense

warming of the surface relative to the bottom (Figure 2.7¢). Then, BWDO and AT
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were lag-0 positive correlated (Figure A.A3) due to their simultaneous increasing,
but they tended to be negative correlated after 48-72 hours (time-lag) due to the

drop of BWDO levels into hypoxia again (Figure 2.7d).

Table 2.2. Duration in hours of the normoxic, hypoxic and severe hypoxic
conditions (and their percentage) in each defined period at p2 in Paracas Bay, March

2015 — January 2016. *Maximum number of consecutive days under normoxia.

Condition Mar-Apr (i) Jun-Sep Dec-Jan (ii)
Normoxia 49 h (6.4%) 631 h (21.5%) 12 h (1.4%)
(>1.4mL LY 2% 7* 0.5*

Hypoxia 719 h (93.6%) 2297 h (78.5%) 948 h (98.6%)
(<1.4mL LY

Severe hypoxia

(<0.5mL LY

652 h (84.9%)

1335 h (45.6%)

929 h (96.8%)
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Figure 2.7. Hourly time series of the local wind speed compared to the records of
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the p2 monitoring station in Paracas Bay. The zonal (a) and meridional (b)
components of the wind speed. The surface and bottom water temperature, in gray
and black respectively (c), and BWDO (d), in the bay. Shaded areas correspond to
March-April 2015, June-September 2015 and December 2015-January 2016
periods. Red arrows point out the simultaneity of, more notorious,
warming/stratification onsets and oxygenation episodes of the December-April

season.
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2.4. Discussion

2.4.1. General features of hypoxia on inshore bottom areas

By linking together data from different environmental monitoring programs, this
study allowed us to identify the spatiotemporal patterns of the bottom water hypoxia
of the Pisco-Paracas coastal area. For instance, the deeper bottom waters (25-30 m)
undergo severe hypoxic conditions (<0.5 mL L) almost permanently, only
interrupted in winter months (Figure 2.3a). It is likely that this “deep zone” is mostly
beneath the oxycline as a result of the shoaling of the OMZ upper boundary, which
occurs off the central Peruvian coast (Paulmier and Ruiz-Pino 2009; Bertrand et al.,
2010), reaching up to depths of about 10 m during the spring-summer-autumn, and

down to about 50 m in winter (Gutiérrez et al., 2008; Graco et al., 2017).

The higher frequency of bottom hypoxia (<1.4 mL L) in the Paracas Bay than in
the other shallow zones (Figure 2.3a), along with its detection in more than half of
the records, even under mixed water column conditions during the June-September
period (Figure 2.4, Table 2.2), points out that bottom hypoxia is a persistent feature
of the bay and not just a seasonal phenomenon that develops under stratified
conditions. Furthermore, the Paracas Bay (between 8 and 12 m depth) appears to
be the shallowest environment in which a persistent hypoxic regime was recorded,
as other embayments of the Peruvian central coast exhibited similar conditions in
more than 15 m depth (Tarazona et al., 1988; Tarazona and Arntz, 2001). In fact,
the well-oxygenated benthic conditions in the Peruvian Upwelling System are
known to characterize narrow inshore areas (Arntz et al., 2006), which were

observed only in sites shallower than 5 m depth in our data (not shown).
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2.4.2. Water stratification variability in Paracas Bay

The analysis of the time series showed the high variability in water temperature and
dissolved oxygen in the bay. Aguirre-Velarde et al. (2019) have already described
these variations during summer months, after recording temperature fluctuations
(up to ~10°C) in a matter of hours, which were inversely correlated to salinity
fluctuations (up to ~2.0), and suggested that changes in water masses entering the
bay are responsible of that variability. These authors also reported stratified
conditions as frequent events (usually of 3-4 days long) of strong vertical
differences in seawater density, associated with the coupled temperature and
salinity fluctuations. Such events correspond to the significant variability that we
identified using AT daily anomalies (Figure 2.6 g). Other similar short-duration
events have been reported in shallow estuaries, where stratification is tightly
coupled with variations in the freshwater discharge and wind stress (Stanley and
Nixon, 1992; Ni et al., 2016). Nevertheless, the short-term variability of the Pisco
River flow and stratification in Paracas Bay were weakly associated (Figure 2.6 g-
J, Figure A.A2), which indicates that rather than being modulated by the freshwater
discharge variability, the intrusions of the river plume into the bay are linked to the

patterns of wind-driven water circulation (Arellano et al., 2023).

2.4.3. The winds and their control on the bay dynamics

The difference in the predominant direction of the local and upwelling winds, and
the inverse annual cycles of their intensities, are features previously described in
other coastal areas of the south-eastern Pacific, and associated to the effects of

temperature contrast between the desert and sea, and the topography of coastal
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headlands, on the local wind (Pizarro et al., 1994). It has been shown that the
weaker local wind relaxes 1 or 2 days prior to the upwelling-favorable wind in
Bodega Bay, a small upwelling bay of the California EBUS (Roughan et al., 2005).
This feature might also apply in Paracas Bay, accounting for the 1-day lag between
them observed in this study. Furthermore, the significant cross-correlations of the
winds speed with water temperature, AT and BWDO of Paracas Bay, indicate that
the bay hydrodynamics is mainly associated with the winds’ variability. This was
already suggested to occur in the ‘upwelling bays’ of the EBUS, therefore
exhibiting fluctuations at a synoptic time scale in their circulation, stratification and

water properties (Largier, 2020).

Because of their permanent upwelling-favorable direction, the winds south of the
Paracas Peninsula support a year-round active upwelling cell (Gutiérrez et al., 2011,
2016). For the June-September season of stronger upwelling winds, a persistent
shoreward advection of atmospheric momentum was described as occurring just
north of the peninsula (Chamorro et al., 2021), and a persistent wind-driven water
inflow rounding the peninsula was described by modelling studies (Carbonel, 2013;
Arellano et al., 2023). These suggest that upwelling waters are also frequently
advected shoreward, explaining the negative correlations of daily anomalies of the
upwelling wind speed with temperature, as well as with AT and BWDO, of Paracas
Bay (Figure A.A2), and also explaining the usual presence of cooler waters around
the peninsula (Figure 2.2a). Therefore, the circulation and physicochemical
properties of the bay would be driven by upwelling winds variability, especially
during the season of lower local wind speed and Pisco River flows (June-

September, Figure 2.5).
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The stronger association of the (meridional component) local wind speed with water
temperature and oxygen during December-April indicates the relevance of local
wind in modulating the bay circulation and water stratification during that season.
In fact, Aguirre-Velarde et al. (2019) already proposed that the local wind drives
the circulation in Paracas Bay in summer months, allowing the entrance of cold
waters when the meridional wind is positively active, and warmer and less saline
waters when it relaxes. The negative correlations of local wind speed with bottom
temperature, as well as with AT and BWDO, suggest that rather than just producing
vertical mixing, a positive meridional wind would lead to a bottom-water inflow of
cold, and hypoxic, upwelling deeper waters. On the other hand, the relaxation or
reversal of this wind component would lead to the southward inflow of the warmer,
less saline and more oxygenated, waters from the river mouth zone. Similar cases
of local wind influence on the circulation and subsurface water flux were described
for other bays in EBUS (Largier, 2020). Our interpretation is also consistent with a
high-resolution numerical model of the water circulation in the bay (Arellano et al.,

2023).

2.4.4. Drivers and sources of the hypoxic regime

The analysis of the BWDO temporal variability in the bay and its association with
that of the physical factors at synoptic, seasonal and interannual time scales,
allowed us to propose that both the local and offshore upwelling winds are
significant drivers of hypoxia. As discussed above, the persistent hypoxic
conditions in bottom waters (8 - 12 m) of Paracas Bay are likely a consequence of

the persistent upwelling waters inflow from the deeper and more hypoxic zone,
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which is driven by the upwelling wind mainly during June-September and by the

local wind mostly during December-April.

The presence of the oxycline overlying the bottom in the ‘deep zone’ determines a
hypoxic water source just adjacent to the bay. However, the alternation of hypoxic
and normoxic conditions during June-September would be related to the variations
of the oxygen content of the incoming upwelling waters due to the deepening of the
oxycline in that season, i.e., a deeper mixed layer (Thomsen et al., 2016; Graco et
al., 2017). Additionally, since the interannual variability of El Nifio Southern
Oscillation (ENSO) affects the depth of the OMZ upper boundary (oxycline) in the
Peruvian coastal zone (Espinoza-Morriberén et al., 2019), this might also lead to
interannual changes of the BWDO levels in the bay. Thus, predominant local El
Nifio conditions in the period 2008-2010, and La Nifia conditions in the period
2011-2014, as inferred from thermal indexes of ENSO in the Peruvian coast
(Quispe-Ccalluari et al., 2018), resulted in more oxygenated and hypoxic periods

in the bay, respectively (Figure 2.6a).

The simultaneous onset of the strong stratification/warming events and oxygenation
episodes in the bay, in the December-April season, would originate from the inflow
of the northern (warmer and less hypoxic) waters when the meridional component
of local wind relaxes or reverses. Although this seems to contradict the role of
strong stratification on hypoxic or anoxic events at a synoptic time-scale, the
stratification persistence for a few more days could be a cause for the oxygen
depletion due to the stimulated microbial respiration at the bottom. The 3-day lag

of the inverse correlation between hourly time series of AT and BWDO (Figure
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A.A3) suggests the time scale in which strong stratification generates hypoxic

conditions.

As it was observed between October and early December of 2015 (Figure 2.7d),
severe oxygen depletion can also occur without strong stratified conditions in the
sediment-overlying waters. Since the bay is characterized by containing muddy
sediments subjected to large organic matter fluxes (Velazco and Solis, 2000), in a
region that is highly productive almost all year round except for winter months
(Gutiérrez et al., 2016), it is likely that the sediment oxygen demand is strong
enough to maintain severe hypoxic conditions just over the sediment-water
interface. Furthermore, although organic pollution decreased in the study area since
2004 (Pitcher et al., 2021), its effects on the current organic content of sediments

and the associated oxygen demand need further study.

The formation and subsequent decaying harmful algal blooms, which are more
frequent in the bay from November to May (Cabello et al., 2002; Sanchez et al.,
2019; Pitcher et al., 2021), are favored by stratified conditions and thus might
contribute to the oxygen depletion as an input of labile organic matter. In fact,
widespread anoxic conditions were reported in the bay during an intense
stratification event in mid-March 2015, with surface temperatures of up to 26°C,
and associated to a succession of dinoflagellate blooms of Prorocentrum cordatum

and Akashiwo sanguinea (IMARPE, 2015).
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2.5. Conclusions

The bottom waters deeper than 8 m in the Paracas Bay are hypoxic most of the time,
even under conditions of predominant vertical mixing of the water column. Their
seasonal differences are characterized by the severity of the hypoxic regime, with
predominant severe hypoxia during December-April but frequent and intermittent
hypoxia during June-September. This seasonal pattern is associated with seasonal
changes in the depth position of the adjacent OMZ, and the subsequent oxygen
content of incoming upwelling waters, as well as with the seasonal intensification

of the upwelling-favorable and local winds that drive the hydrodynamics of the bay.

The synoptic time-scale fluctuations of winds modulate the intra-seasonal
variability of hypoxia in the bay. While fluctuations of upwelling-favorable winds
during June-September drive the inshore expansion of mixed and less hypoxic
upwelling waters, the fluctuations of local winds during December-April drive the
entrance and circulation of more hypoxic upwelling waters in the bay. Thus, the
positive intensification of local meridional component leads to the entrance of deep,
cold and hypoxic upwelling waters, whereas its relaxation or reversal events lead

to the entrance of warmer and more oxygenated waters from the northern zones.

Strong stratified conditions develop after the reversal events of meridional wind
component in the December-April season only, and their extension for several days
contribute to amplify the oxygen depletion and the persistence of bottom hypoxia

or occurrence of anoxia.
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I1l. CHAPTER 3: Characterization of the living assemblage of benthic

foraminifera in the Pisco-Paracas coastal area.

3.1. Introduction

The Peruvian Coastal Upwelling System is the marine region of highest primary
productivity of the Pacific Ocean (Pennington et al., 2006), which is sustained by
persistent upwelling-favorable winds throughout the year (Bakun and Weeks, 2008;
Gutiérrez et al., 2016). As a result, the Oxygen Minimum Zone (OMZ) of the
southeastern Pacific is particularly intense and shallow in the subsurface coastal
waters off Peru, and impinges the seafloor from depths about 50 m down to 600 m,
with an oxycline (the upper boundary of OMZ) that seasonally reaches depths up

to 20 m in the nearshore coastal areas (Gutiérrez et al., 2008; Graco et al., 2017).

The nearshore environments in upwelling systems exhibit characteristic
physicochemical patterns and processes primarily driven by their interaction with
the open ocean (e.g., ‘upwelling bays’; Largier, 2020). Thus, even the small bays
of the southcentral Peruvian coast are influenced by coastal upwelling, which
delivers waters that are not only relatively cold and nutrient-rich, but also frequently
hypoxic (Tarazona et al., 2003) and with low pH (<7.75, Hernandez-Ayon et al.,
2019). The oxygen concentration near the bottom of these bays varies according to
the degree of coastal exposure and the local water circulation, being higher when
currents are stronger such as in Independencia Bay, and reduced when there is
stagnation such as in Ancon Bay (Tarazona et al., 1991). However, the patterns of

other water properties, such as pH, in the nearshore environments are poorly known.
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The benthic fauna from nearshore environments were described as controlled by
the type of the bottom substrate, the interaction with the open ocean, and the
anthropogenic activities affecting the ecosystem integrity (Tarazona et al., 2003).
The benthic foraminifera, shell-bearing protists that are trophic links between
phytodetritus and metazoans (Nomaki et al., 2008), are one of the major dominant
groups of the benthic biota from the oxygen-deficient Peruvian upper continental
margin (Levin et al., 2002). The species composition of benthic foraminifera living
in sediments of upper continental shelf and nearshore bottoms of the upwelling-
influenced Peruvian central coast are characterized by the dominance of a small
number of calcareous species (Cardich et al., 2012; Merma-Mora, 2020; Romero,

2021).

However, the effects of small-scale environmental gradients on the distribution of
the foraminiferal species in an upwelling-influenced nearshore environment such
as the Pisco-Paracas coastal area, are yet unexplored. Therefore, this study aimed
to (1) compare the spatiotemporal variability of the subtidal benthic environment in
the Paracas Bay and the adjacent Pisco coastal zones, and (2) evaluate the living
benthic foraminiferal assemblage and the main environmental factors that produce

variations in its structure.

3.2. Methods

3.2.1. Historical data of bottom water conditions

We used historical monitoring data (of the period 2010-2015) of bottom water
temperature (BWT), salinity (BWS), dissolved oxygen (BWDO), and pH (BWpH);

recorded in the Pisco-Paracas coastal area, twice a month, by the monitoring
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program of the Peruvian Marine Research Institute (IMARPE). In order to
determine the average spatial and temporal variability, the monitoring stations
distributed in this coastal area (Figure 1b) were grouped into four zones: the bay (1,

2, and 3), deep (4 and 5), east (6 and 7), and north (8 and 9) (Table 3.1).

Table 3.1. Characteristics of the stations of the study area.

Station Latitude Longitude Depth Zone Zone Substrate
(m) color
1 13.848667 76.271806 6.0 Paracas Bay Red Mud
2 13.833111 76.279500 8.0 Paracas Bay Red Mud
3 13.814472 76.287306 9.5 Paracas Bay Red Mud

4  13.788177 76.284591 19.0  Central Deep  Orange Mud

5 13.761680 76.289665 20.5  Central Deep  Orange Mud

6 13.791560 76.256685 10.0 Central East Blue Mud
7 13.761116 76.256403 12.5 Central East Blue Mud
8 13.716860 76.272188 10.5 North Brown Mud
9 13.659637 76.258094 9.5 North Brown Mud
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Figure 3.1. Environmental context of the study sites. a) Average distribution in
summer of Sea Surface Temperature (SST) in the Pisco province, with the extension
of the upwelling center in the southern area. b) The Pisco-Paracas coastal area and
the bathymetry, with sampling stations in colors corresponding to the bay (red),

deep (orange), east (blue), and north (brown) zones.

3.2.2. Field sampling and in situ measurements

Three field surveys were conducted for sampling bottom waters and sediments in
the stations of the monitoring program: in November 2014, March 2015 and July
2015. Additionally, station 3 was chosen for conducting single-site monthly
monitoring, throughout the period November 2014 — July 2015, of the geochemical

and benthic foraminiferal dynamics in Paracas Bay.
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3.2.2.1. Bottom water sampling and in situ determinations

On board a small artisanal fishing boat (approx. 6 m length), water samples were
collected at each station from c.a. 1 m above the bottom using Niskin bottles for
determination of temperature using a mercury thermometer, dissolved oxygen by a
modified Winkler titration method (Strickland and Parsons, 1972), and pH by using
a METTLER TOLEDO combined pH sensor, SEVEN MULTI model. Water
subsamples of 200 mL were set aside and cold stored for determining the salinity

and concentrations of nitrates and phosphates in the laboratory.

3.2.2.2. Sediment sampling and preservation

Two replicates of sediment samples were collected at each station using a HAPS
bottom corer since it is appropriate for collecting undisturbed sediments
(Kanneworff and Nicolaisen, 1972). The surface sediments were sliced (1 cm thick
top) and preserved in plastic jars with a Rose Bengal solution (2g/L Methyl alcohol
70%) for staining the foraminiferal cytoplasm of living specimens, recommended
as a standardized protocol (Schonfeld et al., 2012). Additional sediment samples
were collected with a 0.05 m? Van Veen grab for analyses of texture and organic

matter content.

In the monthly monitoring at station 3, sediment samples were collected manually
by SCUBA diving using acrylic tubes (inner diameter 6.5 cm) which had pre-drilled
holes for pore water extraction. Two sediment cores were sliced (1 cm thick) down
to the first 2 cm of sediment depth for approaching the total standing stock of
benthic foraminifera, since they live mostly in the top 2 cm of surface sediments in
the Paracas Bay (Merma-Mora, 2020), and were preserved with Rose Bengal

solution. A third sediment core was similarly sliced and then frozen for
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determinations of sedimentary total organic carbon (TOC) and nitrogen (NT). Other
two sediment cores were used for extracting pore water of the 0-2 cm sediment
depth interval using syringes of 20 mL and rhizons (Seeberg-Elverfeldt et al.,
2005). For free sulfides determination, pore water subsamples of 1.5 mL were
immediately fixed with 0.5 mL of a 5% Zinc acetate solution for preventing
oxidation and stored in plastic vials at 4°C, whereas the remaining volumes were

used to measure pore water pH with the same pH sensor of bottom water samples.

3.2.3. Laboratory analyses
3.2.3.1. Chemical and geochemical determinations

Salinity was determined by a Portasal Wildline 8410 salinometer, whereas nitrates
and phosphates concentrations, by the UV-visible spectrophotometric technique
(Strickland and Parsons, 1972) with a Perkin Elmer LAMBDA 45
spectrophotometer. The sand, silt, and clay contents were determined through
standard sieving of dry sediment samples (Ingram, 1971) and the pipette method
(Galehouse, 1971). The total organic matter of sediments was determined by the
loss of ignition (LOI) method (Dean, 1974). The content of total phytopigments
(Chlorophyll a + Phaeopigments) in sediments, or phytodetritus quantity, termed as
Chloroplastic Pigment Equivalents (CPE, Koho et al., 2008) was fluorometrically
analyzed by using a method of double extraction with 90% acetone and fluorescent
readings as detailed in Gutiérrez et al., (2000). The ratio of its components (C:P =
Chlorophyll a / Phaeopigments) was used as an indicator of phytodetritus quality

(Koho et al., 2008).
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Concentrations of the dissolved hydrogen sulfide (H2S) of pore waters were
determined according to a standard methylene blue spectrophotometric method
(Cline, 1969; Gieskes et al., 1991). The content in sediments of total organic carbon
and total nitrogen were determined through oxidative decomposition, and corrected
for carbonate content, by using a Perkin-Elmer Series Il 2400 CHN Elemental

Analyzer.

3.2.3.2. Foraminiferal analysis

After at least two weeks of storing for proper staining of foraminifera, the original
volume of each sample was determined by subtracting the staining solution volume
from the total volume contained in the jars. Each sample was wet-sieved into a 63
- 500 um size fraction in order to separate the foraminifera from fine sediments and
macrobenthic organisms (Schonfeld et al., 2012). The retained material was sorted
in Petri dishes with water, and the foraminiferal specimens were hand-picked and

counted under stereomicroscopy.

Some samples were previously wet split into manageable volumes (containing ca.
500 living individuals) using a Folsom splitter. Only hard-walled foraminifera such
as calcareous and agglutinated ones were considered for the living assemblage
characterization of the study area because of their potential to form dead and fossil
assemblages that are useful for palaeoecological and palaeoceanographic
applications (Murray, 2006). In samples of the monthly monitoring stations, living
and dead (empty tests) foraminifera were counted for evaluating the general effects

of early diagenesis of the organic matter on the general foraminiferal abundance.
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3.2.4. Data analysis
3.2.4.1. Historical data

The spatiotemporal variability of the bottom water properties were analyzed
through the examination of monthly percentiles of their data in the annual cycle.
For temporal comparisons of each physicochemical variable (temperature, salinity,
dissolved oxygen and pH), the monthly interquartile range (IQR = 75th — 25th
percentiles) and interdecile range (IDR = 90th — 10th percentiles) were determined
from data of all monitoring stations. For additional spatial comparisons, the median
values between percentiles 55th and 45th were determined from data of each group

of stations corresponding to the defined zones.

3.2.4.2. Environmental data of surveys

The environmental properties of bottom water and sediments recorded in the three
field surveys were described for each sampling station and zone. Univariate
permutation analysis of variance (Two-way crossed PERMANOVA based on
Euclidean distance and 9999 permutations) was performed for every abiotic
variable in order to find significant spatiotemporal (time and zone) differences. This
analysis is semi-parametric and robust to non-normal data distribution and

heterogeneous dispersions among groups (Anderson, 2017).

3.2.4.3. Analysis of the assemblage structure

Spatiotemporal variability of the living foraminiferal assemblage was explored by
means of the PCA ordination. The dataset of the species abundances was
transformed using a centered log-ratio (clr) transformation of their relative

abundances for removing the effects of the constant-sum constraint, which occurs
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when there is a low number of species in the assemblage (Murray, 2006), and for
retaining the proper covariance structure of compositional data (Kucera and
Malmgren, 1998). A zero replacement by 0.005 was made in this transformation as
suggested by Alperin et al., (2008, 2011) and others cited therein. Furthermore, the
total foraminiferal abundance (N) and the diversity indices such as the species
richness (S), Shannon-Wiener’s index (H”), and Simpson’s index of dominance (D)
were described and projected in the PCA ordination of the assemblage as passive

(post hoc) explanation of the axes (Borcard et al., 2018).

A permutation analysis of variance (Two-way crossed PERMANOVA based on
Euclidean distance and 9999 permutations) was performed univariate for every
structure parameter (N, S, H> and D), and multivariate for the transformed
assemblage data, in order to establish which spatiotemporal (time and zone)

differences are significant.

3.2.4.4. Abiotic and biotic associations

To assess the relationships between environmental variables and foraminiferal
species, a canonical Redundancy Analysis (RDA) was performed on datasets of the
species abundances and all benthic biotope properties, as response and explanatory
variables, respectively. This parametric constrained ordination allows to show a
biplot in which the angle between arrows of response and explanatory variables

reflect their correlations (Borcard et al., 2018).

Furthermore, the monthly changes of the benthic foraminiferal density, at station 3,

were compared with those of the contents of TOC and TN of surface (0-2 cm)
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sediments, as well as the average pH and hydrogen sulfide concentrations of the

pore waters, in order to find similar temporal changes.

3.3. Results

3.3.1. Spatiotemporal variability of the benthic environment

3.3.1.1. Historical data of bottom water properties

In the 2010-2015 period, the bottom water temperature usually varied between 14
and 20 °C, the salinity between 34.9 and 35.2 %o, the dissolved oxygen between 0
and 4 miL-1, and the pH between 7.5 and 8.0 (Figure 3.2). In the annual cycle,
temperature increased towards March (summer) and salinity increased towards July
(early winter), and both parameters decreased towards December (late spring).
Dissolved oxygen and pH kept low during December-April (late spring — summer
—early autumn), with conditions of frequent hypoxia (BWDO 75th percentile < 1.4
mlL-1) and low pH (BWpH 75th percentile < 7.75), and both increased towards
July. Except for salinity, the bottom water properties exhibited spatial differences,
with median values (55th - 45th percentiles) being lower in the deeper zone, slightly

higher in the bay and the eastern zone, and higher in the northern zone (Figure 3.2).
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Figure 3.2. The annual cycle of variability, based on records of the 2010 — 2015
period, of the bottom water properties: a) temperature (BWT), b) salinity (BWS),
c) dissolved oxygen (BWDO), and d) pH (BWpH). Interquartile range (75th - 25th
percentiles) and interdecile range (90th - 10th percentiles) of all data are shown in
dark gray and light gray polygons, respectively. Polygons in colors represent the
median values (55th - 45th percentiles) of each data group by zone for spatial
comparisons (bay, deep, east and north in red, orange, blue, and brown,

respectively).

3.3.1.2. Environmental variability recorded in surveys

The bottom water properties mainly varied temporally (Figure 3.3). The
temperature and salinity exhibited lower levels mostly in November 2014 and
higher levels in July 2015, whereas the dissolved oxygen, pH and dissolved nitrates

exhibited lower levels mostly in March 2015 (oxygen and nitrates almost depleted),
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and higher levels in July 2015. On the other hand, phosphates exhibited higher
levels mostly in March and lower levels in July. Permanova univariate results
(Table A.B1) indicated that temporal differences of all these variables were
significant, but only temperature and nitrates also exhibited significant spatial
differences, with the deep zone exhibiting lower temperatures and higher nitrates,

than the other zones.

The sedimentary properties that characterized the bottom substrate showed mainly
spatial differences. Then, the clay content was greater mostly in the bay stations,
whereas silt content was greater in all stations out of the bay. The sand content was
minor in all stations and almost absent in the northern zone (Figure 3.4). The
organic matter content (LOI) in sediments was mostly greater in the bay and smaller
in the northern zone. Similarly, the content of phytodetritus (CPE) was greater
mostly in the bay, whereas the C:P ratio did not show spatial patterns. Permanova
univariate results (Table A.B2) indicated that spatial differences in the clay content,
LOI, and CPE were significant, but only the LOI values also exhibited significant

temporal differences, with greater values in March than November and July.
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Figure 3.3. Records of bottom water properties (temperature, salinity, dissolved
oxygen, pH, dissolved nitrates, and phosphates) at the monitoring stations in three
field surveys between 2014 and 2015. Colors indicate data of each corresponding

zone (bay, deep, east, and north in red, orange, blue, and brown, respectively).
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Figure 3.4. Bottom substrate properties (sedimentary texture, LOl and CPE)
recorded at the monitoring stations in three field surveys between 2014 and 2015.
Colored points correspond to data of C:P ratio of each zone (bay, deep, east and

north in red, orange, blue, and brown, respectively).
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3.3.2. The living assemblage of benthic foraminifera

The living assemblage of surface sediments was characterized almost entirely by
calcareous species since agglutinated ones were less than 1% of the total abundance
(Table 3.2). Buliminella elegantissima (d'Orbigny, 1839) was on average the most
abundant species with about 56% of total, followed by Bolivina costata (d'Orbigny,
1839) with 27%, Virgulinella fragilis (Grindell & Collen, 1976) with 7%, and
Nonionella auris (d'Orbigny, 1839) with 7%. The other calcareous species such as
Buccella peruviana (d'Orbigny, 1839), Discorbis sp., and Bulimina sp., along with
the agglutinated ones Textularia sp., and Reophax sp., together accounted for less

than 3% (Table 3.2).

The PCA ordination of foraminiferal samples exhibited the same four zones as
groups of samples, with those of the bay being consistently similar among them
through time (Figure 3.5). Multivariate Permanova of the assemblage structure
indicated that only spatial variations were significant (Table A.B3). The longer
vectors of B. costata, N. auris and V. fragilis in the PCA biplot indicated that only
the abundances of those species contributed the most to the variations of the

assemblage structure in the study area.

The diversity indices overlapped along the PC1, exhibiting that dominance (D) was
positively associated with the abundances of B. costata, mainly in the bay where B.
costata dominated the assemblage (Figure 3.5), and along with B. elegantissima
encompassed together almost 100% of the assemblage (Table 3.2). On the other
hand, the species richness (S) and Shannon diversity (H’) were positively associated
with the abundances of N. auris and V. fragilis that were greater in the eastern and

northern zones, respectively. Univariate Permanova indicated that only these spatial
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variations of S, H’ and D, were significant, whereas the total foraminiferal
abundance (N) significantly varied in time, with greater abundance in March than

in November and July (Table A.B3).

The time-averaged abundance, at every station, of the four main species were plot
in the map (Figure 3.6), exhibiting that B. elegantissima were well distributed in
the entire study area, whereas B. costata was mainly abundant in the bay and
secondarily in the deeper zone. V. fragilis was abundant mainly in the northern

zone, and N. auris was abundant in the deep and eastern zones.
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Table 3.2. Foraminiferal abundance and diversity per sample. N: Total density. S: Species richness. H’: Shannon-Wiener index, D: Simpson’s
dominance index. B.ele.: Buliminella elegantissima. B.cos.: Bolivina costata. V.fra.: Virgulinella fragilis. N.aur.: Nonionella auris. B.per.: Buccella

peruviana. Dis.sp.: Discorbis sp. Bul.sp.: Bulimina sp. Reo.sp.: Reophax sp. Tex.sp.: Textularia sp.

Zone Sample N S H’ D B.ele. B.cos. V.fra. N.aur. B.per. Dis.sp. Bul.sp. Reo.sp. Tex.sp.
Bav nl 92.5 3 0.57 0.66 78.3 20.3 0.0 0.0 14 0.0 0.0 0.0 0.0
Bay n2 457.0 4 0.60 0.71 55 83.9 1.9 0.0 8.7 0.0 0.0 0.0 0.0
Bay n3 2646.7 2 0.38 0.78 12.9 87.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Deep n4 308.8 4 0.76 0.55 25.6 69.5 0.0 0.4 45 0.0 0.0 0.0 0.0
Deep n5 920.8 3 0.52 0.73 6.9 85.1 0.0 8.1 0.0 0.0 0.0 0.0 0.0
East n6 696.5 5 0.66 0.67 80.7 14.1 0.8 2.9 1.6 0.0 0.0 0.0 0.0
East n7 1792.6 5 1.25 0.35 52.0 6.4 21.0 17.6 3.0 0.0 0.0 0.0 0.0
North n8 3641.7 7 1.10 0.42 57.1 7.0 28.3 6.3 0.1 0.0 0.1 1.0 0.0
North n9 1944.0 5 1.29 0.30 30.9 25.1 37.9 0.0 0.0 0.0 0.0 1.6 45
Bay ml 1273.0 2 0.49 0.69 80.4 19.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bay m2 4612.6 6 0.74 0.51 38.5 60.1 0.8 0.0 0.2 0.3 0.0 0.0 0.0
Bay m3 3592.2 3 0.68 0.51 43.0 57.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Deep m4 6528.3 4 0.87 0.51 67.5 18.6 0.0 135 0.0 0.3 0.0 0.0 0.0
Deep m5 3402.3 3 0.72 0.53 63.8 34.6 0.0 1.6 0.0 0.0 0.0 0.0 0.0
East m6 4181.4 6 0.98 0.56 73.6 4.3 5.2 4.4 2.9 9.5 0.0 0.0 0.0
East m7 2014.0 6 1.30 0.38 58.1 10.1 7.0 16.4 4.7 3.7 0.0 0.0 0.0
North m8 3669.1 6 0.79 0.61 76.8 12.8 5.0 5.2 0.0 0.1 0.0 0.2 0.0
North m9 3150.1 6 0.95 0.49 65.7 14.7 18.0 0.9 0.0 0.0 0.0 0.2 0.6
Bay jl 2286.4 5 0.54 0.73 84.7 12.0 1.2 0.4 1.8 0.0 0.0 0.0 0.0
Bay j2 2227.1 4 0.73 0.49 49.4 49.9 0.6 0.1 0.0 0.0 0.0 0.0 0.0
Bay j3 1121.1 3 0.62 0.58 30.1 69.8 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Deep ja 784.3 7 0.83 0.57 72.0 20.9 0.0 4.0 0.6 14 0.1 0.9 0.0
Deep j5 3423.4 5 1.11 0.36 46.7 24.1 11 28.0 0.0 0.0 0.0 0.1 0.0
East j6 3905.2 6 1.04 0.52 70.1 3.1 8.0 12.2 4.0 2.6 0.0 0.0 0.0
East i7 2154.3 7 1.05 0.47 64.9 6.0 20.7 6.4 0.7 1.1 0.0 0.2 0.0
North j8 3157.6 7 1.23 0.36 53.2 14.0 18.3 13.9 0.1 0.0 0.0 0.1 0.3
North j9 915.0 6 1.25 0.34 42.1 38.5 8.1 9.0 0.0 1.0 0.0 0.0 1.4
Total 62953.9 - - - 56.3 27.2 7.4 6.9 1.0 0.9 0.0 0.2 0.2
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PC2 (22.1%)

PC1 (44.9%)

Figure 3.5. PCA biplot of the clr-transformed abundances of Bolivina costata (Bco),
Nonionella auris (Nau), Virgulinella fragilis (\Vfr), Buliminella elegantissima
(Bel), Buccella peruviana (Bpe), Discorbis sp. (Dis), Reophax sp. (Reo), and
Textularia sp. (Tex); and passive post hoc Species richness (S), Simpson’s
dominance (D), and Shannon Wiener’s diversity (H). Each zone is in colored

polygons (bay, deep, east, and north in red, orange, blue, and brown, respectively).
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Buliminella elegantissima Bolivina costata Virgulinella fragilis Nonionella auris

Abundance

Figure 3.6. Time-average spatial distribution of the most abundant foraminiferal
species in the Pisco-Paracas coastal area. Bubbles are proportional to their
respective abundances in the surface sediments (top 1cm). Colors correspond to

each zone (bay, deep, east, and north in red, orange, blue, and brown, respectively).

3.3.3. Relationships of environmental factors and foraminifera

A significant (p-value = 0.0311) model resulted from RDA, whose canonical axes
(linear combinations of the benthic environmental factors) explain ~55% of
variance of the foraminiferal assemblage structure. The first and second canonical

axes (RDA1 and RDA2) accounted for 29% and 13% of that variance, respectively.

The R- and Q-mode biplots of RDA allowed to observe that higher contribution of
B. costata in the assemblage was associated with more clayey and organic-rich
(LOI) sediments with a greater content of phytodetritus (CPE) (Figure 3.7a), which
mainly occurred in the bay (Figure 3.7b). On the other hand, the higher contribution
of V. fragilis was associated with siltier sediments with lower organic matter (LOI),

underlying slightly warmer bottom waters (Figure 3.7a), which mainly occurred in
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the northern zone (Figure 3.7b). Furthermore, although its shorter projection, the
higher contribution of N. auris in the assemblage was associated with higher salinity
and dissolved nitrates of the bottom water (Figure 3.7a), which occurred in July and

mainly at the deeper and eastern zones. The other species exhibited even shorter

projections.
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Figure 3.7. The Redundancy Analysis biplots in (a) R - and (b) Q - mode. R mode
showing the relationships of the species Bolivina costata (Bco), Nonionella auris
(Nau), Virgulinella fragilis (Vfr), Buliminella elegantissima (Bel), Discorbis sp.
(Dis), B. peruviana (Bpe), Reophax sp. (Reo), and Textularia sp. (Tex); and
environmental factors. Q mode shows the ordination of the samples constrained by

factors.
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3.3.4. Changes in the monthly monitoring station

Monthly changes in the TOC and TN contents of the 2 cm top surface sediments
were observed at the monitoring station (3), from November 2014 to July 2015. The
greatest concentration of TOC (37.9 ug/g) was registered in March and the second
peak in July (32.9 ug/g), whereas the concentrations of TN in November, February,
and June (>13 pg/g) were greater than the other months (<11 ug/g, Figure 3.8a).
The hydrogen sulfide (H2S) concentrations in the pore waters were greater in March
(> 750 uM) and July (> 600 uM), and lower in the other months although it was
always present (< 600 UM and > 0 uM) (Figure 3.8b). The measured values of pore
water pH were also greater in March (> 7.50) and exhibited lower values in
February and June (< 7.35) (Figure 3.8b). The H2S concentrations changed
according to the TOC content, whereas pH measurements changed in opposition to

the TN content.

Density of living and dead (empty tests) benthic foraminifera in the 2 cm top
sediments (2 cm x 50 cm? = 100 cm®) also reached maximum values (8280 and
11202 in 100 cm?, respectively) in March, although density of empty tests exhibited
more drastic changes with its minimum (29 in 100 cm®) in November 2014 (Figure
3.8¢). Bolivina costata and Buliminella elegantissima dominated the assemblage all
the period consistently, with no changes in the assemblage structure, and other

species being together always less than 1% of the total abundance.
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Figure 3.8. Monthly changes of sedimentary properties and foraminiferal fauna in
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determined.
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3.4. Discussion

3.4.1. The subtidal benthic habitat of the Pisco-Paracas coastal area

Seasonality of limiting factors for calcareous benthic fauna such as BWpH and
BWDO, derived from historical data (2010-2015), indicated that conditions of low
pH (BWpH < 7.75) and hypoxia (BWDO <1.4 mlL-1) can occur all year round, but
they are more frequent towards summer and less frequent towards winter (Figure
3.2). This seasonal variability is likely related to the influence of the adjacent OMZ,
which shoals and deepens in those seasons, respectively (Graco et al., 2017),
becoming a hypoxic source for subsurface waters of the Pisco-Paracas coastal area
(Merma-Mora et al., 2023, Arellano et al., 2023). Furthermore, the oxygen
depletion in these coastal waters is usually accompanied by the depletion of
dissolved nitrates, through denitrification, and by increase of phosphates as released
from the sediments (Pitcher et al., 2021), that occurred in late summer (March
2015), whereas the opposite (higher oxygen and nitrates but lower phosphates)
occurred in early winter (July 2015, Figure 3.3). Besides seasonality, the subtle but
consistent spatial differences of the bottom water properties between the bay and
the northern zone (Figure 3.2) suggest a closer connection of the deeper zone with

the former, and a less connection with the latter.

The similar spatial distribution of the clay content and amount of organic matter in
the sediments (Figure 3.4) revealed the occurrence of a spatial gradient of the
benthic environments in shallower bottoms of the Pisco-Paracas coastal area. This
distribution of sediment fractions and organic matter is persistent through time

(Solis et al., 2022) and would be conditioned by the semi-enclosed geomorphology

54



of the bay that limits the effects of waves and currents on the bottom (Velazco and
Solis, 2000), allowing the sedimentation of finer (inorganic and organic) particles,
and by the Pisco River mouth in the northern zone, which is a source of terrigenous
sediments that allows the settlement of coarser particles such as silt and sand in its

surrounding area.

3.4.2. The foraminiferal assemblage and differences of species distribution

The dominance of a few calcareous species in the benthic foraminiferal assemblage
observed in the Pisco-Paracas coastal area, as well as the negligible abundance of
agglutinated species and absence of miliolid taxa, are typical features of the oxygen-
depleted and organic-rich sedimentary environments that are impinged by the upper
Peruvian OMZ (Levin, 2003; Cardich et al., 2012, 2015; Mallon et al., 2012). The
dominant species found here were also described in those environments. A great
density of Bolivina costata followed by Nonionella auris characterizes the living
foraminiferal assemblage from sediments of the central Peruvian inner shelf (depth
range of 50 — 100 m; Cardich et al., 2012, 2015). On the other hand, the species
Virgulinella fragilis and Buliminella elegantissima were described as little
abundant in shelf sediments, with the former being restricted to the inner shelf and
the latter exhibiting a plastic distribution reaching depths down to the lower limit

(~600 m) of the OMZ (Cardich et al., 2015).

The dominance of B. elegantissima in the living foraminiferal assemblage of the
Pisco-Paracas coastal area is a feature that was observed in other sheltered shallow
(<50 m) sedimentary environments of the coasts of southern Peru (Romero, 2021)

and northern Chile (Tavera-Martinez et al., 2022). Several studies associate the
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dominance of this cosmopolitan species with eutrophic conditions and organic

enrichment in sediments of shallow environments (Eichler and Barker, 2020).

The observed preference of V. fragilis for the less frequently hypoxic northern zone
(Figure 3.6), and its association with siltier sediments of lower organic matter
content (Figure 3.7), are unexpected findings of this study. This species is thought
to be restricted to organic-rich sediments undergoing oxygen depletion (Tsuchiya
et al., 2009; Leiter and Altenbach, 2010), and tolerating sulfidic conditions due to
some adaptations such as a peroxisome proliferation (Bernhard and Bowser, 2008),
and the symbiosis with sulfide-oxidizing bacteria and kleptoplasts (Bernhard, 2003;
Bernhard et al., 2018; Tsuchiya et al., 2015). However, the organic matter content
of the northern zone (LOI > 4.1%) is still in a higher range than those of other
shallow sedimentary environments on the central Peruvian coast (Merma-Mora,
2020). Furthermore, the bottom water oxygen measured ca. 1 m above the
sediment-water interface is not likely a direct record of oxygenation of the benthic
foraminiferal microhabitat, since dissolved oxygen can be depleted in the surficial
first millimeters of coastal sediments (Fenchel and Finlay, 2008). Then, although
hydrogen sulfide was not measured in surface sediments of the northern zone, it is
likely that V. fragilis is reflecting anoxic/sulfidic conditions in there, maybe
associated with less acidic pore waters than those in the bay that allow the

occurrence of this very fragile calcareous species (Leiter and Altenbach, 2010).

N. auris has been reported as a subdominant species in the sediments of the central
Peruvian inner shelf, which are sulfidic and rich in labile organic matter underlying

severe hypoxic bottom waters (BWDO < 0.5mLL-1, Cardich et al., 2015). It is
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capable of thriving in those conditions through the physiological adaptation of
storing and utilizing nitrates for cellular respiration (Risgaard-Petersen et al., 2006;
Hegslund et al., 2008; Glock et al., 2019). The association of this species with
greater concentrations of nitrates and salinity (Figure 3.7) would be not only due to
the conditions of early winter (July) in which those variables were greater (Figure
3.3), but also the preference of this species for the intermediate zones that are
connected to the entrance path of the colder and nitrate-rich upwelling waters
(Arellano et al., 2023). In shallow environments, this species could be benefited
from frequent replenishments of nitrates in the bottom waters that prevent them

from depletion (Cardich et al., 2015).

The relationship of B. costata with greater availability of phytodetritus (CPE) in
more clayey organic-rich sediments (Figure 3.7), is in accordance with the observed
preference of this species for muddy sediments rich in labile organic matter in the
inner continental shelf (Cardich et al., 2015). Furthermore, B. costata can tolerate
periodic anoxic/sulfidic pore-water conditions due to its capacity of switching from
oxygen to nitrate respiration (Glock et al., 2019). Although the inner shelf
sediments are a deeper and colder environment than the small bays of the Peruvian
coast, it is likely that Paracas Bay fosters similar geochemical conditions and food
availability to those of the inner shelf that B. costata is specialized to thrive on,

unlike the other adjacent shallow zones.
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3.4.3. The geochemically dynamic habitat of foraminifera in Paracas Bay

The muddy bottoms of about 10 m depth in Paracas Bay are a geochemically
dynamic environment. The fluctuations of TOC content in the monitoring period
reflect the organic matter accumulation, which is not restricted to summer months
since also happened in early winter (July, Figure 3.8a). The decreases of TN content
would indicate degradation of organic matter, since nitrogen of planktonic-derived
detritus tends to decrease because net efflux (lost nitrogen) from the
microbe/detritus complex exceeds influx via microbial biomass production (gained
nitrogen) (Rice and Tenore 1981; Thornton and McManus 1994). Hydrogen sulfide
(H2S) is produced in the surface sediments enhanced by the accumulation of organic
carbon (Figure 3.8b). The sulfate-reduction process was already described in
sediments of the Peruvian margin (Fossing, 1990; Treude et al., 2021) and is also
expected to occur in the Paracas Bay not only by the detection of H2S, but also the
other sulfide phases such as the amorphous Acid Volatile Sulfides (AVS) and
Chromium Reducible Sulfur (CRS) in its sediments (Flores et al., 2023). The higher
levels of pore water pH in March (Figure 3.8b) may be due to the high rates of
sulfate reduction in predominant anoxic conditions, whereas in the other months
there would be a mixture of oxygenated and reduced conditions in the surface

sediments that lowered pH (Walter and Burton, 1990; Morse et al., 2007).

Under those changing geochemical conditions, Bolivina costata and Buliminella
elegantissima thrive with high abundances in the living and dead assemblages
(Figure 3.8c). While preferences and adaptations of the former species were already
discussed, the latter was reported as tolerant to the presence of hydrogen sulfide and

reactive oxygen species (such as H202), produced in sulfides chemical oxidation,
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by having abundant presence of peroxisomes, associated with the smooth
endoplasmic reticulum, that converts H.O; into water and oxygen for respiration
(Bernhard and Bowser, 2008). B. elegantissima was also described as associated
with sedimentary organic matter accumulation under microxic conditions (DO <
0.1 mLL-1, Castillo et al., 2021), as well as under more oxygenated conditions (>1
mLL-1), in bays from the coasts of northern Chile and southern Peru (Castillo et
al., 2021; Romero 2021, Tavera-Martinez et al., 2022). The positive response of B.
costata and B. elegantissima abundances to the increase of TOC and H»S in summer
months reveals their capacity to take advantage of the available food under high
sulfidic conditions. However, the concomitant increase of empty calcareous tests
(Figure 3.8c) is likely reflecting the early reproduction and short life cycle of these

species.

The decrease in the number of empty tests after summer suggests that, under more
oxygenated conditions towards winter in the bay (Chapter 2), there is a partial
dissolution of the calcareous material in the surface sediments due to the lowering
of pH. Acidified conditions in the pore waters (pH usually < 7.5, Figure 3.8b) may
explain not only the empty tests dissolution, but also the scarcity of other living
calcareous species such as Virgulinella fragilis and Nonionella auris in the bay
(Figure 3.8c¢), since the foraminiferal sensitivity and response to acidification and
to calcite undersaturation is likely to be species specific (Haynert et al., 2012;

Mcintyre-wressnig et al., 2014).
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3.5. Conclusions

The subtidal sediments of the Pisco-Paracas coastal area are inhabited by a low
diverse (9 taxa) foraminiferal assemblage, composed of calcareous species adapted
to tolerate anoxic and sulfidic conditions. Buliminella elegantissima was the most
abundant species during the period 2014 — 2015, and dominated throughout the

coastal area except in the Paracas Bay, where Bolivina costata dominated.

The species B. costata, Nonionella auris, and Virgulinella fragilis were associated
with geochemical gradients of the benthic habitat, suggesting their potential as
indicators of different environmental conditions. Thus, the finer and phytodetritus-
rich sediments of Paracas Bay seem to benefit B. costata, whereas the silty and
slightly warmer sediments of the northern zone benefit V. fragilis. Furthermore, the
colder and nitrate-rich bottom waters characterizing the intermediate zones likely

benefit the nitrate-storing species N. auris.

B. costata and B. elegantissima can tolerate temporal hydrogen sulfide enrichment
and lowering of pH (<7.5) in surface sediments of the bay, and take advantage of
the available food in such inhospitable conditions. Monthly fluctuations in the
number of empty calcareous tests in the bay revealed the quick reproduction and

short life cycles of those species, but also suggest carbonate dissolution conditions.
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IV. CHAPTER 4: A two-year monitoring of changes of the benthic
foraminiferal assemblage and the sedimentary indicators of eutrophication in

the Pisco-Paracas coastal area.

4.1. Introduction

Since the last decades of the 20th century, eutrophication has been considered as
one of the main environmental threats to many coastal marine areas (Richardson
and Jgrgensen, 1996). Although eutrophication is usually referred to as the
increasing entry of mineral nutrients of Nitrogen (N) and Phosphorus (P) into an
aquatic environment, Nixon (1995) pointed out that these are not the only factors
that determine the trophic state of a body of water, and proposed to define

eutrophication as an increase in the rate of supply of organic matter to an ecosystem.

Eutrophication in the Pisco-Paracas coastal area, induced by the effluents of
fishmeal industry, was notorious until 2004, when a treatment system was
stablished and a pipeline that discharges those effluents outside this coastal area,
was deployed. However, signs of eutrophic conditions are still observed in the
bottom water such as a severe deficit of nitrates with respect to phosphates (N ratio:
P << 16) in hypoxic conditions (Pitcher et al., 2021), and in the anoxic sediments

that accumulate organic matter mainly in the Paracas Bay (Solis et al., 2022).

Mineralization (early diagenesis) of sedimentary organic matter, and nutrient fluxes
between water and sediments, can change due to eutrophication, as increased
organic flux to the bottom promotes oxygen depletion and stimulates sulfate
reduction, which becomes the main respiration process of the sedimentary organic

matter (Jgrgensen, 1996a). These changes affect the benthic fauna mainly due to
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deficient oxygen levels and the presence of hydrogen sulfide (H2S) which is toxic
to eukaryotic organisms. In this regard, benthic foraminifera can respond in
different ways to eutrophication and organic enrichment of sediments, taking into
account the natural environmental properties of a given area and the type of organic
effluent that has generated eutrophication (Alve, 1995). Although foraminifera
diversity is often affected by organic enrichment of sediments, some species can
tolerate and even thrive in such conditions, making them potential indicators of

eutrophication (Yanko et al., 1999).

The diversity and structure of the assemblage of benthic foraminifera in the Pisco-
Paracas coastal area vary in accordance to the distribution of organic matter
contained in the surface sediments, whose temporal fluctuations can also affect the
number of accumulated calcareous tests of the dead assemblage (Chapter 3).
However, the sedimentary geochemical processes associated with eutrophication
that generate changes in the assemblage of benthic foraminifera are unknown. For
this reason, the present study seeks to evaluate changes in the abundance and
structure of living (biocoenosis) and dead (thanatocoenosis) assemblages of benthic
foraminifera, associated with variations in the concentration and early diagenesis
of organic matter in sediments, linked to the eutrophication process in the Pisco-

Paracas coastal area.
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4.2. Methods

4.2.1. Design of sampling

A monitoring of the assemblage of benthic foraminifera and the geochemistry of
the subtidal sediments of the coastal zone of Pisco-Paracas was carried out between
2019 and 2021, in a north-south arrangement of 3 muddy substrate stations.
Although the stations have similar depth (Table 4.1), their spatial arrangement
corresponds to a gradient of organic matter content with higher concentrations
towards the bay (Velazco and Solis, 2000; Solis et al., 2022). The origin of this
gradient is associated with the different conditions, from the semi-enclosed and
protected configuration of the bay towards the northern zone with greater exposure
to the open ocean, as well as by the presence of the Pisco River and the industrial
zone. Thus, P1 was located inside the bay, which is a buffer zone of the Paracas
National Reserve, a protected natural area located to the south of the bay. P2 was
located in front of the industrial zone, and P3 in front of the mouth of the Pisco

River (Table 4.1).

Table 4.1. Features of monitoring stations in the Pisco-Paracas coastal area

Station Latitude Longitude Zone Substrate Depth (m)
P1 -13.82239 -76.28164 Bahia Paracas  Muddy 10.0
P2 -13.77732 -76.25724 Industrial Muddy 11.0
P3 -13.65986 -76.25758 North Muddy 9.5
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4.2.2. Collecting of samples

Sediment samples were collected manually in triplicate, using acrylic tubes (6.5 cm
inner diameter) and PVC caps, by semi-autonomous compressor diving aboard an
artisanal fishing vessel (approx. 6m in length). The first 2 cm of collected surface
sediments were sectioned and stored in plastic vials with a Rose Bengal solution
(2g/L of 70% methyl alcohol) to stain the cytoplasm of living foraminifera
(Schonfeld et al., 2012). Surface sediments (0-2 cm) from a fourth tube were
sectioned and stored in hermetically sealed plastic bags, and then frozen, to
determine the total organic carbon (TOC) and total particulate nitrogen (TN) of the

sediments, as well as the isotopic ratios of *3C and *°N.

Another two tubes with drilled holes were obtained at each station. Pore water were
extracted from the same depth interval (0-2 cm), using 20 mL syringes and micro-
porous rhizomes (Seeberg-Elverfeldt et al., 2005). Aliquots of 1.5 mL of interstitial
water were immediately fixed with 0.5 mL of a 5 % zinc acetate solution and stored
in vials at 4 °C for the determination of hydrogen sulfide (H.S) concentration. The
remaining volumes of interstitial water were kept in glass flasks at 4 °C to determine

the concentration of phosphates and ammonium.

4.2.3. Determination of TOC, TN and stable isotopes

The sediment samples were dried in an oven at 50°C and then homogeneously
ground in an agate mortar. Approximately 1g of dry sediment from each sample
was treated with 10% HCI to remove inorganic carbon and measure total organic
carbon (TOC) and total nitrogen (TN), and also the isotopic ratio of carbon (5!C)

and nitrogen (8*°N) (Lichtfouse and Budzinski, 1995; Kenedy et al., 2005). These
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were performed with an elemental analyzer (ThermoFisher Flash HT type) coupled
to an isotope mass spectrometer (Delta V Advantage type) with analytical precision
of C: 0.05 %, N: 0.05 %, 8*3C: 0.05 %o and 8°N: 0.1 %o, at the Isotopic Analysis

Laboratory (ALY SES) of the Institute for Development Research (IRD) in France.

4.2.4. Determination of sulfide, phosphate, ammonium from pore water

The pore water H2S concentrations were determined by the standard methylene blue
formation method (Cline, 1969), which mixes the 5% zinc acetate-fixed sample
with solutions of p-phenylonediamine hydrochloride and ferric chloride, to take
absorbance readings of each sample at 670 nm wavelength. To determine the
concentration of dissolved phosphates, 2 mL aliquots of the pore water were mixed
with solutions of hexamolybdate and ascorbic acid to form a blue-colored
phosphomolybdate solution, and the absorbance of each sample was measured at
885 nm wavelength (Strickland and Parsons, 1972). To determine the dissolved
ammonium concentration, 2 mL aliquots of the pore water were mixed with
solutions of phenol and sodium nitroprusside, to form the ‘indophenol blue’
solution, and the absorbance of each sample at 634 nm wavelength was measured
(Strickland and Parsons, 1972). The absorbances were measured by the
spectrophotometric  technique, with a Perkin Elmer LAMBDA 45

spectrophotometer, in the IMARPE Hydrochemistry laboratory.

4.2.5. Determination of abundance and diversity of benthic foraminifera

After two weeks of fixation with alcohol and Rose Bengal, the samples were
washed with tap water through a 63 pum mesh sieve. The retained material was

transferred wet to Petri dishes. This material was observed by stereomicroscopy and
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the foraminifera tests were manipulated with fine brushes, distinguishing and
separating stained (biocoenosis) from dead (thanatocoenosis) individuals. Taxa to
the lowest possible category were identified, and abundances per taxon and total
abundance were counted, in biocoenosis and thanatocoenosis separately. The total
number of living and dead foraminifera in each sample was then standardized as

the number of tests per 50 cm? (# tests / 50 cm?).

+13.67°S

+13.72°S

r13.77°S

+13.82°S

76.38°W  76.33°W  76.28°W  76.23°W
Figure 4.1. Monitoring stations in the Pisco-Paracas coastal area from 2019 to 2021.

Bathymetry is depicted in contours and blue color scale.
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4.3. Results

4.3.1. Variability of sediment geochemistry

The organic matter indicators exhibited a spatial gradient, from north to south, and
a temporal trend between 2019 and 2021 (Figure 4.2a and 4.2b). Thus, the total
organic carbon content (%TOC) was higher in P1 (between 5.5% and 6.0%),
moderate in P2 (between 2.9% and 4.3%), and lower in P3 (between 0.8% and 1.8
%). Similarly, the total nitrogen content (%TN) was higher in P1 (between 0.7%
and 0.9%), moderate in P2 (between 0.4% and 0.6%), and lower in P3 (between
0.1% and 0.2%). The highest values of both indicators occurred in December 2019
and February 2020, and progressively decreased afterwards. The C:N ratio was
higher than 7.5 in P3, and between 7.0 and 7.5 in P1, with an increasing trend in

both stations (Figure 4.2c). No trend of C:N occurred in P2 (between 6.8 and 7.2).

The 5'3C exhibited higher values in P1 (between -19.2 and -19.9), slightly lower in
P2 (between -19.8 and -20.2), and much lower in P3 (between -21.2 and -22.6). In
the three stations, 8'3C exhibited a slight decreasing trend towards the end of the
monitoring (Figure 4.2d). On the other hand, §°N was higher in P2 (between 8.9
and 10.1) with no apparent trend; it was slightly lower (8.5 and 9.3) in P1 with an
increasing trend, and it was notoriously lower in P3 (between 5.7 and 8.0) also with

an increasing trend, except for its minimum value in August 2021 (Figure 4.2e).

Regarding the solute concentrations in pore waters, phosphates varied between 1
and 35 puM in P1, between 37 and 221 puM in P2, and between 41 and 376 UM in
P3 (Figure 4.2f). Sulfides varied between 4 and 184 uM in P1, between 31 and 684

UM in P2, and between 0 and 147 uM in P3 (Figure 4.2g). Ammonium varied
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between 27 and 603 pM in P1, between 59 and 1500 uM in P2, and between 126
and 941 pM in P3 (Figure 4.2h). While the lowest concentrations of the three
solutes occurred in P1, the highest concentrations of phosphates (>50 puM) and

ammonium (>200 uM) occurred in P3, and those of H>S (>100 uM) in P2.
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Figure 4.2. Geochemical variables of sediments (0-2 cm). Percentage content of
Total Organic Carbon (a), and Total Nitrogen (b), and C:N ratio (c). 8*3C (d).

3N (e). Pore water dissolved phosphates (f), sulfides (g), and ammonium (h).

68



4.3.2. Abundance of biocoenosis and thanatocoenosis of benthic foraminifera

The abundance of biocoenosis and thanatocoenosis, in the accumulated 2 cm of
surface sediments (2 cm x 50 cm? = 100 cm?), varied in space and time (Figure
4.3a). The spatial comparison revealed that the abundances between sampling
stations differ in order of magnitude, such that the biocoenosis was usually more
abundant in P1 (between 1000 and 7000 foraminifera in 100 cm? of sediment),
slightly less abundant in P2 (between 1000 and 5000 foraminifera in 100 cm? of
sediment), except in December 2020 and December 2021, while in P3 the
abundances were the lowest ones (between 100 and 1000 foraminifera in 100 cm?®
of sediment). On the contrary, the thanatocoenosis was much more abundant in P2
(between 70000 and 150000 tests in 100 cm?® of sediment), less abundant in P1
(between 1000 and 8000 tests in 100 cm® of sediment), and even lower in P3

(between 100 and 2000 tests in 100 cm? of sediment).

At each sampling station it was also possible to observe temporal differences in the
biocoenosis and thanatocoenosis (Figure 4.3a). Thus, the abundance of living
foraminifera in P1 was on average higher in December 2019 and February 2020
(more than 6200 foraminifera in 100 cm?® of sediment) and lower in December 2020
and December 2021 (less than 1600 foraminifera in 100 cm? of sediment). In P2,
the abundance was higher in February 2020 and December 2021 (more than 3800
foraminifera in 100 cm? of sediment) and lower in December 2020 and August 2021
(less than 1900 foraminifera in 100 cm® of sediment). In P3 the abundance was
higher in February 2020 (more than 1000 foraminifera in 100 cm?® of sediment) and
lower in August and December 2021 (less than 200 foraminifera in 100 cm? of

sediment). Regarding thanatocoenosis, a decreasing trend in the number of tests
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was observed in P1 and P3, which was not the case of P2. The number of tests at
P2 was one or more orders of magnitude higher than the other stations, and

remained around 100000 in 100 cm? of sediment throughout the monitoring.

In addition, it was observed that the abundances at 0-1 cm and 1-2 cm, of the
biocoenosis and the thanatocoenosis, exhibited the same spatiotemporal patterns

observed in the accumulated two centimeters (Figure 4.3b and 4.3c).
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Figure 4.3. Total abundance of the biocoenosis and thanatocoenosis of benthic
foraminifera in the first (b, 0-1 cm) and second (c, 1-2 cm) level of surface
sediments (50 cm?), and the sum of both or accumulated (a, 0-2 cm), for each station

and sampling time. Vertical axes in logarithmic scale.
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4.3.3. Species composition and structure of biocoenosis

The percentage composition of the species in the living assemblage or biocoenosis
revealed that Buliminella elegantissima, Bolivina costata, Nonionella auris, and
Virgulinella fragilis were the species that together made up between 98% and 100%
of the total abundance of foraminifera that inhabit the study area, of which B.
elegantissima and B. costata represent more than 70% (Figure 4.4a). These four
species composed the total biocoenosis in P3, similar in P1 but additionally with
Buccella peruviana, and similar in P2 but additionally with B. peruviana, Discorbis

sp., and Bulimina sp. (Figure 4.5, Table A.C1).

In P1, B. elegantissima was always the dominant species, accounting for between
60% and 80% of the total abundance of the assemblage, followed by B. costata
between 15% and 25% of the abundance, and the rest of the species (N. auris, V.
fragilis and B. peruviana) were usually less than 5% (Figure 4.5¢). In P2, B.
elegantissima was also always the dominant species with 60% to 80% of the total,
followed by B. costata between 5% and 20%, N. auris between 5% and 15%, V.
fragilis usually less than 10%, and the other species (B. peruviana, Discorbis sp.
and Bulimina sp.) were always less than 2% (Figure 4.5b). However, in P3 the living
assemblage changed markedly between 2019 and 2021. It went from having B.
elegantissima as the dominant species in 2019, comprising more than 50% of the
abundance and followed by B. costata with less than 45%, to have B. costata as the
dominant species by the end of 2021 with more than 70%, and B. elegantissima
with less than 10% (Figure 4.5a). The species N. auris and V. fragilis fluctuated

between 5 and 20% throughout the period.
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4.3.4. Species composition and structure of thanatocoenosis

The dead assemblage or thanatocoenosis was also mostly composed (between 75%
and 100%) of tests of B. elegantissima, B. costata, N. auris and V. fragilis, and
smaller amounts (between 0% and 25%) of B. peruviana, Discorbis sp. and
Bulimina sp (Figure 4.4b). Other rare species, not observed in the biocoenosis, were

grouped into "other hyaline, miliolid and agglutinated” taxa (Table A.C1).

The percentage composition of species of the thanatocoenosis had almost no
changes in P1, and was characterized by the dominance of B. elegantissima tests
with 45% to 75% of the total, followed by those of B. costata, with 15% to 45%,
while the other species (N. auris, V. fragilis, B. peruviana, Discorbis sp., Bulimina
sp.) were together less than 10% (Figure 4.5¢). Thanatocoenosis did not change
significantly either in P2, and it was dominated by B. elegantissima tests with more
than 50 % of the total. This was followed by similar contributions of B. costata, N.
auris, B. peruviana and Discorbis sp., each between 5% to 10 %, a contribution of
V. fragilis of less than 5%, and even lower contribution of Bulimina sp., which
together with the other hyaline, miliolid and agglutinated taxa, were less than 1%
(Figure 4.5b). On the other hand, the thanatocoenosis in P3 exhibited a notorious
change in the monitoring period, from being dominated by V. fragilis, with more
than 70% of the total in 2019, to be dominated by B. costata, with more than 60 %,
at the end of 2021. The B. elegantissima tests fluctuated between 10% and 20% and
those of N. auris, between 0% and 5% throughout the period, whereas the
contribution of the other hyaline, miliolid and agglutinated taxa, varied from 5% to

20% between 2020 and 2021 (Figure 4.5a).
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Figure 4.4. Percentage composition of foraminiferal species of the biocoenosis (a),

and thanatocoenosis (b), in the accumulated surface sediment (50 cm? x 2 cm).
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Figure 4.5. Percentage composition of foraminiferal species of the biocoenosis and
thanatocoenosis, in the accumulated surface sediment (50 cm? x 2 cm), for sampling

time, and each station: P3 (a), P2 (b), and P1 (c).
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4.3.5. Species abundances

In the biocoenosis, the abundance of B. elegantissima exhibited maximum values
in P1, and minimum values in P3. Apart from temporal fluctuations, its abundance
exhibited a notorious decreasing trend only in P3 (Figure 4.6). The abundance of B.
costata had similar spatial and temporal patterns, although with much subtler
differences and fluctuations. On the other hand, the abundances of N. auris, V.
fragilis and B. peruviana were higher in station P2 and in December 2019 and
February 2020. From there, the abundance of N. auris decreased drastically until
disappearing in P1 and P3, but remaining in P2. V. fragilis exhibited irregular
fluctuations in its abundance, although with minimum values in P1 and maximum
in P2. B. peruviana that inhabited only P1 and P2, and Discorbis sp. and Bulimina

sp., which inhabited only P2, tended to disappear towards the end of monitoring.

In the case of the thanatocoenosis, all species had higher abundances at station P2
(one or more higher degrees of magnitude) and with no variation trend. B.
elegantissima was the species with the highest abundance of tests, and exhibited a
decreasing trend in P1 and P3. Similar was the case for B. costata, although with
subtler differences. N. auris tests tended to disappear in P1 and P3 towards the end
of monitoring, but remained at similar abundances in P2. V. fragilis tests tended to
increase in P2, decrease in P3, and disappear in P1. The tests of B. peruviana,
Discorbis sp., and Bulimina sp., disappeared from stations P1 and P3 towards the

end of the monitoring, but remained with minor variations at P2.
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Figure 4.6. Abundances of the main species of foraminifera of the biocoenosis and

thanatocoenosis, in the accumulated surface sediment (50cm? x 2cm), for each

station and sampling time. Vertical axes in logarithmic scale.
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4.3.6. Biotope and biocoenosis association

A correlation matrix revealed the degree of association between benthic
foraminiferal abundances and the environmental variables of their sedimentary
habitat (Figure 4.7). The species best associated with the organic matter indicators
was B. elegantissima, being positively correlated with the content of TOC (r = 0.82,
p<0.01), TN (r=0.81, p<0.01), !3C (r=0.72, p<0.01), and §*°N (r = 0.59, p<0.01),
but negatively correlated with C:N (r = -0.84, p<0.01). B. costata exhibited a lower
degree of association with these variables, being positively correlated with the
content of TOC (r = 0.79, p<0.01), TN (r = 0.79, p<0.01), **C (r = 0.65, p<0.01),
but negatively correlated with C:N (r =-0.64, p<0.01). N. auris was only negatively
correlated with C:N (r = -0.61, p<0.01). On the other hand, the tests abundance of
thanatocoenosis was also negatively correlated with C:N (r = -0.82, p<0.01) and

positively with 8°N (r = 0.71, p<0.01).

76



d15N

Phosp
Sulfid.
Ammon

Q z 8
O Z T «
- O ©

.': .
TOC 1.00 1.00-0.65 0. 39><.o 32><><4 0.820.79
TN [1.000.67 0. BBX-O ao><>< 0.810.79

B.ele
B.cos

><>< N.aur

XXXXXXXXWw

XXX XXX XXX e per
><>< Tests

08
C:N 1. oo)(s-o e4><><>< 0.84-0.64-0.61 -0.82
d13C 1.000.650. 34><><0720 65>< }{5 06
d15N 1.oo><><>< 0.59><>< : L 0.4
Phosp. 1.oo>< 0.50m.>(6>< >< X
sulfid. 1.00 )X XX X X X | 102
X

Ammon. |1 °°><5>< X
B.ele 1.000. 35><><
B.cos 1. °°><><><><><>< 0.2
N.aur 1.00><><4><>< 0.75
vira 1.00 X DX | 04
B.per 1.00 0.69><><: 06
Dis.sp |1.00 0.52><
Bul.sp 1.00>< -0.8

Tests 1.00

r o

XXX AKXXX XX Disis
XXXX%XXXXM%

o
-
(]

-1

Figure 4.7. Spearman's correlation matrix of the abiotic variables and the
abundances of benthic foraminifera (species of the biocoenosis and the number of
tests of the thanatocoenosis). Non-significant correlations (p > 0.01) are marked as

null. More positive correlations tend to blue and more negative tend to red.
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4.4. Discussion

4.4.1. Geochemical variability of the sedimentary habitat

The general variation range of the C:N ratio (6.8 to 8.4, Figure 4.2c) reflected the
predominance of the phytoplankton origin of organic matter, mainly in the bay (P1)
and the industrial zone (P2), as they exhibited very close values to the typical C:N
of marine phytoplankton (C:N ~ 6.63; Lamb et al., 2006). This origin was
reaffirmed by the ranges of variation of *3C (-23.0 to -19.0) and 5'°N (5.5 to 10.0)
that are typical of sedimentary phytodetritus (Cifuentes et al., 1996). On the other
hand, the higher values of C:N (> 7.5), and lower values of §*3C (< -21.0), in the
northern zone (P3, Figure 4.2c and 4.2d), reflect a higher degree of mixing of
phytodetritus with organic components of terrestrial origin such as cellulose and
lignin (Silva and Prego, 2002; Lamb et al., 2006), which would enter this area due

to its proximity to the Pisco River.

Although the monitoring of the present study had an irregular frequency, the clear
decreasing trend of TOC and TN, in sediments of the three zones (Figure 4.2a and
b), suggests a general alleviation of eutrophic conditions between 2019 and 2021,
which were particularly severe in the bay (TOC > 5%). Since §'3C of sedimentary
organic matter can reflect the recent trophic evolution of aquatic environments
(Lehmann et al., 2004), the observed decrease in §*3C (more negative values) in all
stations would be reflecting a decreasing primary productivity and less amounts of

phytodetritus.

With an ongoing less predominance of phytodetritus in the bulk organic matter, it

Is expected to observe an increasing trend of C:N, which was the case for P1 and
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P3, but not for P2 (Figure 4.2c). This different pattern might be related to other
processes in the sediments such as distinct early diagenesis of the organic matter.
Thus, the increasing C:N during the study period suggests an increasing degradation
of nitrogenous particles due to more oxidative (in presence of oxygen)
mineralization of the sedimentary organic matter (Jergensen 1996a, 1996b). The
nitrogen released by mineralization is preferentially 2N, which leaves the organic
substrate enriched in N (increased 8°N, Thornton and McManus, 1994), as
occurred in P1 and P3 (Figure 4.2¢). On the other hand, the lack of trend in C:N and
3N, observed in P2, suggest a particular retention (relative minor loss) of nitrogen

throughout the study period.

The usual higher concentrations of interstitial sulfides in P2 indicate more frequent
anoxic conditions than in the other stations (Figure 4.2g). Those conditions inhibit
or slow down processes of nitrogen loss from the sediment matrix such as
nitrification and denitrification. (Joye and Anderson, 2008), which supports the
nitrogen retention previously suggested. Furthermore, nitrogen retention usually
occurs when dissolved ammonium released by the nitrogen mineralization, that was
increasingly available in pore waters of the three stations (Figure 4.2h), is adsorbed

to the sedimentary particles under anoxic conditions (Morse and Morin, 2005).

The increase in dissolved phosphate also reflects an increase in the mineralization
of organic matter (Sundby et al., 1992), and its accumulation in pore water occurs
under anoxic conditions (Rozan et al., 2002), as was observed in P2 and P3 (Figure
4.2f). However, the phosphate concentrations were always lower in pore waters of

the bay (P1), despite containing the highest values of sedimentary organic matter
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(TOC and TN). This indicates a greater frequency of oxygenation, and consequently
redox oscillations (Aller, 1994), in the surficial sediments of P1 that promotes the
rapid adsorption of phosphates to the sedimentary particles, leaving low

concentrations in the pore water (Sundby et al., 1992).

Starting from severe eutrophic conditions in 2019, the continuous decrease in
sediment organic matter until 2021 was likely associated with changes in the redox
conditions of the sedimentary microhabitat. From all of the above, and considering
that bottom hypoxic conditions are frequent in the Pisco-Paracas coastal area
(Chapter 2), the spatiotemporal pattern of the redox conditions of the surface
sediments of the 3 stations can be described for the monitoring period 2019-2021.
The sediments in P2 underwent predominant anoxic conditions. In P3, the anoxic
sediments experienced an increasing coexistence of reductive and oxidative
processes. In contrast, the sediments in P1 exhibited more intense redox oscillations
associated with an increasing predominance of oxidative processes and greater

contents of organic matter.

4.4.2. Variability in the living assemblage of foraminifera

The main species identified were previously described as the same species that
inhabit and dominate the sediments of the upper continental shelf, tolerating anoxic
and sulfidic conditions through physiological adaptations such as anaerobic
respiration and the incorporation of bacterial symbionts that oxidize sulfides
(Chapter 3). The overwhelming dominance (>70%) of very few species (B.
elegantissima and B. costata in this study) in the foraminifera biocoenosis is usually

characteristic of areas affected by eutrophication or organic contamination of
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sediments (Bandy et al., 1964; Stott et al., 1996). The most abundant, B.
elegantissima, is a cosmopolitan species that was identified as tolerant to various
sources of pollution in coastal areas (Yanko et al., 1999), to anoxia, and to the
presence of sulfide (Bernhard and Bowser, 2008). In addition, it is known that B.
elegantissima particularly benefits from organic enrichment in sediments,
exhibiting a direct association with sedimentary carbon and nitrogen content
(McGann, 2009), and increasing its relative abundance in the assemblage (Eichler

and Barker, 2020).

B. elegantissima particularly dominated the biocoenosis of Paracas Bay (P1), where
it was always more than 75% of the total (Figure 4.4), contrasting with what was
observed between 2014 and 2015, in which B. costata was the dominant species in
the bay (Chapter 3). In the present study, there was a progressive decrease in the
abundance of B. elegantissima in the northern zone (P3, Figure 4.5) that left B.
costata as the dominant species since December 2020 (Figure 4.4). Given the
greater positive correlation of B. elegantissima with TOC and TN (r > 0.8, Figure
4.7), the observed changes in P3 would be responding to the downward trend of
sedimentary TOC and TN, which reached their lowest values around 2021 (Figure
4.2). Conversely, the change in the dominant species in the bay between the
previous study of 2014-2015 (B. costata) and the current one of 2019-2021 (B.
elegantissima), could have been generated by the increase in TOC that occurred
between these periods, going from ~3.5% in 2015 (Chapter 3) to ~5.8% in 2019

(Figure 4.2a).
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These changes in the dominant species in coastal areas can respond not only to
changes in the quantity (TOC and TN) but also in the type of predominant organic
matter in the sediments: phytodetritus, algal structures and bacteria, due to the
differences in the feeding adaptations of the foraminiferal species (Loubere and
Fariduddin, 1999). The species B. costata is known to dominate in the sediments of
the upper continental shelf underlying active coastal upwelling cells off Peru
(Cardich et al., 2015), in which diatom species dominate the phytoplankton
community (Rojas de Mendiola, 1981; Ochoa et al., 1999), and their remains
characterize the surface sediments (Schrader and Sorknes, 1991). Thus, the
dominance of B. costata in the Paracas Bay observed between 2014 and 2015
(Chapter 3) is consistent with the dominance of diatoms in the phytoplankton of the

bay, reported in several field surveys in the same years (Sanchez et al., 2019).

On the other hand, the dominance of B. elegantissima in the bay observed in the
present study may also be related to some nutritional benefit that this species obtains
from a phytodetritus that comes mainly from dinoflagellate blooms, which
increased in frequency in the bay after 2016 (e.g., Cuellar et al., 2021; Romero et
al., 2022; Tenorio et al., 2022). Similar changes in the foraminiferal assemblage,
due to changes in the predominant phytoplankton, were observed in other coastal
environments that experienced eutrophication such as Long Island Sound (Thomas

et al., 2004) and Osaka Bay (Tsujimoto et al., 2006).

Although V. fragilis was more abundant in percentage in P3 (Figure 4.5), the highest
densities of this and the other species of the biocoenosis were in P2 (Figure 4.6).

The frequently anoxic sediments of P2 also harbored the tolerant species V. fragilis,
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N. auris, B. peruviana, Discorbis sp., and Bulimina sp., although these last three
were disappearing towards the end of the monitoring. It was not possible to find an
explanation for this disappearance since no correlation of these species with any

environmental variable was observed (Figure 4.7).

4.4.3. Inferences from the dead assemblage of foraminifera

The thanatocoenosis represents an average contribution of the biocoenosis and the
processes that modify them after death, such as transport and destruction of tests by
dissolution (Murray and Alve, 1999a). The identification of these taphonomic
processes is achieved by comparing the thanatocoenosis with the biocoenosis
(Murray and Alve, 1999b). Particularly, the dissolution of calcareous layers is a
very common seasonal process in coastal sediments of temperate regions. A greater
penetration of oxygen into surface sediments in winter generates the oxidation of
organic matter and reduced solids (FeS and FeS») and dissolved metabolites (H2S,
Mn?* and NH4"), which are accumulated in anoxic conditions in the previous
summer (Green and Aller, 1998). Of these, the oxidation of the reduced metabolites,
and the neutralization of the strong acids that this produces, are coupled to the
dissolution of calcium carbonate (CaCOs) minerals from the sediments, such as the

tests of dead foraminifera (Green and Aller, 2001).

In this sense, good conditions for the preservation of foraminiferal tests of
thanatocoenosis only occurred in P2, since they were more abundant, by one or
more orders of magnitude, than the tests numbers in P1 and P3, throughout the
monitoring period (Figure 4.3). On the other hand, conditions for tests dissolution

occurred in P1 and P3 by exhibiting progressively lower numbers of
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thanatocoenosis’ tests in the same period (Figure 4.3). The correlations of the
thanatocoenosis’ tests number with C:N (r = -0.82) and with §*°N (r = 0.71, Figure
4.7), suggests the influence of an oxidative diagenesis of organic matter on the
reducing number of tests by carbonate dissolution. Considering the presence of
dissolved reduced metabolites such as H>S and NH4" in pore waters (Figure 4.2),
and the potential accumulation of solid reduced metabolites in sediments of this
coastal area (Flores et al., 2023), it is very likely that the oxidation of reduced

metabolites has also occurred, promoting the active dissolution of carbonates.

Empty tests of V. fragilis are particularly susceptible to dissolution due to their
characteristic brittleness (Haman, 1993) and have very low preservation potential
in Peruvian coastal sediments (Cardich et al., 2014). Considering the tests of V.
fragilis as a more sensitive indicator of the dissolution conditions of biogenic
carbonates, the degree of such conditions can be distinguished between P1 and P3.
Thus, the progressive decrease of these tests in P3, compared to their disappearance
in P1, after December 2020 (Figure 4.6), indicates that the dissolution was more
intense in P1. On the other hand, the slight and continuous increase of these tests in
P2, suggests that the preservation conditions were maintained throughout the
monitoring in that station. This is consistent with the increasing predominance of
oxidative processes in P1, the coexistence of anoxic conditions and oxidative
processes in P3, and the predominance of anoxic conditions in P2, discussed

previously.
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4.5. Conclusions

The two-year monitoring of sediments revealed changing geochemical conditions
of the benthic habitat in the Pisco-Paracas coastal area, associated to eutrophication,

that impact on living and dead foraminiferal assemblages.

The species Buliminella elegantissima notoriously responded to changes in the
amount of sedimentary organic matter. This study proposes this species as an

indicator of eutrophication in shallow marine environments of the Peruvian coast.

Spatial differences in early diagenesis of organic matter and carbonates were
identified in sediments of the three zones of this area. Off the industrial zone (P2),
the reductive processes and carbonate preservation predominated. Off the Pisco
River mouth (P3), there was a coexistence of reductive and oxidative processes
increasing diagenesis of organic matter and carbonates. In the Paracas Bay (P1),
there was an increasing predominance of oxidative processes promoting diagenesis
of organic matter and carbonates. These differences were reflected in the large
spatial variability of preservation of all the dead assemblage, as well as empty tests
of Virgulinella fragilis, among the three zones confirming more redox dynamics in

P1 and P3, and more stable in P2.
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V. CHAPTER 5: Historical evaluation of the benthic foraminiferal

diversity of the last 100 years in the Paracas Bay.

5.1. Introduction

Industrial production of anchovy meal was established on the Pisco coast in the
mid-1960s, but only since the end of that decade the plants processed considerable
volumes of caught anchovy (around 10% of the total catch of the entire Peruvian
coast; Vasquez, 1969). Since then, the wastewater from this production has been
discharged directly into the marine environment, in front of the industrialized zone
of Pisco, adjacent to the Paracas Bay (Figure 5.1). In 2004, a new waste treatment
system was started and a pipeline was deployed to discharge the effluents outside

the coastal zone, 14 km to the northwest, and at a depth of 50 meters (Figure 5.1).

Mortality events of marine fauna occurred quite frequently during the 1990s
(Cabrera Carranza, 1999) and early 2000s (Jacinto, 2014), which raised awareness
on the anthropogenic eutrophication that the Pisco-Paracas coastal area was
subjected. These mortality cases were associated with events of anoxia and bottom
organic enrichment (Cabello et al., 2002), a finding that later promoted the
establishment of a monitoring system of environmental conditions by the Peruvian
Marine Research Institute (IMARPE). Despite this, it is not known how the
development of eutrophication of the marine environment was during the period of
greatest influence (1960s -2004) of organic pollution by the fishmeal industry, nor
of the direct and indirect effects on the bottom water oxygen content and on the

diversity of benthic organisms of the area (Pitcher et al., 2021).
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Considering that eutrophication causes changes in the phytoplankton composition
and productivity, the sedimentation of these altered organic carbon can generate
changes in the ecological structure of the benthic fauna (Howarth and Marino,
2006). Thus, the objective of this chapter is to reconstruct the eutrophication
process in the Paracas Bay through the analysis of changes in the organic matter
content in sediments, and its accumulation rates, as well as to determine the effects
of this process on the diversity of the benthic foraminiferal assemblage throughout

the last 100 years.

5.2. Methods

The sediment core was collected at 11 m depth inside the Paracas Bay, within a
topographic depression that crosses the bay from the northwest to the southeast
(Figure 1). Sediments in the central and deepest part of the bay (> 8m) are mainly
clay-silty (Solis et al., 2022). Circulation studies suggest that the bay is an
environment of slow flows (Yzocupe, 2005; Carbonel, 2013; Arellano et al., 2023)
enabling the accumulation of particulate organic matter (Velazco & Solis, 2000;

Solis et al., 2022), which makes it suitable for obtaining sedimentary cores.

87



Submarine emission I | o
of wastewater K : 1 370 S

—13.75°S
| Fishing -
San Martin - ; " industry i .
" Harsoit 13.80°S
Sequion —13.85°S

1
76.30°W 76.25°W 76.20°W

Figure 5.1. Sampling site of the sedimentary core in the Paracas Bay (in red). The
site of discharge of fishmeal industry wastewater is indicated (in white).

Bathymetry is represented in contours and blue color scale.

5.2.1. Collection and preparation of the sediment core

A 70 cm long PVC tube with 8 cm of internal diameter was used for collecting the
sediment core. Prior to field work, the tube was cut lengthwise into two equal parts

and glued in its original shape with duct tape.
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The sediment core was manually collected by semi-autonomous compressor diving
aboard a small artisanal fishing vessel in December 2020. Then on board, the core
was kept upright to preserve its sedimentary structure, and the water excess
overlying the sediments was extracted using a syringe with hose, until it was

transferred to a laboratory.

The core was transported to the IMARPE — Pisco laboratory, located in Paracas
town. Once there, the tube was stripped of the duct tape and then laid flat for slitting.
A nylon thread was passed between the two halves of the PVVC tube to cut the core
lengthwise, and immediately separate the two halves. Each of these was covered

with packaging film and protected by PVVC caps at the ends, for transport to Lima.

5.2.2. Description and subsampling of the core

The core halves were kept refrigerated (~4°C) in the Laboratory of Marine Sciences
at UPCH until their visual description. The core was also photographed and X-
radiographed in order to identify sedimentary structures as sequences of laminae or

bands along the core.

Subsequently, the two halves of the core were sectioned every 1 cm, starting from
the surficial sediments. A subsample of known volume (1 cm x 6.03 cm?) was
extracted from each section to determine the dry bulk density (DBD) and humidity
(%), for which the subsamples were wet weighed and weighed again after being
dried in an oven at 50°C. The remaining sediments of each section were also dried
for the analysis of the activity of the radionuclides ?*°Pb, *Am and **’Cs, as well
as for total organic carbon (TOC) and total nitrogen (TN) concentrations, isotopic

ratios of C and N, and the preserved foraminiferal assemblage.
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5.2.3. Determination of radionuclide activities

Approximately 10 g from dry subsamples were ground in an agate mortar and used
for the determination of the natural radionuclide #°Pb and the artificial
radionuclides 2**Am and 13’Cs activities. The total and excess activity of 2°Pb was
determined by gamma ray measurements using coaxial high purity Germanium
detectors (CANBERRA BE3830P) at the University of Kiel, Germany. The activity
of the excess ?1°Pb (?'%Pbex) was estimated by subtracting the ??°Ra activity from

the total 21°Pb activity (Moore, 1984).

5.2.4. Treatment and analysis of the organic matter indicators

Approximately 1g from dry subsamples was treated with 10% HCI to remove
inorganic carbon and measure total organic carbon (TOC), total nitrogen (TN), and
also the isotopic ratio of carbon (8*3C) and nitrogen (8'°N). These were performed
with an elemental analyzer (ThermoFisher Flash HT type) coupled to an isotope
mass spectrometer (Delta VV Advantage type) with analytical precision of C: 0.05
%, N: 0.05 %, 8'3C: 0.05 %o and 8'°N: 0.1 %o, at the Isotopic Analysis Laboratory

(ALYSES) of the Institute for Development Research (IRD) in France.

5.2.5. Treatment and analysis of the preserved benthic foraminifera

Dry subsamples of about 1-2 g of the sections were treated with distilled water and
6 ml of a solution composed of 500 ml of distilled water, 400 ml of 35% hydrogen
peroxide and 10 g of sodium pyrophosphate, in a water bath, for 10 minutes to

remove organic matter (Machado de Almeida, 2013).
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The treated subsamples were washed through a 63 um mesh size sieve, retaining all
particles greater than that size (> 63 pm). The retained material was transferred wet
to a Whatman (No. 1) filter paper and dried in an oven at 50°C. Then, this material
was observed by stereo-microscopy and the foraminifera tests were manipulated
with fine brushes. Taxa to the lowest possible category were identified and
abundances per taxon and total abundance were counted. The total number of the
foraminiferal tests in each subsample was then standardized as the number of tests

per gram of sediment (# tests g2).

5.2.6. Age model

The Constant Flux Constant Sedimentation (CFCS) and Constant Rate Supply
(CRS) age models were computed from a downcore profile of 2!%Pbex activity,
using the SERAC R-package (Bruel and Sabatier, 2020), that allows the
reproducibility and comparison of the models with independent markers such as the
artificial radionuclides fallout and historical sedimentation events. The CFCS and
CRS models both assume constant fluxes of 2°Pbex, but a constant and variable

sedimentation rate, respectively (Appleby & Oldfield, 1992).

In order to take into account both natural and coring compactions of the sediment
column, the age models were computed as a function of mass depth (g cm) instead
of just depth (cm); then sedimentation rates were expressed as mass accumulation
rates (MAR) in g cm? y! (Bruel and Sabatier, 2020). Since the CRS model always
generates a “too-old” age error for deeper core sections due to underestimation of
210ppex (Bruel and Sabatier, 2020), a piecewise version of CRS (CRS-pw) was also

computed by using independent time markers.
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5.2.7. Calculation of TOC and TN fluxes

The estimation of the flux or accumulation rate of organic particles (of TOC or TN)
has the advantage of providing information on the inputs of these constituents into
the system, regardless of their relative dilution in the sediment matrix (Sifeddine et
al., 2008). Then, the flux was calculated using the following equation for every core

depth interval (cm):

TOCac (kg m?y?1) =[MAR; gcm?y?'] x [TOC; gg?] x 10

TNace (kg m?y?1) = [MAR; gcm? y] x [TN; g g*] x 10

Where MAR is the mass accumulation rate, TOC and TN are the total organic

carbon and nitrogen contents, and the factor 10 that converts g cm™ to kg m™.

5.2.8. Calculation of the foraminiferal tests’ accumulation

The benthic foraminiferal accumulation rate (BFAR) was also calculated for every
interval based on the number of total tests per gram (# tests g-1), according to

Herguera (1992):

BFAR (# tests cm? y1) = [MAR; g cm y1] x [# tests g!]

Where MAR is the mass accumulation rate.

5.2.9. Calculation of the effective diversity of foraminifera

Using the species abundances of the preserved foraminifera, a modified version of
the Shannon-Wiener diversity index (H') was calculated in each interval since H'

has a significant bias when the number of species of the assemblage is
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underestimated by the insufficient sample sizes (Bouchet et al., 2012). The
corrected version (H'nc) is an estimate of the Shannon entropy, developed by Chao
and Shen (2003), which was calculated with the ENTROPY package in R (Hausser
and Streamer, 2009). Since the Shannon entropy is not precisely an indicator of the
species number, the exponential function (exp(H'sc)) was applied (Hill, 1973), to
generate an “effective number” of species that would, if they were equally

abundant, produce the same H'yc as the sample (Bouchet et al., 2012).

5.3. Results

5.3.1. Description of the core properties and dating

The sediment core was 61.5 cm long, with a general olive-green color of silty-clay
sediments. Subtle color changes (from olive green to slightly greyer tones) were
observed in layers between 16 and 18 cm, 24 and 36 cm, 45 and 52 cm, and between
56 and 61 cm (Figure 5.2). The X-radiography only revealed a sequence of clearer
and darker banded sediments corresponding to those layers. The DBD and humidity
also exhibited relative increases and decreases (between 0.20 and 0.55 g cm3, and

between 65% and 80%, respectively) in the same layers mentioned above.

The TOC varied between 2.5% and 6% with an increasing trend upwards in the
upper 10 cm, a drop from 4% to 2.5% between 16 and 18 cm (very similar to that
of humidity and 2'°Pbex), and smaller variations in deeper sections (Figure 5.2).
The activity of ?!°Pbex (>0) was detected downcore until 50 cm, decreasing
exponentially with depth, but with pronounced non-monotonic variations between

10 and 20 cm.
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The computation of the ?'°Pbex activities with respect to mass-depth, in semi-
logarithmic diagram (Figure 5.3a), exhibited a good linear relationship (r = 0.942)
for a CFCS model with a constant MAR of 0.173 g cm y*L. The sediment sections
of consistent variability in all the sedimentary properties, between 16 and 18 cm,
correspond to the mid-1990s in this age model (Table A.D1). Due to the non-
monotonic variations of the 21°Phex activities, a CRS age model was also computed,
producing a MAR that varied between 0.09 and 0.23 g cm™ y! (Table A.D2), and
exhibiting older years for deeper sediment sections (> 30 cm) than the CFCS model

(Figure 5.3c).

Although the '¥’Cs and 2*!Am profiles exhibited low activities, and degraded
signals without notorious peaks (Figure 5.3b), the ¥’Cs first fallout (1955) can be
used as an independent marker for a piecewise CRS (CRS-pw). Along with that,
the age range resulting from the CFCS model, and the EI Nifio 1997-1998 event,
which triggered the maximum recorded levels of the Pisco River flow (INRENA,
1999), were also considered for computing a CRS-pw model, using these known
ages for the sections 38, 50 and 18 cm, respectively. Then, the CRS-pw model
reconstructed the last 100 years within the upper 50 cm of the core (Figure 5.3c),

with a MAR that varied between 0.02 and 0.29 g cm? y! (Table A.D3).

94



Humidity % TOC % 210pp _ (Bq.kg)
40 80 120 160 200 240

DBD g.cm-
65 70 75 80 85

10

wo o

oL

= 20

oc

30

®80p%054

o€

40

ov

50

oS

60

25 35 45 55 65

60 °
0.1 02 03 04 05 06

09

Figure 5.2. Sediment core properties: (a) Photography and X-ray radiography in a length scale in centimeters, and (b) profiles of dry bulk

density (DBD), percentage humidity, percentage of Total Organic Carbon (TOC %), and activity of radionuclide Pb (>*°Pbxs).

95



2%y, (mBq g") ¥’cs (mBq g7") Year (C.E.)

1 10 100 1000 0 1 2 3 4 2030 2010 1990 1970 1950 1930
L L Cii b 1 L | | 1 | L 1 L 1 | |
o - O : : i O
] e — i '
] :ﬁ iz - o
i L : B2
T~ H C g =™
E 1 mArR=0.173gem§year” - & F&
o — =0.173 g cmy year > S s |E g
o [ :
2 P=o0042 = -2 g E
e o % = BaE
2 o 5 C ol =x-5-
g = — ERE ) o
] N —_— - @ i E Q
[7) | - » : E
© i : . @® =
= 3 % - = N S
. FF 1955 - A=
& A = - : |E
] — N o 1:FF W.F g
. I CFCS - v
e Cesium - —— CRS -
1 O  Americium B CRS piecewise model B

[ | | | |
0.6 1.0 1.4
2aAm (mBq g™")
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5.3.2. Development of organic matter content in sediments

Between the 1950s and the early 1980s, the total organic carbon (TOC) and total
nitrogen (TN) content of the sediments varied very little, with 3.40 + 0.06 % and
0.41 + 0.003 %, respectively (Figure 5.4a). Since the early-1990s until about 19997,
both indicators were higher (3.67 £ 0.13 % and 0.45 + 0.01 %, respectively),
followed by the drastic fall in EI Nifio 1997-1998 event (2.70 £ 0.11 % and 0.34 +
0.02 %, respectively), and then again, the increase in their values in the 2000s (3.97
+ 0.07 % and 0.50 + 0.01 %, respectively). Subsequently, in the 2010s, TOC and
TN exhibited an increase trend, with the maximum values between 2018 and 2020

(5.72 £ 0.10% and 0.84 £ 0.02%, respectively).

The C:N ratio exhibited differences in three main periods (Figure 5.4a): the values
between the 1950s and the 1970s, were the highest of all the core (8.37 + 0.08),
then slightly lower values until the end of the 2000s (7.99 £ 0.09), and subsequently
a progressive decrease to its minimum values between 2018 and 2020 (6.79 + 0.09).
Since TOC and TN varied in a very similar way throughout the core, the decrease

in the C:N ratio indicated a higher increase of TN relative to TOC.

Unlike the percentage content of TOC and TN, the calculated accumulation rates
of TOC and TN exhibited a notorious increasing trend throughout the period 1950-
2020 (from 2.5t0 10.6 kg m2 y, and from 0.3 to 1.5 kg m2 y*, respectively), with
accumulation peaks about 1970, in the mid-1980s, and in the second half of the
2000s (Figure 5.4b). The highest increasing trend and accumulation rates of TOC

and TN occurred in the most recent period, between 2016 and 2020.
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5.3.3. Stable isotope ratios of C and N

The &'3C had a short range of variation (from -18.8 to -19.9 %o), with a decreasing
trend from the 1950s towards the end of the 1990s (Figure 5.4c), and an abrupt
decrease (more negative values) corresponding to El Nifio 1997-1998 event (-19.84
+ 0.05 %o). After this, §3C was higher (-19.53 + 0.05 %) until the mid-2010s and
then progressively increased until 2020 (from -19.52 to -19.09 %o.). On the other
hand, §*°N varied in a wide range (from 7.6 t0 9.7 %o). It exhibited minimum values
during the EI Nifio 1997-1998 event (7.89 £ 0.29 %.), whereas peaks of maximum

values (9.38 = 0.18 %o) occurred about 1970, the late-1980s, and mid-2000s.

5.3.4. Abundance and diversity of preserved foraminifera

The microfossil samples revealed notorious changes in the benthic foraminiferal
accumulation rate (BFAR, Figure 5.4d) in the period 1950-2020, with very low
values (21.4 + 11.1 tests cm2 y1) in the 1950s, as well as in the 2010s. On the other
hand, a greater accumulation (114.4 + 19.8 tests cm™ y) was observed in a short

period about the late-1960s, and a longer period from early 1980s to early 1990s.

Twelve taxa of benthic foraminifera were identified among all the samples.
However, the effective number of species (exp(H'nc)), calculated for each sample,
exhibited lower values (3.6 £ 0.6) between the 1950s and the late 1960s, and from
the mid-2000s to 2020 (Figure 5.4d), whereas its highest values (6.5 £ 1.5) occurred

from the early-1980s to early 2000s.
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5.3.5. Species of the benthic foraminiferal assemblage

The foraminiferal taxa identified were Bolivina costata, Buliminella elegantissima,
Nonionella auris, Virgulinella fragilis, Buccella peruviana, Discorbis sp., Bulimina
sp., Ammonia sp., Rotaliammina sp., Cibicides sp., Fursenkoina sp., and Bolivina
sp. However, only B. costata, B. elegantissima, N. auris, and Bulimina sp.,

exceeded 1% of the total abundance (Table A.D4).

B. costata was the dominant species of the preserved assemblage throughout the
reconstructed period (usually > 50%), except in a short period in the mid-1980s
when it was surpassed by N. auris, and in the recent period between 2016 and 2020
when it was surpassed by B. elegantissima, which was historically a subdominant

species in the assemblage (usually > 20%, Figure 5.4e).

Apart from its peak abundance in the mid-1980s, N. auris exhibited abundances
generally greater than about 5% from the late 1960s to the early 2000s, and
subsequently exhibited abundances less than 5% until 2020. The abundance of
Bulimina sp., was always less than 4%, however it was consistently lower between
2010 and 2020, ranging from 1.2% at the beginning of the 2010s to 0% towards

2020 (Figure 5.4e; Table A.D4).

The tests of rare species (V. fragilis, Discorbis sp., Cibicides sp., B. peruviana,
Ammonia sp., Rotaliammina sp., and Fursenkoina sp.) accumulated more during
the mid-1980s and late 1990s (Figure 5.4f). Moreover, the species V. fragilis,

Discorbis sp., and Cibicides sp., were only present in those periods.
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Figure 5.4. Age distribution of geochemical and palaeoecological indicators in the Paracas Bay. (a) % of TOC, TN, and the C:N ratio.
(b) Accumulation rates of TOC and TN. (c) Isotopic ratios of *3C and *°N. (d) Accumulation rate of tests (BFAR) and diversity of foraminifera.

(e) Abundance of main foraminiferal species. (f) Accumulation rate of rare species’ tests. The light red band represents the fishmeal-induced

eutrophication period.
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5.4. Discussion

5.4.1. Scope of the age model and historical changes

The piecewise CRS age-depth model provided a geochronology and sedimentation
rates for the last 100 years, a period long enough for assessing the variability of
sediment geochemistry of the Paracas Bay associated with the fishmeal industrial
activity. The use of the CRS-pw method was justified by the non-monotonic
variations of the 2°Phxs profile (Figure 5.3a), which revealed irregularities in
sedimentation associated with a changing MAR (Table A.D3) that is typical of

coastal environments exposed to anthropogenic processes (Lubis, 2006).

The observed degraded signal of the artificial radionuclides *’Cs and 2**Am is quite
common for coastal marine sediments, and can be caused by the physical or
biological disturbance that mix surface sediments (Appleby, 2002, 2008), which is
very likely in shallow environments such as the Paracas Bay. In fact, even in a
sediment core from deeper and more stable environments of the Peruvian
continental shelf, a low and constant activity of 2*!Am was observed with respect

to the depth of the sediments (Koide and Goldberg, 1982).

A probable mixing of the upper (surficial) sediments could generate some error in
the ages estimated by the CRS model. In this regard, Appleby (2002) pointed out
that a mixing zone that covers up to 10 years of accumulation would generate a
maximum error of around two years in this model. This magnitude of error may not
be a problem when considering processes and changes on a decadal scale, as in this

study, but it would be significant under an interannual scale approach.
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In particular, the EI Nifio 1997-1998 event, which produced the maximum recorded
flow of the Pisco River in the summer of 1998 (INRENA, 1999), would have caused
the drastic change observed of minimum elemental and isotopic values of C and N
(Figure 5.4). The CFCS and CRS models marked these minimum values in the mid-
1990s (Table A.D1 and A.D2), but there was no other stronger environmental event
in that decade. This mismatch between the modelled ages and the EIl Nifio event
might be due to enhanced biological mixing associated with increased benthic
oxygenation in the Peruvian shallow and sublittoral environments (Tarazona and
Arntz, 2001; Gutiérrez et al, 2008). Then, the layers of minimum elemental and
isotopic values were considered as a historical sedimentation event in 1998 for

computing the piecewise version of the CRS model (CRS-pw).

5.4.2. Origin of the sedimentary organic matter

The main sources of organic matter in coastal environments have distinctive §3C
and C:N signals, which can be preserved for a long time despite diagenetic
modifications (Meyers, 1994). The short range of variation of these indicators since
the 1940s (C:N from 6.7 to 8.5, and 8'°C from -19.9 to -18.8) evidenced a

predominantly marine origin of the organic matter (Lamb et al., 2006).

However, the short period of minimum values of TOC and TN, and of isotopic
ratios of C and N, around 1998 (Figures 5.4a and 5.4c¢) suggests an unusual mixing
of phytodetritus with other type of organic material in the bay, which would be of
terrestrial origin due to its typically lower isotopic ratios compared to those of

phytodetritus (Lamb et al., 2006; Montoya, 2008). A significant amount of this

102



terrestrial material may have been delivered by the extreme discharge of the Pisco

River in 1998, and then deposited in Paracas Bay.

5.4.3. Eutrophication signs in the bay’s sediments

When transforming the percentage values of TOC and TN to their accumulation
rates, it was possible to observe a notorious increase trend of C and N flux to the
sediments starting in the 1960s (Figure 5.4b). However, the highest accumulation
rates of C and N (> 10 kg m? y* and > 1.3 kg m? y%, respectively) did not occur
in the period of fishmeal-induced eutrophication but in the late 2010s, reflecting a
recent and intense eutrophication of the bay, with accumulation rates of one degree
of magnitude greater than those of other eutrophic ecosystems on the Peruvian coast

such as mangroves (Pérez et al., 2020) and marshes (Pérez et al., 2022).

Another sign of eutrophication is the decrease in the C:N ratio, due to the greater
increase of TN relative to TOC, especially in the last two decades when the strong
decrease of C:N coincides with an increase of 8*3C of organic matter, trends that
are usually associated with higher primary productivity of phytoplankton (Meyers,
2002). The increase in phytoplankton productivity may be linked to a changing
species composition due to an increase in the abundance of eutrophic taxa
(Augustinus et al., 2006), suggested by the observed increasing trend in the number

of dinoflagellate cysts throughout this same sediment core (Alvarado et al., 2022).

The 8N of sediments increases by a preferential removal of N during the
bacterial decomposition of organic matter (Thornton and McManus, 1994). This is
magnified by eutrophication and oxygen depletion as they produce denitrification,

which leads to the preferential loss of YN nitrates, not only in the sediments but
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also in the water column, leaving the isotopically heavier nitrates available for the
phytoplankton, generating a phytodetritus with a more enriched °N (Bratton et
al., 2003). Given the eutrophication trend since the 1960s, the 8°N enrichment
peaks would indicate periods of intense anoxic conditions. Although surface
sediments could have experienced seasonal oxygenation, the isotopic impact of
intense denitrification on the substrate is usually much greater than that of
prolonged aerobic decomposition (Bratton et al., 2003). The enrichment of 5!°N at
the end of the period of fishmeal-induced eutrophication (Figure 5.4c), coincides
with the frequent anoxic conditions in the area between 2000 and 2003 recorded in

an environmental monitoring program established since 1999 (Jacinto 2014).

5.4.4. Variations of the foraminiferal preserved assemblage

Throughout the first 40 cm of the core, the assemblage of benthic foraminifera was
dominated by B. costata and B. elegantissima, which also characterizes the living
assemblages of the Pisco-Paracas coastal area (Chapter 3). The dominance of these
species throughout the core, as well as the abundance of N. auris (Figure 5.4e),
suggest that benthic conditions in the bay were similar to those of the inner shelf
bottoms even before the fishmeal-induced eutrophication. A high organic load,
oxygen depletion in the first millimeters of surficial sediments, and the presence of
sulfide in pore waters are typical characteristics of these bottoms (Cardich et al.,
2015), although they would be more exposed to oxygenation events in the bay (at

least seasonally), given its shallow depth (<15 m).

The four most abundant species along the core (B. costata, B. elegantissima, N.

auris, Bulimina sp.) are known to be infaunal and dominant under conditions of
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oxygen depletion (Bernhard and Sen Gupta, 1999; Cardich et al., 2015), and have
adaptations to tolerate even sulfidic conditions (Bernhard and Bowser, 2008; Glock
et al., 2019). The observed increase of species number in the period of fishmeal-
induced eutrophication, the peak of N. auris in the mid-1980s, and the change of
dominant species from B. costata to B. elegantissima in the 2010s, are only
variations of the same characteristic structure of the foraminiferal assemblage from

shallow environments of the central Peruvian coast (Merma, 2020).

5.4.5. Effect of the fish meal — induced eutrophication on foraminifera

The period of greater accumulation of foraminiferal tests (BFAR > 100 tests
cm2.y?), and of greater effective diversity (exp(H'sc) > 5), occurred within the
fishmeal-induced eutrophication period (Figure 5.4d), whereas the changing trend
of the dominant species occurred recently in the 2010s (Figure 5.4e). This initial
apparent positive effect of fishmeal-induced eutrophication on the tests’
accumulation, and on species diversity, was not expressed in changes of the
community structure, but rather in the increase of all foraminiferal abundance and
the accumulation of rare taxa (Figure 5.4f). Therefore, the preservation potential of
the calcareous tests would have improved in that period, especially in lapses around
1970 and 1994, which were years of greater fishmeal production due to maximum

anchovy landings in the Pisco Harbor (Figure 5.5).

The great accumulation of the calcareous tests is likely to happen in persistent
anoxic conditions since they promote a reducing environment that allows a greater
preservation of biogenic carbonates, as it occurred in the sediments of the industrial

zone in the monitoring study (Chapter 4). In that sense, enriched §°N values in the
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core, indicating anoxic conditions, occurred in lapses in which there were also

BFAR peaks (Figure 5.4c and 5.4d), giving more support to that argument.

The rare species Ammonia sp., V. fragilis, Discorbis sp., Cibicides sp., and
Fursenkoina sp., which showed up in the preserved assemblage in the period of
fishmeal-induced eutrophication, are also known to tolerate low-oxygen or anoxia
conditions (Leiter and Altenbach, 2010; Bernhard and Sen Gupta, 1999). In
addition, the occurrence of V. fragilis tests only in the samples corresponding to
this period is another sign of better preservation conditions in the sediments
associated with persistent anoxia, considering their low preservation potential in the
sediments of the Peruvian coast (Cardich et al., 2014). It is likely that the persistent
anoxic (and sulfidic) conditions currently observed in the sediments of the industrial
zone (Chapter 4), expanded to the center of the bay in the period of fishmeal-
induced eutrophication, improving the preservation capacity of the foraminiferal

tests and allowing that even rare species left tests in the preserved assemblage.
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Figure 5.5. Similar variability of the (a) anchovy landings in the Pisco Harbor, and
the (b) accumulation rate of foraminiferal tests (BFAR). Anchovy landings data

came from the official records of IMARPE.

5.4.6. Change in the dominance

An interesting finding was the coincidence of the increasing accumulation rates of
C and N in the 2010s (Figure 5.4b) and the change of the dominant species in the
preserved foraminiferal assemblage: from B. costata (endemic to the southeast
Pacific) until about 2015, to B. elegantissima (cosmopolitan species) up to the
present (Figure 5.4e), which was also noticed when comparing the living
assemblages of the bay in Chapter 3 and 4. Several studies found that the dominance
of B. elegantissima in living assemblages was associated with anthropogenic

processes of eutrophication and organic enrichment in sediments of coastal
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environments (Bandy et al., 1964; Eichler and Barker, 2020), since this species
tends to exhibit a direct relationship with the organic carbon and nitrogen content

in the sediments (McGann, 2009).

In coastal sediments, benthic foraminifera populations are strongly influenced not
only by the amount but also the type of organic matter (Loubere and Fariduddin,
1999). Although the organic matter found downcore was predominantly marine, its
composition may have changed according to the predominant taxonomic group of
the phytoplankton community (e.g., diatoms or dinoflagellates), triggering potential
changes of the foraminiferal assemblage (Gooday et al., 2009). For instance, it was
reported that decadal changes in the type of dominant phytoplankton group in the
water column (from diatoms to dinoflagellates), responding to the increase of
nitrogen-rich effluents and Nitrogen/Silicon ratio, gave rise to changes of the
dominant foraminiferal species in sediments of coastal environments such as the

Long Island Sound (Thomas et al., 2004) and Osaka Bay (Tsujimoto et al., 2008).

Several field surveys between 2013 and 2015 observed that diatoms were the
dominant group of phytoplankton abundance in the Paracas Bay (Sanchez et al.,
2019). Nevertheless, in recent decades, an increasing frequency of harmful algal
bloom (HAB), mainly caused by dinoflagellate species and associated with
mortality of marine fauna, have been recorded on the Peruvian coast (Cabello et al.,
2002; Sanchez et al., 2017, 2021). Specifically, shallow embayments (<30 m depth)
of the Peruvian coast are likely to be hotbeds for dinoflagellate resistance cysts,
since these areas exhibit a larger number of HABs (Sanchez et al., 2021). In Paracas

Bay, since the 1990s many HABs originated by dinoflagellate species have been
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increasingly reported, which were mostly concentrated outside the bay, in the
adjacent coast of Pisco (Jacinto et al., 1996; Guzmén et al., 1997). A particular case
was a HAB that occurred in June 2000, caused by the dinoflagellate Prorocentrum
micans, which produced anoxic conditions at the bottoms of Pisco and Paracas,
causing mortality of benthic fauna (Cabello et al., 2002). Since 2017, the species
Prorocentrum cordatum increased its densities inside the bay compared to previous
periods, which was related to its mixotrophic strategy that is capable of modifying
the phytoplankton community (Tenorio et al., 2022). Blooms of another
dinoflagellate, Alexandrium ostenfeldii, also increased in abundance and frequency
around 2017-2018, which may have benefited from recurrent stratified conditions

in the water column of the bay (Cuellar et al., 2021).

The greater water column mixing and less frequent stratification observed in in the
bay (chapter 2) would have been able to maintain a phytoplankton community more
dominated by diatoms until 2016-2017. On the other hand, the conditions of higher
temperatures and longer stratification outside the bay (Arellano et al., 2023;
Chapter 2) might favor a higher frequency of dinoflagellate blooms, modifying the
phytoplankton community, and in turn, the phytodetritus composition, long before

than within the bay.
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5.5. Conclusions

The organic matter indicators in the sediment core (TOCac, TNac, C:N, §!3C and
3'°N) evidenced a process of eutrophication of the Paracas Bay that increased in the
period of direct influence of fishmeal wastewater (1964-2004), although it reached

a maximum organic enrichment recently, between 2010 and 2020.

Eutrophication in the period of industrial influence generated the highest rates of
foraminiferal test accumulation in the bay, including rare species with low
preservation potential, due to the improvement of the bio-carbonates preservation

in the sediments associated with more persistent anoxic conditions in the bottom.

Although changes in tests preservation, the structure of the benthic foraminiferal
assemblage had little variations during the last 100 years, suggesting that hypoxia
and organic-rich sediments were natural features of the Paracas Bay bottom prior
to the fishmeal industry establishment in the adjacent area. However, the change of
dominant foraminiferal species in the assemblage, from Bolivina costata to
Buliminella elegantissima, can be an indicator of induced and severe eutrophic
conditions, associated with a change in the dominant group of phytoplankton

community and, in turn, in the phytodetritus composition.

The switch of the dominant species of the benthic foraminiferal assemblage in the
Paracas Bay, from B. costata to B. elegantissima, just recently between 2016 and
2017, can be reflecting a greater capacity of the bay of mitigating the eutrophication
effects than the adjacent coastal zone, by exhibiting less persistent stratified

conditions that hindered a rapid change of the phytodetritus composition.
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VI.  DISCUSSION

While Pisco-Paracas is a small coastal area without prominent environmental
gradients, it is susceptible to both natural hypoxia and human-induced stress. The
interaction of these factors poses a potential threat to its ecological integrity.
Therefore, it is essential to identify organisms that serve as sentinels of

environmental changes and indicators of the ecological quality of this coastal area.

This study presented evidence of the relationship between environmental conditions
and the assemblages of both live and dead benthic foraminifera in chapters 3 and 4,
highlighting the environmental preferences of certain species, such as Buliminella

elegantissima for the sedimentary organic matter.

However, the lack of major alterations in the preserved assemblage of benthic
foraminifera of the Paracas Bay, between 1950 and 2010, with changes mainly in
test accumulation rates observed in chapter 5, reflects good ecological quality
conditions in the bay throughout those decades, including the period of fishmeal-

induced eutrophication.

Despite the continuous eutrophication of the entire Pisco-Paracas coastal area since
the 1960s, B. elegantissima dominated the living assemblage in most zones, but
except in the Paracas Bay, in which Bolivina costata did, just until 2016-2017. This
is maybe reflecting a greater capacity of the bay of mitigating the effects of
eutrophication rather than the adjacent coastal zones, likely related to greater water

column mixing and less frequent stratification observed in in the bay (chapter 2).
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While the dominance of B. costata indicated favorable ecological conditions in the
bay, the current dominance of B. elegantissima is indicative of severe
eutrophication. The origins of this condition still require further research, but it may
be linked to processes associated with climate change, such as increased water
stratification and the proliferation of harmful algal blooms. This idea is supported
from paleo-ecological studies in other coastal areas, revealing preserved
assemblages dominated by B. elegantissima under varying climatic conditions over

the past 5 000 years (Vilela et al., 2014).
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VIl. CONCLUSIONS

According to the general objective and stated hypothesis, this study concludes:

The fishmeal-induced eutrophication (from 1964 to 2004), in the Pisco-Paracas
coastal area, did not affect the structure of the benthic foraminiferal assemblage of
the Paracas Bay, which rejects the proposed hypothesis. The ecological quality of

Paracas Bay, in turn, was not degraded in that period.

Nevertheless, the bay sediments increasingly accumulated phytoplankton-derived
organic matter, which, along with changes associated with other natural or
anthropogenic processes, would have led a recent change of the dominant
foraminiferal species (from Bolivina costata to Buliminella elegantissima) that

reflects current severe eutrophic conditions.
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IX.  APPENDIX
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Figure A.Al. Scatter plot of the density difference between the surface and
bottom waters (Ac) in Paracas Bay versus that of temperature (AT), calculated
from records of the IMARPE dataset in the 2010-2015 period. Cyan dots
correspond to data whose salinity difference (AS) is greater than 0.50,

representing less than 7% of the total.
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Figure A.A2. Cross-correlations between the daily anomalies of the upwelling

wind, local wind, river runoff, and the AT, bottom temperature and BWDO of

Paracas Bay, over the 2006-2015 period.
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Figure A.A3. Cross-correlations between the smoothed hourly time series of meridional local wind component, AT, bottom temperature and
BWDO, over the March 2015 — January 2016 period, for (a) the June-September season, (b) the March-April interval, and (c) the December-

January interval.



Table A.B1. Two-way crossed PERMANOVA univariate of bottom water

properties, based on 9999 permutations. Df = degree of freedom, SS = sum of

squares, MS = mean squares.

Variable Source Df SS MS Pseudo-F  p-value

Temperature  Time 2 18.9023 9.4512 142.098 0.0001
Zone 3 2.5896 0.8632 12.978 0.0006
Time x Zone 6 3.5104 0.5851 8.796 0.0015
Residuals 15 0.9977 0.0665
Total 26 26.0000

Salinity Time 2 17.9746 8.9873 23.867 0.0001
Zone 3 0.6955 0.2318 0.616 0.6106
Time x Zone 6 1.6816 0.2803 0.744 0.6178
Residuals 15 5.6483 0.3766
Total 26 26.0000

Oxygen Time 2 13.1000 6.5500 30.759 0.0001
Zone 3 1.7582 0.5861 2.752 0.0855
Timex Zone 6 7.9475 1.3246 6.220 0.0046
Residuals 15 3.1942 0.2129
Total 26 26.0000

pH Time 2 11.9193 5.9597 25.329 0.0001
Zone 3 1.5804 0.5268 2.239 0.1188
Timex Zone 6 8.9708 1.4951 6.354 0.0010
Residuals 15 3.5294 0.2353
Total 26 26.0000

Nitrates Time 2 15.7552 7.8776 82.830 0.0001
Zone 3 3.4312 1.1437 12.026 0.0010
Time x Zone 6 5.3871 0.8978 9.441 0.0014
Residuals 15 1.4266 0.0951
Total 26 26.000

Phosphates Time 2 13.5357 6.7679 10.952 0.0013
Zone 3 0.1205 0.0402 0.065 0.9772
Time x Zone 6 3.0740 0.5123 0.829 0.5748
Residuals 15 9.2697 0.6180
Total 26 26.0000




Table A.B2. Two-way crossed PERMANOVA univariate of sedimentary
properties, based on 9999 permutations. Df = degree of freedom, SS = sum of

squares, MS = mean squares.

Variable  Source Df SS MS Pseudo-F p-value

Sand Time 2 0.1198 0.0599 0.050 0.9551
Zone 3 6.3469 2.1156 1.767 0.1902
Time X6 1.5701 0.2617 0.219 0.9707
Zone 15 17.9631 1.1975
Residuals 26 26.0000
Total

Silt Time 2 0.3638 0.1819 0.171 0.8436
Zone 3 8.4550 2.8183 2.652 0.0915
Time X6 1.2375 0.2063 0.194 0.9707
Zone 15 15.9437 1.0629
Residuals 26 26.0000
Total

Clay Time 2 0.6257 0.3128 0.337 0.7117
Zone 3 9.3852 3.1284 3.365 0.0482
Time X6 2.0455 0.3409 0.367 0.8855
Zone 15 13.9436  0.9296
Residuals 26 26.0000
Total

LOlI Time 2 6.4604 3.2302 11.480 0.0014
Zone 3 14.1099 4.7033 16.715 0.0002
Time X6 1.2089 0.2015 0.716 0.6443
Zone 15 4.2208 0.2814
Residuals 26 26.000
Total

CPE Time 2 2.8726 1.4363 2.178 0.1352
Zone 3 9.3408 3.1136 4.721 0.0132
Time X6 3.8927 0.6488 0.984 0.4589
Zone 15 9.8939 0.6596
Residuals 26 26.0000
Total

CP Time 2 1.3682 0.6841 0.857 0.4570
Zone 3 6.8166 2.2722 2.845 0.0721
Time X6 5.8362 0.9727 1.218 0.3346
Zone 15 11.9790 0.7986
Residuals 26 26.0000

Total




Table A.B3. Two-way crossed PERMANOVA multivariate (i.e., the assemblage

data), and univariate (i.e., assemblage structure parameters N, S, H” and D), based

on 9999 permutations. Df = degree of freedom, SS = sum of squares, MS = mean

squares.
Variable Source Df SS MS Pseudo-F  p-value
Assemblage  Time 2 12.7980 6.3990 2.0451 0.0588
Zone 3 100.0360 33.3450 10.6569 0.0001
Time x Zone 6 15.8140 2.6360 0.8423 0.6581
Residuals 15 46.9350 3.1290
Total 26 175.5820
Total density Time 2 9.3916 4.6958 6.1022 0.0118
(N) Zone 3 0.8756 0.2919 0.3793 0.7639
Time X Zone 6 4.1899 0.6983 0.9075 0.5271
Residuals 15 11.5428 0.7695
Total 26 26.0000
Species Time 2 3.3665 1.6832 3.3333 0.0673
Richness (S) Zone 3 13.3306 4.4435 8.7996 0.0011
Time x Zone 6 1.7283 0.2881 0.5704 0.7402
Residuals 15 7.5746 0.5050
Total 26 26.0000
Shannon’s Time 2 1.2454 0.6227 1.6943 0.2115
diversity Zone 3 16.0694 5.3565 14,5737 0.0002
(HY Time x Zone 6 3.1720 0.5287 1.4384 0.2615
Residuals 15 5.5131 0.3675
Total 26 26.0000
Simpson’s Time 2 1.7269 0.8635 1.3024 0.3039
Dominance  Zone 3 9.3974 3.1325 47248 0.0197
(D) Time x Zone 6 49311 0.8219 1.2396 0.3373
Residuals 15 9.9446 0.6630
Total 26 26.0000




Figure A.B1. The most representative taxa of the living benthic foraminiferal

assemblage of the Pisco-Paracas coastal area. A: Bolivina costata. B: Buliminella
elegantissima. C: Virgulinella fragilis. D: Nonionella auris. E: Discorbis sp. F:

Buccella peruviana. G: Textularia sp. H: Reophax sp. Scale bar is 100 pm.



Table A.C1. List of benthic foraminiferal species identified in the monitoring period

2019-2021. *Species found alive (Rose Bengal stained). **Species found alive only

on a single occasion.

P1

P2

P3

Bolivina costata*

Bolivina costata*

Bolivina costata™

Buliminella elegantissima*Buliminella elegantissima*Buliminella elegantissima*

Nonionella auris*
Virgulinella fragilis*
Buccella peruviana*
Discorbis sp.
Bulimina sp.
Bolivina sp.
Cibicides sp.**
Ammonia sp.
Reophax sp.
Textularia sp.
Rotaliammina sp.

Cribrostomoides sp.

Nonionella auris*
Virgulinella fragilis*
Buccella peruviana*
Discorbis sp.*
Bulimina sp.*
Bolivina sp.
Cibicides sp.
Ammonia sp.
Quinqueloculina sp.**
Reophax sp.
Textularia sp.
Rotaliammina sp.

Cribrostomoides sp.

Nonionella auris*
Virgulinella fragilis*
Discorbis sp.
Bulimina sp.
Bolivina sp.
Cibicides sp.
Ammonia sp.
Quinqueloculina sp.
Reophax sp.
Textularia sp.**
Rotaliammina sp.

Cribrostomoides sp.




Table A.D1. CFCS age model results. MAR: Mass accumulation rate.

Depth  Mass depth CFCS CFCS CFCS MAR
(cm) (g cm?) Mean Age Min. Age Max. Age (gcm?y?)
0.5 0.11 2020.34 2020.32 2020.37 0.173
15 0.35 2018.93 2018.85 2019.01 0.173
2.5 0.65 2017.20 2017.06 2017.34 0.173
3.5 0.94 2015.55 2015.35 2015.76 0.173
4.5 1.20 2014.03 2013.76 2014.29 0.173
5.5 1.46 2012.53 2012.21 2012.84 0.173
6.5 1.72 2011.05 2010.68 2011.43 0.173
7.5 2.00 2009.44 2009.00 2009.87 0.173
8.5 2.27 2007.85 2007.36 2008.35 0.173
95 2.52 2006.44 2005.89 2006.99 0.173
10.5 2.76 2005.05 2004.45 2005.65 0.173
115 3.02 2003.52 2002.87 2004.18 0.173
12.5 3.30 2001.91 2001.19 2002.63 0.173
135 3.57 2000.35 1999.57 2001.13 0.173
145 3.84 1998.79 1997.95 1999.63 0.173
155 4.12 1997.18 1996.28 1998.07 0.173
16.5 4.43 1995.42 1994.45 1996.38 0.173
175 4.76 1993.48 1992.45 1994.52 0.173
185 5.12 1991.43 1990.32 1992.55 0.173
19.5 5.46 1989.47 1988.28 1990.66 0.173
20.5 5.80 1987.48 1986.22 1988.75 0.173
215 6.16 1985.43 1984.09 1986.77 0.173
22.5 6.49 1983.53 1982.12 1984.94 0.173
235 6.84 1981.48 1979.99 1982.97 0.173
24.5 7.22 1979.29 1977.71 1980.86 0.173
25.5 7.60 1977.12 1975.47 1978.78 0.173
26.5 7.98 1974.93 1973.19 1976.67 0.173
275 8.38 1972.59 1970.77 1974.42 0.173
28.5 8.79 1970.23 1968.31 1972.14 0.173
29.5 9.21 1967.80 1965.80 1969.81 0.173
30.5 9.63 1965.38 1963.28 1967.48 0.173
315 10.07 1962.87 1960.68 1965.07 0.173
32.5 10.48 1960.51 1958.22 1962.79 0.173
33.5 10.85 1958.34 1955.98 1960.71 0.173
34.5 11.26 1956.00 1953.55 1958.46 0.173
355 11.66 1953.67 1951.13 1956.21 0.173
36.5 12.08 1951.27 1948.64 1953.90 0.173
37.5 12.51 1948.79 1946.07 1951.52 0.173
38.5 12.94 1946.31 1943.49 1949.13 0.173
39.5 13.34 1943.97 1941.07 1946.88 0.173
40.5 13.71 1941.84 1938.85 1944.83 0.173
41.5 14.08 1939.73 1936.66 1942.80 0.173
42.5 14.47 1937.48 1934.33 1940.63 0.173
43.5 14.86 1935.20 1931.96 1938.44 0.173
445 15.25 1932.95 1929.63 1936.28 0.173
45.5 15.67 1930.53 1927.11 1933.94 0.173
46.5 16.13 1927.87 1924.36 1931.39 0.173
47.5 16.60 1925.16 1921.54 1928.78 0.173
48.5 17.06 1922.51 1918.79 1926.23 0.173

49, 17,52 1919.85 1916.03 1923.67 0173




Table A.D2. CRS age model results. MAR: Mass accumulation rate.

Depth  Mass depth CRS CRS CRS MAR
(cm) (g cm?) Mean Age Min. Age Max. Age (gcm?y?)
0.5 0.11 2020.38 2020.33 2020.44 0.090
15 0.35 2019.02 2018.87 2019.17 0.174
2.5 0.65 2017.24 2017.02 2017.46 0.169
3.5 0.94 2015.50 2015.23 2015.77 0.163
4.5 1.20 2013.83 2013.52 2014.14 0.158
5.5 1.46 2012.14 2011.79 2012.48 0.168
6.5 1.72 2010.59 2010.21 2010.96 0.184
7.5 2.00 2009.03 2008.63 2009.43 0.196
8.5 2.27 2007.59 2007.16 2008.01 0.212
95 2.52 2006.40 2005.96 2006.84 0.208
10.5 2.76 2005.22 2004.76 2005.68 0.183
115 3.02 2003.73 2003.25 2004.21 0.163
12.5 3.30 2001.96 2001.45 2002.47 0.159
135 3.57 2000.21 1999.67 2000.75 0.161
145 3.84 1998.49 1997.93 1999.06 0.178
155 4.12 1996.86 1996.27 1997.45 0.211
16.5 4.43 1995.38 1994.77 1996.00 0.226
175 4.76 1993.86 1993.22 1994.51 0.206
185 5.12 1992.08 1991.41 1992.75 0.168
19.5 5.46 1989.97 1989.27 1990.68 0.144
20.5 5.80 1987.48 1986.74 1988.23 0.142
215 6.16 1984.88 1984.09 1985.66 0.150
22.5 6.49 1982.59 1981.76 1983.42 0.178
235 6.84 1980.52 1979.65 1981.39 0.196
24.5 7.22 1978.52 1977.61 1979.42 0.191
25.5 7.60 1976.49 1975.55 1977.44 0.190
26.5 7.98 1974.42 1973.44 1975.41 0.175
275 8.38 1971.98 1970.94 1973.02 0.157
28.5 8.79 1969.25 1968.15 1970.35 0.146
29.5 9.21 1966.22 1965.05 1967.39 0.135
30.5 9.63 1962.94 1961.69 1964.18 0.137
315 10.07 1959.60 1958.28 1960.93 0.145
32.5 10.48 1956.63 1955.22 1958.04 0.134
33.5 10.85 1953.64 1952.14 1955.14 0.112
34.5 11.26 1949.79 1948.17 1951.42 0.101
355 11.66 1945.52 1943.75 1947.28 0.096
36.5 12.08 1940.86 1938.93 1942.79 0.090
37.5 12.51 1935.66 1933.53 1937.79 0.082
38.5 12.94 1929.91 1927.53 1932.29 0.085
39.5 13.34 1924.67 1922.03 1927.30 0.098
40.5 13.71 1920.62 1917.75 1923.48 0.122
41.5 14.08 1917.42 1914.36 1920.47 0.127
42.5 14.47 1914.12 1910.86 1917.39 0.101
43.5 14.86 1909.92 1906.32 1913.52 0.103
445 15.25 1905.81 1901.88 1909.75 0.123
45.5 15.67 1902.20 1898.03 1906.37 0.122
46.5 16.13 1898.17 1893.75 1902.58 0.107
47.5 16.60 1893.41 1888.70 1898.13 0.091
48.5 17.06 1887.88 1882.77 1893.00 0.076

49. 17.52 1881.12 1875.45 1886.78 0.062




Table A.D3. Piecewise CRS age model results. MAR: Mass accumulation rate.

Depth  Mass depth CRS CRS CRS MAR
(cm) (g cm?) Age Min. Age Max. Age (gcm?y?)
0.5 0.11 2020.45 2018.96 2021.95 0.102
15 0.35 2019.26 2016.32 2022.20 0.199
2.5 0.65 2017.71 2014.90 2020.52 0.195
3.5 0.94 2016.20 2013.52 2018.88 0.190
4.5 1.20 2014.77 2012.22 2017.32 0.185
5.5 1.46 2013.33 2010.92 2015.74 0.199
6.5 1.72 2012.02 2009.74 2014.30 0.219
7.5 2.00 2010.71 2008.57 2012.85 0.234
8.5 2.27 2009.51 2007.50 2011.52 0.256
95 2.52 2008.53 2006.63 2010.44 0.253
10.5 2.76 2007.56 2005.77 2009.36 0.224
115 3.02 2006.35 2004.70 2008.00 0.201
12.5 3.30 2004.92 2003.47 2006.38 0.198
135 3.57 2003.52 2002.27 2004.78 0.203
145 3.84 2002.17 2001.12 2003.22 0.226
155 4.12 2000.89 2000.04 2001.73 0.272
16.5 4.43 1999.75 1999.10 2000.40 0.294
175 4.76 1998.59 1998.32 1998.86 0.255
185 5.12 1997.12 1992.11 2002.14 0.193
19.5 5.46 1995.30 1985.37 2005.24 0.168
20.5 5.80 1993.17 1983.46 2002.89 0.167
215 6.16 1990.97 1981.50 2000.44 0.178
22.5 6.49 1989.06 1979.81 1998.30 0.215
235 6.84 1987.35 1978.32 1996.38 0.238
24.5 7.22 1985.72 1976.91 1994.52 0.235
25.5 7.60 1984.08 1975.50 1992.65 0.236
26.5 7.98 1982.43 1974.10 1990.76 0.220
275 8.38 1980.52 1972.49 1988.54 0.201
28.5 8.79 1978.41 1970.75 1986.07 0.191
29.5 9.21 1976.12 1968.89 1983.35 0.180
30.5 9.63 1973.70 1966.97 1980.44 0.189
315 10.07 1971.32 1965.11 1977.53 0.205
32.5 10.48 1969.24 1963.52 1974.96 0.195
33.5 10.85 1967.23 1962.02 1972.43 0.169
34.5 11.26 1964.72 1960.22 1969.23 0.158
355 11.66 1962.06 1958.38 1965.74 0.158
36.5 12.08 1959.32 1956.61 1962.03 0.157
37.5 12.51 1956.45 1955.36 1957.54 0.123
38.5 12.94 1952.45 1945.04 1959.85 0.100
39.5 13.34 1948.06 1933.68 1962.45 0.119
40.5 13.71 1944.77 1931.20 1958.34 0.153
41.5 14.08 1942.22 1929.35 1955.09 0.161
42.5 14.47 1939.66 1927.57 1951.75 0.131
43.5 14.86 1936.48 1925.43 1947.53 0.138
445 15.25 1933.46 1923.53 1943.40 0.171
45.5 15.67 1930.90 1922.11 1939.69 0.175
46.5 16.13 1928.15 1920.79 1935.51 0.159
47.5 16.60 1925.05 1919.54 1930.55 0.143
48.5 17.06 1921.65 1919.41 1923.89 0.077
49. 17.52 1910.85 1919.85 1919.85 0.018




Table A.D4. Accumulation rate of benthic foraminiferal tests and relative abundances of the species preserved by average depth in the core.

Depth Age BFAR  Bolivina Buliminella Nonionella Bulimina Ammonia Buccella Rotaliammina Fursenkoina Virgulinella Discorbis Cibicides Bolivina

(cm) #tests/cm?/y costata elegantissima  auris sp. sp. peruviana sp. sp fragilis sp. sp. spl.
0.5 2020.4 43.0 20.6 78.1 0.4 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0
15 2019.2 44,0 26.8 71.7 15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 2017.6 19.7 24.6 71.6 2.2 0.0 0.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0
3.5 2016.0 19.2 40.0 55.8 3.3 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 20145 20.8 54.4 42.7 2.3 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0
6.5 2011.6 12.4 56.6 39.8 1.2 1.2 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0
8.5 2009.0 315 63.6 30.8 2.8 2.1 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0
10.5 2006.9 37.0 67.5 30.0 2.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12.5 2004.1 46.7 66.7 31.3 1.3 0.5 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14.5 2001.2 67.1 60.1 32.4 5.9 0.0 0.6 0.0 0.2 0.2 0.2 0.2 0.2 0.0
16.5 1998.6 60.7 50.4 28.6 16.7 2.4 0.5 0.0 0.0 0.7 0.2 0.0 0.5 0.0
18.5 1995.6 43.1 48.2 26.2 21.0 35 0.2 0.0 0.0 0.2 0.6 0.0 0.2 0.0
19.5 1993.6 70.7 55.2 374 6.8 0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0
20.5 1991.3 131.8 54.2 37.0 7.8 1.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0
22.5 1986.8 131.4 62.1 19.6 17.0 0.5 0.1 0.0 0.1 0.2 0.0 0.1 0.1 0.1
245 1983.1 114.7 26.4 9.3 62.3 11 0.3 0.2 0.1 0.4 0.0 0.0 0.0 0.0
26.5 1979.3 83.6 38.1 28.9 30.7 15 0.1 0.1 0.1 0.3 0.0 0.1 0.0 0.0
28.5 1974.7 64.1 53.4 37.5 7.0 1.9 0.1 0.0 0.0 0.2 0.0 0.0 0.0 0.0
30.5 1969.2 49.2 51.8 39.8 4.3 3.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32.5 1963.9 110.4 60.8 335 47 0.8 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0
345 1958.3 53.4 60.2 38.3 0.6 0.3 0.3 0.0 0.2 0.0 0.0 0.0 0.0 0.0
36.5 1951.3 23.6 60.6 39.0 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

38.5 1943.4 10.1 50.6 41.8 4.1 2.4 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0
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