
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Fernando P. Lima,
Centro de Investigacao em
Biodiversidade e Recursos Geneticos
(CIBIO-InBIO), Portugal

REVIEWED BY

Oleg Mandic,
Natural History Museum Vienna,
Austria
Sergio Martinez,
Universidad de la República, Uruguay
Daniele Scarponi,
University of Bologna, Italy

*CORRESPONDENCE

Marcelo M. Rivadeneira
marcelo.rivadeneira@ceaza.cl

SPECIALTY SECTION

This article was submitted to
Marine Evolutionary Biology,
Biogeography and Species Diversity,
a section of the journal
Frontiers in Marine Science

RECEIVED 23 May 2022

ACCEPTED 19 August 2022

PUBLISHED 14 September 2022

CITATION

Rivadeneira MM and Nielsen SN (2022)
Deep anthropogenic impacts
on benthic marine diversity of
the Humboldt Current Marine
Ecosystem: Insights from a
Quaternary fossil baseline.
Front. Mar. Sci. 9:948580.
doi: 10.3389/fmars.2022.948580

COPYRIGHT

© 2022 Rivadeneira and Nielsen. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 14 September 2022

DOI 10.3389/fmars.2022.948580
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Quaternary fossil baseline
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Coquimbo, Chile, 2Departamento de Biologı́a Marina, Facultad de Ciencias del Mar, Universidad
Católica del Norte, Coquimbo, Chile, 3Departamento de Biologı́a, Universidad de La Serena, La
Serena, Chile, 4Instituto de Ciencias de la Tierra, Universidad Austral de Chile, Valdivia, Chile
The Humboldt Current Marine Ecosystem (HCE) is one of the most productive

areas in the global ocean, but current anthropogenic stressors, particularly

overfishing, pose a significant threat to marine biodiversity. Moreover, the

limited time scale of modern assessments may underestimate the magnitude

of human alterations to marine biodiversity. Here we use the rich Quaternary

fossil record present along the HCE coast, encompassing the last ca. 500 kyr, to

build a baseline to evaluate the impact of human activities on the diversity of

mollusk assemblages. We compiled an extensive database of >13,000

occurrences and ca. 370,000 individuals of 164 species of gastropods and

bivalves from modern and fossiliferous outcrops from southern Peru to

northern Chile (15-30°S). We tested for changes in coverage-based species

richness, species dominance, species composition (Chao dissimilarity,

unweighted and weighted by abundance), and the relative abundance (i.e.,

the proportion of individuals) of species exploited by the artisanal fisheries.

Comparisons between fossil and modern assemblages were carried out at

different scales of spatial aggregation to buffer against inherent differences in

spatial and temporal averaging. Species composition shows remarkable

stability in fossil assemblages, from Middle Pleistocene to Holocene, at most

scales of spatial aggregation. Modern assemblages showed drastic alterations

compared to fossil counterparts when analyses considered spatial aggregation

scales, i.e., significant changes in species composition, and a 3 to 6-fold

reduction in the relative abundance of exploited species, but not changes in

species richness and dominance. Results suggest that contemporaneous

anthropogenic activities disrupted a long-term stability in the species

composition. The diversity of modern mollusk assemblages is unseen in the

past 500 kyr and seems deeply perturbated by overfishing. Our synthesis sets
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the foundations for a conservation paleobiology approach to robustly

understand the impacts of anthropogenic stressors at the HCE.
KEYWORDS

shifting baselines, mollusk, fossil record, Chile, Peru, near-time, community
structure, overfishing
Introduction

The growing human population will increase the pressure

for getting goods and services from the ocean during the next

decades, i.e., the blue acceleration (Jouffray et al., 2020) which

includes seafood (Costello et al., 2020), and meeting these

demands will require far-reaching transformations in the way

in which humans relate to the oceans. In fact, fishing stocks show

drastic declines and collapses during the last seven decades

across the global ocean (Worm et al., 2006; Coll et al., 2008).

The subsequent collapse of large-sized species has been

compensated by the exploitation of new stocks, typically

smaller-sized and lower-trophic level forms inhabiting deeper

waters (Pauly et al., 1998; Pauly et al., 2005). Overfishing per se

may lead species to the verge of extinction (Pauly et al., 2005;

Davies and Baum, 2012; Burgess et al., 2013). For instance, more

than one third of shark species are threatened by extinction as a

consequence of overfishing (Dulvy et al., 2021). Moreover, the

mass removal of fishing stocks may also have strong indirect

effects on unfished marine biodiversity, through trophic

cascading effects (Scheffer et al., 2005; Myers et al., 2007;

Heithaus et al., 2008). Despite the pervasiveness of human

impacts across oceans, global maps of these impacts show

large variations among geographic regions (Halpern et al.,

2008; Halpern et al., 2012). Factors underlying the spatial

variability of overfishing, and other indicators provided by the

Ocean Health Index (Halpern et al., 2012), are often attributed to

socioeconomic, cultural, and ecological variables. However,

these assessments document trends occurred only during last

decades and may suffer from the ‘shifting baseline’ syndrome,

i.e., a baseline placed well after the onset of alterations

(Pauly, 1995).

One way of overcoming the limitations of short-scale

ecological timeseries to assess the long-term impacts of human

alterations on marine biodiversity is using the temporal record

imbibed by other sources such as historical accounts,

archaeological shell middens, and subfossil and fossil

assemblages (Jackson, 2001; Jackson et al., 2001; Kidwell, 2015;

Dietl and Flessa, 2017; Tyler and Schneider, 2018). There is

growing awareness of the usefulness of paleontological analysis

to inform modern conservation biology problems (Rick and

Lockwood, 2013; Kiessling et al., 2019), for instance assessing
02
more robustly the magnitude of present-day extinction risk of

species (Barnosky et al., 2011; Finnegan et al., 2015; Kosnik and

Kowalewski, 2016). These studies also illustrate that the diversity

of modern assemblages not only departs from past counterparts

at scales of few 100’s to 100 kyr (Kowalewski et al., 2000; Pandolfi

et al., 2003; Kidwell, 2007), but that human alterations interrupt

the previous stability in the species composition during the

Quaternary (Greenstein et al., 1998; Pandolfi and Jackson,

2006) leading to the emergence of novel assemblages unseen

in the fossil record (Toth et al., 2019).

The Humboldt Current Marine Ecosystem (HCE) is one of

the largest and most productive marine ecosystems in the world

(Thiel et al., 2007; Gutiérrez et al., 2016), encompassing a large

latitudinal gradient of ca. 50°, harboring > 105 species

(Miloslavich et al., 2011), and providing goods and services

valued at US$19.5 billion per year (Gutiérrez et al., 2017).

Overfishing is considered the most important anthropogenic

threat to the HCE (Chatwin, 2007) as many stocks show signs of

over-exploitation (Rivadeneira et al., 2010; Gutiérrez et al.,

2016), and a very low fraction of stocks are considered as

sustainable (Coll et al., 2008). Experimental studies carried out

in marine reserves of central and southern Chile show how the

exclusion of humans lead to profound changes in the local

community structure, via increasing abundances of exploited

species producing a cascade of trophic effects (Castilla, 1999;

Moreno, 2001). However, it is uncertain whether these

experiments carried out in small-size reserves could be scaled

up to the entire seascape of the HCE. Previous studies have

highlighted the potential of the rich and well-preserved fossil

record of mollusk species present in Quaternary terraces of

southern Peru and northern Chile (Ortlieb et al., 1995; Paskoff

et al., 1995) as sources for the establishment of a baseline to

evaluate anthropogenic impacts on modern assemblages

(Rivadeneira and Carmona, 2008; Rivadeneira et al., 2010;

Martinelli et al., 2017). Here we reappraise this idea, providing

the first large-scale evaluation of human impact on marine

coastal biodiversity at the HCE using a near-time fossil

baseline and marine mollusks as a study model. Our goals are:

i) to test the existence of long-term stability in the species

composition during the Pleistocene-Holocene, and ii) to

evaluate the magnitude and direction of human-driven

impacts on different facets of the diversity of assemblages.
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We put these ideas to a test compiling a large database of fossil

and modern species assemblages, devising a scheme to deal with

the inherent difference in spatial and temporal averaging of fossil

and modern faunas (Kidwell and Bosence, 1991; Behrensmeyer

et al., 2000).
Materials and methods

Data collection

We gathered information on the geo-referenced occurrences

and individual abundance of mollusk species (i.e., bivalves and

gastropods) in ecological (modern), and paleontological (fossil)

assemblages along the coast of Peru and northern Chile, from ca.

15.3°S to 30.4°S (Figure 1), encompassing more than 1,600 km of

coastline. We only considered shelled species ≥5 mm length,

since micromollusks are little studied in both modern and fossil

assemblages. The information was obtained from a

comprehensive literature analysis, including published and

unpublished information (i.e., theses, technical reports, see

supplemental information) and new field surveys for ecological

and paleontological assemblages.
Frontiers in Marine Science 03
Modern sites include different structural habitats (hard and

soft bottoms) from intertidal to subtidal (< 200 m depth). We

classified samples according to the bathymetry (intertidal/

subtidal) and seabed type (hard/soft/biogenic/mixed) and

created categories of habitats based on the combinations of

these factors. Present-day assemblages were spread throughout

our study area, with few gaps mainly in little studied areas

between 24-25°S (Figure 1A). Most modern sites were snapshots

or were sampled only few times over a few years, but the overall

present dataset encompasses sites sampled from 1948 to 2013. In

addition, we have used shells collected from death assemblages

on beaches. Our preliminary analyses, based on 14C dating

of these death assemblages, suggest ages no older than ca.

500 years BP.

Fossiliferous outcrops are present in late Quaternary terraces

along the coast of Peru and northern Chile (Figure 1B), formed

due to the intense tectonic uplift of the coast (Victor et al., 2011;

Rodrıǵuez et al., 2013). These deposits have been assigned to

interglacial marine isotopic ages, using different dating methods

(Radtke, 1987; Ortlieb et al., 1995; Paskoff et al., 1995; Marquardt

et al., 2004; Regard et al., 2010; Saillard et al., 2012). Most

fossiliferous localities have been assigned to MIS 5, and

comparatively less to MIS 1, 7, 9, 11, and > 11, and therefore
A B

C

FIGURE 1

Map of the study region, in coast of the Humboldt Current Ecosystem, showing the number of georeferenced occurrences for (A) modern and
(B) Quaternary fossil assemblages. It is also provided an example of the spatial aggregation scheme, using grids cells of 0.1° (C).
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we categorized our sites, as much as possible, in coarser time

intervals that considers formal subdivision of the Quaternary

(Head, 2019). Hence, we grouped our fossil sites in Middle

Pleistocene (Chibanian; MIS >11 to 7; ~500-126 ka), Upper

Pleistocene (MIS 7 to 5; ~126-11.7 ka), and Holocene (~11.7-0.5

ka). Taphonomic analyses (Herm, 1969) suggest that these sites

represent ‘allochthonous assemblages’ (i.e., mixed habitats and

depths) from high energy shallow-water environments. Fossil

specimens were collected from bulk samples (20-50 l per site)

sieved using a 2-mm mesh size.

Each modern and fossil record was georeferenced.

Abundance data (i.e., number of total shells per species) was

available only for a subset of collections. All taxonomic entities

were checked in MolluscaBase (https://molluscabase.org/,

accessed in March 2022), and only valid accepted species

were included in further analyses. The final database is

composed of 13,368 occurrences, 369,153 individuals,

164 species (96 gastropods and 68 bivalves), in 68 families

and 23 orders. The fossil record includes 6,734 occurrences,

35,692 individuals, and 128 species, and the modern record

is composed of 6,634 occurrences, 333,461 individuals,

and 136 species. The entire dataset is available in the

Supplementary Material.
Accounting for taphonomic biases

The validity of fossil-modern comparisons in conservation

paleobiology analyses may be affected by various taphonomic

effects that need to be accounted for, including the completeness,

fidelity, and time and space-averaging of assemblages. To

evaluate the magnitude of fossil completeness, we categorized

each species described in present assemblages according to its

fossilization potential. This was carried out evaluating whether

the genus to which each species belongs has a described fossil

counterpart somewhere in the world (including our study area).

We compared our list of genera with a list of all molluscan

genera (gastropods and bivalves), accepted or unaccepted,

entered to the Paleobiology database (https://paleobiodb.org/,

accessed in April 2022). Out of the 136 modern species, 133

belong to a genus with a fossil counterpart (98%). However, only

74% of modern species (100 out of 136) are also present in fossil

assemblages in the same study area. Therefore, there is a

potential number of rare species that remain to be detected

(Rivadeneira, 2010; Rivadeneira and Nielsen, 2017). We carried

out further analyses excluding modern species without a fossil

counterpart, which is rather a conservative approach which

minimizes differences between fossil and present. However, it

is unlikely that this approach seriously distorts our

interpretations, as species without a fossil record account for

only ca. 3% of occurrences and 2% of total individuals. The

dataset used in further analyses totaled 13,311 occurrences,

367,553 individuals and 161 species.
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Modern-fossil comparisons may be also biased by the fact

that fossil counterparts are both spatially and time-averaged

(Kidwell and Bosence, 1991; Kidwell and Flessa, 1995;

Behrensmeyer et al., 2000). To account for these potential

effects, we created spatially and time-averaged present-day

assemblages by pooling all the modern sites lying within

spatial cell grids of variable scale (0.01°, 0.05°, 0.1°, 0.5°, 1°, 5°,

10°, and 25°), (see example in Figure 1C). The gridding

procedure was carried out using the library raster (Hijmans,

2022) in R (R Core Team, 2022). Although this procedure

reduces the number of sites available for further analysis, the

pooled assemblages allow us to increase the spatial extension of

modern assemblages, combining information from different

coastal habitats, which is not normally done in modern survey

studies (i.e., aimed at only inter and subtidal stands in either soft

or hard bottoms). In addition, the pooled assemblages

encompass surveys from several decades, thus creating

artificially time-averaged assemblages, although of lower

magnitude than estimated in fossiliferous assemblages

(Scarponi et al., 2013; Kowalewski, 2017). We evaluated the

effect of the scale of spatial aggregation on the median number of

habitats, habitat diversity, and time average on modern

assemblages. For each grid cell, we counted all the habitat

types sampled. Habitat diversity was measured as the 1-

Simpson diversity index, based on the total number of

occurrences in each habitat. Time average was estimated as the

difference between the sampling years of the oldest and youngest

survey at each grid cell. Fossil occurrences were also pooled to

include sites with potentially different depositional conditions.

We acknowledge this procedure cannot correct all the problems

introduced by the space-time-averaging; the time-average of

modern assemblages should still be several orders of

magnitude lower than in fossil assemblages (Scarponi et al.,

2013; Kowalewski, 2017), but the increasing spatial scale should

at least reduce this offset.
Stability of the species composition of
fossil assemblages

We first tested whether the species composition of fossil

assemblages varied throughout the Quaternary. Analyses were

carried out using the entire dataset based on species occurrences,

and a reduced dataset from which we have local counts of

individuals. For the abundance dataset, Lower Pleistocene sites

were not available and it thus contains samples of Chibanian to

Holocene age. Species-site matrices were converted to distance

matrices using the Jaccard index, based on presence-absence for

the occurrence dataset, and the Chao index, based on the

abundance dataset. The Jaccard index does not weigh species

abundance, and hence, differences are solely driven by changes

in the presence of species. The Chao index weighs for the species

abundance and also accounts for missing species in the
frontiersin.org
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inventories. We evaluated differences in the species composition

among time intervals using a Permutational Analysis of

Variance (PERMANOVA) (Anderson, 2001), with 9,999

permutations, at each spatial scale of aggregation separately.

Differences in species composition were visualized using a non-

metric multidimension scaling (nMDS). All analyses were caried

out in the library vegan (Oksanen et al., 2020) in R (R Core

Team, 2022).
Changes in diversity between the present
and a quaternary fossil baseline

We considered four main aspects (i.e., species richness,

dominance, species composition, and relative abundance of

mollusk species) to evaluate possible changes in diversity in

present-day assemblages compared to a late Quaternary fossil

baseline. To this end, all fossil information was pooled, a

decision supported by the lack of significant changes in species

composition among time intervals (see Results). We estimated

species richness and dominance for each grid cell and time

interval using coverage-based estimations of the species richness

to account for possible sampling biases (Chao and Jost, 2012).

We used abundance-based estimators of the species richness, at a

coverage level of 0.95. Dominance was estimated using the

Simpson index. For both richness and dominance, only

assemblages with a minimum of 50 individuals were used in

further analyses. Analyses were carried out using the library

iNEXT (Hsieh et al., 2016) in R (R Core Team, 2022). Changes in

species composition were evaluated using the same procedure

explained previously, but with PERMANOVA comparing

modern versus fossil assemblages (with 9,999 permutations).

Finally, species were categorized as exploited/non-exploited by
Frontiers in Marine Science 05
the artisanal fisheries fleet of southern Peru or Chile. We

evaluated changes in the relative abundance of exploited

species by comparing their proportion of total abundance

(individuals) in fossil and modern assemblages with ≥50

individuals. To assess temporal changes in species richness,

dominance, and relative abundance of exploited species we

used a meta-analysis approach, accounting for variability

within and among assemblages. Meta-analyses were carried

out using the library metafor (Viechtbauer, 2010) in R (R Core

Team, 2022). All the R code written to reproduce all the analyses

and figures is available in the Supplementary Material.
Results

The scale of spatial aggregation had a marked effect on the

total number of habitats, their diversity, and the temporal scale

of aggregation (Figure 2). At smaller scales (≤ 10 km), median

values across grid cells show a very low number and diversity of

habitats sampled, typically during a single year. This trend

changes abruptly at scales ≥50 km, and tends to stabilize at

scales ≥ 500 km, with a maximum number and diversity of

sampled habitats, and a time average of > 60 years.

The species composition of fossil assemblages showed

significant differences among time intervals only at a few

spatial scales of aggregation (Figure 3). In the case of binary

data (Figure 3A), differences in species composition were

significant only at ~1 and ~10 km scales. When using

quantitative matrices (Figure 3B) differences in species

composition were only significant at scales ≤5 km. P-values of

the PERMANOVA remained above the 0.05 threshold at

scales ≥ 50 km, independently of the use of binary or

quantitative matrices. These patterns were also evident in the
A B C

FIGURE 2

Effect of the spatial aggregation scale on (A) the median number of benthic habitats, (B) median diversity of benthic habitats (1-Simpson index),
and (C) median time-average (years) of modern assemblages.
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nMDS which shows a major overlap in the species composition

projected onto a two-dimension space among time intervals

(Figures 3C, D)

The coverage-based species richness increases towards

higher spatial scales of aggregation (Figure 4A) but it was

significantly higher for fossil assemblages only at a scale of ~1

km. Above this scale, differences between fossil and modern

assemblages became non-significant. Simpson’s dominance

index also increases towards higher spatial scales of

aggregation, yet this increase was less pronounced in modern

assemblages. Fossil assemblages showed a higher dominance at

all scales, but these differences were not significant (p> 0.05) in

most cases, except at a scale of ~10 km (Figure 4B). Species

composition, measured as the Chao dissimilarity index, shows

very high values (b=0.97) at smaller spatial scales, steadily

declining towards higher scales, where b ~0.24 at a

aggregation scale of ~1,000 km. The PERMANOVA shows

significant difference at scales up to 500 km (Figure 4C). The

nMDS illustrates striking differences in species composition

between fossil and modern assemblages at a ~100 km scale

(Figure 4C). Finally, the relative abundance of exploited species

was significantly higher in fossil (42-53% of total abundance)
Frontiers in Marine Science 06
compared to modern assemblages (7-16% of the total

abundance), a three to six-fold difference across spatial scales

of aggregation (Figure 4D).
Discussion

Our results provide the first large-scale evaluation of the

stability of species diversity of the HCE over the last ca. 500 kyr,

based on the analysis of ca 370.000 shells, accounting for the

biases of taphonomic processes, and hence providing a robust

baseline against which it is possible to evaluate the magnitude of

human-induced alterations on marine biota.

Fossil assemblages show a strong similarity in terms of

species composition among time intervals from the Chibanian

(Middle Pleistocene) to the Holocene, a conclusion robust to the

use of binary (presence-absence) or quantitative (abundance)

matrices of dissimilarities. This trend suggests a long-term

stability in the species composition operating at scales of 100’s

kyr, as observed in other Quaternary marine benthic

assemblages (Pandolfi, 1996; Gardiner, 2001; Pandolfi and

Jackson, 2006; Scarponi et al., 2022). The stability in species
A B

DC

FIGURE 3

Long-term stability in the species composition of fossil assemblages, showing p-values of the permutational analysis of variance among time
intervals based on the Jaccard (A) and Chao indices (B) across spatial scales of aggregation. Also shown are non-metric scaling 2-D
representations of the species composition, using as an example the 10 km aggregation scale, for the Jaccard (C) and Chao indices (D).
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composition in our fossil dataset is concluded only at

intermediate or larger scales (i.e., ≥ 10-50 km), as observed by

previous studies in Quaternary corals (Pandolfi, 2002) and

Devonian benthic invertebrates (Ivany et al., 2009). A study

carried out in the southern region of our study area, at Tongoy

Bay, showed a similar species composition over the last 300 kyr

(Martinelli et al., 2017). The ultimate mechanisms for stability in

species composition of mollusk assemblages may be related to

strong species interactions stabilizing community structure, and/

or to stable environmental conditions or environmental tracking

due to strong niche conservatism in the preference of

paleoenvironmental and/or paleoceanographic conditions

(Ivany, 1996; Brett et al., 2016; Precht and Aronson, 2016).

The stability in species composition may be also tested against

the predictions of the Neutral Theory of Biodiversity (Hubbell,

2001), as carried out by McGill et al. (2005) with Quaternary

mammals in North America. Although we cannot rule out any of

these hypotheses, if species exhibit a strong niche conservatism
Frontiers in Marine Science 07
over long-term timescales, as observed in Atlantic mollusk

species (Saupe et al., 2014), and paleoceanographic conditions

(e.g., sea surface temperature) among inter-glacial stages at HCE

(Ho et al., 2012) were comparatively similar, then this may lead

to a stability in species composition driven by an environmental

tracking of communities.

We devised a spatial aggregation scheme to deal with the

temporal and spatial averaging of fossil assemblages (Kidwell

and Bosence, 1991; Behrensmeyer et al., 2000; Kidwell and

Holland, 2002), thus improving its comparability with modern

assemblages. This needs to be explicitly considered as surveys of

modern assemblages are typically aimed at particular habitats

and are snapshots or temporally limited in scope. Therefore,

modern assemblages need to be aggregated over scales of ca. 50-

100 km in order to be comparable to fossil assemblages that, in

contrast, are composed of a mixture of habitats/facies, and so, a

relatively modest spatial aggregation scale captures a fuller

variety of paleoenvironments. Our analyses suggest that the
A B

DC

FIGURE 4

Changes in the diversity of mollusk assemblages between fossil and modern assemblages across different spatial aggregation scales:
(A) coverage-based species richness, (B) species dominance (Simpson index), (C) Median dissimilarity (Chao index), with a nMDS illustrated for
~100 km aggregation scale, and d) relative abundance of exploited species. (A, C, D) based on meta-analysis mean values and 95% CIs.
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magnitude and direction of changes in species between fossil and

modern assemblages depend upon the spatial scale of

aggregation, driven, at least in part, by taphonomic processes

(Kidwell and Tomasovych, 2013). For instance, live-dead

agreement syntheses have shown that species richness tends to

be higher in dead assemblages, while dominance is roughly

similar (Kidwell, 2002; Olszewski and Kidwell, 2007), as seen

in our analyses at the smaller scales of aggregation. Likewise,

temporal beta diversity is also expected to be variable across

spatial scales, being more pronounced at smaller scales and

declining towards larger scales (Pandolfi, 2002; Precht and

Aronson, 2016).

Our analyses reveal strong differences in the species diversity

of molluscan assemblages between Quaternary and modern

assemblages, interrupting a long-term stability in species

composition observed for the previous ca. 500 kyr. The main

differences are related to: i) a change in species composition, and

ii) a reduction in the relative abundance of exploited species.

Taken together, these results are evidence for a major role of

overharvesting in re-shaping modern assemblages. Alterations

are not expressed in a reduction of the species richness or

dominance, as coverage-based estimations and Simpson’s

dominance were not different at most spatial scales of

aggregation. The loss of the relative abundance of exploited

species was evident at all spatial scales of aggregation; modern

abundance of exploited species is less than a third of that

observed in fossil assemblages. This change in the relative

abundance of exploited species does not seem linked to a

change in dominance, but to the significant changes in species

composition, as the used beta diversity index weighs for the

species relative abundance. Overfishing has long been

considered a major structuring agent shaping rocky nearshore

communities along the Chilean coast, as revealed by classic

experimental studies in small-sized reserves (Moreno et al., 1984;

Castilla, 1999). Meta-analyses reveal that, after humans are

excluded from temperate marine reserves, exploited species

undergo an up to 3-fold increase in their abundances (Lester

et al., 2009), a difference similar to that observed between our

modern and fossil assemblages. In addition, previous analyses

based on a very limited subset of fossil and modern sites showed

similar differences in species composition between modern and

fossil assemblages in northern Chile (Rivadeneira and Carmona,

2008; Rivadeneira et al., 2010). Studies comparing fossil vs

modern assemblages carried out at particular localities,

however, have yielded contrasting results, rather supporting

the idea of a strong resilience of the HCE to anthropogenic

impacts (Rivadeneira and Carmona, 2008; Martinelli et al.,

2017). Hence, it is possible and plausible that overfishing

is not evenly spread across the coast or that some areas are

more resilient than others (Chevallier et al., 2021). For instance,

molluscan assemblages from the Tongoy Bay area, one of

the major upwelling centers of the HCE, show strong
Frontiers in Marine Science 08
similarities in composition throughout the last 300 kyr

(Martinelli et al., 2017). Thus, while human exploitation of

mollusks as a food source significantly alters community

abundance compositions, it does not significantly affect

species composition through extinction of species. This

suggests that, ignoring other factors like climate change

or effects on other parts of the ecosystem, these human

food resources are still able to recover given responsible

management. However, if current trends of switching to ever

smaller sizes and species continues, extinction of species at

different spatial levels are likely.

Our study adds to a large number of studies from the last two

decades reporting strong anthropogenic impacts on marine

ecosystems from a conservation paleobiology approach

(Jackson, 2001; Jackson et al., 2001; Pandolfi and Jackson,

2001). However, our results are at odds with global scale

assessments reporting rather low anthropogenic impacts for

the HCE, including overfishing by artisanal fisheries (Halpern

et al., 2008; Halpern et al., 2015). In fact, the Ocean Health Index

(Halpern et al., 2012) for the HCE shows high scores,

comparable to relatively healthy marine ecosystems (Gutiérrez

et al., 2016). Another country-level assessment for South

America, however, indicates that fisheries pose a very high risk

to marine biodiversity in Peru and northern Chile (Chatwin,

2007), yet the overfishing on benthic and pelagic stocks may not

be similar. The main cause for these discrepancies may be related

to the shifting-baseline effect, i.e., the baseline used to assess

present-day anthropogenic alterations was set well after major

alterations took place (Pauly, 1995; Knowlton and Jackson, 2008;

Pinnegar and Engelhard, 2008). Our preliminary meta-analysis

reveals that the relative abundance of exploited species does not

show any temporal trend from ca. 1948 to 2013 (Figure 5) but is

well below the levels estimated for fossil assemblages. Hence,

anthropogenic impacts may have taken place well before that

time (Rivadeneira et al., 2010), as is seen in other marine systems

(Worm et al., 2006). Overexploitation of local stocks of benthic

mollusks is reported as early as 1880 in central and southern

Chile (Couyoumdjian, 2009), and the highly destructive

dynamite fishing was a common practice among artisanal

fishermen up to early 1900’s, with devasting effects on natural

stocks (Sougarret Muñoz and Rıós Ther, 2013; Camus Gayán

and Arias, 2020). The use of live-dead agreement studies

(Kidwell, 2015; Gallmetzer et al., 2017; Kowalewski, 2017),

aimed at studying subfossil shells during the Holocene-

Anthropocene transition, may help to pinpoint the timing of

onset of overfishing effects on marine biodiversity of the HCE.

The demands of resources from the ocean, including food

will increase even more during the next decades as part of the

blue acceleration phenomenon (Costello et al., 2020; Jouffray

et al., 2020). This represents a major concern as most

marine stocks of the HCE are currently overexploited and

are unsustainable in the long-term (Worm et al., 2006;
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Coll et al., 2008). In addition, the HCE also faces major

threats from increasing water temperatures and extreme

weather events, intensifying oxygen minimum zones,

increasing acidification, changes in the upwelling phenology,

and habitat degradation (Gutiérrez et al., 2016; Gutiérrez et al.,

2017). A conservation paleobiology approach (Kidwell, 2015;

Barnosky et al., 2017; Dietl and Flessa, 2017) maximizing the

usefulness of the late Cenozoic mollusk fossil record of the

HCE may help providing robust baselines against which the

real magnitude of anthropogenic-driven threats to marine

biodiversity can be tested.
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