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ABSTRACT
Our study uses data from Holocene core samples and modern death assemblages to un-

derstand how human-induced environmental change in the northern Adriatic Sea (Italy) may 
have affected parasite-host dynamics in the economically important bivalve Chamelea gal-
lina. Thirty-one radiocarbon dates confirm temporal distinctness between the periods before 
and after the onset of significant human influence and confirm that trematode prevalence has 
decreased by an order of magnitude over the past ∼2 k.y. The median number of parasite-
induced pits per bivalve host and parasite aggregation has also decreased significantly, signaling 
a substantial decrease in the effective population size of digenean trematodes. Gaussian finite 
mixture modeling of pit size does not support the hypothesis of parasite extinction. Combined, 
these results indicate the (potentially ongoing) collapse of parasite-host interactions in C. gallina 
in concert with human influence on the Adriatic and its transition to an “urban sea.”

INTRODUCTION
Parasites play an important role in ecosys-

tems and can have a significant impact on eco-
system stability (Hudson et al., 2006). There-
fore, changes in the prevalence, distribution, or 
diversity of parasites could signal disruptions 
in ecological functions due to habitat degrada-
tion, pollution, or climate change (Wood et al., 
2023). However, ecological monitoring, being 
restricted in time, suffers from the inability to 
discriminate short-term fluctuations from long-
term regime shifts (i.e., large, persistent changes 
in ecosystem structure). In this respect, long-
term geological data can provide key contexts 
to current population status and trends. Given 
their substantial ecological influence, it is use-
ful to have similar long-term data for parasites. 
Although small, soft-bodied parasites have a 
low preservation potential, some parasite-host 
interactions are recorded on the skeleton of their 
hosts (Huntley et al., 2021), enabling a temporal 
scale of observation well beyond that of even 
the longest-term ecological studies (De Baets 
et al., 2021a). Our goal is to leverage this under-
exploited fossil record to reconstruct recent par-

asite-host dynamics and to place those dynam-
ics in a broader historical context of increasing 
human influence on ecosystems (e.g., Huntley 
and Scarponi, 2021).

Trematode flatworms (Platyhelminthes) are 
complex life cycle parasites (i.e., with multiple 
hosts) that induce a characteristic, preservable 
growth response (pitting) on their bivalve host’s 
shell interior (Ruiz and Lindberg, 1989; Huntley 
et al., 2021). We use the Holocene sedimentary 
record to assess parasitic infestation in Chame-
lea gallina—an ecologically and economically 
important bivalve—before and after the onset of 
significant human influence in shoreface ecosys-
tems of the Adriatic Sea, one of the most heav-
ily altered marine regions globally (Lotze et al., 
2011). Specifically, by integrating radiocarbon 
dating with analyses of parasite intensity (the 
number of pits per host) and size distributions of 
trematode-induced pits, we expand the temporal 
and geographical scope of neontological studies 
supporting claims of anthropogenic declines in 
parasitism in marine environments (Wood et al., 
2023). We hypothesize a decline in parasite-host 
interactions during the past 2 k.y., which was 
characterized by decreased parasite prevalence 
and intensity (accounting for differences in dep-
ositional environment, time averaging, and host 
body size) and the extirpation of parasite taxa. In 
this work, we reveal, from sedimentary succes-

sions in Italy, a case for the collapse of parasitic 
infection in C. gallina that occurred during the 
transition of the Adriatic into an “urban sea” 
(coastal estuaries and marginal seas with drain-
age basins that are extensively developed and 
populated by humans). While a collapse in para-
sitism may seem positive, it signals a simplifica-
tion of the trophic structure and a loss of crucial 
ecological functions along with the parasites.

METHODS
We analyzed trematode-induced pits from 

C. gallina valves sourced from five samples
(0.375 dm3 each) of two sediment cores (cores 
240-S8 and 223-S5, drilled by the Emilia-
Romagna Geological Survey) from late-Holo-
cene variably fluvial-influenced shoreface
deposits, and 11 modern death assemblages
(MDAs; 0.375 dm3) from shoreface settings of
the Adriatic Sea (Fig. 1; Table 1). The Holocene 
stratigraphic architecture of the study area was
reported by Amorosi et al. (2016). Sediment
samples were dried at 45 °C for 24 h, soaked
in 4% H2O2, and wet-sieved with a 1 mm sieve
(Huntley and Scarponi, 2012). We selected 31
well-preserved, non-parasitized valves for low-
precision radiocarbon dating (Bush et al., 2013).

We took scaled photomicrographs of all 
valves with trematode-induced pits oriented 
perpendicular to the commissural plane. Using 
ImageJ 1.53t (https://imagej​.net​/ij/; Schnei-
der et al., 2012), we measured bivalve anterior-
posterior length, dorsal-ventral height, and the 
primary and secondary axes of the trematode-
induced pit (Fig. 1). Trematode prevalence is 
the proportion of valves within a sample with at 
least one trematode-induced pit. Trematode pits 
are equally likely to occur on both valves, and 
no correction is needed to calculate prevalence, 
as with predatory drill holes (Huntley, 2007). 
Pit size is the geometric mean of the primary 
and secondary axes, and host body size is the 
geometric mean of valve length and height. We 
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used the mclust package (Scrucca et al., 2016; 
https://mclust-org​.github​.io​/mclust/) in R (R 
Core Team, 2021) to produce Gaussian finite 
mixture models of pit size separately for Holo-
cene and modern samples. This function has two 
model types for univariate size data: one assum-
ing equal variance, and one assuming varying 
variance values of the Gaussian distributions. 
Bayesian information criterion (BIC) values 
are calculated for one to nine Gaussian distribu-
tions under both model types, and the preferred 
model is the one with the highest BIC value (see 
Supplemental Material1 for assumptions of this 

approach). We conducted Spearman correlation 
analyses comparing the median pit size to the 
number of pits per valve in the Holocene and 
modern samples.

RESULTS
The ten radiocarbon dates of C. gallina 

from core 240-S8 are consistent with their 
stratigraphic position with a median calendar 
age of 175 BCE (interquartile range of valve 
calendar ages [IQR] = 267 yr) for the 13.1 m 
sample and a median of 679 BCE (IQR = 88 yr) 
for the 13.7 m sample (Table 1). The median 
age for pooled core samples is 543 BCE 
(IQR = 444 yr), which is significantly older 
than the median age (1819 CE, IQR = 297 yr) of 
the 21 pooled MDA dates (Fig. 2; Table 1; Table 
S1 in the Supplemental Material). Three outli-
ers from Grado are more than 1 k.y. older than 
the other specimens, leading us to be concerned 
about greater time averaging (and possible spuri-
ous trends) in the northern MDA samples from 
such starved coastal settings. Therefore, we con-
ducted analyses on both MDA data and a subset 
that excludes samples from Grado, Caorle, and 
Lido di Jesolo (conservative MDA [CMDA]: 
median age = 1913 CE, IQR = 190 yr; com-
parable to Holocene sample time averaging).

We identified 838 trematode pits in 240 
infested valves out of 4567 examined C. gallina 
valves (Table 1). Trematode prevalence, mea-
sured by either pooled valves or median of sample 
prevalence, is significantly higher in Holocene 
samples than in the CMDA or MDA samples 
(Fig. 2; Table S2). Because trematode pits tend 
to be found on larger valves (Huntley, 2007; 
Huntley and Scarponi, 2012, 2021), we inves-
tigated valve size. CMDA and MDA C. gallina 
median host valve sizes (21.3 mm and 22.1 mm, 
respectively) are significantly larger than those 
from Holocene cores (14.2 mm) and are not 
distinguishable from one another (Fig. 2; Table 
S3). Trematode-induced pit size ranged from 
0.117 mm to 1.708 mm. The median Holocene 
pit size (0.497 mm) is significantly larger than 
that of CMDA and MDA pits (both 0.335 mm, 
p = 7.99 × 10–9; Fig. 2; Table S4). No significant 
(rPearson = −0.025, p = 0.48) correlation exists 
between host size and pit size (Fig. S1).

The Gaussian finite mixture models estab-
lished that the Holocene (n = 715) and MDA 
(n = 123) samples are best interpreted as two 
Gaussian distributions with differing variance 
structures (Fig. 3; Figs. S2−S4; Tables S5 and 
S6). The Holocene pit sizes are characterized 
by a component with a mean size of 0.475 mm, 
which comprises ∼84% of the data, and a sec-
ond component with a mean size of 0.745 mm 
for the remaining ∼16%. MDA pits are charac-
terized by two components with mean sizes of 
0.379 mm (78%) and 0.777 mm (22%) (Fig. 3). 
The CMDA (n = 62) data are best interpreted as 
three components with mean sizes of 0.320 mm 

(20%), 0.518 mm (70%), and 0.814 mm (10%). 
The median number of pits per infested valve 
is 3 for Holocene samples and 2 for both MDA 
and CMDA samples (p = 0.02 and p = 0.003, 
respectively). There is a significant negative cor-
relation (ρ = −0.193, p = 0.01) between median 
pit size and the number of pits per valve among 
Holocene samples. These relationships among 
MDA and CMDA samples are non-significant 
(ρ = −0.027, p = 0.88; ρ = −0.271, p = 0.13, 
respectively; Fig. 3; Table S7).

DISCUSSION
Pre-Anthropogenic Impact Baseline

Conservation paleobiology uses geohistori-
cal data to address modern conservation chal-
lenges and provides baseline data beyond direct 
ecological monitoring (Dietl et al., 2015). We 
determined the baseline for trematode-bivalve 
interactions prior to anthropogenic impact and 
demonstrate their collapse in the Adriatic Sea 
over the past ∼2 k.y. Specifically, in settings 
dominated by C. gallina, trematode prevalence 
decreased by nearly an order of magnitude 
(Fig. 2). Even though there is substantial geo-
graphic variation in parasitic prevalence within 
our MDA samples, the highest prevalence value 
in the modern samples (0.145, Montemarciano; 
Fig. 1) is less than half of the highest prevalence 
in Holocene samples (0.402, 13.5 m of core 240-
S8; Fig. 2, Table 1), suggesting a real temporal 
difference. Our previous work demonstrated that 
trematode pits are positively associated with 
starved depositional conditions, sea-level rise, 
and large host body size (Huntley, 2007; Hunt-
ley and Scarponi, 2012, 2015, 2021; Huntley 
et al., 2014; Scarponi et al., 2017). All Holo-
cene samples are from similar sediment types 
and deposited in a progradational setting, fur-
ther highlighting their high prevalence values. A 
slight increase in relative sea level since the late 
nineteenth century (an average rise of 1.2 mm/
yr; Carbognin et al., 2011) does not seem to 
have had a significant effect on modern para-
site prevalence values. Despite host sizes being 
significantly higher in the modern samples, 
prevalence is significantly lower relative to the 
Holocene. This size difference is likely due to 
the 10-cm-diameter Holocene cores. Neverthe-
less, this strengthens our argument for declining 
parasite prevalence. Concurrently, the median 
number of pits per infested valve decreased sig-
nificantly. Trematode-induced pits are gener-
ally highly aggregated among their Holocene 
C. gallina hosts, meaning that most hosts have 
only a few pits, and a few hosts have many 
(Huntley and Scarponi, 2021). This pattern is 
common among macroparasite-host interactions 
and effectively increases the parasite population 
density (Shaw and Dobson, 1995). The strong 
decrease in aggregation of parasites indicates 
a collapse in the effective parasite population 
density in the study area.

1Supplemental Material. Supplemental data, 
methods, results, and R script. Please visit https://
doi​.org​/10​.1130​/GEOL​.S.25776909 to access the 
supplemental material; contact editing@geosociety​
.org with any questions.

C
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Figure 1.  (A) Chamelea gallina (Lido di Jesolo, 
Po Delta, Italy) with trematode-induced pits. (B) 
Enlarged view of a pit from the valve in panel 
A showing the primary and secondary axes 
measured. (C) Index map of sampling loca-
tions of modern death assemblages (MDAs, 
circles) and Holocene sediment core samples 
(squares). HST—highstand systems tract.
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At first glance, the significant decrease in 
median pit size through geological time could 
indicate the extinction of a larger-sized trem-
atode taxon. However, the density estimation 
modeling results (Fig. 3) for the Holocene and 
MDA samples indicate that both samples are 
made up of two Gaussian distributions: one 
commonplace small-sized taxon and one that 
is less common, large, and with greater size 
variation. An analysis of the CMDA samples 
suggests similar results, with the presence of a 
third component that is even smaller, comprising 
∼20% of the observations. We are hesitant to 
interpret these latter results at face value because 
the sample size for the CMDA model (n = 62) 
approaches the minimum needed to model one-
dimensional data with high certainty (Psutka and 
Psutka, 2019). The important point is that even 
with the most conservative approach, there was 
no decrease in the number of trematode pit size 
groups. In other words, there is no evidence for 
the loss of a trematode taxon over the past ∼2 
k.y. in the northern Adriatic Sea.

These results are consistent with Zuschin 
et al.’s (2024) work demonstrating a recent col-

lapse in predator-prey interactions in the north-
ern Adriatic Sea due to anthropogenic habitat 
degradation and an increase in eutrophica-
tion-driven hypoxia. Specifically, they found 
a decrease in predator abundance, a turnover 
toward less-preferred prey organisms, and a size 
increase in a dominant hypoxia-related prey spe-
cies. The depletion of large predators and con-
sumers has caused a strong simplification of the 
food web in the region. Importantly, both studies 
documented parasitism and predation beyond 
the temporal range of ecological monitoring and 
provided direct insights into the transition of the 
nearshore settings of the Adriatic into its current 
urban sea state.

Ecological Implications of Declining 
Parasitism

The seeming persistence of parasite taxa 
during this time of decreasing prevalence 
does not preclude other significant changes 
in the life history of trematodes. In the Holo-
cene samples, there was a negative correlation 
between average pit size and the abundance of 
pits within a valve—a common pattern among 

parasites—but this relationship broke down in 
the modern samples. This situation highlights 
interesting developmental trade-offs, as meta-
cercaria (infective cyst stage) size can predict 
adult trematode size in the definitive host, which 
strongly predicts reproductive output (Saldanha 
et al., 2009). Thus, the higher aggregation of 
pits indicates higher population density of trem-
atodes in the late Holocene. Conversely, lower 
pit aggregation in the modern samples results 
in reduced population density, making it less 
likely for metacercariae to reach adulthood in 
their definitive host. This is concerning because 
parasites are key components of healthy eco-
systems. Parasite diversity often mirrors that 
of the community on which they depend for 
transmission (Kamiya et al., 2014). Studies of 
restored ecosystems display a rebound in the 
prevalence and richness of digenetic parasites 
(Huspeni and Lafferty, 2004), and parasitism 
exhibits a strong positive correlation with diver-
sity and negative correlations with origination 
and extinction rates across the Phanerozoic (De 
Baets et al., 2021b). However, anthropogenic 
impacts can decouple the relationship between 

TABLE 1.  TREMATODE PARASITISM AND RADIOCARBON RESULTS BY SAMPLE

Sample
Location

Chamelea gallina
examined

Infested Pits not 
obscured

Prevalence Mean 
intensity

14C dated 
specimens

Median age 
(calendar)

IQR

Grado 198 20 46 0.101 2.3 7 1576.0 1783.5
Caorle 585 5 12 0.009 2.4 — — —
Lido di Jesolo 538 1 3 0.002 3.0 — — —
Chioggia 344 23 20 0.067 0.9 — — —
Casal Borsetti 456 0 0 0.000 — — — —
Marina di Ravenna 746 3 14 0.004 4.7 7 1786.0 50.5
Cervia 85 0 0 0.000 — — — —
Cattolica 213 13 14 0.061 1.1 — — —
San Biagio 319 13 3 0.041 0.2 — — —
Senigallia 279 0 0 0.000 — 7 1984.0 0.5
Montemarciano 62 9 11 0.145 1.2 — — —
240-S8 12.5 m 29 4 18 0.138 4.5 — — —
240-S8 13.1 m 358 111 499 0.310 4.5 5 –175.0 267.0
240-S8 13.5 m 87 35 190 0.402 5.4 — — —
240-S8 13.7 m — — — — — 5 –679.0 88.0
240-S8 14.8 m 248 2 4 0.008 2.0 — — —
223-S5 14.9 m 20 1 4 0.050 4.0 — — —

Notes: Pits not obscured: number of pits completely visible in the photomicrographs. Prevalence: number of infested per number examined. Mean intensity: number of 
pits not obscured per number infested. IQR—interquartile range of valve calendar ages in a sample. Dashes indicate no data.

A B C D

Figure 2.  (A) Chamelea gallina calendar ages. (B) Trematode prevalence: boxplots (sample prevalence values) and data point with binomial-
derived 95% confidence interval (in white; based on pooled individuals). (C) C. gallina body size of whole infested valves. (D) Trematode pit 
size. MDA—modern death assemblage.
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host and parasite biodiversity (Wood et al., 
2018). Our findings are consistent with other 
studies that show a decrease in the equitabil-
ity of C. gallina–dominated communities and 
a reduction of the targeted bivalve over time in 
the Adriatic Sea (Scarponi et al., 2023; Carlucci 
et al., 2024), raising concern about the near-
future status of C. gallina.

What Causes the Significant Decline of 
Adriatic Trematodes in the Past ∼2 k.y.?

Approximately 2.5 k.y. ago, the study area 
saw a general trend toward a dryer climate (Ste-
fani, 2017) and rapid complex progradational 
coastal dynamics south of the Po Delta (Amo-

rosi et al., 2017). The region experienced sus-
tained local anthropogenic impacts beginning in 
Roman times, which became more widespread 
and intense since the mid-twentieth century 
(Trincardi et al., 2023). The timing of the col-
lapse of parasitism suggests a link to anthropo-
genic causes, but testing the specific drivers is 
not possible with our data. However, pollution 
and other anthropogenic-related stresses are 
often associated with a reduction in parasite 
species richness (Marcogliese, 2004). Parasite 
transmission may be hindered when intermedi-
ate hosts are reduced and free-living life stages 
(cercariae) are directly affected by these stress-
ors (Mackenzie, 1999). Ocean acidification 

could be one such factor. The pH of northern 
Adriatic Sea water decreased by 0.063 units 
between 1983 and 2008 CE (Luchetta et al., 
2010), twice the current global average rate 
(Hönisch et al., 2012). Experiments have shown 
that lowered pH reduces cercarial longevity and 
metacercarial survival (MacLeod and Poulin, 
2015). The timing of ocean acidification as a 
driver of the pattern of parasitism decline is 
consistent with the ages of our CMDA samples.

SUMMARY
Our study shows that the dynamics of certain 

parasite-host relationships reconstructed from 
recent sedimentary successions can offer a quan-
titative benchmark against which to evaluate the 
status of present-day ecosystems. In this case, 
trematodes became much less common with the 
onset of human influence, infecting their hosts 
less frequently and less intensely. We interpret 
this decline in parasitism to be cause for con-
cern and consistent with numerous other lines 
of evidence for plummeting ecosystem function 
and health.

ACKNOWLEDGMENTS
We appreciate the helpful feedback provided by K. 
Flessa, J. Smith, and an anonymous reviewer. L.A. 
Huntley assisted with fieldwork. This work was 
financed by the Association for Women Geoscientists–
Osage Chapter (Lawrence, Kansas, USA), National 
Science Foundation grant EAR CAREER 1650745, 
and the European Union–NextGenerationEU through 
the Italian Ministry of University and Research under 
Piano Nazionale di Ripresa e Resilienza (PNRR): Mis-
sion 4 Component C2, Investment 1.1 “Conservation 
of life on Earth: The fossil record as an unparalleled 
archive of ecological and evolutionary responses to 
past warming events.”

REFERENCES CITED
Amorosi, A., Maselli, V., and Trincardi, F., 2016, On-

shore to offshore anatomy of a late Quaternary 
source-to-sink system (Po Plain–Adriatic Sea, It-
aly): Earth-Science Reviews, v. 153, p. 212–237, 
https://doi​.org​/10​.1016​/j​.earscirev​.2015​.10​.010.

Amorosi, A., Bruno, L., Campo, B., Morelli, A., Rossi, 
V., Scarponi, D., Hong, W., Bohacs, K.M., and 
Drexler, T.M., 2017, Global sea-level control on 
local parasequence architecture from the Holo-
cene record of the Po Plain, Italy: Marine and 
Petroleum Geology, v. 87, p. 99–111, https://doi​
.org​/10​.1016​/j​.marpetgeo​.2017​.01​.020.

Bush, S.L., Santos, G.M., Xu, X., Southon, J.R., 
Thiagarajan, N., Hines, S.K., and Adkins, J.F., 
2013, Simple, rapid, and cost effective: A screen-
ing method for 14C analysis of small carbonate 
samples: Radiocarbon, v.  55, p.  631–640, 
https://doi​.org​/10​.1017​/S0033822200057787.

Carbognin, L., Teatini, P., Tosi, L., Strozzi, T., and To-
masin, A., 2011, Present relative sea level rise in 
the northern Adriatic coastal area, in Brugnoli, E., 
et al., eds., Marine Research at CNR: Theme 3, 
Coastal and Marine Spatial Planning: Consiglio 
Nazionale delle Ricerche, Dipartimento Terra e 
Ambiente, v. DTA/06-2011, p. 1123–1138.

Carlucci, R., Cascione, D., Ricci, P., De Padova, D., 
Dragone, V., Cipriano, G., and Mossa, M., 2024, 
Fluctuations in abundance of the striped venus 
clam Chamelea gallina in the southern Adriatic 
Sea (Central Mediterranean Sea): Knowledge, 

Figure 3.  (A) Gaussian 
finite mixture models for 
Holocene core samples, 
modern death assem-
blages (MDAs), and 
conservative MDAs. Num-
bered points refer to the 
components produced by 
each model (see Supple-
mental Material [see text 
footnote 1] for details). 
(B) Frequency distribu-
tion of intensity values for 
infested Chamelea gallina. 
(C) Intensity values and 
median pit size per valve.

A

B

C

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G52187.1/6438964/g52187.pdf
by Universita di Bologna user
on 16 May 2024

https://doi.org/10.1016/j.earscirev.2015.10.010
https://doi.org/10.1016/j.marpetgeo.2017.01.020
https://doi.org/10.1016/j.marpetgeo.2017.01.020
https://doi.org/10.1017/S0033822200057787


Geological Society of America  |  GEOLOGY  |  Volume XX  |  Number XX  |  www.gsapubs.org	 5

gaps and insights for ecosystem-based fishery 
management: Reviews in Fish Biology and Fisher-
ies, https://doi​.org​/10​.1007​/s11160-024-09840-8.

De Baets, K., Huntley, J.W., Klompmaker, A.A., 
Schiffbauer, J.D., and Muscente, A.D., 2021a, 
The fossil record of parasitism: Its extent and 
taphonomic constraints, in De Baets, K., and 
Huntley, J.W., eds., The Evolution and Fossil 
Record of Parasitism: Coevolution and Paleo-
parasitological Techniques: Cham, Switzerland, 
Springer, p.  1–50, https://doi​.org​/10​.1007​
/978-3-030-52233-9_1.

De Baets, K., Huntley, J.W., Scarponi, D., Klompmak-
er, A.A., and Skawina, A., 2021b, Phanerozoic 
parasitism and marine metazoan diversity: Dilu-
tion versus amplification: Philosophical Transac-
tions of the Royal Society: Series B, Biological 
Sciences, v. 376, 20200366, https://doi​.org​/10​
.1098​/rstb​.2020​.0366.

Dietl, G.P., Kidwell, S.M., Brenner, M., Burney, D.A., 
Flessa, K.W., Jackson, S.T., and Koch, P.L., 2015, 
Conservation paleobiology: Leveraging knowl-
edge of the past to inform conservation and res-
toration: Annual Review of Earth and Planetary 
Sciences, v. 43, p. 79–103, https://doi​.org​/10​
.1146​/annurev-earth-040610-133349.

Hönisch, B., et al., 2012, The geological record of 
ocean acidification: Science, v. 335, p. 1058–
1063, https://doi​.org​/10​.1126​/science​.1208277.

Hudson, P.J., Dobson, A.P., and Lafferty, K.D., 2006, Is 
a healthy ecosystem one that is rich in parasites?: 
Trends in Ecology & Evolution, v. 21, p. 381–385, 
https://doi​.org​/10​.1016​/j​.tree​.2006​.04​.007.

Huntley, J.W., 2007, Towards establishing a modern 
baseline for paleopathology: Trace-producing par-
asites in a bivalve host: Journal of Shellfish Re-
search, v. 26, p. 253–259, https://doi​.org​/10​.2983​
/0730-8000(2007)26[253:TEAMBF]2​.0.CO;2.

Huntley, J.W., and Scarponi, D., 2012, Evolutionary 
and ecological implications of trematode parasit-
ism of modern and fossil northern Adriatic bi-
valves: Paleobiology, v. 38, p. 40–51, https://doi​
.org​/10​.1666​/10051​.1.

Huntley, J.W., and Scarponi, D., 2015, Geographic 
variation of parasitic and predatory traces on mol-
lusks in the northern Adriatic Sea, Italy: Implica-
tions for the stratigraphic paleobiology of biotic 
interactions: Paleobiology, v. 41, p. 134–153, 
https://doi​.org​/10​.1017​/pab​.2014​.9.

Huntley, J.W., and Scarponi, D., 2021, Parasitism 
and host behavior in the context of a changing 
environment: The Holocene record of the com-
mercially important bivalve Chamelea gallina, 
northern Italy: PLoS One, v. 16, https://doi​.org​
/10​.1371​/journal​.pone​.0247790.

Huntley, J.W., Fürsich, F.T., Alberti, M., Hethke, M., 
and Liu, C., 2014, A complete Holocene record 
of trematode–bivalve infection and implications 
for the response of parasitism to climate change: 
Proceedings of the National Academy of Sciences 
of the United States of America, v. 111, p. 18150–
18155, https://doi​.org​/10​.1073​/pnas​.1416747111.

Huntley, J.W., De Baets, K., Scarponi, D., Linehan, 
L.C., Epa, Y.R., Jacobs, G.S., and Todd, J.A., 

2021, Bivalve mollusks as hosts in the fossil re-
cord, in De Baets, K. and Huntley, J.W., eds., The 
Evolution and Fossil Record of Parasitism: Co-
evolution and Paleoparasitological Techniques: 
Cham, Switzerland, Springer, p.  251–287, 
https://doi​.org​/10​.1007​/978-3-030-52233-9_8.

Huspeni, T.C., and Lafferty, K.D., 2004, Using lar-
val trematodes that parasitize snails to evaluate 
a saltmarsh restoration project: Ecological Ap-
plications, v. 14, p. 795–804, https://doi​.org​/10​
.1890​/01-5346.

Kamiya, T., O’Dwyer, K., Nakagawa, S., and Poulin, 
R., 2014, Host diversity drives parasite diver-
sity: Meta-analytical insights into patterns and 
causal mechanisms: Ecography, v. 37, p. 689–
697, https://doi​.org​/10​.1111​/j​.1600-0587​.2013​
.00571​.x.

Lotze, H.K., Coll, M., and Dunne, J.A., 2011, Histori-
cal changes in marine resources, food-web struc-
ture and ecosystem functioning in the Adriatic 
Sea, Mediterranean: Ecosystems, v. 14, p. 198–
222, https://doi​.org​/10​.1007​/s10021-010-9404-8.

Luchetta, A., Cantoni, C., and Catalano, G., 2010, 
New observations of CO2-induced acidification 
in the northern Adriatic Sea over the last quarter 
century: Chemistry and Ecology, v. 26, p. 1–17, 
https://doi​.org​/10​.1080​/02757541003627688.

Mackenzie, K., 1999, Parasites as pollution indicators 
in marine ecosystems: A proposed early warn-
ing system: Marine Pollution Bulletin, v. 38, 
p. 955–959, https://doi​.org​/10​.1016​/S0025-326X​
(99)00100-9.

MacLeod, C.D., and Poulin, R., 2015, Differential 
tolerances to ocean acidification by parasites 
that share the same host: International Journal 
for Parasitology, v. 45, p. 485–493, https://doi​
.org​/10​.1016​/j​.ijpara​.2015​.02​.007.

Marcogliese, D.J., 2004, Parasites: Small players 
with crucial roles in the ecological theater: Eco-
Health, v. 1, p. 151–164, https://doi​.org​/10​.1007​
/s10393-004​-0028-3.

Psutka, J.V., and Psutka, J., 2019, Sample size for 
maximum-likelihood estimates of Gaussian mod-
el depending on dimensionality of pattern space: 
Pattern Recognition, v. 91, p. 25–33, https://doi​
.org​/10​.1016​/j​.patcog​.2019​.01​.046.

R Core Team, 2021, R: A language and environment 
for statistical computing: Vienna, Austria, R 
Foundation for Statistical Computing, https://
www​.R-project​.org/.

Ruiz, G.M., and Lindberg, D.R., 1989, A fossil re-
cord for trematodes: Extent and potential: Le-
thaia, v. 22, p. 431–438, https://doi​.org​/10​.1111​
/j​.1502-3931​.1989​.tb01447​.x.

Saldanha, I., Leung, T.L.F., and Poulin, R., 2009, 
Causes of intraspecific variation in body size 
among trematode metacercariae: Journal of Hel-
minthology, v. 83, p. 289–293, https://doi​.org​/10​
.1017​/S0022149X09224175.

Scarponi, D., Azzarone, M., Kowalewski, M., and 
Huntley, J.W., 2017, Surges in trematode preva-
lence linked to centennial-scale flooding events 
in the Adriatic: Scientific Reports, v. 7, https://
doi​.org​/10​.1038​/s41598-017-05979-6.

Scarponi, D., Rojas, A., Nawrot, R., Cheli, A., and 
Kowalewski, M., 2023, Assessing biotic re-
sponse to anthropogenic forcing using mol-
lusc assemblages from the Po–Adriatic System 
(Italy), in Nawrot, R., et al., eds., Conservation 
Palaeobiology of Marine Ecosystems: Geologi-
cal Society, London, Special Publication 529, 
p.  293–310, https://doi​.org​/10​.1144​/SP529​
-2022-249.

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W., 
2012, NIH Image to ImageJ: 25 years of im-
age analysis: Nature Methods, v. 9, p. 671–675, 
https://doi​.org​/10​.1038​/nmeth​.2089.

Scrucca, L., Fop, M., Murphy, T.B., and Raftery, 
A.E., 2016, mclust 5: Clustering, classification 
and density estimation using Gaussian finite mix-
ture models: The R Journal, v. 8, p. 289–317, 
https://doi​.org​/10​.32614​/RJ-2016-021.

Shaw, D.J., and Dobson, A.P., 1995, Patterns of mac-
roparasite abundance and aggregation in wildlife 
populations: A quantitative review: Parasitology, 
v. 111, p. S111–S133, https://doi​.org​/10​.1017​
/S0031182000075855.

Stefani, M., 2017, The Po Delta region: Depositional 
evolution, climate change and human interven-
tion through the last 5000 years, in Soldati, 
M., and Marchetti, M., eds., Landscapes and 
Landforms of Italy: World Geomorphologi-
cal Landscapes: Cham, Switzerland, Springer, 
p. 193–202, https://doi​.org​/10​.1007​/978-3-319​
-26194-2_16.

Trincardi, F., Francocci, F., Pellegrini, C., Ribera d’Alcalà, 
M., and Sprovieri, M., 2023, The Mediterranean Sea 
in the Anthropocene, in Schroeder, K., and Chig-
giato, J., eds., Oceanography of the Mediterranean 
Sea: Amsterdam, Elsevier, p. 501–553, https://doi​
.org​/10​.1016​/B978-0-12-823692-5​.00013-3.

Wood, C.L., Zgliczynski, B.J., Haupt, A.J., Guerra, 
A.S., Micheli, F., and Sandin, S.A., 2018, Human 
impacts decouple a fundamental ecological rela-
tionship—The positive association between host 
diversity and parasite diversity: Global Change 
Biology, v. 24, p. 3666–3679, https://doi​.org​/10​
.1111​/gcb​.14159.

Wood, C.L., Welicky, R.L., Preisser, W.C., Leslie, 
K.L., Mastick, N., Greene, C., Maslenikov, K.P., 
Tornabene, L., Kinsella, J.M., and Essington, 
T.E., 2023, A reconstruction of parasite burden 
reveals one century of climate-associated para-
site decline: Proceedings of the National Acad-
emy of Sciences of the United States of America, 
v. 120, e2211903120, https://doi​.org​/10​.1073​/
pnas​.2211903120.

Zuschin, M., Nawrot, R., Dengg, M., Gallmetzer, I., 
Haselmair, A., Kowalewski, M., Scarponi, D., 
Wurzer, S., and Tomašových, A., 2024, Anthropo-
cene breakdown of predator-prey interactions in 
the northern Adriatic Sea: European Geosciences 
Union General Assembly 2024, Vienna, Austria, 
14–19 Apr 2024, Abstract EGU24–14914, 
https://doi​.org​/10​.5194​/egusphere-egu24-14914, 
2024.

Printed in the USA

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G52187.1/6438964/g52187.pdf
by Universita di Bologna user
on 16 May 2024

https://doi.org/10.1007/s11160-024-09840-8
https://doi.org/10.1007/978-3-030-52233-9_1
https://doi.org/10.1007/978-3-030-52233-9_1
https://doi.org/10.1098/rstb.2020.0366
https://doi.org/10.1098/rstb.2020.0366
https://doi.org/10.1146/annurev-earth-040610-133349
https://doi.org/10.1146/annurev-earth-040610-133349
https://doi.org/10.1126/science.1208277
https://doi.org/10.1016/j.tree.2006.04.007
https://doi.org/10.2983/0730-8000(2007)26[253:TEAMBF]2.0.CO;2
https://doi.org/10.2983/0730-8000(2007)26[253:TEAMBF]2.0.CO;2
https://doi.org/10.1666/10051.1
https://doi.org/10.1666/10051.1
https://doi.org/10.1017/pab.2014.9
https://doi.org/10.1371/journal.pone.0247790
https://doi.org/10.1371/journal.pone.0247790
https://doi.org/10.1073/pnas.1416747111
https://doi.org/10.1007/978-3-030-52233-9_8
https://doi.org/10.1890/01-5346
https://doi.org/10.1890/01-5346
https://doi.org/10.1111/j.1600-0587.2013.00571.x
https://doi.org/10.1111/j.1600-0587.2013.00571.x
https://doi.org/10.1007/s10021-010-9404-8
https://doi.org/10.1080/02757541003627688
https://doi.org/10.1016/S0025-326X(99)00100-9
https://doi.org/10.1016/S0025-326X(99)00100-9
https://doi.org/10.1016/j.ijpara.2015.02.007
https://doi.org/10.1016/j.ijpara.2015.02.007
https://doi.org/10.1007/s10393-004-0028-3
https://doi.org/10.1007/s10393-004-0028-3
https://doi.org/10.1016/j.patcog.2019.01.046
https://doi.org/10.1016/j.patcog.2019.01.046
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/j.1502-3931.1989.tb01447.x
https://doi.org/10.1111/j.1502-3931.1989.tb01447.x
https://doi.org/10.1017/S0022149X09224175
https://doi.org/10.1017/S0022149X09224175
https://doi.org/10.1038/s41598-017-05979-6
https://doi.org/10.1038/s41598-017-05979-6
https://doi.org/10.1144/SP529-2022-249
https://doi.org/10.1144/SP529-2022-249
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.32614/RJ-2016-021
https://doi.org/10.1017/S0031182000075855
https://doi.org/10.1017/S0031182000075855
https://doi.org/10.1007/978-3-319-26194-2_16
https://doi.org/10.1007/978-3-319-26194-2_16
https://doi.org/10.1016/B978-0-12-823692-5.00013-3
https://doi.org/10.1016/B978-0-12-823692-5.00013-3
https://doi.org/10.1111/gcb.14159
https://doi.org/10.1111/gcb.14159
https://doi.org/10.1073/pnas.2211903120
https://doi.org/10.1073/pnas.2211903120
https://doi.org/10.5194/egusphere-egu24-14914

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿A sea of change: Tracing parasitic dynamics through the past millennia in the northern Adriatic, Italy﻿﻿

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿ABSTRACT﻿

	﻿﻿﻿﻿﻿﻿INTRODUCTION﻿

	﻿﻿﻿METHODS﻿

	﻿﻿﻿RESULTS﻿

	﻿﻿﻿﻿DISCUSSION﻿

	﻿﻿Pre-Anthropogenic Impact Baseline﻿

	﻿﻿﻿Ecological Implications of Declining Parasitism﻿

	﻿﻿﻿What Causes the Significant Decline of Adriatic Trematodes in the Past ∼2 k.y.?﻿


	﻿﻿﻿﻿SUMMARY﻿

	﻿REFERENCES CITED﻿

	Figure 1﻿
	Figure 2﻿
	Figure 3﻿
	Table 1﻿
	Citation


