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A B S T R A C T   

It is important to understand the historical precedents of current situations to be able to anticipate where the 
current global environmental and climatic change may lead. Geo-historical data provide information beyond the 
limitations of instrumental data. This study aims to reconstruct components of the palaeoclimatic and palae-
oenvironmental history of the Beagle Channel (BC) during the Late Holocene by using Ameghinomya antiqua 
shells. We use fossil and modern shells in a comparative analysis through a multiproxy approach, i.e., shell 
morphometrics, shell growth, and stable oxygen isotope ratios. A holistic analysis of all the proxies indicates that 
higher productivity occurred around 3542 yr B.P. in the BC, evidenced by more significant growth, size, and 
longevity in fossil specimens. In addition, smaller ligaments, cardinal teeth, and the pallial sinus in fossil 
specimens indicate a low-energy environment typical of a marine archipelago. Lastly, palaeotemperatures are 
estimated to be warmer than today, although the intensity may be overestimated due to the freshwater inflow 
that would change the salinity of the BC waters. Further analysis in Late-Holocene shells is essential for a more 
detailed environmental reconstruction around the southern tip of South America.   

1. Introduction 

In recent decades, climate changes have altered the structure and 
functioning of marine ecosystems (IPCC, 2014; Poloczanska et al., 2016; 
Hillebrand et al., 2018). The projections indicate that the global mean 

ocean temperature will continue to warm by between 0.6 and 2 ◦C 
during the current century (IPCC, 2014), illustrating the urgent need to 
understand the impacts on marine biota. Understanding the past climate 
is crucial for anticipating future climate change and its impacts on 
marine ecosystems. The interaction between environmental shifts and 
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marine biota has been studied, mainly using observational and experi-
mental data (Harley et al., 2006). However, environmental proxy data 
with high temporal resolution from pre-instrumental times are valuable 
for (i) understanding past environmental and climatic trends and (ii) 
establishing ecological baselines and reference conditions (Dietl et al., 
2015; Dietl et al., 2019; Lockwood and Mann, 2019). 

Although climate change occurs on a global scale, ecological impacts 
are local and vary between different regions (Turner and Marshall, 
2011; Constable et al., 2014; Franco et al., 2020). High-latitude eco-
systems, such as the sub-Antarctic Beagle Channel (BC) region, appear to 
be particularly sensitive to climate change (IPCC, 2014). Its recent 
geological history includes notable changes in water masses and their 
circulation that have greatly influenced the distribution and configura-
tion of benthic marine communities (Gordillo and Isla, 2011; Gordillo 
et al., 2013). Previous studies reported changing climatic and environ-
mental conditions for the southern tip of South America throughout the 
Late Holocene (Lamy et al., 2002). In particular, the BC was affected by 
transgression/regression events during the Holocene, which, together 
with complex geomorphological changes, caused the western area of the 
Argentine BC to become a marine archipelago from 7500 to 4000 yr B.P. 
(Rabassa et al., 1986; Gordillo et al., 1993; Gordillo et al., 2005; Rabassa 
et al., 2009). Warming has also been identified between 4500 and 3000 
yr B.P. (Panarello, 1987; Obelic et al., 1998; Candel et al., 2009; Gordillo 
et al., 2014, 2015), although there are still some uncertainties about its 
origin and magnitude (see Pendall et al., 2001; Nielsen et al., 2004; 
Renssen et al., 2005; Lamy et al., 2010; Etourneau et al., 2013). 

In marine environments, high-resolution proxy data derived from 
biogenic carbonate is one of the most important and commonly used 
sources of information about the climate of the last several thousand 
years (Wanamaker et al., 2011; Schöne and Gillikin, 2013; Butler and 
Schöne, 2017; Gillikin et al., 2019; Peharda et al., 2021). In the high 
latitudes, bivalve shells are the only widespread biogenic archive 
recording information on climate and the marine environment at a 
multi-decadal and sub-annual temporal resolution (Schöne and Gillikin, 
2013). However, in Southern South America, the sclerochronological 
archive of environmental, climatic and growth information recorded in 
bivalve shells remains largely unexplored. The striped clam, Ameghino-
mya antiqua (King, 1832), is an important high latitude bio-archive and 
can be found both on the present beaches of the Southern tip of South 
America and in its Holocene and Pleistocene marine coastal deposits 
(Feruglio, 1950; Reid and Osorio, 2000; Boretto et al., 2013, 2014, 
2019). Previous studies at different locations in Argentinian Patagonia 
indicate that the anatomical features of A. antiqua shells may constitute 
suitable environmental proxies (Boretto et al., 2014; Morán et al., 2018). 
In addition, the accretion growth and geochemical properties of this 
species provides valuable high-resolution data of pre-instrumental times 
(Rubo et al., 2018; Boretto et al., 2019). 

In the BC, several palaeoecological records have provided valuable 
palaeoclimatic proxies that have contributed to the reconstruction of 
Holocene climate and environmental change (Candel et al., 2009, 2013, 
2018; Gordillo et al., 2005; Gordillo, 2009; among others). However, the 
interpretation of stable isotope-derived palaeoclimatic information is 
often complex given the estuarine dynamics of the BC (Obelic et al., 
1998; Isla et al., 1999; Gordillo et al., 2011, 2014, 2015), and there is a 
need to improve, deepen and broaden the range of tools, to help to 
unravel the environmental history of the area. This work aims to 
reconstruct components of the palaeoclimate and palaeoenvironmental 
history of the BC during the Late Holocene, using A. antiqua shells. 
Through a multi-proxy approach, it is possible to achieve a more 
comprehensive and accurate environmental interpretation. For this, we 
used the shape, size, growth, and stable oxygen isotopes (δ18Oshell) of 
A. antiqua shells. This study is a step towards providing new evidence for 
high latitude palaeoclimate and palaeoenvironment reconstruction in an 
area where long-term time-series and observational data for the present 
and the past are scarce. 

2. Background 

2.1. Regional setting 

The BC (Fig. 1) is located within the southernmost tip of South 
America, between Isla Grande de Tierra del Fuego to the north and Isla 
Navarino to the south, joining the Atlantic and Pacific oceans. The 
channel comprises an area of 300 km2, with an average width of 5 km 
and a maximum depth of 300 m. Situated close to the Antarctic 
Circumpolar Current, the region experiences a temperate-cold maritime 
climate, with winds predominantly coming from the west-southwest or 
the south. Monthly mean sea surface temperatures (SST) in the region 
range from 4 to 10 ◦C (Gordillo et al., 2015). Sea surface salinity varies 
between 27 and 31.5 PSU with minimum values during summer 
(Almandoz et al., 2011; Aguirre et al., 2012), which vary considerably 
along the channel. Annual precipitation ranges between 500 and 600 
mm (Bujalesky et al., 2008). The channel shows typical characteristics of 
a fjord, with estuarine dynamics controlled by extensive fluvial inputs 
and by tidal currents from both the east and the west (Isla et al., 1999). 

2.2. Geological background 

The current geomorphology of the BC is a tectonic valley, which has 
been shaped by the effects of successive glaciations and marine events 
(Rabassa et al., 2000; Bujalesky, 2007; Bujalesky et al., 2021) that 
occurred during the Quaternary period. At about 9400 yr B.P., the area 
was a glacial lake with a water level up to 30 m above the present sea 
level. In the early Holocene (before 8200 yr B.P.), the BC was trans-
formed into a marine channel by the entry of water from the sur-
rounding oceans (Rabassa et al., 1986, 2000; Gordillo et al., 1993). This 
marine transgression left Holocene marine deposits, mainly in the form 
of raised beaches, distributed along both coasts (north and south) of the 
BC (Gordillo et al., 1992; Gordillo, 1999). These deposits contain rich 
marine fauna (especially mollusc shells), the taphonomy and palae-
oecology of which were previously studied (Gordillo et al., 2005; Gor-
dillo, 2009; among other works). During mid-Holocene times (ca 
7500–4000 yr B.P.), the western area of the Argentine BC became a 
marine archipelago. Today it is a freshwater environment formed by a 
series of low, rounded bedrock hills, an ice-scoured terrain, surrounded 
by interconnected depressions filled with freshwater lakes and ponds 
and peat bogs. The fossil marine deposits are scattered along Lapataia 
Bay, Lago Roca, including the Cormoranes Archipelago and the Ovando 
and Lapataia rivers (Fig. 1D). Both rivers contain elevated beaches with 
mollusc assemblages, which have been studied in previous works 
(Gordillo et al., 1993; Gordillo et al., 2005). 

2.3. Autoecology of Ameghinomya antiqua 

The striped clam A. antiqua (Bivalvia; Veneriade) is a benthic species 
typical of the Magellanic region (Balech and Ehrlich, 2008). It is 
distributed along the Atlantic Ocean coasts from 34◦S (Uruguay) to 54◦S 
(Beagle Channel) and along the Pacific coasts, extending to Callao 
(13◦S) in Perú (Castellanos, 1967). The species inhabits shallow sandy- 
soft bottom substrates, from the intertidal to around 50 m water depth, 
preferably in temperate-cold waters (Rosenberg, 2009). Sexes are 
separate, and reproduction is external (Stead et al., 1997). It is consid-
ered a strict suspension feeder, not extending its short and fused siphons 
above the sediment surface (Lardies et al., 2001). In Patagonia 
Argentina, A. antiqua has a lifespan of up to 16 years (Escati-Peñaloza 
et al., 2010; Boretto et al., 2019). However, some longer-lived specimens 
(34 years old) have recently been reported in the San Jorge Gulf (Rubo 
et al., 2018). 
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3. Materials and methods 

3.1. Shell collection in the field 

Modern adult shell specimens of A. antiqua were randomly hand- 
collected in February (summer) 2016 during the lowest tide of the 
month, at the undertow line off the coast in Golondrina Bay, located on 
the western side of the Ushuaia Peninsula, Ushuaia city (54◦ 49′50”S, 
68◦ 19′49” W) (Fig. 1). The 43 shells had their ligaments and soft tissues 

still preserved. 
The 36 fossil specimens were collected at the Cormoranes Archi-

pelago in the Tierra del Fuego National Park. The shells were randomly 
hand-picked from raised beaches on the shores of the Ovando and 
Lapataia rivers (Entre Ríos island) (54◦50′45”S, 68◦33′55”W) (Fig. 1C- 
E). It is assumed that these assemblages are contemporary, according to 
malacological and taphonomic studies of these deposits (Gordillo et al., 
1993; Gordillo, 1999). These specimens are currently stored in the 
palaeontological repository of the Centro de Investigaciones en Ciencias 

Fig. 1. Map of the study area in the southern tip of South America (A-B) and the different sampling sites (white dots) (C-F). Fossil shells of A. antiqua were recovered 
from Holocene raised marine deposits (C-D) located in the Lapataia (E) and Ovando rivers, in the Cormoranes Archipelago. Modern shells were sampled in 
Golondrina Bay (C and F). White star symbol gives the location of Lanaushuaia, where δ18Owater samples were measured by Colonese et al. (2012) and Nicastro 
et al. (2020). 
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de la Tierra (CICTERRA), Universidad Nacional de Córdoba (Argentina). 
For all analyses, we used the right valves only (both modern and fossils). 
For the morphometric analysis, it was essential to select shells with 
unbroken contours and visible internal structures. 

3.2. Shell dating 

After removing the periostracum and any adhering sediment from 
the outer surface, a fragment of one fossil shell was radiocarbon dated by 
Accelerator Mass Spectrometry (AMS) 14C at the Poznań Radiocarbon 
Laboratory (Poland). Conventional radiocarbon ages were converted to 
calibrated 14C ages (cal. yr B.P.) by the program Calib 7.0.4 (http://ca 
lib.qub.ac.uk/calib, Stuiver and Reimer, 1993) using the MARINE13 
calibration data set (Reimer et al., 2013) and average ΔR offsets and 
errors based on the nearest published values (http://calib.or g/marine/ 
). 

3.3. Morphometric analysis 

The right valves of modern (N = 32) and fossil (N = 29) shells of 
A. antiqua were used for linear and geometric morphometric ap-
proaches. Shell isometric size was analysed employing linear morpho-
metrics. We applied geometric morphometrics to check for differences in 
shell shape regardless of size (see following paragraphs). 

3.3.1. Linear morphometrics 
Four shell variables were analysed: length (maximum anterior to 

posterior distance), height (maximum dorsal to ventral distance), width 
(maximum width of the umbo), and weight. The measurements were 
taken using a digital calliper (precision 0.01 mm) and a precision bal-
ance (0.1 g). 

3.3.2. Geometric morphometrics 
For geometric morphometric analysis, the interior of each right valve 

was photographed (Nikon Coolpix P-100 digital camera) (Fig. 2). On 
each image, twelve Type-I landmark points located on internal features 

of the shells, three Type-III landmarks on the ends of shells and 41 
semilandmarks on the shell outline were marked with tpsDig2 (Rohlf, 
2005) to quantify shape, following Morán et al. (2018). Landmark and 
semilandmark positions were rotated, scaled and translated through 
Generalised Procrustes Analysis using TpsRewl (Rohlf, 1999), mini-
mising the bending energy matrix (for more details on geometric 
morphometric methodologies using landmarks cf. Bookstein, 1997; 
Adams et al., 2004; Zelditch et al., 2004). Centroid size, used as a non- 
dimensional proxy of shell size, was calculated to evaluate size differ-
ences independent of shape. We performed an ANCOVA (analysis of 
covariance) test using assemblage, centroid size (covariate) and the 
interaction term to assess statistical shape differences. The statistical 
significance of the interaction term could suggest unique allometric ef-
fects for each period. To assess allometric effects, we computed the 
multivariate regression between size and shape. Pairwise comparison of 
slope vectors was also performed. These analyses were implemented in 
the geomorph package (Adams et al., 2020) for R software (R Develop-
ment Core Team, 2016, version 2.6.0). All ANOVA procedures were 
evaluated for significance using residual randomization permutation 
procedures as implemented in the RRPP R package (Collyer and Adams, 
2018, 2019). 

3.4. Annual growth increments 

In A. antiqua, the relationship between external growth rings and the 
timing of their formation was studied through mark-recapture experi-
ments (Clasing et al., 1994) and recently confirmed by stable isotope 
analysis (Boretto et al., 2019). These studies suggest that the external 
growth rings of A. antiqua form annually, providing a reliable means of 
determining ontogenetic age and estimating growth rate (Fig. 3). 

For this study, 8 fossil and 8 modern shells were coated with epoxy 
resin to avoid shell fracture during sectioning. Then each shell was cross- 
sectioned (perpendicular to the growth lines) along the axis of maximum 
growth using a low-speed precision saw (Buehler Isomet), and polished 
using a 2-speed grinder-polisher (Buehler Alpha) with grits of 1200, 
2500 and 4000 μm. These cross-sections (Fig. 3 A-B) allowed us to check 
the correspondence of internal growth lines with external rings. Onto-
genetic ages were determined, and the maximum height of each of the 
annual growth rings (Lt + 1 – Lt) was measured using a digital calliper 
(precision of 0.01 mm) (Fig. 3C). 

The use of annual growth increments allows the autocorrelation of 
successive measurements in the same individual to be reduced. 
Furthermore, individual growth increment profiles (as a function of shell 
size) provide more information on shell growth and variation patterns 
than cumulative growth curves (Escati-Peñaloza et al., 2010). Annual 
growth increments (fossil: N = 36, and modern: N = 39) were calculated 
as the difference between the maximum lengths of successive growth 
rings. 

Following Escati-Peñaloza et al. (2010), the A. antiqua growth can be 
analyzed using the Chapman-Richards equation: 

Lt = L∞
(
1 − e− k(t− t0)

)1/(1− M) (1)  

where Lt is the length at time t, L∞ the asymptote of the function, rep-
resenting the length of the organism (umbo to commissure), k is the 
growth coefficient in units of years− 1, M the curvature parameter, and t0 
the age at Lt = 0. This function has an inflexion point at length, where 
the growth rate is maximum. The annual increments can be expressed as 
a function of size: 

Lt+1 − Lt = L∞

{

1 − e− K

[

1 −

(
Lt

L∞

)1− m
]} 1

1− m

− Lt (2) 

Individual and assemblage growth parameters were estimated at an 
individual level using nonlinear mixed-effects models, which express 
each parameter as a function of the assemblage parameter (“fixed 

Fig. 2. Right valve of an A. antiqua specimen (ID #A8_542) with the location of 
Type I and III landmarks (white dots, numbered from 1 to 15) used to define the 
shape of the right shell and semi-landmarks along the outline (dashed line). The 
landmarks were: (1) umbo, (2) the ventral tip of the posterior cardinal tooth, 
(3) the middle cardinal tooth, (4) the ventral tip of the anterior cardinal tooth, 
(5) the scar of the lunule, (6, 7) the tips of the anterior adductor muscle scar, (8) 
the lower tip of the pallial sinus, (9) the tip of the pallial sinus, (10,11) the tips 
of the posterior adductor muscle scar, (12) the tip of the posterior hinge liga-
ment, (13) posterior end, (14) ventral end, (15) anterior end. 
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effect”) and an individual deviation from these fixed effects (“random 
effect”) (Lindstrom and Bates, 1990). The calculation of growth pa-
rameters through these models allows for the existing correlation in 
grouped data (per individual) to be incorporated into the analysis, 
which may be due to: (i) the variation in growth between individuals 
(random effects), and (ii) the autocorrelation due to variation within the 
same individual (random error). 

Parameters were calculated using maximum likelihood methods 
implemented in the nlme R library (Pinheiro et al., 2007). Two nonlinear 
models were analysed: Model A, where variance increases as a power of 
the absolute value of the covariate (varPower function in nlme R pack-
age) and Model B, with the same variance structure as in A but an 
autoregressive correlation structure (corAR1 function in nlme R pack-
age). For model comparison and selection, the Akaike Information Cri-
terion (AIC) and the Bayesian Information Criterion (BIC) were used, 
where the preferred model is the one with lowest AIC and BIC (Pinheiro 
et al., 2007). The parameters of the modern and fossil shells were 
compared using ANOVA between pairs of estimated parameters. 

3.5. Preservation and stable isotope analysis (δ18O & δ13C) 

The radiocarbon-dated fossil shell (ID #CB-H-08) and one modern 
specimen (ID #CB-A-06) were used for stable oxygen (δ18O) and carbon 
(δ13C) isotope analysis. The state of preservation in the fossil shell 

specimen was verified by using confocal Raman microscopy (CRM; 
WITec alpha 300 R; c.f. Nehrke et al., 2012) at the Alfred Wegener 
Institute in Bremerhaven, Germany. The CRM setup was equipped with a 
diode laser (excitation wavelength 488 nm) and a 20× Zeiss objective. 
Both cross-sections dedicated to stable isotope analysis were checked by 
CRM spot measurements (14 spots in fossil and 12 spots in modern 
specimens) from the umbonal area to the ventral margin and at several 
arbitrary points in between. Shell material was milled from cross- 
sections (5 mm wide) (Fig. 3A-B) along the axes of maximum growth. 
Carbonate samples were collected from the outer shell layer using a 700 
μm drill bit (Komet/Gebr. Brasseler GmbH & Co. KG) mounted onto an 
industrial high precision drill (Minimo C121, Minitor Co., Ltd.) and 
attached to a binocular microscope. Sample weight was approximately 
40–60 μg. Milling was conducted in the direction of growth across the 
three ontogenetic years (i.e., increments) with maximum shell growth. 
To maximise comparability, increments milled in both cross-sections 
correspond to ontogenetic years four to six. Measurements were per-
formed by isotope ratio mass spectrometry (IRMS) at the Alfred Wegener 
Institute for Polar and Marine Research (Bremerhaven, Germany) using 
a Thermo Finnigan MAT 253 coupled with an automated carbonate 
preparation device (Kiel IV). Measurements were calibrated against the 
international NBS-19 standard values of − 4.28‰ and − 2.88‰ for δ18O 
and δ13C respectively. Results were reported in δ-notation and given as 
parts per mil (‰ Vienna Peedee belemnite [VPDB]). The long-term 

Fig. 3. Shell growth in A. antiqua. (A) Cross-section of a modern A. antiqua shell (ID #CB-A-06); (B) Cross-section of a fossil A. antiqua shell (ID #CB-H-08). 
Consecutive sampling from the outer shell layer in a cross-section is shown. (C) Shell exterior of A. antiqua, showing ontogenetic growth rings with annual increment. 
d.o.g.: direction of growth. Numbers give ontogenetic years within each shell specimen. 
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precision based on an internal laboratory standard (Solnhofen limestone 
SHKBr2: − 4.28‰; Solnhofenkalk Bremen Version 2) measured over 1 
year together with samples was better than ±0.08‰ for stable oxygen 
isotopes and ± 0.06‰ for stable carbon isotopes. 

Ratios of carbon isotopes (δ13C) in marine bivalve species have been 
reported as potential future proxies (Beirne et al., 2012; Reynolds et al., 
2017). However, as this proxy is not yet fully understood nor calibrated 
in A. antiqua shells, we report δ13C data but do not discuss them in any 
climatic or environmental context. 

3.6. Water temperatures derived from shell carbonate 

For the reconstruction of water temperatures based on stable oxygen 
isotope ratios (δ18Oshell) of A. antiqua carbonate shells, the corrected 
palaeothermometry equation for aragonite of Grossman and Ku (1986) 
was used: 

T(◦C) = 20.60–4.34
[
δ18Oshell–

(
δ18Owater–0.27

) ]
(3) 

where T represents estimated temperature (◦C), and δ18Oshell and 
δ18Owater refer to carbonate sample and water δ18O, respectively. The 
δ18Owater ratio is expressed as the deviation from Vienna Standard Mean 
Ocean Water (VSMOW). Therefore, a 1‰ change in δ18Oshell indicates a 
temperature change of 4.34 ◦C, if δ18Owater remains unchanged. 

Finding reliable δ18Owater values for the BC area is one of the main 
challenges when using shell-derived stable oxygen isotope ratios for 
temperature reconstructions. We, therefore, follow the approach in 
Colonese et al. (2012) by using a range of δ18Owater values instead of a 
single value. Using an average value of − 1.2‰, a minimum value of 
− 1.6‰ and a maximum value of − 0.8‰, we can cover a certain vari-
ability in water chemistry along the BC and Golondrina Bay in partic-
ular. The value range in Colonese et al. (2012) is based on seven single 
δ18Owater measurements in outer Cambaceres (CE) at Lanashuaia (white 
star symbol in Fig. 1) from December 2009 to October 2010. This range 
covers all the additional δ18Owater measurements reported to our 
knowledge: − 1.22 ± 0.19‰, which is the average value of 12 single 
measurements made monthly from October 2015 to October 2016 also 
at Lanashuaia, reported in Nicastro et al. (2020), and a single mea-
surement taken at Ushuaia Bay of − 1.6‰, reported in Obelic et al. 
(1998). Additionally, changes in ice volume over geological time have 
affected marine δ18Owater values, which must be taken into account 
when comparing isotope-derived temperatures from fossil and modern 
specimens. Based on Fairbanks (1989) work and following Beierlein 
et al. (2015), we used a correction value of 0.0226‰. This correction 
enables comparability between fossil and modern δ18Oshell derived 
measurements. 

Rubo et al. (2018) report that A. antiqua does not form its shell in 
isotopic equilibrium with the ambient water. Since the offset of − 0.9 ±
0.3‰ is reported as relatively constant throughout the lifetime, mea-
surements of δ18Oshell in this study were corrected for this offset before 
calculating water temperatures. Limitations to the climatic interpreta-
tion of our data are discussed in Section 5.1. 

3.7. Instrumental data on water temperatures in the Beagle Channel 

To have information on the annual temperature amplitude at the 
study site, we estimated a range from approximately 3 ◦C to 12 ◦C, which 
covers all the SST data reported in Colonese et al. (2012), for the outer 
Cambaceres Bay location, and Gordillo et al. (2015) and Nicastro et al. 
(2020) for Ushuaia Bay (4 km from the study area), which are the papers 
that provided the δ18Owater measurements used in this paper. 

4. Results 

4.1. Shell dating 

Radiocarbon data for the fossil shell from Cormoranes Archipelago 
yielded an age of 4300 ± 35 yr B.P (Poz-84995). The corresponding 
calibrated age is 3542 cal. yr B.P. (3444–3629 cal B.P. ±1σ). 

4.2. Morphometric analysis 

4.2.1. Linear morphometrics 
A detailed summary of combined linear measurements in the fossil 

and modern shells is given in Table 1. In general, the fossil samples show 
higher values in all measurements than the modern samples. 

ANOVA analysis performed on the values of each morphometric 
variable revealed significant differences between assemblages in terms 
of height (F = 6.78; p = 0.01), width (F = 16.38; p < 0.0001) and weight 
(F = 13.46; p < 0.0001) but not in length (F = 2.89; p = 0.09). Fossil 
shells were taller and heavier, with a wider umbo. The multivariate 
analysis of variance (MANOVA) performed on all measurements showed 
statistically significant differences (Wilks' lambda = 0.61; F = 8.59; p <
0.0001). 

4.2.2. Geometric morphometrics 
ANOVA analysis using RRPP on centroid sizes revealed that fossil 

shells were significantly larger than their modern counterparts (F =
5.28; Z = 3.41; p < 0.001) (Fig. 4). The ANCOVA design on shape co-
ordinates revealed a significant effect of assemblages (modern/fossil) (p 
< 0.001; R2 = 0.12), a non-significant effect of size on shape (p = 0.06; 
R2 = 0.027), and a significant interaction term (period*centroid size) (p 
< 0.001) indicating differences in static allometry between periods. The 
comparison between vectors (fossil vs modern) showed that they are not 
parallel (p = 0.001; r = − 0.72; angle = 135◦). 

Principal Component Analysis (PCA) (Fig. 4) differentiated fossil and 
modern shell shapes. The first three Principal Components (PC) 
accounted for 39.49%, 13.07% and 10.71% of the variation explained, 
respectively. The variation along PC1 indicates distinct intra-specific 
variation in both assemblages and overlap between them. This varia-
tion is mainly observed in landmarks (LM) 1 to 4, 11 and 12 and in the 
contour. The LM 1 to 4, i.e., the cardinal teeth, are more developed in the 
modern specimens. The LM 11 and 12 located at the tip of the posterior 
adductor muscle and at the end of the ligament, respectively, are more 
separated in the case of the fossil specimens, thus defining a shorter 
ligament in these cases than in the modern. Also, the semilandmark 
configuration makes it possible to visualize incipient dorsal rostrum in 
the contour of the fossil shells. The pallial sinus (LM 8–9-10) was more 
open in the modern shells. 

4.3. Annual growth increments 

Maximum and average ontogenetic age values, as well as average 
sizes for each assemblage, are shown in Table 2. In general, fossil shells 

Table 1 
Linear measurements performed on right modern and fossil shells of A. antiqua 
in the Beagle Channel. The number of specimens analysed (N), mean value, 
standard deviation (SD) and range for each measurement are shown.    

Length 
(mm) 

Height 
(mm) 

Width (mm) Weight 
(mg) 

Modern N 32 32 32 32 
X ± SD  66.8 ± 1.4 57.2 ± 1.2 16.2 ± 0.4 21.7 ± 1.5 

Range (49.9–80.1) (42–68.4) (12.2–21.4) (8.2–44.6) 
Fossil N 28 28 28 28 

X ± SD  69.9 ± 1 61.3 ± 1 19.5 ± 0.7 30.1 ± 1.7 

Range (59.8–80.3) (50.5–71.5) (15.5–37.5) (14.8–56.4)  
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showed larger sizes and higher average ages than modern. 
There is a similar pattern of annual growth increment widths in fossil 

and modern assemblages (Fig. 5). Annual growth increments increase 
until ontogenetic year four or five, which represents the inflexion point 
in growth. From there, increment widths begin to decrease until onto-
genetic years 13–15, reaching minimum values afterwards (Fig. 5A-B). 
The total increment width range varied from 0.84–12.36 mm in modern 
shells and 0.73–12.07 mm in fossil shells. 

4.3.1. Nonlinear mixed models 
The comparison of fitted models showed that AIC and BIC values are 

higher as the complexity of the model increases. Model A showed lower 
values for both criteria (AIC = 4367.48, BIC = 4437.34) than model B 
(AIC = 4369.50, BIC = 4444.34). The autocorrelation between succes-
sive rings was low (ρ = 0.2). The semivariogram function was also used 
to test for autocorrelation, but no marked correlation between succes-
sive growth rings was found. As a result, Model A was chosen to 
represent the growth of the fossil and modern A. antiqua specimens. 

Growth parameters calculated varied between fossil and modern 
shells (Fig. 6). Asymptotic length (L∞) was higher for fossil than for 
modern shells, while the growth coefficient (k) and the curvature 
parameter (m) were higher for modern shells (Fig. 6). The statistical 
significance in fixed effects was assessed by the ANOVA function. Dif-
ferences were found in L∞ (F = 22.04, p < 0.0001), and m (F = 9.8; p =

Fig. 4. Principal component analysis (PCA, first and second) of the Procrustes coordinates of A. antiqua of fossil (green filled circles) and modern (empty orange 
circles) shells with respective percentages of variation explained. On the edges: graphic representations of the PC1 extreme configurations (black) and the consensus 
configuration in each case (grey). On the right: Mean (point) and standard deviation (whiskers) of fossil and modern centroid shell sizes. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Ontogenetic age and average size (calculated through cumulative increment 
width) and standard deviation values of A. antiqua shells from the Beagle 
Channel.   

Height (mm) Ontog. age Min-Max 
Ontog. Age  

X  SD N X  SD N 

Modern 57.4 7.6 31 13.2 2.0 39 [8–18] 
Fossil 61.2 5.7 31 15.9 2.5 36 [11–21]  

Fig. 5. Annual growth increment widths of fossil and modern A. antiqua 
specimens from the Beagle Channel. (A) Increment width vs ontogenetic age, 
(B) Cumulative growth width vs ontogenetic age. Means of fossil (green square 
symbols) and modern (orange diamond symbols) assemblages are shown. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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0.0018) but not in k (F = 0.015; p = 0.90). 

4.4. Preservation and stable oxygen and carbon isotope analysis (δ18O & 
δ13C) 

The diagenetic check for alterations within the shells conducted by 
confocal Raman microscopy, applied on both the modern and fossil 
shells used for stable isotope analysis, confirmed that both shells consist 
entirely of pristine aragonite. All 26 Raman spectra showed character-
istic peaks of aragonite at around 206 cm− 1 and 1085 cm− 1 (Fig. 7A). 

For stable isotope analysis, we measured a total of 47 consecutive 
samples in the fossil and 42 consecutive samples in the modern shell 
specimen, covering ontogenetic years four to six. All the isotope profiles 
(δ18Oshell and δ13Cshell) show, to some degree, a sinusoidal pattern, 
which, however, is more prominent in both δ18Oshell profiles (Fig. 7 B, 
C). The average δ18Oshell value in the modern shell is 0.62‰ and ranges 
from − 0.25‰ to +1.43‰, while the average δ13Cshell value is 1.50‰, 
ranging from +0.57‰ to +1.87‰. For the fossil shell, the average 
δ18Oshell value is − 0.37‰, ranging from − 1.09‰ to +0.70‰. The 
average δ13Cshell value of 0.63‰ ranges between +0.17‰ and + 1.04‰ 
(Fig. 7 B, C). Mean values of δ18Oshell and δ13Cshell show significant 
differences between the modern and the fossil shell (ANOVA δ18Oshell F 
= 13.59; p < 0.0001; δ13Cshell F = 24.41; p < 0.0001). 

The δ18Oshell profiles of both the fossil and the modern shell show 
similar sinusoidal patterns and a similar amplitude (Fig. 7 B, C). This 
pattern is consistent with observations for A. antiqua in Rubo et al. 
(2018) and Boretto et al. (2019). 

4.5. Water temperatures derived from shell carbonate 

After careful consideration and correction for global ice volume 
changes (in the fossil shell) and for the disequilibrium offset in A. antiqua 
shell carbonate, and using a range of δ18Owater values, following Colo-
nese et al. (2012), we were able to calculate water temperatures from the 
modern and the fossil shell specimens. Results are shown in Fig. 8. The 
modern shell gives an average value of 7.6 ◦C, ranging from 4.1 ◦C to 
11.4 ◦C. The water temperatures for the fossil shell are about 4.4 ◦C 
higher than the modern one: the average value is 12.0 ◦C, ranging from 
7.4 ◦C to 15.2 ◦C (all relative to using the average δ18Owater value of 
− 1.2‰). 

5. Discussion 

5.1. Evidence of warming in Late Holocene? 

When estimating water temperatures from carbonate shells, there 
are several uncertainties and limitations to address. Firstly, it is neces-
sary to be cautious with interpretations made from observing a single 
specimen, since there is a possibility that the differences observed are 
due to individual variability or microhabitat differences (i.e., changes in 
salinity, δ18Owater, etc.). Secondly, Rubo et al. (2018) reported that, 
based on the analysis of 17 specimens from San Jorge Gulf (Patagonia 
Argentina) A. antiqua does not form its shell in isotopic oxygen equi-
librium with the aquatic environment, and this gives a negative offset of 
− 0.9 ± 0.3‰. Although this offset was corrected mathematically in our 
study, the deviation may have some variability between specimens. 
Therefore, future studies must consider a greater number of specimens 
and more detailed isotopic signals (δ18Oshell) in A. antiqua shells from the 
BC (Mette et al., 2019). Lastly, the shell oxygen isotope-based palae-
otemperatures estimated are challenging to interpret for the BC area. A 
common problem in determining temperatures in marine waters is that 

0 20 40 60 80 100

−4
−2

0
2

4
6

8

-1
G

ro
w

th
 ra

te
 (m

m
.y

ea
r 

)

FOSSIL
MODERN

Size (mm)

Fig. 6. Average growth rates predicted by Richards growth model (model A) 
for fossil (green cross symbols) and modern (orange filled circles) A. antiqua 
specimens from the Beagle Channel. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 7. (A) Confocal Raman spectrum of the fossil shell showing the charac-
teristic peaks of aragonite at around 206 cm− 1 and 1085 cm− 1. Stable isotope 
data derived from fossil and modern shell specimens. (B) Stable oxygen (or-
ange) and stable carbon (grey) isotope profiles of the modern shell; (C) Stable 
oxygen (green) and stable carbon (grey) isotope profiles of the fossil shell. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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some coastal waters are heavily influenced by freshwater (brackish 
water), which is generally depleted in 18O (compared to open ocean 
waters). Depending on the degree of local freshwater mixing in coastal 
areas, the 18Owater content may be consequently low, and then palae-
otemperatures would be too high. Therefore, we have addressed the 
analysis and discussion considering these uncertainties. 

The bivalve A. antiqua grows its shell mainly in summer but also in 
winter. It thus has the potential to record the entire annual temperature 
range within its shell carbonate (Rubo et al., 2018). Due to the lack of 
δ18Owater measurements at the collection site, and as described in Sec-
tion 3.6, we used an average δ18Owater value of − 1.2‰ to calculate water 

temperatures (Fig. 8) and then compared the resulting value range to the 
temperature and SST data reported for the BC area (Section 3.7). As 
shown in Fig. 8, the estimated temperature based on the δ18Oshell ratios 
covers the instrumental temperature range very well (grey area in 
Fig. 8A). This confirms that the A. antiqua shell records entirely or 
almost entirely the annual ambient temperature range. 

Since the temperature reconstruction in the modern shell provided 
auspicious results, we calculated palaeotemperatures derived from the 
fossil shell specimen. After correcting for global sea ice changes over 
time (Section 3.6) and a test for diagenetic alterations within the shell 
carbonate (Section 4.4), we used the same δ18Owater value range as for 
the modern shell. If we assume there was no difference in the δ18Owater 
value between 3542 yr B.P. and the present time (c.f. Fig. 8B), the 
temperatures estimated for the fossil shell are considerably higher than 
for the modern shell: both winters and summers show warmer temper-
atures, with the average temperature being 4.4 ◦C higher in the fossil 
shell. 

Considering the uncertainties mentioned above associated with our 
oxygen isotope data, we propose a spectrum of possible scenarios to 
discuss and interpret them. Fig. 8A refers to a mixing line for the fossil 
specimen, i.e. the range of possible combinations of δ18Owater change 
and temperature that would produce the same δ18Oshell. Since linear 
relationships define all variables, we have used the changes compared to 
modern (Δ) (instead of absolute values). Given the existing relationship 
between δ18Owater and salinity, we use Eq. 1 of Colonese et al. (2012) to 
convert Δδ18Owater to Δsalinity on the second x-axis. Following the 
graph, in a scenario where salinity (and hence δ18Owater) does not 
change between past and present, the mean temperature would be 
+4.3 ◦C warmer at 3542 yr B.P. If, on the contrary, the mean temper-
ature was the same, it would result in δ18Owater being 1‰ lower (see 
Section 3.6). Within these two extremes, many combined scenarios are 
possible. Previous palaeoclimatic studies in the area provide clues that 
may help to explore them. On the one hand, our paleotemperatures lie 
within the palaeotemperature range of Gordillo et al. (2015), who re-
ported a 6–18 ◦C temperature range for a 3839 yr B.P. Retrotapes exal-
bidus shell from the same fossil deposit as the present work (Cormoranes 
Archipelago, Fig. 1). In addition, our results match previous studies that 
report warming for the BC area between 4500 and 3000 yr B.P. (Pan-
arello, 1987; Obelic et al., 1998; Gordillo et al., 2011, 2014). However, 
this evidence derives from oxygen isotopic data, which carries the same 
limitations on the δ18Owater values in the BC. Studies carried out in the 
broader region exploring other proxies and methodologies describe this 
climate optimum, although there are still many uncertainties about its 
intensity (see Pendall et al., 2001; Nielsen et al., 2004; Renssen et al., 
2005; Etourneau et al., 2013). In addition, evidence based on the 
diversification of molluscan taxa supports the hypothesis that there was 
a climatic optimum around 4000 yr B.P. in the BC with the expansion of 
several calcareous taxa (Gordillo et al., 2005; Gordillo, 2009; Gordillo, 
2013). Also, palynological studies in Rio Ovando (Cormoranes Archi-
pelago) in deposits from 4000 to 3000 yr B.P. register cold-water 
dinocyst assemblages, typical of marginal marine environments used 
as an indicator of warm waters in polar and sub-polar zones (Candel 
et al., 2009, 2018). However, previous studies also support a salinity 
change scenario for the BC. The palynological evidence shows species 
typical of low to moderate salinity waters in the Cormoranes Archipel-
ago about 3500 yr B.P. (Candel et al., 2009). While at present, the BC 
waters are influenced by strong freshwater discharge from rainfall and 
glacier meltwater through rivers (Isla et al., 1999), the comparison of 
modern and fossil (between 4000 and 3500 yr B.P.) palynological as-
semblages from the Cormoranes Archipelago area suggests that a high 
fluvial input took place in the past (Candel et al., 2009, 2013). At this 
point, it is essential to determine whether a difference in salinity in the 
waters of the Cormoranes Archipelago may also be a consequence of 
factors associated with its geomorphology, which differs from a coast-
line such as Bahia Golondrina. Candel et al. (2013) conducted palyno-
logical comparisons of 22 sites along the BC, including bays, which 

Fig. 8. (A) Mixing model between seawater composition and mean annual 
temperature of the A. antiqua fossil specimen. Values are expressed as de-
viations (Δ) from the modern specimen and range from no change in δ18Owater 
(and a + 4.3 ◦C change in temperature) to no change in temperature (and a −
1‰ change in δ18Owater). The line between these two endmembers reflects all 
other possible combinations of the two variables that would yield the same 
δ18Oshell value. ΔSalinity (second x-axis) was calculated using the linear rela-
tionship between δ18Owater and salinity defined by Eq. 1 of Colonese et al. 
(2012). (B) Comparison of the modern seasonal temperature profile (assuming 
δ18Owater = − 1.2‰) with the fossil data, under a range of δ18Owater values. 
Modern observed range from outer Cambaceres Bay (Colonese et al., 2012). 
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could be considered analogous to the environment in the Cormoranes 
Archipelago near 3500 yr B.P. The sites show similar signs of freshwater 
input in all cases, suggesting similar salinity variability in all environ-
ments. Also, malacological evidence indicates that the fossil species 
composition deposits in the Cormoranes Archipelago are typical of a 
marine environment, similar to that currently found in the BC (Gordillo, 
1999), suggesting similarities in environmental characteristics between 
the two sites (Cormoranes Archipelgo and Golondrina Bay). 

Our results of the shell growth pattern and size (both linear mea-
surements and centroid size) are compatible with a freshwater input for 
3542 yr B.P. Fossil shell specimens are larger (both in width and height), 
heavier, with greater maximum length, with a more pronounced umbo, 
and are more long-lived than modern specimens. However, no signifi-
cant differences were found in the growth coefficient (k) between as-
semblages. According to Saulsbury et al. (2019), if organisms with 
similar k but different L∞ values are compared, those with higher L∞ 
values would secrete more shell in terms of length per time. Several 
studies have shown that growth is consistent with the months of higher 
productivity and thus that the growth of A. antiqua is highly dependent 
on food availability (Clasing et al., 1994; Stead et al., 1997; Lazareth 
et al., 2006; Escati-Peñaloza et al., 2010; Riascos et al., 2012; Rubo et al., 
2018). Some authors have posited that the high fluvial input into the 
marine environment reported for 4000–3500 yr B.P. would cause an 
elevated entry of sediments and terrestrial material into the BC, 
increasing primary productivity (Candel et al., 2009; Gordillo et al., 
2015). These conditions may have promoted growth in fossil clams, 
reflected not only in the shells but also in the umbo's width. Also, the 
longevity observed in fossil shells appears to be a response to this in-
crease in primary productivity. It is likely that, by reaching larger sizes 
earlier, especially during the first years of life, this operates as a pro-
tective factor against predators (Haveles and Ivany, 2010; Ridgway 
et al., 2011). Considering the results found in shell shape, characteristics 
such as an elongated shape (useful for a quick and efficient burial) 
(Stanley, 1970) may also have contributed to the increase of lifespan. 
Gordillo et al. (2013) suggested that around 4000 cal. yr B.P., as a result 
of changes in salinity, mass mortality occurred in the area, mainly in 
filter clams, changing the relationship between filter feeders and pred-
ators. This event could have resulted in higher predation pressure and 
would explain the elongated contour and the presence of the dorsal 
rostrum in the fossil shells of A. antiqua. 

Our isotope results do not provide sufficient evidence to confirm nor 
deny a + 4.4 ◦C warming hypothesis for the Late Holocene, even though 
other proxies indicate higher productivity in the 3542 yr B.P. waters, 
which may indirectly be linked to a warm moment and ice melting. 
Previous studies suggest that a salinity change took place at that time 
(Candel et al., 2009; Gordillo, 2013), which, in our case, would result in 
an overestimation of the calculated palaeotemperatures. Seemingly, this 
salinity change was rather moderate. This assumption is based on the 
analyses of palynological and malacological assemblages in the area 
which show only slight changes when compared to stages of high saline 
variability (Candel et al., 2009, 2013, 2018; Gordillo et al., 2005; Gor-
dillo, 2009). Further studies, including higher numbers of specimens, 
more isotopic data and hence, a detailed calibration of A. antiqua 
δ18Oshell values, are needed. To obtain absolute palaeotemperatures, 
independent of seawater chemistry, future analysis should consider 
including carbonate clumped isotope thermometry, as this is a prom-
ising alternative proxy of palaeotemperatures in bivalve shells (Henkes 
et al., 2018; Caldarescu et al., 2021). 

5.2. Changing habitat energy 

According to previous geomorphological and palaeontological 
studies (Rabassa et al., 1986; Gordillo et al., 1993; Gordillo et al., 2005; 
Rabassa et al., 2009), the sampling area of the fossil specimens (Cor-
moranes Archipelago Fig. 1) was affected by a complex environmental 
evolution (described in section 2.2) (see details in Fig. 2 in Gordillo 

et al., 1993). As a result, individuals of A. antiqua from the Lapataia and 
Ovando rivers would have lived in a marine archipelago environment. 
This habitat would be less energetic than the current beach in Golon-
drina Bay, which has a coast open to the BC, with more exposure to 
waves and tides. Since A. antiqua has a quasi-circular shaped shell and is 
a superficial or shallow burial species (Urban and Campos, 1994), high- 
energy habitats would result in greater vulnerability to sources of 
physical disturbance, such as storms, wave action, etc. These environ-
mental conditions may also have contributed to the increase in longevity 
observed in fossil specimens. 

Shell shape may reflect the environmental differences described 
above. In high energy habitats, such as Golondrina Bay, where storm 
events repeatedly occur, clams can be removed from their semi-infaunal 
or infaunal life positions, transported and deposited outside the sedi-
ment (Neubauer et al., 2013). In this scenario, clams require a greater 
degree of mechanical stability; hence they adopt a hydrodynamically 
more stable horizontal orientation (Kondo, 1987; Gordillo and Archuby, 
2014). In A. antiqua, both cardinal teeth and ligament are the primary 
opponents of stress due to lateral displacement of the shells, and muscles 
operate in closing them. In this study, we found that the ligament and 
the cardinal teeth in modern shells are more developed than in fossil 
shells (Fig. 4). These differences may be related to improving mechan-
ical stability in a more energetic current environment than in the past. 
This trend coincides with the shell shape changes over time observed in 
A. antiqua from northern Patagonia in response to changes in habitat 
energy (San Matías Gulf; Morán et al., 2018). 

6. Conclusions 

The present study highlights the importance of multi-proxy ap-
proaches to strengthen interpretations related to palaeoclimatic and 
palaeoenvironmental reconstructions, which allowed us to detect the 
adaptations and changes that occur in A. antiqua shells from the BC. 
Although the present work shows the climatic and environmental sig-
nals that are archived in A. antiqua shells, which can be interpreted 
locally and regionally, further research is essential to achieve a more 
comprehensive palaeoclimatic and palaeoenvironmental reconstruction 
for the southern tip of South America. The results obtained from the 
approaches performed show: 

-Modern δ18Oshell ratios in A. antiqua result in temperature estimates 
that cover the entire seasonal temperature range for the BC. A warming 
is shown by the reconstructed palaeotemperatures from a 3542 yr B.P. 
shell specimen, assuming no change in δ18Owater (and therefore no 
change in salinity) in the BC. 

- Part of the estimated water temperature differences between the 
fossil and modern shell could be due to the low salinity caused by the 
freshwater input reported for 4000–3500 yr B.P. into the BC, resulting in 
lower δ18Owater values; 

- Greater growth, size and longevity in fossil specimens was likely 
enabled by increasing primary productivity in the area due to a greater 
contribution of sediments and terrestrial material to the BC; 

-A low-energy environment typical of a marine archipelago is re-
flected in the smaller ligaments, cardinal teeth and pallial sinus in the 
fossil specimens. 
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Schönborn (AWI) for their help with the laboratory work related to shell 
preparation and stable isotope measurements at the IRMS (AWI). We 
also thank Joss Heywood for correcting the English language. This study 
is a contribution to Gisela A. Morán's Ph.D. project and is supported by a 
fellowship from the Consejo Nacional de Investigaciones Científicas y 
Técnicas, (CONICET). Funding was provided by the IMCONet Network, 
Asociación Argentina de Malacología through the “Juan José Parodiz” 
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