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A B S T R A C T   

The biomass of aquatic organisms largely determines the mass and energy flow within an ecosystem, but the 
long-term impact of environmental change on biomass is not well constrained for a number of clades. Here, we 
test the hypothesis that bivalve biomass is negatively impacted by warming climate over time. This study is based 
on a fossil marine bivalve fauna recovered from hemipelagic sediments deposited in the eastern Mediterranean 
during climate cycles (marine isotope stages (MIS) 22–18; 900–712 kyr B.P.) of the Early–Middle Pleistocene 
Transition. We reconstruct individual shell biomasses from fossils and discuss the various biotic and abiotic 
factors that controlled long-term shell biomass patterns across this important interval in the Earth climate sys-
tem. The results are contrary to the original hypothesis, suggesting that the response to temperature is not 
universal. Nevertheless, a decrease in median biomass is observed during the MIS 19 warm period and can be 
possibly attributed to the combined effect of multiple drivers that cooperated at that critical time in the past, 
including higher temperature and primary productivity, reduced ventilation of the sea floor, biodiversity changes 
due to geographic range shifts, and considering species- and age-specific thermal tolerances. Generally, bivalve 
biomass at the community level is determined by relative abundance and shell biomass-frequency distribution. In 
our study, the relative abundance and median biomass of small species do not increase or decrease, respectively, 
in warmer periods. However, larger species are negatively affected by warming both in terms of relative 
abundance and biomass.   

1. Introduction 

Climate change impacts both the size and metabolism of marine 
organisms (Daufresne et al., 2009; Ohlberger, 2013), which in turn in-
fluences the structure and functioning of marine ecosystems (Hildrew 
et al., 2007). Biomass is directly correlated with trophic level (Estes 
et al., 2011), meaning that individual-as well as community-level 
changes in biomass can have cascading effects on the entire food web. 
According to the temperature–size rule for ectotherms (Atkinson, 1994), 
with increasing ambient water temperature, individuals grow faster 
during their early life stage, reaching maturity at smaller individual 
biomasses and thereby forming a population with smaller individuals. 

Higher temperatures also expedite biochemical reactions and increase 
the availability of organic matter and energy. These can induce faster 
growth and potentially lead to smaller sizes (Ohlberger, 2013). On the 
other hand, at least at large scales, higher temperatures may lead to 
niche expansion through the inclusion of larger size classes (Bryant and 
McClain, 2022). In addition, ocean warming results in deoxygenation 
and acidification, which prevent organisms from growing to large sizes 
(Gobler et al., 2014; Watson et al., 2012). However, adaptation strate-
gies (Atkinson, 1995; Audzijonyte et al., 2020) are also impacting the 
biomass patterns at species and community levels. Moreover, 
species-specific thermal range limits determine the ability of a species to 
cope with changing thermal conditions. It is assumed that the greater 
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temperature fluctuations in temperate latitudes result in wider physio-
logical tolerance windows for poikilothermic animals that inhabit these 
environments, while the smaller temperature fluctuations in tropical 
latitudes lead to narrower tolerance windows (Dobzhansky, 1950; Ste-
vens, 1989). 

Despite its clear significance, evaluating and predicting the long- 
term effects of climate change on the size structure of modern marine 
assemblages is challenging, because these effects are difficult to disen-
tangle from the impacts of other anthropogenic stressors, such as habitat 
deterioration and overexploitation. Using the fossil record, it is possible 
to track biotic responses to natural climate variability on much longer 
timescales and during periods of more extreme paleoclimatic pertur-
bations than is possible with ecological monitoring of modern systems 
(Dietl et al., 2015). The Early–Middle Pleistocene Transition (EMPT), in 
particular, was a critical time in Earth history, when climate patterns 
shifted from a 40-kyr cycle to stronger, 100-kyr glacial–interglacial cy-
cles including millennial-scale variability (Hodell et al., 2023; Hodell 
and Channell, 2016), with concomitant growth of the Northern Hemi-
sphere ice-sheets (Lisiecki and Raymo, 2005; McClymont et al., 2013). 
During the transition from glacial marine isotope stage (MIS) 20 to the 
warmer part of MIS 19 (interstadial MIS 19c), in particular, sea surface 
temperature shifted by more than 4 ◦C within a few thousand years 
(McClymont et al., 2013; PAGES, 2016; Rodrigues et al., 2017) and the 
recorded shift in the Mediterranean Sea was around 4 ◦C (Konijnendijk 
et al., 2015; Marino et al., 2020a; Quivelli et al., 2021). Although the 
rate of change is more than one order of magnitude slower than modern 
climate change, the magnitude of the temperature increase is in line 
with the IPCC-predicted mean surface temperature increase until the 
end of the 21st century under the high greenhouse gas (GHG) emissions 
scenario (IPCC et al., 2021; 2019; Lotze et al., 2019). Moreover, due to 

similar astronomical configuration of orbital parameters, interstadial 
MIS 19c is considered an exceptional analogue to the Holocene inter-
glacial (Marino et al., 2020b, 2015; PAGES, 2016; Regattieri et al., 2019; 
Tzedakis, 2010). Thus, understanding the impact of increasing sea sur-
face temperatures on Early–Middle Pleistocene faunas has implications 
for understanding the limitations of natural systems and quantifying 
how current climate warming will disrupt the structure of modern ma-
rine communities in the Mediterranean. Indeed, previous studies 
demonstrated that even deep-sea organisms from around the world have 
been affected directly or indirectly (e.g., due to sea-level changes) by 
Pleistocene climate alternations (Agiadi et al., 2018, 2023; Girone et al., 
2023; Huang et al., 2019; Lin et al., 2023; Melo et al., 2022; Peral et al., 
2020; Urra et al., 2023; Yasuhara and Cronin, 2008). Furthermore, in the 
Mediterranean, the sea-level changes resulting from Pleistocene climate 
cycles changed the Gibraltar sill depth, which has been suspected to 
have affected thermohaline circulation thereby distorting the tempera-
ture gradient and impacting marine fauna (Agiadi et al., 2011; La Perna, 
2003). 

Suspension-feeding bivalves filter organic and inorganic matter from 
the water column (Bonsdorff and Blomqvist, 1993; Gili and Coma, 
1998), linking the pelagic to the benthic ecosystems. Changes in their 
biomass and abundance can therefore lead to shifts in the pelagic 
food-web structure and influence multiple trophic levels (Karlson et al., 
2021). In deep time, biomass changes in marine bivalves have been 
documented after major environmental crises and associated to changes 
in the oxygenation of the seafloor, oceanic circulation strength and 
primary productivity (Caswell and Coe, 2013; Foster et al., 2020; Huang 
et al., 2023; Mukhopadhyay et al., 2023; Rhodes and Thayer, 1991; 
Twitchett, 2007), which are all affected by seawater temperature 
(Piazza et al., 2020). Apart from biomass changes due to the impact of 

Fig. 1. Location of the island of Rhodes in the Mediterranean Sea indicating the study area and the stratigraphic column of the Lardos section. MIS: marine isotope 
stage. Modified after Agiadi et al. (2023). 
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temperature on bivalve physiology, the relative abundance of large bi-
valves has been found to increase with higher temperature as they 
expand their distribution range more easily, as for example in the 
Northeast Pacific continental shelf during the Pleistocene (Roy et al., 
2001). 

In this study, we test the hypothesis of a negative correlation be-
tween climate warming and biomass for bathyal bivalves, by assessing 
the size structure of their assemblages in the Eastern Mediterranean 
during climate cycles of the EMPT corresponding to MIS 22 to MIS 18 
(900–712 kyr B.P.; (Lisiecki and Raymo, 2005). We use fossil bivalve 
shells collected from chronostratigraphically well-constrained upper 

bathyal deposits of the Lindos Bay Formation on the island of Rhodes, 
southeast Aegean Sea, and we estimate shell dimensions (Novack--
Gottshall, 2008) and bivalve biomass from biovolume (Powell and 
Stanton, 1985). 

2. Material and methods 

2.1. Sampling and processing 

The material used in this study originates from the Lindos Bay For-
mation exposed at Lardos, Rhodes, Greece (Fig. 1). On Rhodes, the 
Mesozoic–Paleogene limestone substratum is overlain by marine 
siliciclastic-carbonate Pleistocene deposits. Since the Pliocene, the 
compressive regime of this area of the Hellenic fore-arc and the 
concomitant opening of the >4000 m deep Rhodes Basin have triggered 
rapid vertical tectonic motions that resulted in the deposition and then 
uplift of Pleistocene marine sediments that are now exposed along the 
eastern coast of the island (Fig. 1) (Cornée et al., 2006, 2019; Van 
Hinsbergen et al., 2007). The Early–Middle Pleistocene hemipelagic 
sediments of the Lindos Bay Formation sampled for this study were 
deposited at bathyal depths during the maximum flooding of this 
tectonically driven transgression-regression cycle (Cornée et al., 2019; 
Milker et al., 2017; Quillévéré et al., 2019). This occurrence of Pleisto-
cene deep-water sediments accessible on land is unique for the eastern 
Mediterranean, providing a valuable reference point for studying the 
Early–Middle Pleistocene marine faunas of the region (Quillévéré et al., 
2016). 

The studied section is located near the village of Lardos on south-
eastern Rhodes (36◦05′19.5″N 28◦00′35.9″E). It comprises 30 m of ma-
rine marls and sands corresponding to the upper part of the Lindos Bay 
Formation and the lower part of the Cape Arkhangelos Formation, 
respectively (Titschack et al., 2013). Five marly intervals of the Lindos 
Bay Formation were sampled from the lower part of the section and they 
correspond to the marine isotope stages MIS 22 to MIS 18 (Fig. 2), as 
determined by correlating the sampled levels with the chronostrati-
graphic framework previously established for this section by Titschack 
et al. (2013). The samples were taken so as to be centered in each MIS 
interval (Fig. 2). Corroboration was further provided by U234/U238 

dating a deep-water Desmophyllum pertusum coral fragment collected in 
the section (Fig. 1), which yielded a mean age of 744 kyr (range =
616–947 kyr) (Agiadi et al., 2023). We acknowledge that MIS 21 and 
MIS 19 comprise several sub-stages, not all fully corresponding to 
interglacial conditions. For example, within MIS 19, only MIS 19c 
reached interglacial conditions comparable to those of the Holocene 
(McClymont et al., 2013; PAGES, 2016). However, the quantity of 
sediment material required for the present analysis was too large to 
allow distinguishing these sub-stages, considering the sedimentation 
rate estimated at 1.9 cm/kyr in the lower part of the section (Titschack 
et al., 2013),. Consequently, our samples are assigned to the entire MIS, 

Fig. 2. Detail of the lithostratigraphic column indicating the sampled intervals, 
and planktonic foraminiferal (Globigerinoides ruber) stable isotope ((δ18OVPDB) 
stratigraphic record of the Lardos section (Titschack et al., 2013). 

Fig. 3. Yoldiella curta valve (specimen LR15_19_1765) and the obtained measurements: antero-posterior length (A), transverse width (T), and dorso-ventral 
depth (D). 
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including both cooler and warmer sub-stages, and the results we obtain 
correspond therefore to a mean cold and mean warm situation in the 
eastern Mediterranean. Paleodepths have been estimated at 200–250 m 
for MIS 22–19 and at 150–200 m for MIS 18 (Agiadi et al., 2018). 
Sedimentation may therefore have occurred above the 
oxygen-minimum zone and may have been affected by wind and (in-
ternal) wave mixing (Rohling et al., 2015). 

The sediment samples were weighed and wet-sieved through a 250- 
μm mesh. Their weights were: 1.63 kg for LR01-10, 3.33 kg for LR10-15, 
2.7 kg for LR15-19, 4.73 kg for LR19-27 and 3.26 kg for LR > 27. Bivalve 
specimens were picked from the residues, sorted based on their 
morphological characteristics and identified to species level under the 
binocular microscope. The preservation state of the shells was noted 
paying particular attention to the level of fragmentation, as well as the 
presence of any marks of predation and/or dissolution. The number of 
individual species in each of the five MIS was determined in order to 
establish their relative abundance. 

2.2. Shell biovolume and biomass estimation 

For the reconstruction of shell biomass, we retained shells based on 
two criteria: specimens preserving enough of the hinge line to allow 
identification; and specimens where at least two of the three dimensions 
(length, width, depth) could be measured (Fig. 3). Both criteria were 
needed for a specimen to be included in our dataset. Following 
Novack-Gottshall (2008), we measured the antero-posterior length (A), 
transverse width (T), and dorso-ventral depth (D) (Fig. 3) in order to 
estimate the maximum body volume of our specimens, where T is the 
distance from the umbo, which is the highest part of the valve in the 
dorsal margin, to the ventral end of the shell; A is the dimension 
perpendicular to T, from the anterior to the posterior end of the shell; 
and D is the maximum thickness of the valve that is perpendicular to 
both A and T. Based on this ATD model, biovolume is: V = 0,5444 
(ATD)0,896 and expressed in mm3. 

Next, with this biovolume estimate, we calculated the maximum 
biomass (in g) of each fossil specimen using the equation of Powell and 
Stanton (1985): logB = (0.9576 ±0.0004)logV + ( − 4.8939 ±0.0065). 
This approach allows specimens of different species to be compared, 
because the calculated individual biomass is independent from the 

shape of the bivalve. 

2.3. Ecological data for the identified taxa 

For the taxa identified in our assemblages, we collected data on their 
distributions by depth and by climatic zone from SeaLifeBase (Pal-
omares and Pauly, 2022) and from the literature (e.g. (Danise and 
Dominici, 2023; Dominici and Danise, 2023; La Perna, 2007, 2003) 
(Table 1). Specifically, Acar clathrata (Defiance, 1816) is distributed 
today in the Atlantic Ocean, between Galicia and Cabo Verde, and in the 
Azores archipelago at 35–40 m depth and in the Mediterranean Sea up to 
70 m depth (Delongueville et al., 2019). Bathyspinula excisa (Philippi, 
1844) was commonly found at bathyal (>200 m) depths in the Plioce-
ne–Early Pleistocene Mediterranean (Ceregato et al., 2007; La Perna, 
2003; Tabanelli, 2008), and therefore we assigned it to the subtropical 
zone. Although the functional traits of the identified extant species may 
have changed over geological time, we assumed their relative stability 
from the Middle Pleistocene compared to the present. 

Many of the identified species live below the thermocline (Table 1) 
(Houpert et al., 2015). Thus, they would not be expected to have 
experienced large temperature variations (Melo et al., 2022; Nomade 
et al., 2019; Scarponi et al., 2022; Urra et al., 2023). Here, we investi-
gated shifts in median biomass and relative abundance at the commu-
nity level within the two groups of bivalve species distributed in 
subtropical or temperate latitudes, and we interpreted the results 
considering the depth distribution of each species. 

Pseudoneilonella pusio is instead more common in the Early–Middle 
Pleistocene Mediterranean (Dominici and Danise, 2023; La Perna, 2003, 
2007), and thus assigned to both subtropical and temperate affinities. 
Bathyarca cf. philippiana and Ennucula cf. corbuloides were assigned the 
ecological data of Bathyarca philippiana and Ennucula corbuloides, 
respectively. The affinities of Limopsis aurita were used for Limopsis sp. 
The affinities of Yoldiella striolata were used for Yoldiella sp. because that 
was the only species present in the same stratigraphic level. Bivalve 
specimens identified only to Family level were excluded from this 
analysis (see supplementary material). 

Table 1 
Ecological information for the taxa identified in the bivalve assemblages of Lardos MIS 22–18: lifestyle and distributions in modern oceans by climatic zone and known 
depth range (from Danise and Dominici, 2023; Dominici and Danise, 2023; La Perna, 2007, 2003; Palomares and Pauly, 2022; and additional references provided for 
some species).  

Species Family Climatic zone Depth range (m) Lifestyle Additional References 

Acar clathrata Arcidae Subtropical 35–70 Epifaunal Delongueville et al. (2019) 
Asperarca nodulosa Arcidae Subtropical 550–700 Epifaunal  
Bathyarca pectunculoides Arcidae Temperate 9–3330 Infaunal  
Bathyarca philippiana Arcidae Subtropical 125–200 Epifaunal  
Bathyspinula excisa Bathyspinulidae Subtropical 200–1000 Infaunal Ceregato et al. (2007) 

La Perna (2003) Tabanelli (2008) 
Cyclopecten hoskynsi Propeamussiidae Temperate 82–2064 Epifaunal  
Delectopecten vitreus Pectinidae Subtropical 27–4312 Epifaunal  
Ennucula corbuloides Nuculidae Subtropical 500–2000 Infaunal  
Kelliella miliaris Kelliellidae Temperate 10–1170 Infaunal  
Limatula gwyni Limidae Temperate 20–57 Infaunal  
Limatula subauriculata Limidae Temperate 110–2321 Infaunal  
Limea crassa Limidae Temperate 285–555 Epifaunal  
Limopsis aurita Limopsidae Temperate 55–1965 Epifaunal  
Microgloma sp. Pristiglomidae Subtropical >500 Epifaunal/Shallow Infaunal  
Limea crassa Limidae Temperate 285–555 Epifaunal (motile)  
Pseudoneilonella pusio Neilonellidae Subtropical >1000 Shallow Infaunal Dominici and Danise (2023) 

La Perna (2003, 2007) 
Yoldia minima Yoldiidae Subtropical >1000 Infaunal  
Yoldiella curta Yoldiidae Subtropical 150–500 Infaunal  
Yoldiella lucida Yoldiidae Temperate 38–1000 Infaunal  
Yoldiella micrometrica Yoldiidae Subtropical 500–2000 Infaunal  
Yoldiella philippiana Yoldiidae Subtropical 150–1000 Infaunal  
Yoldiella striolata Yoldiidae Subtropical >1000 Infaunal   
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2.4. Statistical analyses 

The relative abundance and size distribution of the bivalves was 
examined across the studied mean cold and mean warm intervals for the 
entire assemblage and for the four most abundant species. The Kruskal- 
Wallis test followed by a pairwise Wilcoxon test with an a posteriori 
Bonferroni correction (Bonferroni, 1936; Kruskal and Wallis, 1952) was 
used to compare the mean, the median and the variance in the biomass 
values and estimate their 95% confidence intervals around this param-
eter using a bootstrap procedure with 10,000 iterations. All analyses 
were performed in R (version 4.1.0) (R Core Team, 2019). 

3. Results 

The bivalve communities in the five MIS intervals include 20 bivalve 
species: the dominant species are Limopsis aurita and Kelliella miliaris, 
while Limea crassa, Yoldiella curta, Bathyarca pectunculoides and Bathy-
arca philippiana (incl. B. cf. philippiana) are very abundant in some levels 
(Table 2). The shells are small but generally well-preserved. There are no 
dissolution signs, but marks of drilling predation are occasionally pre-
sent. Because the shells are quite thin, fragmentation is common. It is 

possible to measure all three dimensions (A, T and D) in 2547 of the total 
4480 specimens collected. The frequency distributions of the shell di-
mensions are positively skewed with one mode, apart from the level MIS 
22 where second modes at larger values are evident (Fig. 4). 

Biomass at the community level (Fig. 5) differs significantly between 
MIS groups (χ2 = 140.7, df = 4, p < 2.2e-16). The pairwise comparisons 
shows significant differences specifically between MIS 22 and MIS 21 
(biomass median increases from 0.0024 mg to 0.0054 mg), MIS 20 and 
MIS 19 (decrease from 0.0056 mg to 0.0028 mg), and MIS 19 and MIS 18 
(increase from 0.0028 mg to 0.0063 mg). Looking at the dominant 
species the size-frequency distribution of Limopsis aurita shows much 
greater variance and number of modes than that of Kelliella miliaris in all 
climate cycles, and the median decreases substantially over time until 
MIS 19 and increases only in MIS 18 (Fig. 5). 

The median biomasses of the most abundant species in the assem-
blages display contrasting patterns across the studied time interval 
(Fig. 6). The median biomass of K. miliaris increases from 0.0017 mg in 
MIS 22 to 0.0039 mg in MIS 18 (χ2 = 93.614, df = 4, p < 2.2e-16; sig-
nificant increases from MIS 22 to MIS 21 and from MIS 19 to MIS 18 
based on the pairwise comparison). The median biomass of Limopsis 
aurita decreases significantly from 0.0514 mg in MIS 22 to 0.0063 in MIS 
18 (χ2 = 83.346, df = 4, p < 2.2e-16; significant change from MIS 22 to 
MIS 21 and from MIS 20 to MIS 19), but the observed increase in MIS 18 
(Fig. 6) is not significant (p = 0.22176). Limea crassa has a median 
biomass of 0.0257 mg in MIS 22 that decreases to 0.0063 mg in MIS 19, 
but this difference is not very significant (χ2 = 16.82, df = 4, p = 0.002). 
The median biomass of Bathyarca philippiana decreases from 0.0129 in 
MIS 20 to 0.0034 in MIS 19 (χ2 = 23.321, df = 4, p = 0.0001; the in-
crease in MIS 18 is not significant). The changes observed for Yoldiella 
curta, Bathyarca penctuculoides, Yoldiella lucida and Microgloma sp. are 
not significant because of the low number of specimens in most climate 
cycles (their median biomasses, where calculated, are shown in Table 2). 

The most abundant families within the whole assemblage are 
Limopsidae, Kelliellidae (represented only by K. miliaris), Arcidae and 
Yoldiidae (Fig. 7). Limopsidae, which include here the specimens 
identified as Limopsis aurita and those assigned to Limopsis sp., confirm 
the biomass decreasing pattern observed for L. aurita. Arcidae are rep-
resented by Acar clathrata, Asperarca nodulosa, Bathyarca pectunculoides 
and Bathyarca philippiana. The median biomass of this family decreases 
from MIS 20 to MIS 19 (χ2 = 41.955, df = 4, p = 2.8e-07) and then 
increases in MIS 18 (p = 0.0005). Yoldiidae are represented by Yoldia 
minima, Yoldiella curta, Yoldiella lucida, Yoldiella micrometrica, Yoldiella 
philippiana and Yoldiella striolata. The median biomass of this family does 
not show significant variation in MIS 22–18 (χ2 = 14.755, df = 4, p =
0.005). 

The bivalve assemblages are dominated by temperate taxa (Fig. 8). 
The median biomass of the temperate group increases from MIS 22 to 
MIS 21 (χ2 = 102.86, df = 4, p = 9.3e-06), then decreases from MIS 20 to 
MIS 19 (p = 2.8e-15), and then increases again from MIS 19 to MIS 18 (p 
= 3.7e-16). The median biomass of the subtropical group shows similar 
changes, but they are smaller in amplitude and only the shifts from MIS 
20 to MIS 19 (χ2 = 54.349, df = 4, p = 3.5e-11) and from MIS 19 to MIS 
18 (p = 2.6e-05) are significant. The lack of significant results for the 
subtropical group for the MIS 22–21 comparison may result from the 
low abundance of this group in MIS 21 (Fig. 8). 

The median biomass of the epifaunal group changes significantly 
throughout the studied interval (Fig. 9; χ2 = 85.565, df = 4, p < 2.2e- 
16). It decreases from MIS 22 to MIS 21 (p = 6.8e-0.7), while their 
relative abundance increases. From MIS 20 to MIS 19, both their median 
biomass (p = 8.1e-06) and abundance decrease. The median biomass of 
the epifaunal group increases again in MIS 18 (p = 7.7e-05), but the 
relative abundance remains unchanged. Although the observed changes 
in median biomass for the infaunal group are milder, they are significant 
(χ2 = 186.52, df = 4, p < 2.2e-16). Indeed, there is an increase in median 
biomass from MIS 22 to MIS 21 (p < 2e-16), a decrease from MIS 20 to 
MIS 19 (p = 4e-13), and again an increase to MIS 18 (p < 2e-16). 

Table 2 
Absolute abundances (and relative abundances in brackets) of the identified 
bivalve taxa in Lardos. Median biomasses (mg) in bold for the most abundant 
taxa (where they can be calculated).  

Taxa MIS22 MIS21 MIS20 MIS19 MIS18 

Acar clathrata   1(0.06)   
Anomiidae indet.    2(0.43)  
Asperarca nodulosa 1(0.51)  1(0.06)  1(0.52) 
Bathyarca cf. 

philippiana 
4(2.05) 
0.0032 

19(1.02) 
0.0129 

54(3.06) 
0.1290 

23(4.91) 
0.0034 

36 
(18.85) 
0.0055 

Bathyarca 
pectunculoides 

4(2.05) 13(0.70) 
0.0114 

85(4.82) 
0.0045 

32(6.90) 
0.0025  

Bathyarca 
philippiana   

72(4.08) 
0.1290 

4(0.86) 
0.0034  

Bathyspinula excisa  4(0.21) 13(0.77) 3(0.65)  
Cyclopecten hoskynsi 1(0.51)  1(0.06)  5(2.62) 
Delectopecten vitreus   15(0.89)  4(2.09) 
Ennucula cf. 

corbuloides 
2(1.03) 3(0.16) 7(0.41)  2(1.05) 

Kelliella miliaris 132 
(67.69) 
0.0017 

821 
(44.09) 
0.0027 

206 
(12.17) 
0.0030 

204 
(43.97) 
0.0027 

76 
(39.79) 
0.0039 

Limatula gwyni 1(0.51) 5(0.27)  5(1.08) 11 
(5.76) 

Limatula 
subauriculata   

25(1.48)   

Limea crassa 1(0.51) 
0.0257 

6(0.59) 
0.0178 

34(1.71) 
0.0113 

54(3.88) 
0.0063 

12 
(13.61) 
0.0069 

Limopsis aurita 38 
(19.49) 
0.0514 

957 
(51.40) 
0.0107 

684 
(40.43) 
0.0064 

76 
(16.38) 
0.0019 

14 
(7.33) 
0.0063 

Limopsis sp.   503 
(29.73)   

Microgloma sp.    46(9.91) 
0.0009  

Pseudoneilonella 
pusio   

1(0.06)   

Tellinidae indet.   1(0.06)   
Yoldia minima   6(0.35)   
Yoldiella curta 10(5.13) 

0.0045 
11(0.59) 
0.0051 

29(1.71) 
0.0065 

18(3.88) 
0.0052 

26 
(13.61) 
0.0066 

Yoldiella lucida 1(0.51) 
0.0024 

23(1.24) 
0.0045  

1(0.22) 
0.0589  

Yoldiella 
micrometrica   

11(0.65)   

Yoldiella philippiana   15(0.89)   
Yoldiella sp.     3(1.57) 
Yoldiella striolata     1(0.52)  
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4. Discussion 

4.1. Shell preservation 

Size-frequency distributions from fossil shells can be influenced by 
differences in host sediment lithology, changes in sedimentation rate 
and seawater chemistry, all affecting the state of preservation of the 
shells, potentially favoring larger individuals through the dissolution of 
small shells (Behrensmeyer et al., 2000; Huang et al., 2023; Mukho-
padhyay et al., 2023). Shells of Kelliella miliaris are characteristically 
thin and therefore more prone to fragmentation and complete dissolu-
tion (Sorensen, 1984). The absence of dissolution marks and the high 

abundance of well-preserved small shells of Kelliella miliaris in all 
stratigraphic levels (Fig. 6) indicates that preferential dissolution and 
fragmentation was not an issue in the case of the bivalve fossil assem-
blages from Lardos. 

4.2. Age model and study limitations 

Evaluating a potential relationship between seawater temperature 
and body size in a paleoceanographic setting depends on the quality of 
the chronostratigraphic framework and the sampling resolution. In the 
present study, because our goal was to examine individual biomass 
changes at species-as well as community-level, large volumes of 

Fig. 4. Frequency distributions of the bivalves antero-posterior length (A), transversal length (T), and depth (D) in MIS 22, 20 and 18 (colder) and MIS 21 and 19 
(warmer intervals). 
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sediment were required and collected within thin stratigraphic intervals 
(Fig. 2). Consequently, it was not possible to obtain a finer stratigraphic 
resolution than at the level of entire MIS, and we could not distinguish 
between stadials and interstadials within MIS. Furthermore, the avail-
able age model by Titschack et al. (2013) does not allow distinguishing 
between stadials and interstadials within the sampled marine isotope 
stages. This is the main limitation of our results, which ultimately gives 
an overall picture of mean cold versus mean warm conditions. For 
example, in MIS 18, it is very likely that our sample, which was centered 
in the MIS interval, mainly captured MIS 18b–d, which was a warmer 
interstadial phase (Konijnendijk et al., 2015; Martin-Garcia et al., 2015; 

Quillévéré et al., 2019; Rodrigues et al., 2017). This may explain why 
high relative abundance of subtropical bivalves (this work) and fish 
(Agiadi et al., 2023) were found in the MIS 18 sample. 

4.3. Species size-frequency distributions as indicators of population 
structure 

Fossil-based size-frequency distributions can inform about changes 
in growth and mortality rates of a species throughout the sampled time- 
interval, although absolute estimates of these rates cannot be estab-
lished without prior knowledge of either growth or mortality. The 

Fig. 5. Bivalve frequency distribution of individual biomass (log-transformed) in MIS 22, 20 and 18 (colder) and MIS 21 and 19 (warmer) intervals for the total 
assemblage (left column) and the two most abundant species Kelliella miliaris (middle column) and Limopsis aurita (right column). 
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logarithmic shape of the size-frequency curve for K. miliaris is consistent 
with that previously observed by Sorensen (1984), which therefore in-
dicates a stable population structure within each of the investigated 
climate cycles. In contrast, the size-frequency curves for L. aurita do not 
show any consistency, neither in range nor in shape or number of peaks, 
suggesting that the population structure has strongly fluctuated in the 
studied interval. Both species are distributed from the euphotic zone 
down to depths >1000 m, but K. miliaris is an infaunal species, whereas 
L. aurita is epifaunal and therefore more susceptible to warming and 
deoxygenation (Kruft Welton et al., 2023). In this case, however, the 
water column was oxygenated during both MIS 21 and MIS 19 (Emeis 
et al., 2000; Grant et al., 2022), and the paleodepth (maximum at 250 m; 
Agiadi et al., 2018) was too shallow, implying mixing. Therefore, we can 
only consider a possible effect of warming in destabilizing the L. aurita 
population structure. 

4.4. Examining the validity of the temperature–size rule 

In the eastern Mediterranean, the trajectories for biomass expected 
based on the temperature–size rule are not observed in MIS 22–18 
neither at species nor at family level (Figs. 6 and 7). Along with changes 
in phenology (Durant et al., 2007; Walther et al., 2002) and distribution 
range shifts (Crippa et al., 2016; Meadows et al., 2019; Parmesan and 
Yohe, 2003), reduced biomass is proposed to be a universal reaction to 
climate warming in aquatic systems (Daufresne et al., 2009; Ohlberger, 
2013). Smaller biomass during warmer intervals would be explained by 
the temperature–size rule, which states that an increase in temperature 
should result in a decrease in individual biomass for ectotherms: the size 
decrease manifests as a shift in size-at-age within a community, due to 
differences in the thermal sensitivity of both developmental and growth 
rates within an organism (Atkinson, 1994). Notably, the generality of 
the temperature–size rule across the Cenozoic has been challenged, at 

least for bivalves of the continental shelf (Chattopadhyay and Chatto-
padhyay, 2020). Our results show that in the eastern Mediterranean, 
bathyal bivalves did not respond uniformly to the temperature increases 
that should have occurred from colder to warmer intervals of the Ear-
ly–Middle Pleistocene Transition. 

4.5. Biodiversity impact on community-level biomass 

The median biomass of bivalves in the assemblages is driven by the 
relative abundances of the species (Figs. 5 and 7). The bivalve shells in 
the Lardos assemblages are overall relatively small, with Amin = 0.02 
mm and Amax = 7.75 mm) (Fig. 4), whereas in modern environments, 
L. aurita reaches an Amax of 15 mm (Rosenberg, 2009) and K. miliaris of 3 
mm (Passos et al., 2019), but L. crassa Amax can be as large as 55 mm 
(Allen, 2004). Kelliella miliaris (the smallest of the most abundant species 
in our assemblages) often drives the median shell biomass at the com-
munity level to smaller values. However, the gradually increasing trend 
in the biomass of K. miliaris is counteracted in MIS 21 and MIS 20 by the 
large biomass values of L. aurita that shows high relative abundances in 
those intervals, since L. aurita shells are comparatively much larger 
(Fig. 6). Indeed, the shell biomass of K. miliaris increases significantly 
during the MIS 22–21 climate transition, whereas it remains the same 
during the MIS 20–19 transition, probably counteracting the effects of 
strong climatic variability that are affecting the other bivalve species 
(see discussion below) and other marine organisms (Agiadi et al., 2018, 
2023; Marino et al., 2020b; Quillévéré et al., 2019; Quivelli et al., 2020). 
Additionally, based on the records from the western Iberian margin, the 
MIS 22–21 climate transition lasted longer than that of MIS20–19 (Bajo 
et al., 2020; Martin-Garcia et al., 2015; Rodrigues et al., 2017), implying 
greater resilience of K. miliaris to climatic variability. In contrast, the 
shell biomass of the larger species L. aurita decreases during the MIS 
22–21 and MIS 20–19 transitions along with its abundance. 

Fig. 6. Median biomass (mg) with 95% confidence interval and relative abundance (%) of the most abundant species and of the total assemblage over the five studied 
climate cycles. Only significant biomass patterns are shown. 
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4.6. Bivalve biomass distribution: biotic factors 

For suspension-feeding bivalves, food supply and hence primary 
productivity play an important role on their growth (Bonsdorff and 
Blomqvist, 1993; Gili and Coma, 1998). High nutrient supply and pri-
mary productivity has been evidenced for the central and western 
Mediterranean in interglacial MIS 19 (at least its early part, MIS 19c) 
compared to glacial MIS 20 (Maiorano et al., 2021; Marino et al., 2022; 
Nomade et al., 2019; Quivelli et al., 2020). Potentially, increased 
recruitment across the species in the community may explain the 
smallest median biomass overall (Fig. 6), and it is supported by the more 
even community and the great variance of biomass of Limopsis aurita in 
that interval (Fig. 5). 

Larger bivalve species shifted their geographical range more often 
and by a greater amount than smaller species in response to climate 
cycles (Roy et al., 2001). Consequently, changes in temperature led to 
shifts in community composition: as larger species migrated to new 
habitats, the relative abundance of smaller taxa in the community 
increased. The resulting community therefore exhibits a smaller median 
biomass. This explains the more dynamic pattern in the relative abun-
dance and median biomass of the larger species Limopsis aurita 
compared to the smaller Kelliella miliaris (Fig. 6). 

4.7. Bivalve biomass distribution: abiotic factors 

Although the median biomass of the bivalve assemblage and taxa 
does not decrease consistently from colder to warmer intervals, a 
decrease in median biomass is observed for all species between MIS 20 
and MIS 19 (Fig. 6). The studied interval captures the end of the EMPT, 
which was characterized by large glacial ice-sheets, warm North Atlantic 
sea surface temperatures, and increased moisture input to the 

Mediterranean region from both the Atlantic and the South East Asian 
Monsoon system (Berends et al., 2021; Elderfield et al., 2012; Head, 
2021; Head and Gibbard, 2015; Pena and Goldstein, 2014; Rohling 
et al., 2014; Sánchez Goñi et al., 2023). The MIS 20–19 transition was 
not very strong, and the whole interval was characterized by 
millennial-scale variability that has been associated with disruptions to 
the Atlantic Meridional Oceanic Circulation (AMOC) (Hodell et al., 
2023; Hodell and Channell, 2016) and has been particularly 
well-recorded in the Mediterranean (Haneda et al., 2020; Maiorano 
et al., 2016; Martin-Garcia et al., 2018; Nomade et al., 2019). Across the 
Mediterranean, high-amplitude millennial-scale variability in seawater 
temperatures, salinities and circulation have been evidenced (Konij-
nendijk et al., 2015; Quivelli et al., 2021) with impacts on marine 
plankton (Marino et al., 2020a; Quillévéré et al., 2019), but also on 
deep-water organisms such as mesopelagic fishes (Agiadi et al., 2018, 
2023). Because sea bottom temperatures remained stable between gla-
cials of the EMPT in the Mediterranean (Peral et al., 2020), absolute 
seawater temperature values during MIS 20 cannot account for the 
observed changes neither in the bivalve assemblage compositions nor on 
the bivalve biomasses (Fig. 6). The increase in the relative abundance of 
subtropical taxa and the stronger decrease in the median biomass in MIS 
19 (Fig. 8) may instead be explained by the recurring millennial-scale 
variability that occurred during MIS 20–19 (Bajo et al., 2020; Naafs 
et al., 2011; Quillévéré et al., 2019; Quivelli et al., 2021; Rodrigues 
et al., 2017), which is beyond the resolution of this study. 

In addition to temperature, the carbon and oxygen supplies can also 
play a significant role as first-order drivers of biomass (Bryant and 
McClain, 2022). Since a positive correlation between dissolved oxygen 
concentration and maximum size in marine molluscs has been evidenced 
elsewhere (McClain and Rex, 2001), locally low-oxygen concentrations, 
even at shallow water depths (40–140 m) (Rossi et al., 2018), may have 

Fig. 7. Median biomass (mg) with 95% confidence interval and relative abundance (%) of the most dominant families over the five studied climate cycles. Only 
significant biomass patterns are shown. 
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Fig. 8. Median biomass (mg) with 95% confidence interval and relative abundance (%) of the bivalve species grouped based on their climatic distributions in the five 
studied climate cycles. 

Fig. 9. Median biomass (mg) with 95% confidence interval and relative abundance (%) of the epifaunal and infaunal taxa in the five studied climate cycles.  
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reinforced the median biomass reduction that has occurred during MIS 
19 (Bryant and McClain, 2022; Payne et al., 2011). Larger species, here 
Limopsis aurita, are more affected by oxygen and resource restrictions 
because of their metabolic demands (Verberk et al., 2021), while the 
higher temperatures during the interglacials further increases their ox-
ygen demand. Furthermore, dysoxic conditions in the water column 
decrease the abundance of primary producers, and thereby food avail-
ability for bivalves through bottom-up control (Seitz and Lipcius, 2001), 
which in turn could restrict growth and lead to a smaller biomass at age. 
Consequently, oxygen supply may have played an important role in the 
observed biomass trends during the warmer MIS 19. However, as dis-
cussed in 4.6, the increased recruitment of bivalves in MIS 19, which 
also explains the smallest median biomass (Fig. 6), is better supported 
here. 

Changes in oceanic circulation and sea bottom ventilation have a 
stronger impact on epifaunal and shallow infaunal, rather than deeper 
infaunal organisms that are less susceptible to the conditions on the sea 
floor. The observed changes in median shell biomass of the epifaunal 
group are much stronger throughout the studied interval, although the 
milder changes observed in the infaunal group are statistically signifi-
cant (Fig. 9). In the central Mediterranean, interglacials MIS 21 and MIS 
19 have been associated with decreased ventilation of the sea floor 
(Rossi et al., 2018). On the other hand, thermohaline circulation was 
probably well-active at that time, resulting in enhanced Mediterranean 
outflow water to the Atlantic (Guo et al., 2020). The decreased shell 
biomasses for both epifauna and infauna in MIS 19 (Fig. 9) suggest that 
the bottom-water environment in the eastern Mediterranean was more 
unstable in MIS 19 than in MIS 21, when only epifaunal taxa were 
affected. 

5. Conclusions 

Over the MIS 22–18 targeted time interval of the EMPT, no consis-
tency in the trajectories of biomass changes could be found for all taxa 
and climatic-affinity groups that could be solely attributed to the in-
fluence of ambient water temperature. Various biotic and abiotic factors 
ultimately affect shell biomass across important Earth System transi-
tions, such as variations in productivity and oxygen variability, whose 
contributions should be examined using independent proxies. The re-
sults of this study highlight the complexity of morphological changes in 
marine mollusc communities, particularly those triggered or induced by 
climatic alterations. The shell biomass of larger species appears more 
susceptible to climate change. The interplay between relative abun-
dance and shell biomass-frequency distribution determine bivalve 
biomass at the community level: smaller species are not necessarily 
favored, but larger species seem to be most affected by climate warming. 
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Renata Lukić: Formal analysis, Writing – review & editing. Danae 
Thivaiou: Investigation, Writing – review & editing. Frédéric 
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