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INTRODUCTION

Sandy beaches are among the most valuable and
heavily used natural coastal systems worldwide and
provide critical ecosystem services to society, includ-
ing shoreline protection, food from fisheries and eco-
nomic revenues from tourism (Schlacher et al. 2008,
Defeo et al. 2009). However, the world’s shorelines
are being threatened by the combined effect of in -
creasing human impacts due to an expanding popu-
lation and increasing demand for food and leisure

and the rising sea level resulting from a changing cli-
mate (Doney et al. 2012, McLachlan et al. 2013). Ef -
fects of climate change may be most immediately and
profoundly felt in sandy beach macrofauna (Ortega
et al. 2012, Schoeman et al. 2014). Its narrow physical
habitat is being disrupted rapidly as a result of ero-
sion caused by sea-level rise and intensification of
storms (Schlacher et al. 2007, Defeo et al. 2009,
Dugan et al. 2010, Ortega et al. 2013).

The direct effects of a changing environment,
including warming, could enhance disease expres-
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ABSTRACT: Sandy beaches are being threatened by a changing climate. However, the effects of
this changing environment, including warming, on these ecosystems, have hitherto been tentative
and qualitative. Using concurrent long-term (1984−2007) observations on abundance and individ-
ual size, together with laboratory examinations of body abnormalities (morphological anomalies
and epibionts), we provide evidence that the sandy beach yellow clam Mesodesma mactroides of
the Uruguayan coast has responded to climate change. Regional sea surface temperature anom-
alies (SSTA) showed an increasing trend through time, with positive values after 1997. The posi-
tion of the warm water front (20°C isotherm), a proxy of tropical waters, showed a long-term pole-
ward shift rate of ca. 9 km yr−1. Clam abundance (total and discriminated by population component)
decreased through time and was inversely related to variations in SSTA, with higher abundance
during cold periods. Length frequency distributions (LFDs) showed polymodal size structures with
fully represented clam population components in cool years. By contrast, LFDs showed fewer size
classes and larger clams were virtually absent during warm years. Prevalence of body abnormal-
ities in M. mactroides increased through time and was positively correlated with increasing SSTA,
suggesting a link with climate stress. The population dynamics of M. mactroides seems to be
driven by climatic forcing, mostly related with warming. Our results demonstrate the implications
of climate change in the structure of sandy beach fauna, which could be particularly relevant in
ectotherms with cold water affinities. Thus, climate change should be given a high priority in
sandy beach conservation planning and management.
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sion (Harvell et al. 2002, Kordas et al. 2011, Maynard
et al. 2015) and pathogen abundance (Burreson &
Ragone Calvo 1996, Ford & Tripp 1996, Parmesan &
Yohe 2003, Nye et al. 2009, Baker-Austin et al. 2013)
in marine populations. Therefore, climate change,
notably increasing temperatures, could drive host−
pathogen interactions and infectious disease out-
breaks (Loreau et al. 2005), as well as worsening host
body condition (Riascos et al. 2009a). Climate change
has al ready increased the occurrence of diseases, par-
ticularly in ectothermic organisms such as shellfish
(Travers et al. 2009), corals (Harvell et al. 2002) and
finfish (Bowden 2008). Thus, preserving the health of
these ecosystems requires assessing the effects of
such stressors concurrently with climate change.
However, these impacts are less clearly linked to
sandy beach species.

The genus Mesodesma inhabits Pacific and At -
lantic sandy beaches of South America. It has an
Antarctic origin and can be associated with cold
water systems (von Ihering 1907). The genus invaded
South America in the late Pliocene/early Pleistocene,
and the migration was probably triggered by
decreasing temperatures at the end of the Tertiary
and early Quaternary periods (von Ihering 1907,
Marins & Levy 1999, Uribe et al. 2012). The yellow
clam Mesodesma mactroides Reeve, 1854 inhabits
the intertidal of dissipative sandy beaches from Río
de Janeiro (Brazil, 24° S) to Golfo San Matías (Argen -
tina, 41° S) in the Southwestern Atlantic Ocean
(SAO) (Fiori & Defeo 2006). This fast-growing, short-
lived species (<4 yr) is a suspension feeder with a
high fecundity, producing about 5 million eggs per
female (Defeo et al. 1992b). Gonadal development is
controlled by temperature, with spawning taking
place when the temperature is close to 20°C
(McLachlan et al. 1996). This species is artisanally
ex ploited and the fishery is governed by a co-man-
agement mode and a set of operational precautionary
measures that maintain low fishing pressure levels
(Gianelli et al. 2015). During the last 20 yr, mass mor-
tality events decimated yellow clam populations
along thousands of km of sandy beaches in Brazil,
Uruguay and Argentina, particularly during the
warm seasons (Odebrecht et al. 1995, Fiori & Caz-
zaniga 1999, Defeo et al. 2013). Various pathogens
have been noted as potential causative factors of
these mass mortalities, including meront stages of
coccidians in the intestine, gills and stomach (Fiori et
al. 2004), Trichodina sp. ciliates, gregarines and
turbel larians (Cremonte & Figueras 2004, Cremonte
et al. 2005) and the endoparasite Paravortex meso -
desma (Brusa et al. 2006). However, mass mortality

events still remain unexplained, and the potential
concurrent effects of warming temperatures and
pathogens on yellow clam populations have not been
addressed.

In this paper we evaluate the role of climate
change in explaining long-term fluctuations in abun-
dance, individual size, and body abnormalities
(including morphological anomalies and epibionts) in
the yellow clam M. mactroides inhabiting sandy
beaches of Uruguay in the SAO. To this end, we fol-
lowed a hypothetico-deductive method to construct
explanatory hypotheses and predictions under cli-
mate change expectations (sensu Schoeman et al.
2014). Taking into account the systematic increase in
sea surface temperature (SST) observed over the past
3 decades across the SAO (Ortega et al. 2012) and
the Antarctic origin of M. mactroides, we predict a
long-term decrease in population abundance and
individual size, concurrently with increasing signs of
deteriorating body condition.

MATERIALS AND METHODS

Study area and environmental settings

The study was conducted in Barra del Chuy
(33° 45’ S, 53° 27’ W), an exposed microtidal (tidal
range: 0.5 m) oceanic sandy beach of Uruguay
(Fig. 1). It is a wide dissipative beach (mean width ±
SD: 69 ± 12 m) with a gentle slope (2.9 ± 0.5%), fine
to very fine sands (0.20 ± 0.03 mm), and a wide surf
zone of a longshore-bar-trough type (Ortega et al.
2013). This sandy beach harbors the highest macro-
faunal richness, abundance and biomass on the
Uruguayan coast (Lercari & Defeo 2006, 2015). In
terms of biomass, the beach/surf community is domi-
nated by yellow clams (Defeo et al. 1992a).

Sea surface temperature anomalies (SSTA) were
obtained from the dataset NOAA NCEP EMC CMB
GLOBAL Reyn_SmithOIv2 monthly SSTA (IRI/LDEO
Climate Data Library; Reynolds et al. 2002). The cli-
matological base period used to calculate SSTA was
1971−2000, and the base period used for the standard-
ization is from November 1981 to present. Standard-
ized SSTA was calculated by dividing monthly mean
values by each standard deviation. Then, these values
were regionally averaged (SSTA from 4° × 3° grid
cells: Fig. 1) using the Ingrid language utilities pro-
vided by IRI. Regional average of standardized SSTA
was used as regional climate index to describe long-
term trends and their variability in the state of the
ocean climate. Tropical Water in the SAO is defined
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by temperatures >20°C and salinities >36, and is car-
ried southward by the Brazil Current (Emilson 1961,
Thomsen 1962). Thus, we tracked latitudinal varia-
tions of the 20°C isotherm as a proxy of the latitudinal
shift of the Tropical Water front. The latitudinal posi-
tion of this warm water front in each month was digi-
tized. Isotherm tracking was computed from monthly
SST satellite images with 9 km resolution (AVHRR
Pathfinder from 1985−2003 (http: // podaac-www. jpl.
nasa.gov/) and Aqua MODIS (http: // oceancolor. gsfc.
nasa.gov/) from 2004− 2007). Monthly regional SST
was extracted with the SeaWiFS Data Analysis Sys-
tem (SeaDAS: http:// seadas. gsfc.nasa. gov/) and the
geostatistical method of Kriging was used to build the
grid and plot the isotherms. Both satellite data sources
were used to cover the time frame used in our paper.
The time series of SSTA and the latitudinal position of
the warm water front were decomposed into their
classic components (seasonal, trend and remainder)
using the LOESS method (local polynomial regres-
sion) included in R statistical software (R Develop-
ment Core Team 2008). The resulting information of
both variables was used to model long-term trends of
biological variables. The cumulative sum of the
annual trend of SSTA (SSTAcs) was used to detect
sustained shifts in climate, marked by changes in
slope of the cumulative sum plot (Fiedler 2002 and ref-
erences therein).

Sampling design, laboratory and data analyses

Long-term yellow clam surveys were conducted in
9 years between 1984 and 2007 (1984, 1988, 1989,
1996, 1999 and 2004−2007) at Barra del Chuy beach.
In each year the yellow clam was sampled seasonally
(at least 4 times a year) along 22 equidistant transects
perpendicular to the shoreline. Sampling units (SUs)
on each transect were taken every 4 m with a 27 cm
diameter cylinder and 40 cm deep, from the base of
the dunes to the lower limit of the swash zone, until
at least 2 consecutive SUs yielded no clams (i.e. spe-
cies-driven sampling design, sensu Defeo & Rueda
2002). The sand from each SU was sieved through a
0.5 mm mesh and the clams retained from these sur-
veys were preserved in 10% buffered formaldehyde
in seawater. The total length of each clam was meas-
ured to the nearest 0.01 mm with a caliper. Yellow
clam abundance was estimated through the number
per strip transect (IST, ind. m−1; Defeo 1996) for the
total population (i.e. all size classes ranging from 1 to
76 mm), as well as for recruits (ind. <10 mm) and
adults (ind. >43 mm, i.e. the mean size at maturity;
Masello & Defeo 1986). Abundance of recruits was
calculated only for the recruitment period, which
occurs during the austral summer season (Defeo et al.
1992b, Defeo 1998). Annual length frequency distri-
butions (LFDs) of the yellow clam population were
grouped into 4 mm size classes. The index of recur-
rence of size classes (IRSC; Celentano et al. 2010)
was calculated as IRSC = Ny/Nt where Ny defines the
number (N) of size classes in a given year (y) and Nt

is the total number of size classes of Mesodesma
mactroides observed in all years analyzed. IRSC
ranges between 0 and 1 (all size classes present). An
annual weighted mean individual size was estimated
as the product of the mean individual size for a given
year and the corresponding IRSC estimate.

Live and well-preserved clams collected during sur-
veys were used to assess body abnormalities, which
included morphological anomalies in foot (weak mus-
cular areas and malformations) and gills (lesions and
differential thickening), as well as epibiont load on
clam valves. The mean percentage of morphological
abnormalities and epibiont load (data pooled) was
used as an indicator of overall body condition (body
abnormalities). A total of 1861 yellow clams were exa -
mined under a binocular microscope. Eggs of epibionts
used for species identification were ex cysted sponta-
neously by exerting pressure on them. The emerged
ani mals were analyzed under light micro scopy in
squeeze preparations and photo graphed. Epibiont pre -
valence was estimated as the ratio between the num-
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Fig. 1. Study area, showing the location of Barra del Chuy in
Uruguay and the contour lines of the mean annual position
of the 20°C isotherm derived from sea surface temperatures
recorded at the beginning (1985) and at the end (2007) of the 

study period (see ‘Materials and methods’ for details)
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ber of infested clams and the total number of clams
examined (Margolis et al. 1982). Long-term varia-
tions in SSTA, latitudinal position of the warm water
front, abundance, individual size, and body abnor-
malities were modelled by linear or nonlinear fitting
procedures to assess upward or downward trends
over time, as well between them. The best model was
selected using R2 and the corresponding F-tests. Tak-
ing into account the empirical evidence and the theo -
retical framework detailed in the Introduction, the
following hypotheses were assessed: (1) SST in -
creased towards higher latitudes over time; (2) abun-
dance and individual size decreased over time, and
(3) body abnormalities increased over time, in both
cases concurrently with increasing SST.

RESULTS

First prediction: temperature increased towards
higher latitudes

Regional SSTA showed an increasing trend during
the analyzed period, with a clear dominance of pos-
itive values after 1997 (Fig. 2a). The position of the
warm water front, a proxy of the front of tropical
waters, showed a consistent long-term poleward
shift trend that increased linearly through time (Fig.
2b), despite the cyclic variation and the occurrence
of 2 cold years (1988 and 1999). A southward shift
rate of ca. 9 km yr−1 of the 20°C isotherm was esti-
mated for the study period (Fig. 2b). This trend was
consistent with the increase of SSTA, and thus both
variables were positively and significantly corre-
lated (Fig. 2c). The decomposition performed by
time series analyses showed a clear seasonal pattern
in SSTA and the latitudinal position of the warm
water front, with a seasonal increase in SSTA after
the late 1990s and a regular seasonality in the lati-
tudinal position of the warm water front (Fig. S1 in
the Supplement at www.int-res.com/articles/suppl/
m545 p203_ supp. pdf).

Second prediction: abundance and individual size
decreased over time, concurrently with increasing

temperatures

Total abundance of M. mactroides markedly de -
creased between 1984 and 2007, showing higher
abundances during the cool period than in the
warmer one (Fig. 3a). These 2 periods were differen-
tiated by a marked change in the slope of the cumu-

lative sum plot of SSTA (Fig. S2 in the Supplement),
which denoted a climate shift after 1997. This declin-
ing pattern in abundance was consistently observed
for adults (Fig. 3b) and recruits (Fig. 3c). In particular,
adult abundance did not recover after the mass mor-
tality events that occurred since the mid 1990s.

The long-term analysis of LFDs showed marked
differences between cool and warm years (Fig. 4a).
In cool years and before mass mortalities occurred,
the yellow clam showed polymodal size structures

Fig. 2. Long term variations (annual mean ± SD) in (a) sea
surface temperature anomaly (SSTA) and (b) the latitudinal
position of the 20°C isotherm in the South Atlantic Ocean.
(c) Relationship between SSTA and the position of the 20°C 

isotherm. All regressions significant (p < 0.001)

http://www.int-res.com/articles/suppl/m545p203_supp.pdf
http://www.int-res.com/articles/suppl/m545p203_supp.pdf
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with fully represented population components (years
1984, 1989 and 1990 in Fig. 4a), denoting successful
annual recruitments. Conversely, LFDs estimated
after the occurrence of mass mortalities (mostly for
warm years) scattered thinly with fewer size classes
occurring irregularly in time, when larger clams

were virtually absent (years 1996, 1999 and 2004−
2007 in Fig. 4a). Consequently, IRSC values de -
creased linearly through time from 1.00 in 1984 to
0.68 in 2006 and 2007 (Fig. 4b). In 2007 (end of the
study period) almost no reproductively active yellow
clam individuals were found. The weighted mean
individual yellow clam size, estimated as the product
of the mean individual size for a given year and the
corresponding IRSC estimate, significantly de creased
ca. 20 mm from cool (mean = 27.12 mm) to warm
(mean = 6.86 mm) years, displaying a negative expo-
nential relationship with SSTA (Fig. 5). This trend
means smallest individual yellow clam sizes at the end
of the study period.

Third prediction: body abnormalities in clams
increased over time, concurrently with

 temperature

Examination of clams showed that foot and gills
presented several abnormalities (Fig. 6a): (1) weak
muscular pale areas of foot, which occupied up to
50% of the total area in 15% of the clams examined;
(2) muscular foot malformations and lesions (9%);
and (3) amputations or differential thickening of gills
(5%). Even though clam valves showed no morpho-
logical abnormalities, capsules with embryos of
Acoe la (Turbellaria) adhering to the valve surface
were found (Fig. S3a in the Supplement). The preva-
lence of these capsules increased sharply through
time, from 1.1% in 1990 to 52.4% in 2007. As a result
of the abovementioned trends, abnormalities (pooled)
significantly increased during the 24 yr analyzed,
and this increasing trend was particularly noticeable
between 2004 and 2007, at the end of the study
period (Fig. 6b). The relative occurrence of abnor-
malities was linearly related with SSTA (Fig. 6c). The
analysis discriminated by body abnormality showed
the epibiont load as the major driver in the overall
pattern observed in pooled data, displaying a posi-
tive linear statistically significant relationship with
SSTA (Fig. S3b).

DISCUSSION

This long-term study provides, for the first time,
quantitative evidence supporting a long-term effect
of climate change on a sandy beach population.
Long-term observations re vealed significant and
consistent associations between SST and yellow clam
population responses. Different lines of evidence in
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Fig. 3. Mesodesma mactroides. Long-term fluctuations in
abundance (mean ± SE): (a) total population; (b) adults; and
(c) recruits. In (a), concurrent variations in sea surface tem-
perature anomaly (SSTA) (1984−2007) are also shown, high-
lighting cool and warm years. Asterisks indicate significant 

trends (**p < 0.01, *p < 0.05)
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the environment and in demographic and health fea-
tures of the yellow clam suggest that climate change
could be considered as causal agent of the main
changes observed in the last decades.

We showed a systematic long-term increase in SST
in the SAO, reflected in a steady poleward shift of the
warm water front. This long-term poleward shift of
warm water front was on the order of 9 km yr−1, sim-
ilar to that found for the North Atlantic, at mid lati-

tudes (7.5−15 km yr−1; Taboada &
Ana dón 2012). The positive correla-
tion between SSTA and the latitudinal
position of the warm water front sug-
gests that warming may also be re -
lated to changes in circulation pat-
terns. In fact, the shift from a cold to a
warm phase during the 1990s, as well
as the increase in speed and fre-
quency of onshore (southeast) winds
(Esco bar et al. 2004, Bischoff 2005, Or -
te ga et al. 2013), enhanced the advec-
tion of warm waters from the Brazil
Current in the northeast Uru gua yan
slope. This climate change scenario
given by the prevalence of warm oli-
gotrophic waters, higher stra ti fication
and a decrease in primary productiv-
ity (Behren feld et al. 2006, Lewan -

dow s ka et al. 2014) could also have affected food
availability and quality for the yellow clam, aggra-
vated by the increasing occurrence of potential out-
breaks of harmful algal blooms (Peperzak 2003,
Moore et al. 2008) and the higher metabolic clam
rates resulting from increasing SST.

Our results suggest that the SAO is vulnerable to a
steady warming scenario. The SAO is a warm−tem-
perate biogeographic province where coastal sys-
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Fig. 5. Mesodesma mactroides. Long-term (1984−2007) relationship between
estimated weighted mean individual size (product of the mean individual size
for a given year and the corresponding index of recurrence of size classes) and
sea surface temperature anomaly (SSTA). Regression is significant (p < 0.05)

Fig. 4. Mesodesma mactroides. (a) Length-frequency distributions (logarithmic scale) for the period 1984−2007, discriminated
by cool and warm years. Dotted lines denote the adult component of the population, given by the mean size at maturity
(43 mm) defined by histological analysis according to Masello & Defeo (1986). (b) Linear decreasing trend in the annual index 

of recurrence of size classes (IRSC) through time (significant at p < 0.01)
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tems are biodiversity hotspots with high resilience to
the usual cyclic oscillations in oceanographic condi-
tions (Horta e Costa et al. 2014). However, the sea-
sonal increase of SSTA in the late 1990s and the cur-
rent unprecedented changes in composition and
structure of ecological assemblages, including range
extensions, increasing frequency of records of spe-
cies with tropical affinities (Demicheli et al. 2006,
Segura et al. 2009, Martínez et al. 2009) and shifts in
dominance from cool-water species to warm−tem-

perate species (Schoeman et al. 2014), reinforce the
hypothesis that the SAO system and its biota are
responding consistently with expectations under cli-
mate change.

Yellow clam abundance (total and discriminated by
adults and recruits) decreased through time and was
inversely related to long-term variations in SSTA,
meaning higher abundance during cold periods. The
yellow clam population was sensitive to deteriorating
environmental conditions, as illustrated by its sys-
tematic decline in abundance concurrently with
increasing temperatures, particularly after the begin-
ning of the climate shift in the mid-1990s (Ortega et
al. 2013). This climate shift and the warming associ-
ated therewith were accompanied by an increase in
storm frequency and in the frequency and intensity
of onshore winds, which augmented beach erosion
rates (Ortega et al. 2013). These adverse climatic
conditions probably triggered mass mortalities,
which sequentially occurred in a north−south direc-
tion (Odebrecht et al. 1995, Fiori & Cazzaniga 1999,
Ortega et al. 2012, Defeo et al. 2013), following in -
creasing SST and the poleward movement of the
warm water front documented in this study. Further-
more, these mass mortalities took place concurrently
with higher spring and summer temperatures (Fiori
et al. 2004).

In Uruguay, mass mortality events that began in
late 1994 led to closure of the fishery until 2008, and
no evidence of stock recovery was observed through-
out this period (Ortega et al. 2012). Immediately be -
fore the occurrence of mass mortalities (years 1990−
1994), the fishery was governed by a co-manage-
ment mode and a set of operational precautionary
measures that assured low harvesting levels (Defeo
1996, 1998, Defeo et al. 2016). Therefore, fishing
pressure could not be invoked as a putative factor of
the observed trends, as in other cases when the con-
current effects of climate and harvesting have been
observed (e.g. Planque et al. 2010). Thus, the yellow
clam showed a low adaptive capacity to respond to
the changing climate, and 3 main constraints could
account for this low resilience (Schoeman et al. 2014):
(1) its restricted intertidal habitat, which is limited to
a narrow fringe of sand between terrestrial and mar-
ine systems; (2) the absence of spatial refugia for this
obligate beach specialist; and (3) the alignment of
beaches in the SAO almost orthogonally to tempera-
ture isoclines, which implies strong thermal gradi-
ents along the shoreline. Similar patterns were found
in the congeneric Mesodesma donacium on the Pa ci -
fic coasts of Peru and northern Chile, where mass
mortality events consistently followed warm El Niño
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Fig. 6. Mesodesma mactroides. (a) Percentage of body ab-
normalities discriminated by affected organ, including the
occurrence of epibionts (Acoela embryos in the valves); (b)
temporal variations in abnormalities (data pooled); and (c)
relationship between the relative occurrence of abnormali-
ties and sea surface temperature anomaly (SSTA). Both 

regressions significant (p < 0.001)
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Southern Oscillation events in the Pacific (Riascos et
al. 2009b, Ortega et al. 2012, Defeo et al. 2013). The
higher occurrence of population extirpations along
the northern (trailing) range boundary is consistent
with expectations under recent climate trends
(Ortega et al. 2012). Moreover, the decline in abun-
dance of yellow clam promoted an increase of
warmth-favouring species, such as the wedge clam
Donax hanleyanus and the mole crab Emerita
brasiliensis, which are subordinate competitors for
space and food in this suspension-feeding guild
(Defeo 2003). This shift has been observed in sandy
beach ecosystems in southern Brazil, Uruguay (Defeo
2003), and Argentina (Dadón 2005, Herrmann et al.
2009, Thompson & Sánchez De Bock 2009).

The systematic decrease in abundance and indi-
vidual size composition related to increasing temper-
atures could also have affected the reproductive
potential of the species. Indeed, the adult component
of the clam population decreased over time, leading
to fewer size classes, and large clams were virtually
absent at the end of the study period. The de crease in
mean size and its relation to warming resemble life-
history traits of the yellow clam de scribed for the
northernmost (trailing) edge of its distribution range,
where abundance, individual size and longevity are
significantly lower than in southern populations (Fi -
ori & Defeo 2006). Those authors showed that varia-
tions in SST explained large-scale differences in the
demography and population dy na mics of the yellow
clam. Therefore, the sustained increase in SST could
have shifted life-history traits of the yellow clam in
the centre of its distribution range towards northern
distribution characteristics, which is also consistent
with expectations under climate change (Burrows et
al. 2011, Parmesan et al. 2013, Poloczanska et al.
2013, Schoeman et al. 2014, Caruso et al. 2014). As
reduction in body size is a major response to climate
change, smaller sized yellow clam individuals could
potentially reduce energy transfer rates through food
webs and could lead to changes in ecosystem struc-
ture and function (Jones et al. 2014).

The long-term analysis of body abnormalities
showed that M. mactroides has been increasingly af -
fected through time. The increasing SSTA trend and
its positive correlation with the relative representation
of body abnormalities suggest a link with climate
stress. The increase in their prevalence through time
could therefore be associated with adverse environ-
mental conditions (Riascos et al. 2011). In addition, the
parasite Paravortex meso desma was reported inside
the ducts of the digestive glands of the yellow clam
(Brusa et al. 2006), and could be considered as

another indicator of stress. Parasites and necrosis in
gills and stomachs were also found during mass mor-
tality events in Argentina (Cremonte & Figueras 2004,
Fiori et al. 2004) and in the congeneric Meso desma
donacium in its northernmost (trailing) edge of its dis-
tribution range in Pacific coasts (Riascos et al. 2011).

We identified Acoela heavily covering yellow clam
valves and the edge of the mantle, constituting the
main driver of long-term variations in body abnor-
malities. Epibiosis could potentially affect digging
capacity and hinder the ability to close the valves,
thus making the yellow clam more vulnerable to
predators and climatic factors. Epibionts reduce the
ability of sandy beach macrofauna to escape from
predators by increasing mass, reducing motility, and
ultimately prolonging the burrowing time during the
tidal migration (Villegas et al. 2006, Firstater et al.
2009). Therefore, the yellow clam seems to be af -
fected by a combined effect of increasing SST and an
increasing prevalence of body abnormalities (notably
epibionts), particularly in early 2000, a few years
after the climate shift (Ortega et al. 2013). Similar
findings were described in the congeneric Meso -
desma donacium: a lower body condition index was
re lated to the level of infestation by a parasitic poly-
chaete that increased its prevalence under in -
 creasing temperatures during a warm El Niño phase
(Riascos et al. 2009a).

In summary, our analysis showed a significant de -
crease in abundance and individual size of the yel-
low clam M. mactroides in Uruguay, concurrently
with an increase in body abnormalities. All these
indicators showed a significant relationship with
warming, reflected in a poleward shift in the position
of the 20°C isotherm and increasing SSTA from 1985
to 2007. The Uruguayan yellow clam population
seems to be vulnerable to climate change, as re -
flected by a high sensitivity (degree to which the
probability of persistence of an ecological entity is
likely to alter if exposed to a change in climate, sensu
Schoeman et al. 2014) to increasing SST and a poor
adaptive capacity to respond to these changes. This
poor adaptive capacity of the species could be re -
lated to its biology and life history traits (e.g. ecto-
therm with reduced motility), its specificity in habitat
selection (e.g. dissipative beaches with a gentle slope
and fine grain size) and its Antarctic origin. Our re -
sults demonstrate the implications of climate change
in the structure of sandy beach fauna, which could be
particularly relevant in ectotherms with cold water
affinities. Thus, the effects of climate change should
be given a high priority in sandy beach conservation
planning and management.
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