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A B S T R A C T

Bivalves are commonly used as biomonitors for heavy metal pollution in marine environments because they
accumulate heavy metal ions quickly, are sessile, abundant, and widely dispersed, and adult mortality from
contamination is rare. However, the breadth of experiments used to measure the effect of heavy metal con-
tamination can obscure general trends. It is unclear which heavy metals cause the most severe effects, how
severity varies with exposure concentration and duration, and whether effects vary with level of biological
organization. I conducted a meta-analysis of 48 mesocosm studies on the effects of heavy metal ions – silver,
cadmium, copper, mercury, lead, and zinc – on marine bivalves. The ordering of effect sizes was
Pb > Hg > Cu > Zn > Cd > Ag. The significance and direction of concentration and duration as mod-
erators depended on the metal and the biological level. Future studies should consider non-linear effects over
time and concentration, and measure both bioaccumulation and effect of the metals being studies.

1. Introduction

The use of bivalves to monitor aquatic pollution, particularly for
heavy metal contamination in marine environments, has been common
since the 1970s (Goldberg, 1975). Many studies have established that
heavy metals have significant effects on bivalves in terms of, for ex-
ample, genetic diversity (Breitwieser et al., 2016), tissue and cell ne-
crosis (Sheir and Handy, 2010), immune system health (Ivanina et al.,
2016), reproductive health (Liu et al., 2014), and filtration rate
(Sobrino-Figueroa and Cáceres-Martinez, 2014). Nonetheless, in-
formation regarding the conservation status of marine bivalves is
scarce. A search of “bivalve” in the IUCN Red List of Threatened Spe-
cies, the most exhaustive global database of species' conservation
status, returns a list of only ten species all of which are freshwater
dwelling.

Because an organism's response to contaminants must be known in
order for it to serve as a functional biomonitor, numerous studies have
examined the effects of heavy metal contamination on bivalves. The
response of bivalve species to heavy metal contamination is complex.
Each species responds differently to different metals, even when other
biotic and abiotic conditions are equal (Vijayavel et al., 2007). While
many metals are toxic in large doses, some heavy metals such as Fe and
Cu are micronutrients, and can therefore have a positive effect at low
concentration (Yeung et al., 2016). The rate of accumulation of metals
in tissues depends on biotic and abiotic factors, such as water salinity

(Gamain et al., 2016) and temperature (Boukadida et al., 2016), which
vary seasonally and geographically (Phillips, 1980). These factors can
influence the relative toxicity of the metal, in addition to the rate of
accumulation. Interaction effects have also been observed: the toxicity
of a metal can be increased or decreased by the presence of other heavy
metals or contaminants (Fathallah et al., 2013). Finally, metal toxicity
often exhibits a non-linear dose dependency (Amachree et al., 2013).

Understanding the effects of heavy metal contamination on marine
bivalves is further complicated by the fact that the effects are rarely
fatal in adult bivalves, so experiments do not have unambiguous end-
points. While mortality is a common measure for larvae or embryos (for
example, Gamain et al., 2016; Fathallah et al., 2013), the majority of
experiments performed on adult or juvenile bivalves measure morbidity
instead. Low mortality rates from heavy metal contamination are useful
in biomonitoring studies because they ensure the organism can be used
over a long period of time or in highly contaminated environments.
However, the diversity of measures of morbidity – such as lowered
filtration rate or increased oxidative stress markers – makes quantita-
tive comparison among studies challenging.

Meta-analysis is a promising means of extracting information on
overarching trends from biomonitoring studies, which have a wide
range of study sizes, methods, and metrics for measuring biological
effects. Meta-analysis is a statistical synthesis that combines and
weights published results within a defined group of studies in order to
establish a weighted average effect – the “effect size”. It has already
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proven useful in other highly empirical disciplines, such as such as
education (Hedges et al., 1994), ecology (Osenberg et al., 1999), and
medicine (Sutton et al., 2000). However, the only formal meta-analysis
of heavy metal effects on marine organisms is O'Brien and Keough's
(2014) study, which focused on the effects of a single metal (copper) on
marine invertebrates.

Here, I use meta-analysis of bivalve heavy metal contamination
literature to differentiate the effects of six different heavy metals: silver
(Ag), cadmium (Cd), copper (Cu), mercury (Hg), lead (Pb), and zinc
(Zn). These metals were chosen based on the number of papers avail-
able and their known effects on living organisms (Table 1). Because
bivalve responses are increased morbidity (diminished functionality)
rather than increased mortality (decreased survival), and because
measures of morbidity are highly diverse, this meta-analysis uses di-
mensionless effect-size measurements. It cannot quantify the severity of
an effect in an absolute sense, but can rank effects among contaminants.
(See Table 2.)

My hypotheses were that lead and mercury would have the largest
effect sizes, as their severely deleterious effect on biological tissue has
been quantified in many species, including humans (Papanikolaou
et al., 2005; Zahir et al., 2005) and several species of plants (Verma and
Dubey, 2003; Patra and Sharma, 2000). I also expected that non-
essential metals (i.e. ones that are not required in trace amounts for
essential biochemical and physiological processes in metabolism, re-
production, or growth) would have more deleterious effects, because
they are more likely to cause damage even at low concentrations: of the
metals listed above, Pb, Cd, Ag and Hg are in this category (Tchounwou
et al., 2012). I expected effect size to decline from cellular to physio-
logical to population, because damage at lower orders of biological
organization is only likely to “scale up” and impede functionality at
higher orders within an individual above some minimal level of da-
mage. For example, low levels of lysosomal damage, a cellular level
effect, may not cause measurable damage at physiological or popula-
tion levels unless the damage reaches a certain level of severity. While
biomagnification up through trophic levels can and does occur for some
heavy metals – for instance Hg – this upward transfer is much weaker
when the highest level of organization is a population rather than, for
example, a community or entire ecosystem (van der Velden et al.,
2013). Lastly, I expected duration of exposure to be a strongerTa
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Table 2
Summary of the random-effects results. p-Values: ⁎⁎⁎0.001; ⁎⁎0.01; ⁎0.05.
none= not significant. The categories in bold have only two studies. “N/A”
signifies a single study in the category: effect sizes are not shown for these
because the results are not meaningful. While Hg and Pb had the largest effect
size, they also had the largest standard error. Cd and Cu, which had the largest
number of data points, had some of the smallest standard errors. Interestingly,
Ag also had a very small standard error despite not having as many data points
(Fig. 2).

Metal Effect size (SE) Category Effect size (SE)

Ag 0.207 (0.036)⁎⁎⁎ Cellular 0.141 (0.034)⁎⁎⁎

Physiological 0.344 (0.13)⁎

Population N/A
Cd 0.222 (0.026)⁎⁎⁎ Cellular 0.203 (0.019)⁎⁎⁎

Physiological 0.749 (0.090)⁎⁎⁎

Population 0.059 (0.014)⁎⁎⁎

Cu 0.326 (0.040)⁎⁎⁎ Cellular 0.124 (0.025)⁎⁎⁎

Physiological 0.130 (0.018)⁎⁎⁎

Population 0.480 (0.074)⁎⁎⁎

Hg 0.372 (0.12)⁎⁎ Cellular 0.0904 (0.043)⁎

Physiological 0.191 (0.078)⁎

Population 0.537 (0.24)⁎

Pb 0.638 (0.12)⁎⁎⁎ Cellular 0.242 (0.031)⁎⁎⁎

Physiological 1.35 (0.27)⁎⁎⁎

Population 1.71 (0.47)⁎⁎

Zn 0.259 (0.067)⁎⁎⁎ Cellular 0.019 (0.0076)⁎

Physiological 0.517 (0.14)⁎⁎⁎

Population 0.320 (0.10)⁎⁎
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