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Toxicity and bioaccumulation in benthic organisms

Toxic chemicals that enter coastal oceans 
accumulate in the water, sediments, and biota. 
Sediments act as a repository for toxins and 
exchange processes between sediments and 
the overlying water affect the bioavailability 
of toxins for organisms. Mesocosm experiments 
are particularly important for toxicant studies 
because of the various feedback mechanisms 
between water, sediment, and biota. Mesocosm 
results combined with modeling results 
demonstrated the importance of organic matter 
binding of toxicants. For example, higher 
organic matter content of sediments correlated 
with less methylmercury bioaccumulation in 
zooplankton. The implication of these results 
is that food web dynamics and eutrophication 
status in coastal waters has a larger impact 
on toxicant dynamics than physical processes 
such as sediment resuspension. Toxicant 
bioaccumulation needs to be monitored closely 

when restoration efforts result in changes in 
nutrient loading.  

Problem description 
The coastal zone has been highly affected by 
human activities, which has resulted in a large 
insult of chemicals being introduced into these 
fragile ecosystems. Estuarine sediments may 
contain a complex mixture of contaminants 
because estuaries are often near urban areas and 
may have received substantial inputs over time 
from human activities, either by direct discharge 
or from runoff from the watershed.87,88  The 
intense physical mixing of the water column 
and the strong benthic-pelagic coupling that 
exists in estuaries has important effects on 
contaminant fate and burial within the sediment. 
Sediment burial is often the main removal 
mechanism of pollutants from the system. 
Consequently, sediments are the long-term 

R.P. Mason and E.T. Porter

87. EPA 2004, 88. Bianchi 2007

Mercury enters the coastal ecosystem 
through industrial emissions, and inputs
from local sources, as well as through 
inputs from the watershed. 

Mercury moves through the water cycle:
mercury deposits with precipitation and 
is lost to the atmosphere via gas exchange. 

Mercury accumulates in wetlands and 
sediments where it is converted to 
methylmercury, the form taken up by other 
organisms.

Methlymercury moves through the food
chain from plankton to fish to other 
predators and humans. 

Hg

Hg

Hg

Figure 235: Toxic chemical such as mercury enter coastal ecosystems and accumulate in the food chain. 
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sink for many chemicals of concern, such as 
mercury, polycyclic aromatic hydrocarbons 
(PAHs), and polychlorinated biphenyls (PCBs), 
because of their toxicity to and bioaccumulation 
by aquatic organisms, birds, and mammals, 
including humans.89,90

Because sediments act as a repository for 
contaminants in coastal systems, processes that 
govern the exchange of chemicals between the 
water, sediment, and biota will have a large effect 
on the ecosystem (Fig. 235). Sediment burial 
will eventually remove these contaminants from 
interacting with the biota in the ecosystem but 
this is a long-term process. Sediment organic 
carbon content and sulfide levels play an 
important role in metal sequestration such that 
metals are more available for bioaccumulation, 
are more toxic, and are released to the overlying 
water  more readily in low organic content 
 sediments than in highly organic-rich media.91,92 
However, many contaminant concentrations 
increase with increasing organic content and 
thus there is a complex interaction between 
organic matter content and contaminant 
bioaccumulation from sediments, especially 
for trace metals. Even though government 

regulation may reduce contaminant inputs from 
point and diffuse sources such as watershed 
sediment loading and agricultural runoff, it 
is still important to understand the cycling 
of  contaminants within the ecosystem, and 
particularly within the sediment, because of 
the potential for release back to the ecosystem, 
and for their bioaccumulation and toxicity to 
benthic organisms. 

Nutrient loads and system productivity in the 
water column also infl uence the concentration 
and growth dynamics of primary producers and 
other microbial organisms, and this dictates to 
a large degree the contaminant concentration at 
the base of the food chain. Thus, contaminant 
fate is infl uenced by factors such as the degree of 
 eutrophication, sediment resuspension, and other 
ecosystem disturbances. The interactions are 
often non-linear, and may have secondary effects 
and feedback interactions (Fig. 236). Thus these 
complexities cannot be examined in small-scale 
microcosms or in beakers. In addition, many 
contaminants are adsorbed to container walls, 
or by the microbial growth that often forms 
on the walls of experimental systems during 
long-term studies. Thus, small microcosms may 

89. EPA 2004, 90. Bianchi 2007, 91. Di Torro et al. 2005, 92. Mason 2002
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Figure 236: Conceptual model showing the interactions and pathways for a chemical, C, cycling between the sediment 
and water under the infl uence of sediment resuspension and the interaction of the chemical with the various phases in 
the system. The following abbreviations are used: PP = phytoplankton; ZP = zooplankton; POC = particulate organic 
carbon; DOC = dissolved (colloidal) organic carbon; RPOC = resuspended particulate matter; Diss = dissolved 
constituents; FF = fi lter feeders; MPB = microphytobenthos; S = surface sediment; D = deep sediment; PW = 
porewater.
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experience substantial wall effects associated 
with their use due to their large wall-surface-
area-to-volume ratio. Such wall effects are 
more important in the absence of sediment 
in the experimental ecosystem. Experiments 
that include sediment are the most realistic for 
the examination of the effect of contaminants 
and toxicants on coastal ecosystems, and on 
contaminant bioaccumulation and health effects 
on fi sh consumers. 

Sources of contaminants (from water, 
sediment, or food) to biota cannot be determined 
from fi eld studies or simple in-lab exposure 
experiments because of the importance of 
feedback mechanisms and the interaction 
between species (Fig. 236). Recent studies 
have shown that mesocosms have substantial 
advantages for the examination of contaminant 
biogeochemical cycling within complex 
systems such as estuaries.93,94 Benthic-pelagic 
coupling by physical (advection, diffusion, 
and resuspension), chemical ( sediment redox 
changes), or biological (biota migration across 
the sediment-water interface) processes can 
strongly affect the rate of bioaccumulation. 

System growth rate and productivity infl uenced 
by nutrient loadings also influences both 
organism feeding rates and bioaccumulation 
(growth dilution effects). Finally, uptake of 
 contaminants may be slow such that longer-
term experiments need to be performed over 
weeks to months to ascertain clearly the uptake 
mechanisms and the effects of contaminants 
and their potential toxicity. Again, small-scale 
systems cannot maintain their integrity for 
suffi cient time for many of the studies that need 
be done to examine bioaccumulation and trophic 
transfer of contaminants in aquatic food chains. 
Studies95-97 have demonstrated, for example, 
the importance of longer term experiments for 
examining estuarine mercury cycling.

Overall, the real world is complex and 
requires detailed, long-term experiments to 
adequately examine all the interactions in 
systems with realistic physical mixing and 
disturbance and representative food chains. 
Many important questions cannot be examined 
through the collection of fi eld data. Therefore, 
mesocoms provide a system that can be 
manipulated to examine the complex processes 

Figure 237: The MEERC STORM (Shear, Turbulence Resuspension Mesocosm) system was used to investigate 
physicochemical processes, sediment-water interactions, and transfer of contaminants between media. The system 
was more effective at studying benthic-pelagic coupling processes than typical mesocosms because the STORM system 
mimicked realistically episodic and tidal resuspension with high bottom shear and water column turbulence levels.
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93. Orihel et al. 2006, 94. Bromilow et al. 2006, 95. Kim 2004, 96. Kim et al. 2004, 97. Kim et al. 2006 

TOXICITY



206

discussed above in long-term controlled 
experiments. Limitations of size need to be 
heeded, especially if higher level food chain 
organisms are to be included. A typical 1 
m3 mesocosm would not be suitable for fi sh 
studies except with the smallest fi sh. However, 
the typical mesocom size is suitable for the 
examination of the effect of contaminants 
on invertebrates, both benthic and pelagic. 
Benthic-pelagic coupling studies have recently 
become more realistic by using experimental 
ecosystems with realistic bottom shear and 
water column turbulence.98

Research findings
Mesocosm studies using the  MEERC STORM 
system (Fig. 237) have been used to investigate 
purely physicochemical processes in relatively 
simple systems, and to examine sediment-water 
interactions and the diffusive and advective 
transfer of contaminants between media (e.g., 
water and sediment).99 In addition, they have 
been shown to be suitable for examination of the 
bioaccumulation of contaminants in a relatively 
complex system with substantial benthic-pelagic 
coupling and where there are both water-column 
and sediment-based primary consumers.100-

103 More specifi cally, they have been used to 
examine the role of physical disturbance, such 
as tidal and episodic  sediment resuspension, 

on contaminant transport from sediment to the 
water column, and on bioaccumulation by biota 
for mercury.101-104

MEERC STORM systems of 1m3 volume 
were designed for mesocosm experiments that 
include episodic and tidal resuspension in short-
term and longer-term mesocosm experiments. 
Episodic resuspension due to increased bottom 
shear can be induced by storms yet its effects on 
the ecosystem, the nutrient, and the contaminant 
cycling are diffi cult to assess in the fi eld. In 
addition, bottom shear varies over the tidal 
cycle. Sediment resuspension is induced 
regularly during the tidal cycle when critical 
erosional thresholds are surpassed, such as, for 
example, during highest fl ood or ebb tides.  

Bottom shear was carefully controlled in 
the STORM systems and set to levels of bottom 
shear found in the fi eld and that induced sediment 
resuspension. However, at all times water 
column turbulence levels were kept at realistic 
levels and the water column was not over-
mixed. Bottom shear in standard mesocosms 
is unrealistically low, with consequences for 
benthic-pelagic coupling.98 In the STORM 
systems, using a special mixing apparatus, much 
higher bottom shear without over-mixing the 
water column can be induced. 

Bottom shear in the STORM systems 
can be programmed to vary smoothly over 

98. Porter et al. 2004b, 99. Schneider 2005, 100. Adapted from Kim  et al. In review, 101. Kim 2004, 102. Kim et al. 2004, 
103. Kim et al. 2006, 104. Bergeron 2005

0

20

40

60

80

11
:5

4:
24

13
:2

7:
28

15
:0

0:
26

16
:3

3:
29

18
:0

6:
34

19
:3

9:
29

21
:1

2:
26

22
:4

5:
23

0:
15

:2
3

1:
44

:3
6

3:
01

:1
3

4:
09

:1
4

5:
24

:0
6

6:
42

:4
2

8:
01

:1
8

Time

STORM a
STORM b
STORM c

TS
S

 (m
g 

L-1
)

Figure 238: 1Tidal cycles in three replicate STORM tanks induce sediment resuspension during three 4h mixing_ON 
phases and induce particle settling during 2h mixing_OFF phases. TSS = total suspended solids. 

MANAGEMENT APPLICATIONS



207

any desired cycling pattern. For logistical 
reasons related to sampling a large number 
of ecosystem variables, the system mimicked 
tidal resuspension as 4h “mixing on” periods 
with high bottom shear during which sediment 
resuspension occurred, and a 2h mixing off 
phase (Fig. 238, 4h on 2h off cycling) where 
mixing was turned off and particle settling was 
allowed. This “4h resuspension_ON” and “2 h 
Resuspension_OFF” cycling was maintained 
over experiments of about 4 weeks duration 
(e.g., Fig. 239). Sediment resuspension was 
measured continuously in the STORM tanks 
using optical backscatter sensors (OBS-
3) deployed 50 cm above the bottom and 
calibrated with direct total suspended solids 
(TSS) water samples taken during the course 
of the experiment.  

Researchers performed four 4-week long 
comparative ecosystem experiments with tidal 
resuspension using the STORM mesocosm 
facility (Fig. 237). These experiments 
examined the effect of tidal resuspension on the 
ecosystem and on the contaminant and nutrient 

dynamics.105,106 In addition, experiments have 
varied benthic fauna in comparative ecosystem 
experiments with the STORM systems. 
Finally, experiments focusing on the effect 
of episodic sediment resuspension of Hudson 
River sediments on PCB release107 and particle 
dynamics were performed.

Physicochemical studies and contaminant 
transport studies that have been done include:
1)   Examination of the partit ioning of 

contaminants between the particulate phase 
and the dissolved phase, and the importance 
of   kinetic (slow response time to changes 
in concentration) versus  equilibrium (rapid 
attainment of steady state) control over 
the chemical distribution. These studies 
have shown that the notion of equilibrium 
partitioning between natural solids and 
dissolved constituents in coastal waters is 
not valid. 108

2) Examination of the rate of oxidation of 
sediments upon resuspension and the 
effect of such processes on metal and 
other contaminant release to solution. 
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Figure 239: Tidal resuspension (4h mixing on, 2h mixing off) maintained over a ~ 4 week period in the STORM systems 
during an ecosystem experiment, as measured using OBS-3 sensors. Representative data from one of the 4h mixing_on 
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105. Kim et al. 2004, 106. Kim et al. 2006, 107. Schneider et al. 2007, 108. Schneider 2005
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Mesocosm studies have found that the 
effect of resuspension is less than that 
obtained in smaller-scale studies where 
the energy for resuspension, and therefore 
the water column particulate load, is 
typically unrealistic.109  For methylmercury, 
the effect of resuspension on sediment 
mercury methylation rate can be effectively 
examined using STORM mesocosms 
because this process is dependent on 
physical, chemical, and biological factors 
in a complex fashion.

3) Studies of the effect of tidal resuspension 
and other physical processes on sediment 
chemistry and contaminant mobility across 
the sediment-water interface (Fig. 240). 
These have shown that resuspension has less 
effect on water-column metal concentrations 
than previously thought, although the effect 
is different for different metals. For example, 
cadium, which has a relatively low affi nity 
for the solid phase, is bioaccumulated more 
strongly than metals that bind strongly with 
sediment, such as zinc and lead.110-112 The 
effect of resuspension on mercury dynamics 
is shown in Fig. 240. 

 
Management implications
Mesocosm studies have shown that trace 
metals in particular, and by analogy other 

strongly-bound sediment contaminants, are not 
released to any signifi cant degree by sediment 
resuspension. Release may occur during the 
initial resuspension of  sediment but continual 
resuspension appears to result in decreased 
release to the water for PCB’s, with the extent 
of release being a function of contaminant 
partitioning.109,113 This notion is consistent with 
the idea of the contaminant being distributed in 
both easily available and strongly bound pools 
in sediment. In addition, it appears that without 
continual input of the chemical from external 
sources, the fraction that remains in the easily 
available form decreases over time. These 
results reinforce the idea that  contaminants that 
are strongly particle reactive are not readily 
bioavailable to aquatic organisms, and that the 
legacy of contamination in sediments may be 
less important than fi rst expected. 

However, because organic matter is often 
the major binding phase for these metals, and 
because organic content indirectly affects 
sediment redox state, changes in the ecosystem 
that result in a decrease in sediment organic 
carbon could lead to an increase in the release 
and availability of these contaminants to the 
food chain.110, 113-115 Model results extrapolating 
the mesocosm results to the  Chesapeake 
Bay ecosytem show the impact of sediment 
chemistry and resuspension on methylmercury 
bioaccumulat ion116,117 (Fig.  241) .  The 

109. Kim et al. 2006, 110. Mason 2002, 111. Langston et al. 1999, 112. Schneider et al. 2007, 113. Schneider 2005, 
114. Di Torro et al. 2005, 115. Bianchi 2007, 116. Kim et al. In review, 117. Kim et al. 2004
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bioavailability of mercury and other metals 
both in the water and sediment to invertebrates 
and microbes is a strong inverse function of 
the organic content of the water or porewater. 
Thus, reductions in  eutrophication may have a 
negative effect on contaminants by increasing 
bioavailability and bioaccumulation. 

Finally, modeling studies have shown the 
importance of the rate of primary productivity 

118. Di Torro et al. 2005, 119. Kim et al. In review, 120. Kim et al. 2004, 121. Ashley 1998

in infl uencing the bioaccumulation of mercury, 
methylmercury, and likely other contaminants 
in food-limited environments.118,119-121  The 
implication is that food web structure and 
competition for resources are important 
considerations that are often not examined in 
suffi cient detail when attempting to understand 
contaminant fate and bioaccumulation in 
coastal systems. 
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