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Abstract

Mercury is a ubiquitous contaminant in aquatic ecosystems, posing a significant health risk to
humans and wildlife that eat fish. Mercury accumulates in aquatic food webs as methylmercury
(MeHg), a particularly toxic and persistent organic mercury compound. While mercury in the
environment originates largely from anthropogenic activities, MeHg accumulation in freshwater
aquatic food webs is not a simple function of local or regional mercury pollution inputs. Studies
show that even sites with similar mercury inputs can produce fish with mercury concentrations
ranging over an order of magnitude. While much of the foundational work to identify the drivers
of variation in mercury accumulation has focused on freshwater lakes, mercury contamination in
stream ecosystems is emerging as an important research area. Here, we review recent research on
mercury accumulation in stream-dwelling organisms. Taking a hierarchical approach, we identify
a suite of characteristics of individual consumers, food webs, streams, watersheds, and regions that
are consistently associated with elevated MeHg concentrations in stream fish. We delineate a
conceptual, mechanistic basis for explaining the ecological processes that underlie this
vulnerability to MeHg. Key factors, including suppressed individual growth of consumers, low
rates of primary and secondary production, hydrologic connection to methylation sites (e.g.
wetlands), heavily forested catchments, and acidification are frequently associated with increased
MeHg concentrations in fish across both streams and lakes. Hence, we propose that these
interacting factors define a syndrome of characteristics that drive high MeHg production and
bioaccumulation rates across these freshwater aquatic ecosystems. Finally, based on an
understanding of the ecological drivers of MeHg accumulation, we identify situations when
anthropogenic effects and management practices could significantly exacerbate or ameliorate
MeHg accumulation in stream fish.
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INTRODUCTION

Methylmercury (MeHg) is among the most widespread and potentially harmful
contaminants in aquatic ecosystems. Worldwide, MeHg is the most frequent target of
advisories to limit fish consumption. In the US, fish from thousands of inland streams and
lakes have been declared unsafe for unrestricted human consumption due to elevated MeHg
levelsl. In all, >35% of US fresh waters are currently subject to some limit to fish
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consumption due to concern over elevated MeHg levels 1. This concern is warranted
because MeHg is a potent neurotoxin, it is particularly harmful to developing children and
fetuses, and it may cause cardiovascular damage in adults 2:3. Human exposure to MeHg is
directly linked to fish consumption 476, with approximately 8% of U.S. women of child-
bearing age thought to have blood mercury concentrations exceeding the US EPA safe level
7. While MeHg in the human diet comes partly from commercially-harvested marine fish,
freshwater fish can contain similarly hazardous MeHg concentrations 8. Concern over
MeHg contamination in fish and associated broad-scale consumption advisories may reduce
the consumption of all fish products, even those that have clear health benefits 9:10. Such
concern also appears likely to limit recreational use of freshwater fisheries, even those not
particularly contaminated, resulting in negative effects on local communities 11.

Vulnerability to MeHg toxicity depends on the amount of contaminated fish in the diet,
which is manageable for human populations. However, many wildlife species are strict fish-
eaters and so are extremely vulnerable to MeHg. Studies have linked elevated MeHg
concentrations in wild piscivorous birds and mammals with reduced reproductive success,
behavioral and hormonal changes, and motor skill impairment 12:13. Best-documented for
loons Gavia immer, these deleterious effects of MeHg can yield strong demographic effects
on piscivorous wildlife populations 14 and may lead to population declines where MeHg
concentrations are elevated 15. Laboratory studies also show that environmentally realistic
levels of MeHg contamination can suppress reproductive success in some fish species 16,
adding an additional conservation concern for MeHg pollution.

Given the hazards of MeHg contamination for humans and wildlife, research aimed at
identifying factors that exacerbate susceptibility to MeHg accumulation and developing
appropriate remediation strategies is essential to inform public policy. This is challenging
because there is tremendous variation in MeHg concentrations in fish across sites and
species, driven by variation in anthropogenic inputs as well as MeHg accumulation rates
which respond to complex and dynamic ecological processes 17-19. In this review, we
identify a suite of factors that are consistently associated with elevated susceptibility to
MeHg accumulation in freshwater food webs and outline a conceptual, mechanistic basis for
these relationships. Our focus here is on temperate small-stream ecosystems. Much of the
foundational work on MeHg in food webs was conducted in freshwater lakes, while mercury
accumulation in stream food webs is recently receiving increased research attention 20 but
has not previously been reviewed. We review recent empirical studies from streams to
identify the key factors driving variation in MeHg concentrations and assess the generality
of these drivers between temperate zone streams and lakes.

Our limited understanding of MeHg accumulation in small-stream food webs is an important
knowledge gap. Increasing evidence shows that MeHg concentrations in stream-dwelling
fish can reach levels dangerous to consumers even at sites with no point source Hg inputs
20725, yet much of the work on Hg contamination in stream biota focuses on sites affected
by point source Hg inputs 26729 yielding little information about ecological drivers of
variation. Relative to lentic systems, some streams may actually be disproportionately
susceptible to MeHg accumulation, with higher concentrations in stream-dwelling
organisms than for the same taxa in lakes and other habitats 30™32. Stream fisheries are
often intensively harvested by humans 33:34 and stream fish and other biota are an
important food source for numerous wildlife species 35:36. Thus, MeHg accumulation in
stream food webs represents a potentially important route of MeHg exposure for humans
and wildlife 37.
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Mercury in the environment

Originating largely from industrial sources (e.g. coal burning, incinerators), inorganic
mercury (Hg) is transported long distances in the atmosphere, deposited across the
landscape, and transported hydrologically through catchments 38740. In recipient wetlands
and waterbodies, Hg is transformed to MeHg (methylated), largely by sulfate-reducing
bacteria in anoxic sediments. Relative to inorganic Hg, MeHg is more toxic, more prone to
bioaccumulation, and more persistent in tissues, so the rate of production of MeHg from
inorganic Hg is a key control of Hg accumulation 41:42. Entering the food web, MeHg is
bioconcentrated from water in suspended algal cells or benthic periphyton, yielding
concentrations ca. 104 to 106 fold higher than ambient water 41:43. Higher in the food web,
accumulation of MeHg is almost entirely from consumption of contaminated food rather
than water 44:45. MeHg in food is efficiently assimilated by consumers and is highly
persistent in tissues. Thus, MeHg concentrations biomagnify through the food web, often
increasing 2-5 fold across trophic levels and yielding concentrations in piscivorous fish and
wildlife that are potentially dangerous to consumers 41.

High MeHg concentrations in fish and aquatic food webs are sometimes associated with
elevated inorganic Hg inputs from spatial variation in atmospheric deposition and regional
industrial sources 19:46 or local point sources from mining or industry 29:47. Yet, even
across sites where Hg inputs are similar, concentrations in fish can differ up to 10-fold
18:24:48:49. Previous studies in lakes have identified characteristics of lakes and their
watersheds that are consistently associated with increased susceptibility to MeHg
accumulation 48. Here, we briefly review some of the major factors identified in studies of
lakes below and then evaluate their relevance to stream ecosystems.

Drivers of increased methylmercury in lake fish

Recent reviews by Evers et al. and Driscoll et al. aimed to identify the drivers of increased
MeHg concentrations in lake fish in the northeastern United States 19:50. These reviews
identify two categories of factors that can lead to local “hotspots” of elevated MeHg in fish:
high inputs of Hg, largely from regional industrial pollution; and high “landscape
sensitivity,” which defines a suite of factors that determine the propensity for Hg
accumulation in the food web. Our goal is to evaluate the factors identified in these studies,
as well as other potentially important drivers of MeHg accumulation, to define individual,
food web, and landscape sensitivity to MeHg for small-stream ecosystems.

Evers et al. 19 associate high landscape sensitivity to MeHg accumulation in lakes in the
northeastern United States with factors that increase the local deposition of Hg, transport to
waterbodies, methylation, and accumulation in the food web. The primary landscape driver
of local Hg deposition they identified was forest cover. Heavy forest cover leads to
increased local Hg deposition, as trees effectively scavenge Hg from the atmosphere that is
then deposited with throughfall or leaf litter 51753. Transport of Hg through watersheds is
mediated by dissolved organic carbon (DOC), an important carrier of Hg through
watersheds. Therefore, landscape characteristics that enhance DOC flux also enhance
transport of Hg to lakes 54. Methylation rate is enhanced by increased availability of
suitable methylation sites in the lake and its watershed (e.g. presence of wetlands 48) and
low pH, as acidic conditions and sulfate inputs enhance Hg bioavailability and methylation
activity 55. Finally, low productivity exacerbates bioaccumulation through the food web by
preventing the dilution of MeHg in increased biomass (“bloom dilution” 42:56758). These
key characteristics that define landscape sensitivity to MeHg accumulation for lakes 19 are
consistently associated with increased MeHg concentrations in lake fish across large-scale
studies of hundreds of lakes 48:59:60 and have proven useful at predicting lakes that are
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susceptible to MeHg accumulation 61 and for developing strategies to reduce MeHg
concentrations in lake-dwelling fish 62:63.

Unlike the extensive work in lakes, there is relatively little information available about the
ecological drivers of variation in MeHg concentrations in stream-dwelling fish. Factors
linked to increased inputs and bioavailability of MeHg in lakes may operate similarly to
promote MeHg accumulation in streams. Yet, there are important functional differences
between lakes and streams and their food webs that may alter these relationships. In lakes,
benthic organic matter in sediments is a large storage pool for Hg and often an important site
of methylation, providing a direct source of MeHg to the water column and internal food
web 41. Streams, though, are defined by unidirectional movement of water, solutes, and
suspended particulates often with stepwise uptake, processing and loss through organisms
64:65. While organic sediments in streams may be a storage pool and methylation site for
Hg 20:66, dissolved MeHg that enters the water column in streams is primarily available for
uptake downstream. Stream Hg dynamics may thus be governed more by sources and
methylation of Hg upstream and in the watershed than by local stream characteristics. In
fact, streams have garnered considerable attention as conduits for Hg transport to
downstream waterbodies 67769, but the relationship of Hg transport through streams to
bioaccumulation of MeHg within the stream food web is not known. Also unlike most lake
ecosystems, secondary production in small streams may rely as much on allochthonous
inputs from terrestrial detritus and insects as on in-stream autochthonous production
35:70:71. These allochthonous inputs may be an important source of Hg to stream food webs
53, yet these inputs could obscure relationships between MeHg accumulation in stream fish
and characteristics of the stream and its food web.

HIERARCHICAL CONTOLS OF METHYLMERCURY ACCUMULATION IN
STREAM FISH

We take a hierarchical approach to identify the key factors that drive variation in MeHg
accumulation in stream organisms in order to examine the interactions among factors acting
on individuals, food webs, streams, watersheds, and regions. With this approach, we identify
factors that drive increased MeHg accumulation by synergistically affecting processes at
different scales. Accounting for the hierarchical structure of ecological systems when
developing a conceptual understanding can yield unique insights into important mechanisms
by identifying emergent properties and inconsistencies across scales 72:73.

Throughout this review, we present empirical examples from a case study of Hg
accumulation in stream-dwelling Atlantic salmon Salmo salar in small streams in New
Hampshire and Massachusetts from 2005 to 2008. The case study follows methods in Ward
et al. 24, which contains the data from 2005 and 2006. Briefly, juvenile Atlantic salmon
from a single source were stocked at 15-20 study sites per year, then collected after one
growing season to measure Hg concentrations. At each site, concentrations of Hg in salmon
prey invertebrates and physical and chemical characteristics of the site were measured.
Given the uniform initial conditions and age at capture, the stocked salmon at these sites
represent a unique standardized measure of Hg accumulation. Thus, the case study serves to
illustrate the tremendous variability in Hg accumulation (5-13 fold range in site mean Hg
concentrations across sites over the four years), the potential to explain this variation based
on hypothesized drivers, as well as the interactions and confounding among potential drivers
at different scales.
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Fish accumulate MeHg almost entirely from the consumption of contaminated food 44:45.
As MeHg is not strongly regulated physiologically 74, accumulation in individual fish can
be described by a simple linear mass-balance model where the MeHg concentration at
steady state (MeHgss, ngeg 1) is defined as MeHgg=(AE*l*C)*(K+G)1; where AE is
assimilation efficiency, | is specific ingestion rate (geg—1ed™1), C; is the MeHg concentration
in food (ngeg™1), Ke is Hg efflux (geg~1ed™1), and G is specific growth (geg1ed 1)
56:75:76. For fish, variation in MeHg assimilation efficiency and elimination rate is
generally small relative to other factors 75:77. Hence, the primary factors that drive
variation in MeHg concentration among individuals are the MeHg concentration in the prey,
consumption rate, and growth rate (or growth efficiency, the ratio of consumption rate to
growth rate; see below). Larger-scale patterns of variation in MeHg concentration in fish are
likely mediated largely by changes in these proximate factors affecting individuals (Figure
1).

Given the clear evidence for transmission of MeHg through food webs 44, many studies
attribute variation in fish MeHg concentrations to factors affecting MeHg concentrations
lower in the food web, taking the relationship between fish MeHg concentrations and prey
MeHg concentrations as a given. While numerous studies in other systems 48:57 and
controlled feeding experiments 44:45 show that increased MeHg in prey is associated with
increased MeHg in fish, this relationship is rarely actually measured in situ in streams. Some
studies even report elevated MeHg in fish from streams that do not have elevated MeHg in
invertebrate prey 78. Nonetheless, increased MeHg in prey is clearly a dominant risk factor
for increased MeHg in stream fish 24.

Fish growth and consumption rates also can control MeHg concentrations, but their overall
effects remain less clear than effects of increased MeHg concentrations in prey. Rapid
growth can reduce MeHg concentrations in fast-growing fish relative to slow growing fish
via somatic growth dilution. This occurs when fast growers assimilate biomass from prey
more efficiently than slow growers (i.e. higher growth efficiency) 24:56:75. Fast-growing
fish with high growth efficiency add more tissue per unit MeHg consumed in prey, diluting
the MeHg in a larger biomass. Conversely, if fast growth is due simply to fast-growing fish
eating more prey, and thus taking in more MeHg, then MeHg will not be effectively diluted
24:75. Individual growth is one of the most variable traits across all fish populations, and
recent evidence suggests that much variation in growth is associated with differences in
growth efficiency 79781. Thus, growth efficiency and somatic growth dilution likely play a
sizeable role in mediating trophic transfer of MeHg.

Observed MeHg concentrations in fish integrate MeHg concentrations in prey and fish
growth efficiency. MeHg in prey sets a baseline contamination level and growth efficiency
determines the rate of trophic transfer, or deviations from the linear relationship between
fish MeHg and prey MeHg 82. The relative importance of MeHg in prey and growth
efficiency is difficult to assess in situ, as growth efficiency is difficult to measure in the field
83. Yet, assessing variation in growth rate alone can yield useful information. In the juvenile
salmon case study, Hg concentrations in prey and mean individual growth rate together
explained 70-95% of the variation in mean Hg concentrations in salmon across sites over
the four years (analysis on log-transformed data). Variance partitioning shows that 48-53%
of the variation is explained by independent effects of prey Hg on fish Hg and 23-45% is
explained by independent effects of growth (analyzing years separately) 24:84. In all years,
fast growth led to reduced Hg concentrations in salmon, suggesting that variation in growth
efficiency led to somatic growth dilution (Figure 2).
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Individual differences in growth efficiency and prey MeHg concentrations directly drive the
tremendous variation fish MeHg concentrations. The example above involved comparisons
of individuals within a species. Yet, these individual differences are also relevant to
comparisons across fish species. Fish species can differ widely in prey MeHg and growth
efficiency due to species-specific prey preferences and physiology. These differences could
lead to large changes in the MeHg concentrations of the fish community as a whole with a
shift in fish community composition, independent of changes in Hg inputs or MeHg
production. Such community-level effects on MeHg accumulation are addressed further
below in the context of the larger food web.

Finally, assessing the relationship between individual size of a fish and its MeHg
concentration does not equate to accounting for growth effects unless age is also factored
into the analysis. The commonly reported positive relationship between fish size and MeHg
concentration is largely due to exposure time (when larger fish are older) and to increased
MeHg in prey for larger fish, which feed at a higher trophic level, rather than to variation in
growth rate or growth efficiency (but see ref. 75). Comparisons of parameters (slope,
intercept) of the individual size-MeHg concentration relationship across sites can yield
information about the ecological factors that drive variation in MeHg accumulation, but
further information (fish age, prey MeHg concentrations) is required to isolate the
underlying mechanisms 85. Further, from a human health perspective, relationships between
fish size and MeHg concentration are very useful for establishing consumption restrictions
for specific fish that are a particular risk for consumers.

The best-studied relationship of MeHg concentrations to food web characteristics is an
increase in MeHg concentration in consumers with an increase in trophic level 86:87. This
biomagnification of MeHg occurs across trophic levels in streams when comparing
consumers to their resources 21:22:25:88, including in the salmon case study (Figure 2).
While MeHg concentrations increase with trophic level within a stream, variation in food
chain length does not seem to be an important driver of variation in MeHg concentration in
fish across streams 22. This is likely because variation in food chain length is very small
relative to variation in MeHg concentrations at the base of the food web. Yet, changes in
community structure that cause a focal fish species to feed at higher trophic level could lead
to increased MeHg concentrations. This has been observed in lakes 47:89 but not yet
reported in streams.

Changes in the productivity and community structure at the base of stream food webs can
also directly influence MeHg concentrations at low trophic levels (Figure 3). Bloom
dilution, where increased primary production dilutes MeHg in producers with increased
biomass, occurs in benthic periphyton in streams 90792 just as in suspended phytoplankton
in lakes 42. Hill and Larsen 90 showed experimentally that stream periphyton growing in
high light treatments gain more biomass, yielding 3-fold lower MeHg concentrations than
periphyton in shaded treatments. Models suggest that high biomass and low MeHg
concentrations in producers at highly productive sites can propagate directly up the food
chain to yield high biomass and low MeHg concentrations in primary consumers 93, called
density dilution in studies of zooplankton MeHg in lakes 57:94. While no studies have
empirically linked spatial variation in MeHg concentrations in periphyton to consumers in
streams, the pattern in the salmon case study is consistent with these dilution processes.
Sites with heavy shading from riparian canopy trees had lower invertebrate biomass and
higher Hg concentrations, but the proportion of variation explained by these relationships is
low (Figure 4). Conversely, Tsui et al. 23 report higher MeHg concentrations in
invertebrates at highly productive sites where the periphyton community shifts to dominance
by abundant filamentous algae rather than a benthic biofilm, potentially because mats of
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filamentous algae harbor methylating bacteria and increase MeHg production. Thus, a shift
in community composition that favors increased methylation at highly productive sites could
potentially override the effects of bloom dilution.

Changes in primary and secondary production and biomass could affect trophic transfer of
MeHg in addition to affecting MeHg levels in resources (Figure 3). Eating high quality
autochthonous algae, versus allochthonous detritus, can enhance growth efficiency of
generalist primary consumers in streams 95. Such variation in resource quality and growth
efficiency reduced MeHg trophic transfer to zooplankton primary consumers in laboratory
experiments 56. At higher trophic levels, when prey biomass increases, fish can reduce
energy spent foraging without slowing growth 96. This suggests there will be greater growth
efficiency and lower trophic transfer of MeHg to fish at sites with high prey biomass.

Food web effects on MeHg accumulation in streams can be mediated by changes in
autochthonous primary production. However, forested small-stream food webs are noted for
reliance on inputs of allochthonous detritus35:70:71. We hypothesized that low-quality
allochthonous detritus could exacerbate trophic transfer to generalist primary consumers.
Yet, the effects of allochthonous input on MeHg concentrations in invertebrates that are prey
for predatory fish depend on the relative concentrations of MeHg in detritus and periphyton,
trophic transfer to both generalist and specialist primary consumers, and the feeding
preferences of fish. There is little empirical evidence to resolve the relative importance of
autochthonous and allochthonous materials as paths of MeHg transfer to fish. We suggest
that the autochthonous food web is a more likely path, as studies that characterize
invertebrate feeding relationships have found that MeHg concentrations in shredders that eat
allochthonous detritus are generally low 25, with elevated concentrations in algae-grazing
scrapers 7897 or generalist collectors and filterers 23:98. Further work is needed to
determine whether algae-grazing invertebrate functional groups represent keystone conduits
(sensu Pickhardt et al.99) for the trophic transfer of MeHg to stream fish.

At the stream scale, biogeochemical factors that determine MeHg production (via
methylation) and delivery can have strong effects on MeHg concentrations in fish, mediated
by elevated accumulation of MeHg at the base of the food web (Figure 5). As in lakes, most
of the Hg in upper-trophic-level stream organisms is MeHg while most of the ambient Hg in
water and sediments is inorganic 25. This suggests that high local MeHg production rate can
drive elevated MeHg in fish without elevated external Hg loading. This relationship is well
established in lakes 19:50, where methylated Hg is available to local organisms. In streams,
dissolved MeHg concentrations in stream water do predict MeHg concentrations in fish in
large-scale surveys 20:22, yet the source of this MeHg is not clear. Most studies attribute
MeHg in stream water to methylation in upstream wetlands, but availability of wetland
methylation sites is not necessary for elevated MeHg in stream organisms (see Watershed
below). Transport of MeHg to streams from wetlands is dominated by episodic flood events
100, so bioavailability to stream organisms may be low. In-stream methylation, which peaks
during warm low-flow periods 66+100, could be an important continuous source of MeHg to
stream organisms during the growing season.

While the role of methylation in the stream itself as a source of MeHg to stream fish remains
unclear, it is clear that organic sediments in streams can hold high concentrations of Hg and
that microbial Hg methylation does occur in stream sediments 66:100. However, dissolved
MeHg and Hg concentrations in stream water do not necessarily reflect local sediment Hg
concentration or methylation rate 20:66. Other potential methylation sites in streams include
dense mats of filmentous algae 23 and the deep hyporheic zones 101 and periphyton
biofilms 102 associated with coarse mineral substrates. Although these latter sites with low
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organic matter concentrations will not hold large pools of Hg, they may be hotspots of Hg
methylation and delivery to stream biota due to high bioavailability, frequent exchange with
surface water 101, and the direct role of periphyton methylation sites as a food source for
macroinvertebrates 102.

Water-quality factors associated with increased MeHg in fish include reduced pH and
elevated dissolved organic carbon (DOC) 20:24:25:78:103 (but see ref. 21). Stream water
pH alone is an excellent predictor of Hg concentrations in fish and their prey in the salmon
case study (Figure 6). The similar effects of pH on MeHg concentrations in lake fish are
generally attributed to sulfate additions in acidified lakes stimulating methylation activity by
sulfate-reducing bacteria in lake sediments 18. Thus, low pH in streams may be an indicator
of high sulfate loads and increased sulfate-reducing bacteria activity in upstream
methylation sites 104 or in the stream itself. Low-pH induced increases in MeHg in fish
mediated by increased methylation may be reinforced by increased trophic transfer of MeHg
in acidified streams. Even moderately suppressed pH in streams is associated with reduced
biomass of susceptible invertebrate species, particularly mayflies (Ephemeroptera) 105:106.
Mayflies are preferred prey of stream-dwelling trout and salmon, and growth of these taxa
can be suppressed where mayfly biomass is low 107, preventing growth dilution of MeHg.
Further, acid-sensitive fish species suffer energetic stress at low pH due to the costs of
maintaining ion balance, further suppressing growth efficiency 108 and potentially
exacerbating trophic transfer of MeHg.

High concentrations of dissolved organic carbon (DOC) in stream water are also frequently
associated with increased MeHg concentrations in stream organisms 20:22:103. In solution,
DOC effectively binds and transports MeHg and Hg, so the correlation of DOC
concentrations with MeHg in organisms may be a simple function of increased loading and
inputs to the base of the food web. However, studies with lake phytoplankton suggest that
DOC-bound MeHg is not readily available for uptake in producers 109, and the relationship
of stream water DOC to MeHg concentrations in stream periphyton has not been measured.
As an alternative pathway for DOC-bound MeHg into the food web, some stream
invertebrates (e.g. Simuliidae) directly consume suspended organic carbon that is nominally
in the dissolved fraction (e.g. < 0.45 um), suggesting that DOC-bound MeHg may be
available directly to some stream consumers 103.

Watershed geology and land cover can affect MeHg concentrations in stream fish by
affecting local Hg deposition, transport to streams, and availability of upstream methylation
sites or by mediating the in-stream processes described above. Each factor likely acts on
processes at multiple scales. For example, extensive forest cover can enhance Hg local
deposition, as trees, particularly conifers 110, effectively capture Hg from the atmosphere
51753. In addition to increased Hg deposition, forest cover can mediate Hg transport,
methylation, and stream food web structure (Figure 7). Forests mediate Hg transport to
streams via effects on particulate organic carbon (POC) and DOC export, particurly when
forests are disturbed 111:112. In the northeastern US, forest harvest and regrowth contribute
to soil base cation depletion, increasing acid sensitivity 113 and potentially promoting
methylation at low pH. Finally, young forests effectively intercept nutrients and light 114,
suppressing in-stream productivity and potentially exacerbating MeHg bioaccumulation and
trophic transfer. All of these factors could contribute to increased MeHg in fish in heavily
forested watersheds, as observed in nation-wide surveys 20 and the salmon case study,
although the proportion of variation in fish MeHg explained by forest cover alone is low
(Figure 8).
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Of all watershed land-cover characteristics, a high proportion of wetland area is most often
implicated as a risk factor for increased MeHg in fish 22:78. Numerous observational and
experimental studies show that wetlands are MeHg sources, related to high methylation
potential in saturated organic soils 54:115. Further, many wetlands are DOC sources 116,
and exported DOC could enhance Hg and MeHg transport to downstream food webs. These
patterns are reinforced by the very high Hg concentrations in fish from high-DOC rivers
draining wetlands in the southeastern US, matching or exceeding concentrations at sites
impacted by Hg mining 20. However, high wetland area is sufficient, but not necessary, for
elevated MeHg in fish. While Chasar et al. 22 observed a strong, linear increase in fish Hg
concentrations across a gradient of watershed wetland area ranging up to 35%,
concentrations in juvenile salmon in the case study span the entire range of small-fish
concentrations observed by Chasar et al. over a range in watershed wetland area up to only
5% (Figure 8). Furthermore, Tsui et al. 23 observed similar highly variable MeHg
concentrations in stream invertebrates across multiple sites with no watershed wetlands.

Watershed-scale Hg budgets show that most Hg deposited from the atmosphere is retained
in terrestrial soil 117:118. As noted above, Hg transport to streams and wetlands is mediated
by hydrologic transport of DOC and POC, which effectively bind and carry Hg 54. Absent
disturbance that affects soil carbon storage and export, most soils remain an Hg sink.
However, the long-term dynamics of the large pool of anthropogenic Hg stored in terrestrial
soils remains uncertain. Recent increases in DOC export from forest soils, associated with
reduced acid deposition, suggest that Hg export from terrestrial soils may increase 1197121.
In any case, the large pool of anthropogenic Hg remaining in watersheds suggests that
MeHg contamination of sensitive freshwater ecosystems could continue even when
anthropogenic Hg emissions decline.

Finally, at the watershed scale, gold and Hg mining and industrial point sources can lead to
elevated MeHg in stream biota 20:29. Despite the potential for increased local
anthropogenic Hg inputs with anthropogenic disturbance, there is a surprising negative
relationship between developed area or human population density in the watershed and
MeHg concentrations in fish in multiple studies in streams and lakes (correlation with
percent developed area in the salmon case study r=—0.35) 20'48. Reduced MeHg in fish
from developed streams may reflect reduced connectivity between streams and methylation
sites in floodplain wetlands and soils 1227124 or increased nutrient inputs that promote
productivity 125. That stream fish MeHg concentrations can decline with increased human
population density despite increased Hg concentrations in stream sediments 20 suggests that
some human impacts reduce bioaccumulation and trophic transfer of MeHg through food
webs, emphasizing the importance of understanding these ecological drivers of MeHg
accumulation.

At larger scales, the primary drivers of variation in MeHg in stream biota are climatic
factors and the location of emissions sources that drive spatial variation in Hg and acid
deposition over multiple watersheds (Figure 9). Across the US, states that receive high wet
Hg deposition produce fish with higher mean Hg concentrations 46. But high Hg deposition
and high MeHg in fish are not always linked. In the southeastern US, Rypel et al. 124 found
no relationship between atmospheric Hg deposition and riverine fish Hg concentrations for
the southeastern coastal plain; most of the variation in fish concentrations was explained by
characteristics of the local ecosystem. Very low Hg deposition rates can likely prevent
MeHg contamination in fish, and recent work suggests that reduced Hg deposition can
produce a rapid decline in MeHg in fish 126. Yet is is also clear that even moderate
deposition can drive high MeHg concentrations in sensitive streams. Reducing Hg emissions
world-wide is the long-solution to MeHg contamination in fish. Continued work to identify
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what makes a stream sensitive to Hg inputs will be essential to mitigating MeHg in impacted
systems as emissions decline.

A BIOACCUMULATION SYNDROME

From the review above, we note a suite of factors that interact through multiple mechanisms
and across spatial scales to yield increased MeHg concentrations in stream-dwelling fish.
For individual fish, high MeHg concentrations in prey and low growth efficiency lead to
high MeHg accumulation. Suppressed primary and secondary productivity potentially act
via both prey and growth to increase MeHg in fish, increasing MeHg in prey by preventing
bloom dilution and suppressing growth efficiency through energetic costs of increased
foraging effort. At the stream and watershed scale, both low pH and high forest cover are
associated with reduced primary or secondary productivity, with these effects exacerbated
by increased inputs or methylation of Hg. Wetlands are methylation sites and some wetland
types export acid-sensitive, high DOC waters that further enhance Hg transport and
methylation 116:127. No one of these factors alone can predict MeHg in stream fish across
regions, but each is a risk factor for increased concentrations.

The risk factors we identified for increased sensitivity to MeHg accumulation in stream food
webs are similar to those described for freshwater lakes 19:48. Therefore, these factors may
indicate a syndrome of environmental characteristics that drive high MeHg production and
bioaccumulation rates that is applicable across freshwater ecosystems. This similarity in
syndrome factors could indicate that Hg dynamics in both small-stream and lake ecosystems
are largely determined by factors that affect Hg inputs, transport, and transformation at the
watershed scale and not bioaccumulation and trophic transfer within streams or lakes.
However, there is compelling evidence that changes in productivity, food web structure, and
internal Hg cycling can affect MeHg accumulation in individual streams and lakes without
changes at the watershed scale 42:90:128:129, so we suggest that the common syndrome
factors are due to similar mechanisms at all scales of the hierarchy.

Mechanistically, syndrome factors are those that either increase MeHg availability via
increased inputs and methylation or increase trophic transfer by preventing somatic growth
dilution and bloom dilution. Availability and trophic transfer are the fundamental drivers of
MeHg accumulation in all food webs, including freshwater streams and lakes. Yet, there are
key differences in ecosystem structure between streams and lakes that will determine the
relative importance of each factor and the spatial and temporal scale of effects on MeHg in
fish. For example, due to unidirectional movement of water and high shoreline to area ratio,
streams are more a product of their landscapes than lakes and management interventions
may require a larger spatial scale. Further, streams are subject to a unique array of
anthropogenic impacts that are not relevant to lakes (see Anthropogenic impacts and
management below). Thus, despite common syndrome factors between streams and lakes,
stream ecosystems will likely require unique MeHg management and mitigation strategies.

The factors we identify as a bioaccumulation syndrome include some that are frequent
targets of river restoration and management efforts. For example, replanting riparian forest,
restoring and enhancing connectivity to floodplain wetlands, and reducing productivity by
eliminating nutrient pollution are important components of stream ecosystem management
efforts to protect fish populations and improve water quality 130-131. That these factors
appear to be associated with increased MeHg accumulation in stream fish suggests that, at
current levels of Hg emissions, river restoration efforts may not produce healthy freshwater
fisheries for humans and wildlife. Considering the response of syndrome factors in
assessment of stream restoration and other anthropogenic impacts and management
activities may aid in predicting the effects on MeHg concentrations in fish.
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ANTHROPOGENIC IMPACTS AND MANAGEMENT

Throughout the world, many streams are dammed, diverted, channelized, and used as drains
for waste disposal 132. In many areas, stream fish communities are replaced with exotic
species 133, stocked with hatchery-produced fish 134, and heavily harvested 34. These
widespread impacts can completely reshape stream food webs, disrupt nutrient cycles, and
alter material transport 132. Given these impacts, humans may have as much influence on
Hg dynamics in streams through indirect effects on cycling, uptake and trophic transfer as
by direct inputs of Hg pollution. Here, we briefly review some of the major categories of
anthropogenic impacts on streams and their potential effects on MeHg accumulation in
stream-dwelling fish.

Dams and hydrologic alteration

With nearly 1 million dams on streams and rivers worldwide and more than 50% of the
world’s freshwater runoff appropriated for human use, anthropogenic impacts on hydrologic
cycles are vast in scale 135. Impacts of dams on Hg cycling have received considerable
attention because of elevated MeHg concentrations in fish and other organisms in
impoundments 62. Newly flooded organic soils harbor Hg and provide ideal methylation
sites, yielding a spike in MeHg concentrations in reservoir water and organisms and
substantial MeHg export downstream. Concentrations of MeHg in reservoir organisms can
remain elevated for decades, yielding increased MeHg in riverine fish feeding on organisms
lost downstream 136. However, long-term export dynamics from reservoirs to downstream
riverine ecosystems are less clear. Many old reservoirs accumulate organic sediments and
nutrients, suggesting in the long term there may be a sink of Hg in reservoir sediments that
would become a concern on dam removal 1377139.

In addition to Hg transformation and export from reservoirs, regulated rivers downstream
from dams have low flow variability that reduces exchange between the river and flood
plain wetlands and soils 140. Channelization and urban development in general further
constrain streams and increase the disconnect between rivers and floodplains 125. This
impact of river regulation may serve to reduce Hg loading from terrestrial soils and reduce
MeHg inputs from methylation sites in floodplain wetlands 122. Consistent with this
hypothesis, Rypel et al. 124 observed a consistent reduction in Hg concentrations in fish
from regulated rivers throughout the Southeast. However, it is unclear whether this pattern
would hold in regions with less floodplain extent and duration.

Forestry and forest disturbance

Worldwide, the large majority of forested watersheds have been subject to timber extraction
or conversion to other land uses 141. These forestry practices can impact Hg dynamics at
multiple levels. In the short term, soil disturbance associated with clearcutting and soil
preparation for regeneration can increase DOC and POC export to streams, increasing Hg
inputs to streams 142 and MeHg concentrations in biota 143. The longer-term effects are
much less clear. In some cases, reduced shading and increased nutrient loading in streams
draining logged catchments can increase primary and secondary production 1447146. As
noted above for the salmon case study, this can reduce Hg concentrations in fish via bloom
dilution and growth dilution. Yet, this effect of forest harvest may be context-dependent. In
regions where forest harvest increases fine sediment yields to streams, reduced interstitial
shelter space can reduce fish growth rates 147 and potentially exacerbate MeHg
accumulation. In addition to these effects, selective forestry practices can change tree
species composition in ways that affect Hg dynamics. In particular, shifting forest
composition from deciduous to coniferous species can increase Hg loading and stream
chemistry, potentially increasing MeHg accumulation in fish 110:148.
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A large body of research and practice has developed to mitigate negative impacts of forestry
on aquatic ecosystems. What are the impacts of these mitigation efforts for MeHg
accumulation in stream fish? The most common mitigation technique is the use of riparian
buffers, strips of relatively undisturbed vegetation along streams that ameliorate effects of
land use in the rest of the watershed. 149. Buffers prevent sediment and POC associated
with disturbance from entering streams 150. It is possible that they prevent short-term pulses
of Hg following timber harvest, but there are no studies evaluating Hg dynamics post
harvest in streams with and without buffers. Provision of shade and interception of nutrients
also are important goals for riparian buffer management 150. Yet this could reduce primary
and secondary productivity and offset advantages of reduced Hg inputs by increasing trophic
transfer. Thus, buffers appear unlikely to ameliorate Hg accumulation due to forest harvest.

In addition to forestry practices, ecosystem scientists are increasingly aware that disturbance
processes are fundamental to the structure and function of forests and their watersheds. Fire
is a major natural and anthropogenic disturbance in many forests 151, with potentially great
consequences for Hg dynamics in surface waters. Fire can release large amounts of Hg that
is redeposited locally 152, promote DOC and Hg export from soil, and stimulate soil Hg
methylation 153. Consistent with these increased inputs, some studies of lakes in burned
catchments find increased MeHg concentrations in organisms 143:154. Bank et al. 155
however, found that Hg concentrations were lower in stream-dwelling salamanders from a
burned watershed in Maine. Such effects may be mediated by changes in productivity of
streams. Fire can result in substantial increases in light and nutrients in receiving streams,
stimulating increased primary and secondary productivity 156:157. Allen et al. 158 found
that elevated lake productivity associated with nutrient inputs after fire led to reduced MeHg
concentrations in invertebrates and fish.

Given the major changes in fire regime associated with fire suppression, human
development, and climate change, a better understanding of the links between fire and Hg
accumulation is vital. For example, prescribed fire is increasingly used as a management
technique to provide fire-dependent habitats and ecosystem processes 159, and to reduce
fuel loads to lessen the magnitude and severity of large fires 160. Wickman et al. 161 found
that prescribed fire increased inputs of MeHg to wetlands in Upper Great Lakes region, yet
it is unclear how these effects translate into MeHg concentrations in biota.

Fisheries management

Stocking of piscivorous game fish can essentially add a trophic level to freshwater food
webs 134, increasing the scope for biomagnification of MeHg. Many fisheries management
activities also alter individual consumption and growth rates of the fish community, the very
factors that determine MeHg intake and trophic transfer 24. Prey consumption and growth
rates are often density-dependent in stream fish populations 107:162. Fish stocking increases
fish population density and can suppress fish growth 163, potentially increasing MeHg
trophic transfer. There are millions of fish introduced annually through stocking programs
worldwide 11. Given the diverse effects of stocking on ecosystems134, their potential to
affect MeHg concentrations in stocked and native fish is enormous.

Fish stocking and other fisheries management tools can also be applied to intentionally
affect MeHg in fish 164. Multiple studies in lakes have shown that increasing fish growth
rates by intensive fishing to reduce population density 129:165:166 or lake fertilization 128
can reduce fish MeHg concentration. Such actions may have unpredictable effects due to
shifts in community composition or foraging behavior. For example, Lepak et al. 89 found
that fish in an Adirondack lake grew faster after removal of competitors, but shifted to more
contaminated prey at a higher trophic level, preventing growth dilution from reducing MeHg
in fish. Nonetheless, fisheries management approaches to MeHg control in stream fish merit
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further consideration as they offer a potential rapid, local-scale solution where Hg inputs
cannot be controlled.

Acidification and Liming of Surface Waters

Acid precipitation has been recognized as a threat to aquatic ecosystems since the 1970s.
Since the passage of legislation limiting nitrogen and sulfur emissions in North America and
northern Europe, some recovery in stream chemistry has occurred 167. However, due to the
long-term depletion of base cations in forest soils, many surface waters remain either
chronically or episodically acidified, with long time scales of recovery even with emissions
reductions 168. As a result, the management application of buffering minerals (generally
limestone-based, hence the generic term ‘liming’) has become well established in vulnerable
areas of eastern North America and northern Europe 169. Given the strong relationships
between pH and Hg methylation, and between acid-neutralizing capacity and stream
productivity, liming acidified surface waters is expected to decrease MeHg in fish tissue.
This effect has been observed in Scandinavian lakes 170171, where major declines in
MeHg (up to 80% in a ten-year period) are reported in perch (Perca fluviatilis), particularly
in lakes that were moderately acidified (pH 5.4 — 5.8). Similar studies have not been
conducted in flowing-water ecosystems. Given the wide range of liming techniques used in
surface waters, an explicit analysis of the effects of stream and watershed liming on Hg
accumulation would be valuable in evaluating the costs and benefits of these management
actions. Further, there is a particular knowledge gap concerning the effects of liming on Hg
methylation and accumulation in systems subject to episodic, as opposed to chronic
acidification.

CONCLUSIONS

A suite of factors, including suppressed individual growth of consumers, low primary and
secondary production, hydrologic connection to methylation sites (e.g. wetlands), heavily
forested catchments, and acidification, drive sensitivity to MeHg accumulation in fish across
both streams and lakes. These factors interact across a hierarchy of levels, from individual
fish to regional landscapes, to increase MeHg concentrations in fish prey and increase
trophic transfer of MeHg. Given the similarity of the driving factors of MeHg accumulation
in streams to those identified as important determinants of MeHg accumulation in lakes, we
suggest that these factors represent a syndrome of increased bioaccumulation risk for
freshwaters. The bioaccumulation syndrome includes factors that are frequent targets of
stream restoration efforts, suggesting that these efforts alone will not produce healthy
fisheries.

Other anthropogenic impacts and management actions have diverse effects and may increase
or decrease MeHg in stream fish, yet these effects may be predictable by assessing
interactions with syndrome factors. For two human interventions, fisheries management and
acid mitigation, effects on syndrome factors yield clear predictions for activities that can
reduce MeHg accumulation in fish. These techniques have already been applied to lake
ecosystems and merit further attention for reducing MeHg in stream fish. In contrast,
hydrologic alteration and forest disturbance have complex and diverse effects on syndrome
factors. As a result it is not currently possible to make clear, general prediction of their
effects on MeHg concentrations in fish. Continued progress in elucidating the mechanisms
underlying these influences should increase our ability to make predictions under specified
ranges of environmental conditions. For example, a critical aspect of both hydrologic
alteration and forest disturbance effects on fish MeHg is the relative importance of altered
MeHg inputs (mobilization and methylation) compared to altered trophic transfer (stream
productivity and fish growth rate). Evaluating these effects across a range of conditions will
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allow us to generate testable predictions on when they will predominate in determining
MeHg accumulation in fish.

Looming in the background, and providing a context for all of the effects we have discussed,
climate change represents an enormous potential driving force for MeHg in fish. Effects of
warming are a particular concern because processes from methylation 102:172 to fish
growth efficiency 173 respond to increased temperatures in ways that can increase MeHg
accumulation in fish. In essence, the strong temperature dependence of respiration at the
level of the ecosystem (which governs carbon dynamics) and at the level of individual
physiology (which governs growth efficiency), may set the stage for long-term and
widespread changes in both overall bioaccumulation, and in the way that syndrome factors
interact to produce variation in Hg dynamics across the landscape.
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Figure 1.

Conceptual map of factors that affect methylmercury (MeHg) in individual fish.
Environmental and ecological factors are in boxes, components of the mercury cycle are in
ovals. Arrows between boxes indicate causal relationships. Arrows within boxes indicate the
direction of change.
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Figure 2.

Relationship between mean mercury (Hg) concentrations in salmon and mercury
concentrations in their prey (left panel) and relationship between the residuals from the
salmon-prey regression, an index of trophic transfer, and salmon growth as mean final mass
(right panel). Each point is a study site and different symbols indicate different years (m:
2005; +: 2006; %:2007; o: 2008). Solid lines are simple linear fits to pooled data. The dashed
line is the 1:1 relationship between salmon and prey Hg concentrations. Based on a subset of
samples analyzed for Hg speciation, 96% of Hg in salmon and 85% of mercury in prey is
methylmercury.
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Figure 3.
Expanded conceptual map showing factors at the food web level, with relationships at this
level highlighted with heavy arrows. Symbols as in Figure 1.
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Relationship between prey biomass and canopy cover (left panel) and prey mercury (Hg)
concentration and prey biomass (right panel). Symbols as in Figure 2.
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Figure 5.
Expanded conceptual map showing factors at the stream level, with relationships at this
level highlighted with heavy arrows. Symbols as in Figure 1.
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Figure 6.
Relationship between salmon salmon Hg concentration and pH (left panel) and prey Hg
concentration and pH (right panel). Symbols as in Figure 2.
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Figure 7.
Expanded conceptual map showing factors at the watershed level, with relationships at this
level highlighted with heavy arrows. Symbols as in Figure 1.
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Figure 8.

Relationships between salmon mercury (Hg) concentration and the percent forest cover (left
panel) and wetland cover (right panel) in the watershed. Symbols as in Figure 2. The bracket
indicates the range in small-fish Hg concentrations observed by Chasar et al. 22.

Ann N Y Acad Sci. Author manuscript; available in PMC 2011 May 1.

T
&

4.5



Ward et al. Page 30

Region

Watershed

Individual

4 MeHg
T!!'; fizsh

Figure 9.
Expanded conceptual map showing factors at the region level, with relationships at this level
highlighted with heavy arrows. Symbols as in Figure 1.
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