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ABSTRACT: We examined the effects of fish predation on emergent
insect-mediated methyl mercury (MeHg) flux across a gradient of
MeHg contamination in experimental ponds. Emergent insects were
collected from ponds with (n = 5) and without fish (n = 5) over a six
week period using floating emergence traps. We found that the potential
for MeHg flux increased with Hg contamination levels of the ponds but
that the realized MeHg flux of individual insect taxa was determined by
fish presence. Fish acted as size-selective predators and reduced MeHg
flux by suppressing emergence of large insect taxa (dragonflies and
damselflies) but not small insect taxa (chironomids and micro-
caddisflies). MeHg flux by small insect taxa was correlated with
concentrations of MeHg in terrestrial spiders along the shorelines of the
study ponds, demonstrating for the first time the cross-system transport of MeHg by emergent insects to a terrestrial spider.

■ INTRODUCTION

The fate and transfer of the methylated form of Hg (MeHg) in
the environment is of particular concern to ecotoxicologists
because MeHg readily bioaccumulates in the tissues of biota
and is extremely toxic, negatively affecting the health of
wildlife.1 Worldwide anthropogenic emissions of inorganic
forms of Hg coupled with a dynamic, global atmospheric cycle
have resulted in contamination of most ecosystems on Earth
with levels of Hg that exceed preindustrial baselines.2 Because
the conversion of inorganic forms of Hg to MeHg is a process
primarily mediated by aquatic microbes,2 MeHg was previously
thought to only threaten aquatic biota and consumers of
aquatic organisms. However, recent studies have found elevated
concentrations of MeHg in terrestrial consumers.3−6

Contaminants, such as MeHg, that enter aquatic food webs
have the potential to be transferred to terrestrial food webs
when aquatic insects that spend part of their life cycle in aquatic
ecosystems emerge as adults.6−10 Although it is recognized that
emergent aquatic insects provide critical energy subsidies to
terrestrial food webs adjacent to aquatic systems,11−16 their role
as biovectors of aquatic contaminants to terrestrial ecosystems
is just beginning to be understood.6−9,17 Factors that control
the magnitude of insect-mediated MeHg flux have rarely been
studied,18 and the relationship between insect-mediated MeHg
flux and MeHg concentration in terrestrial predators has not
been examined.
In this study, we assess insect-mediated MeHg flux across a

gradient of Hg contamination and determine how MeHg flux is
affected by fish predation. We hypothesized that fish predation
can reduce insect-mediated contaminant flux out of aquatic

ecosystems by reducing aquatic insect biomass and altering
insect community structure.18−23 Here, we use experimental
pond ecosystems to test two hypotheses: (H1) the potential for
insect-mediated MeHg flux from waterbodies is positively
related to the overall level of food web contamination, but the
realized MeHg flux is regulated by fish predation on emergent
aquatic insects; and (H2) the MeHg flux of emerging insects is
correlated with MeHg concentrations in terrestrial long-jawed
orb weaver spiders (Tetragnathidae: Tetragnatha sp.). Spiders
that live on the shorelines of aquatic ecosystems are predators
of aquatic insects7−9,24−27 and play a key role in mediating
contaminant flux from aquatic to terrestrial ecosystems because
they are themselves consumed by terrestrial predators such as
birds.4,8

■ METHODS
Study Site. We conducted the present study in 10

experimental ponds in Fort Worth, Texas, USA. The
experimental ponds are whole ecosystems with earthen
bottoms that contain complex communities of macrophytes,
benthic invertebrates, and herptiles. Ponds are large and range
in size from 0.23 to 0.54 ha with maximum and average depths
of 1.2 and 0.6 m, respectively. Macrophyte communities were
variable between ponds and were composed of several species
of emergent and submerged taxa. An image from the
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experimental pond facility (Figure S1, Supporting Information)
and a summary of vegetation and nutrient data for each pond
(Table S1, Supporting Information) can be found in the
Supporting Information. In this study, we did not add Hg to the
experimental ponds. Pilot studies revealed that the ponds had
food chains contaminated with Hg, presumably from
atmospheric deposition to the pond surfaces and the watershed
of a nearby reservoir, Eagle Mountain Lake, which is the source
of water to the ponds. Ponds were constructed in the 1930s and
1950s, and there is no historical data that can be used to assess
why ponds varied in their level of Hg contamination.
Experimental Design. In 2009, we filled ponds with water

from Eagle Mountain Lake, and ponds were randomly assigned
to one of two treatments: ponds without fish (n = 5) and ponds
with fish (n = 5). In June 2010, we purchased fish from a
commercial hatchery and stocked the ponds in the fish
treatment with juvenile largemouth bass (Centrachidae:
Micropterus salmoides) and bluegill (Centrachidae: Lepomis
macrochirus) at a density of 125 and 889 individuals per hectare,
respectively. Visual observation and seining at the end of the
study indicated that bluegill and largemouth bass had spawned
in all but one of the ponds, where only bluegill had survived
and spawned. Largemouth bass and bluegill are commonly
found in fish communities throughout the United States.28

Centrarchids visually locate and preferentially attack large prey
items.29,30 Bluegill and largemouth bass feed on benthic
invertebrates as well as other prey.31−34

Experimental Procedures. Emergent insects were col-
lected over a continuous six week period beginning in May
2011. We used pyramid-shaped floating emergence traps to
sample adult emerging insects (Figure S2, Supporting
Information). Each trap sampled a 0.53 m × 0.53 m area
(0.28 m2). Four traps were deployed in each pond. Each trap
was held in place with two 1 cm diameter plastic-coated stakes
(Figure S2, Supporting Information) pushed into the sediment
by hand. Traps were staked at random locations near each
corner of the pond at an average water depth of 49 ± 0.97
(average ± standard error (SE)) cm. The traps funneled
emerging insects (chironomids, microcaddisflies, and 20% of
the damselflies) into a collecting bottle containing 85%
denatured ethanol. Collecting bottles were replaced, and traps
were moved to new locations each week. All dragonflies and
80% of damselflies did not move into the sampling bottle and
were captured by hand from the lower part of the trap, placed
on ice, and then frozen at −20 °C in the lab. Nine percent of
the total trapping effort was excluded from the study because
traps were colonized by long-jawed orb weavers or damaged by
wind.
Five taxonomic groups of insects accounted for the majority

of emergence and are the focus of this study. Predatory taxa
included dragonflies (Odonata:Anisoptera), damselflies (Odo-
nata:Zygoptera), and predatory chironomids (Chironomidae:
Tanypodinae). Herbivorous taxa included microcaddisflies
(Trichoptera:Hydroptilidae) and herbivorous chironomids
(Chironomidae:Chironominae and Chironomidae:Orthocladii-
nae). We collected an average of 3734 ± 483 (average ± SE)
individual insects from each pond (Table S2, Supporting
Information). All individuals of each taxa collected from a given
pond were counted and then pooled into a single composite
sample for each taxa in each pond. All pooled samples were
dried at 60 °C for 72 h and weighed to determine biomass.
Emergence biomass is expressed as grams per meters squared
per day.

To examine the relationship between MeHg contamination
in a terrestrial consumer to MeHg flux from the ponds, we
collected long-jawed orb weaver spiders along the shorelines of
the ponds. Long-jawed orb weavers are obligate shoreline
species that specialize in consumption of aquatic in-
sects.7−9,24−27 At our study site, we frequently observed webs
of long-jawed orb weavers containing small emergent insects.
We collected spiders on June 2 and June 16 from the emergent
vegetation along the edge of the ponds using sweep nets. On
each date, two samples were collected from two corners of each
pond that yielded 99.5 ± 36.6 (average ± SE) long-jawed orb
weavers per pond. Spiders were preserved in 85% denatured
ethanol, pooled by pond, and dried at 60 °C for 72 h.

MeHg Analysis. Prior to MeHg analysis, emergent insects
and spider composite samples were homogenized to a fine
powder using a clean mortar and pestle or ball-mill grinder. A
single subsample from each composite sample was analyzed for
MeHg at the Dartmouth College Trace Element Analysis Core
Lab using a MERX automated MeHg system (Brooks Rand,
Seattle, WA) interfaced with an Agilent 7500c inductively
coupled plasma−mass spectrometer.35,36 Samples of a certified
reference material (NIST Mussel 2976) were within certified
ranges. A detailed description of MeHg analytical methods and
QA\QC procedures is available in the Supporting Information.
All MeHg concentration data is presented as nanograms per
gram of dry weight. We estimated MeHg flux for each taxa over
the course of the experiment by multiplying the total emergent
biomass of each taxa by the concentration of MeHg in their
tissues.
We used MeHg concentrations in herbivorous chironomids

as a proxy for baseline MeHg contamination of the food web.
MeHg concentrations in emergent dipterans have been shown
previously to to be indicative of the level of ecosystem
contamination.37 In this study, MeHg concentrations in
herbivorous chironomids were positively correlated with
MeHg in other insect taxa (Figure S3, Supporting Informa-
tion), confirming that herbivorous chironomids are appropriate
indicators of baseline foodweb contamination by MeHg.

Statistical Analysis. We used a series of analysis of
covariance (ANCOVA; SPSS, Ver 20.0.0) models to determine
the effect of MeHg concentrations in herbivorous chironomids
(a proxy for overall level of MeHg contamination of the food
web) (covariate) and fish presence (categorical variable) on
total and taxa-specific MeHg flux (dependent variable). We first
tested for an interaction effect between MeHg concentration in
herbivorous chironomids and fish. If the interaction was not
significant (an indication of homogeneous slopes and an
assumption of ANCOVA), then the term was removed from
the model to assess main effects of fish presence and MeHg
concentration in herbivorous chironomids. If the interaction
term was significant (indicating heterogeneous slopes), then we
tested for an effect of fish at the average of the covariate and
used this statistic to assess the effect of fish on the dependent
variable. We used ANCOVA (using the same procedure as
above) and linear regression to examine the relationship
between MeHg concentrations in long-jawed orb weavers, fish
presence and absence, and emergent insect MeHg flux. Data
met assumptions of normality and homogeneity of variance.
Statistical significance for all analyses was inferred at P < 0.05.

■ RESULTS
Total MeHg flux, computed as the combined MeHg flux for the
five insect taxa examined in this study, was positively and
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significantly related to Hg concentrations in herbivorous
chironomids with the total MeHg flux significantly suppressed
in ponds with fish (Figure 1A). For each insect taxa except
microcaddisflies, MeHg flux was positively and significantly
related to MeHg concentrations in herbivorous chironomids
(Figure 1B−E). MeHg flux of large taxa, dragonflies and
damselflies, was suppressed in ponds with fish (Figure 1B,C).
The MeHg flux of small taxa, herbivorous and predatory
chironomids and microcaddisflies, was not significantly affected
by fish presence (Figure 1D−F). These results indicate that the
reduction of total MeHg flux in ponds with fish can be
explained by the reduction of flux from large taxa, dragonflies
and damselflies. The effect of fish on MeHg flux was achieved
through the suppression of emergent biomass of dragonflies
and damselflies and not alteration of MeHg concentrations
(Figures S4 and S5, Supporting Information).
The difference in total MeHg flux between ponds with and

without fish was greatest in ponds with high MeHg
concentrations in herbivorous chironomids (Figure 1A). This
pattern in total MeHg flux mirrors the pattern in dragonflies
because dragonflies accounted for the largest component of
MeHg flux in ponds with and without fish (73 ± 13% and 42 ±
18% (average ± SE), respectively; Figure 1B). Damselflies
exhibited a similar but less pronounced pattern. However,
damselflies only accounted for 12.6 ± 9.5% and 17.1 ± 10.2%
of the total MeHg flux in ponds with and without fish,

respectively (Figure 1C). Small insects, which were not
impacted by fish, did not exhibit the pattern of diverging
slopes across the MeHg contamination gradient observed in the
larger taxa (Figure 1D−F). For total insect and dragonfly
MeHg flux, but not damselfly MeHg flux, the MeHg
concentration in herbivorous chironomids × fish interactions
were almost significantly different between ponds with and
without fish across the MeHg gradient (Figure 1B). These
marginally significant interactions should be interpreted with
caution but ignoring them risks a type II error because of the
small number of ponds in the study and the limited statistical
power to detect interaction effects.38

MeHg contamination of long-jawed orb weavers collected
along the shorelines of the ponds was significantly and
positively correlated with the MeHg flux of small insect taxa
(the sum of predatory and herbivorous chironomids and
microcaddisflies) but was not significantly affected by fish
(ANCOVA; F1,7 = 2.2; P = 0.18; Figure 2). This relationship
presumably results from spider predation on small emergent
insect taxa and is consistent with our observation of small
insects trapped in the webs of long-jawed orb weavers along the
shorelines of the study ponds. MeHg concentrations of long-
jawed orb weavers were not significantly correlated with the
MeHg flux of large insect taxa (dragonflies and damselflies)
(Figure S6, Supporting Information), and we never observed
these large taxa trapped in spider webs.

Figure 1. Relationship between herbivorous chironomid MeHg concentration (a proxy for baseline MeHg concentration) and MeHg flux for (A) all
taxa, (B) dragonflies, (C) damselflies, (D) herbivorous chironomids, (E) predatory chironomids, and (F) microcaddisflies in ponds with and without
fish. Solid lines with blue squares represent ponds with fish (+ Fish) and dashed lines with yellow circles represent ponds without fish (− Fish). P
values from an ANCOVA testing for the main effects of chironomid MeHg concentration ([MeHg]) and fish presence (fish) and their interaction (F
× Hg) on MeHg flux are included in each panel. The assumption of heterogeneous slopes was violated in the case of herbivorous chironomids;
therefore, we report the treatment effect of fish at the average of the covariate. Complete ANCOVA statistics (P values, F statistics, and degrees of
freedom) are reported in Table S3 in the Supporting Information. Note the scale of the y axis differs for each taxa.
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■ DISCUSSION
Our study indicates that the level of MeHg contamination of
the food chain sets the potential for MeHg flux in emergent
aquatic insects. In most aquatic ecosytems, the source of MeHg
is inorganic Hg deposited from the atmosphere directly on the
water body or its watershed and then converted to MeHg by
microorganisms.2 Previous studies have shown a relationship
between atmospheric deposition and Hg contamination of
biota.37,39,40 Therefore, potential MeHg flux in aquatic insects
would be expected to be correlated with atmospheric
deposition of Hg. Mercury deposition and the conversion of
inorganic Hg to MeHg vary widely across the landscape due to
complex interactions between regional Hg emissions, atmos-
pheric processes and landcover that make some ecosystems
sensitive to Hg inputs.2,41−43 Therefore, we would expect
considerable variation in MeHg flux in aquatic insects and the
transfer of MeHg to terrestrial food chains across large
geographic areas.
In this study, we also show that, for a given level of MeHg

contamination, the quantitative and qualitative nature of the
flux of MeHg in aquatic insects can be regulated by the
presence and absence of fish. Compared to ponds without fish,
ponds with fish had lower MeHg flux from large-bodied insects
such as odonates, which are vulnerable to fish predation, while
fish did not effect MeHg flux from smaller-bodied insects such
as chironomids, which are less vulnerable to predation.44,45 The
net effect of fish was a reduction in total MeHg flux of up to a
factor of 5 in the most Hg-contaminated ponds. Therefore, we
hypothesize that a combination of fish predation and prey
vulnerability determines the realized MeHg flux across a
gradient of MeHg contamination (Figure 3). Aquatic insect
taxa differ in their vulnerability to fish predation. The MeHg
flux for invulnerable prey will be the same in ponds with and
without fish. The MeHg flux for vulnerable prey will be
suppressed by fish, and the magnitude of suppression will be
greatest in ponds with high levels of MeHg contamination.
Our study is one of the first linking MeHg flux in emerging

insects to a terrestrial spider, the long-jawed orb weaver. We

found MeHg concentrations in long-jawed orb weavers were
highly correlated with the MeHg flux of small insect taxa.
Spider MeHg concentrations were not correlated with the
MeHg flux in large insect taxa. Fish presence had no effect on
the spider Hg contamination because fish primarily impact large
insect taxa (such as dragonflies and damselflies) not consumed
by long-jawed orb weavers.23 These results support the concept
that contaminant monitoring programs could use shoreline
spiders as biological monitors of aquatic pollution.7,8 Long-
jawed orb weavers could be used as biosentinels of MeHg
concentrations in small emergent insect taxa and thus an
indicator of the overall level of food web contamination.
In conclusion, this study demonstrates the combined

influence of aquatic pollution and community structure on
the cross-system transport of contaminants out of ponds to
terrestrial consumers. Small (<1 km2) ponds and lakes, where
the processes examined in this study are likely to be important,
represent the numerically dominant lentic ecosystem covering
more surface area than large lakes worldwide.46,47 The species
richness of aquatic birds, plants, amphibians, and invertebrates
is often relatively high in small, shallow, isolated lakes.46,48

However, the benefits to biodiversity provided by small ponds
and lakes may be partially offset by the production and
transport of MeHg to surrounding terrestrial food chains and
wildlife. Although some small ponds are semipermanent and
are naturally colonized or stocked with fish, others periodically
dry or experience winter oxygen stress and do not contain
fish.45,49 Compared to ponds with fish, ponds without fish will

Figure 2. Relationship between MeHg flux in small insect taxa
(herbivorous and predatory chironomids and microcaddisflies) and
MeHg concentrations in long-jawed orb weaver spiders. Blue squares
represent ponds with fish (+ Fish) and yellow circles ponds without
fish (− Fish).

Figure 3. Potential patterns of mercury flux out of water bodies and
into the terrestrial environment along a MeHg gradient in ecosystems
with and without fish. This hypothetical plot illustrates the range of
possible effects of fish on realized MeHg flux for a given insect taxon.
A positive correlation of MeHg flux with increasing levels of mercury
contamination is expected in ponds without fish (dashed line). A
positive correlation between MeHg flux and Hg contamination is also
expected in ponds with fish (solid lines), but the slope of the
relationship is determined by vulnerability of the insect taxon to fish
predation. Increasing line thickness indicates increasing vulnerability of
the insect taxon to fish predation. Vulnerability is determined by
complex ecological interactions between characteristics of the prey
(e.g., body size and activity level), predator (e.g., feeding selectivity),
and habitat (e.g., aquatic plant density).44,45 Although not shown in
this figure or observed in our study, it is possible that small insect taxa
not vulnerable to fish predation may be indirectly enhanced by fish if
insect predators are suppressed by fish.44,45

Environmental Science & Technology Article

dx.doi.org/10.1021/es303330m | Environ. Sci. Technol. 2013, 47, 1614−16191617



have a greater total MeHg flux, and odonates will play a greater
role as a biovector of Hg to terrestrial consumers. More work is
needed to determine the magnitude of insect-mediated MeHg
flux from systems with and without fish and how the effects of
fish on MeHg flux vary with fish species. Given the prominence
of small ponds on the landscape and the widespread nature of
atmospheric Hg deposition, the impact of small ponds on
terrestrial Hg cycling is probably quite significant.
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