biomolecules
Article

Preliminary Estimations of Insect Mediated Transfers
of Mercury and Physiologically Important Fatty Acids
from Water to Land
Sydney Moyo
Department of Oceanography and Coastal Sciences, Louisiana State University, Baton Rouge, LA 70803, USA;
sydmoyo@gmail.com
Received: 1 December 2019; Accepted: 8 January 2020; Published: 13 January 2020




Abstract: Aquatic insects provide an energy subsidy to riparian food webs. However, most empirical
studies have considered the role of subsidies only in terms of magnitude (using biomass measurements)
and quality (using physiologically important fatty acids), negating an aspect of subsidies that may
affect their impact on recipient food webs: the potential of insects to transport contaminants (e.g.,
mercury) to terrestrial ecosystems. To this end, I used empirical data to estimate the magnitude of
nutrients (using physiologically important fatty acids as a proxy) and contaminants (total mercury
(Hg) and methylmercury (MeHg)) exported by insects from rivers and lacustrine systems in each
continent. The results reveal that North American rivers may export more physiologically important
fatty acids per unit area (93.0 ± 32.6 Kg Km−2 year−1 ) than other continents. Owing to the amount of
variation in Hg and MeHg, there were no significant differences in MeHg and Hg among continents in
lakes (Hg: 1.5 × 10−4 to 1.0 × 10−3 Kg Km−2 year−1 ; MeHg: 7.7 × 10−5 to 1.0 × 10−4 Kg Km−2 year−1 )
and rivers (Hg: 3.2 × 10−4 to 1.1 × 10−3 Kg Km−2 year−1 ; MeHg: 3.3 × 10−4 to 8.9 × 10−4 Kg Km−2
year−1 ), with rivers exporting significantly larger quantities of mercury across all continents than
lakes. Globally, insect export of physiologically important fatty acids by insect was estimated to be
~43.9 × 106 Kg year−1 while MeHg was ~649.6 Kg year−1 . The calculated estimates add to the growing
body of literature, which suggests that emerging aquatic insects are important in supplying essential
nutrients to terrestrial consumers; however, with the increase of pollutants in freshwater systems,
emergent aquatic insect may also be sentinels of organic contaminants to terrestrial consumers.
Keywords: aquatic ecosystems; subsidies; eicosapentaenoic acid; docosahexaenoic acid; food webs

1. Introduction
The movement of materials between juxtaposed habitats has received much attention by food web
and landscape ecologists in the last four decades (reviewed by Richardson and Sato [1]). Freshwater
ecologists have long documented that exogenous organic matter (e.g., terrestrial leaves) fuels rivers
via inputs of nutrients and organic matter [2], but in recent decades, the importance of aquatic insect
subsidies to riparian predators (e.g., bats; [3]) has been emphasized [4–6]. These aquatic subsidies are
known to affect the behaviour, productivity, and diversity of riparian predators [7,8].
One such subsidy is in the form of physiologically important fatty acids (eicosapentaenoic
acid (EPA; 20:5ω3) and docosahexaenoic acid (DHA; 22:6ω3)), both of which are of fundamental
physiological importance to all organisms [5,9] because most consumers do not possess the necessary
enzymes to synthesize them in the required quantities, so they must obtain them from their diet. These
physiologically important fatty acids are required for the maintenance of cell membrane structure and
function [10,11], regulating hormonal processes and preventing cardiovascular diseases [12].
Aquatic insects are one group of organisms known to be key exporters of physiologically important
fatty acids to terrestrial systems [13], and because many adult insects do not return to the water [14],
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they represent a net loss of organic nutrients from the aquatic system, and potential food for consumers
in adjacent terrestrial ecosystems. A plethora of studies on fatty acids in aquatic systems generally
support the premise that aquatic insects are richer in physiologically important fatty acids [15–17]
than their terrestrial counterparts [13]. Aquatic insects lay their eggs in freshwaters, where the larvae
then develop and accumulate physiologically important fatty acids [18]. Subsequently, owing to their
complex life cycles, aquatic insects can effectively transfer physiologically important fatty acids to the
terrestrial system when they emerge and fall prey to terrestrial predators [19]. As such, knowledge of
fatty acids in food sources and consumers is important both for obtaining basic dietary information
on consumers within one habitat and for assessing the nutritional implications of reciprocal fluxes in
juxtaposed habitats.
Further to providing critical nutrients to terrestrial consumers, aquatic insects can also supply
unwanted contaminants to recipient food webs [20]. One such contaminant is mercury, a metal that has
become a global concern because of its toxicity. Specifically, methylmercury (MeHg) is of concern as it
concentrates at the base of aquatic food webs (e.g., algae) and is subsequently biomagnified, resulting
in high concentrations of MeHg in the tissues of predators (e.g., spiders; [21]). The potential of MeHg
to be biomagnified presents a health hazard to aquatic organisms and terrestrial wildlife with trophic
linkages to aquatic food webs (e.g., those that consume emergent aquatic insects; [22–24]). While
many studies have examined the movement of contaminants between habitats (e.g., Du et al. [25]),
few studies have concurrently measured the fluxes of contaminants and fatty acids from streams to
riparian zones; even though stream contamination is widespread [26].
Great strides have been made by individual researchers on the potential export of fatty acids
from water to land (e.g., [13,27]), however, studies looking into the potential export by insects are
scanty. Furthermore, our current knowledge of transfer of fatty acids and contaminants extends
only to site-specific studies (with many being biased toward the Northern Hemisphere), effectively
limiting our ability to understand the global effects of stream-derived contaminants and nutrients
across aquatic–terrestrial boundaries.
Through the seminal works of Gladyshev and others [18], the first global estimate of physiologically
important fatty acids by emerging insects was estimated to be between 0.1 Kg km−2 year−1 to as high
as 672.2 Kg km−2 year−1 . One would expect that with new studies documenting fatty acids in insects,
these estimates may have changed significantly. To date, no global estimates are available for the
global estimate of mercury from water to land. To this end, the aim of this study was to build on
past works by Gladyshev et al. [18] and estimate the continental and global export of contaminants
(methylmercury) and nutrients (physiologically important fatty acids) from freshwater systems to land
and to determine the extent of coupling between contaminants and nutrients.
2. Material and Methods
2.1. Literature Search and Data Extraction
To quantify export of physiologically important fatty acids and mercury (Aim: estimate continental
and global export of mercury and physiologically important fatty acids via insects) from freshwater
systems to land, I quantified subsidies (using physiologically important fatty acids; DHA + EPA) and
the potential export of contaminants (methylmercury and total mercury) from freshwater to terrestrial
ecosystems by carrying out an extensive search of the scientific literature. To identify relevant studies,
a comprehensive literature search was conducted using papers from scientific databases (Google
Scholar©, Scholars Portal© and Thomson Reuters Web of Science©) using the search algorithm: fatty
acids OR mercury*AND benthic invert*aquatic insects* OR insect emergence. I also included papers
from the first global estimates of insect emergence and fatty acids listed in works by Gladyshev et al. [18].
These initial searches yielded >400 articles published up to October 2019. From this initial set, the final
dataset (Tables 1–5) was chosen based on the following criteria: (1) emergence reported in mg m−2 year
(or comparable units) for the year, (2) fatty acids and mercury were reported in mg g−1 and ng g−1 ,
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respectively (or comparable units e.g., ug g−1 ), for benthic insects, (3) only emergence traps were used
to collect emergent insects, (4) studies that did not use allometric equations (length-weight regressions)
to estimate the dry weight of emergent insects (e.g., [13]) that may overestimate emergence rates [28],
and (5) only studies published in English, were included in literature surveys. Criterion 2 excluded
studies that reported fatty acid and mercury data as relative proportions or percentages (%).
In several cases, fatty acid, mercury and emergence data were available for different seasons or
from different locations. Within a single location, a grand mean was calculated from the fatty acid data
from that location, regardless of season; thus, the values represented the average values for a location.
Data from different studies were combined to provide a grand mean for each type of data (fatty acid,
methylmercury, total mercury, emergence).
To standardise values with those reported in the broader scientific literature, I ensured that all
units were converted to match those reported in the literature by other authors [27].
2.2. Calculation of Surface Area
Total surface area (Km2 ) was estimated by calculating areas of lakes and rivers for six of the
world’s continents (Africa, Asia, Australia, Europe, North America and South America; Table S1 in
Supporting information). I used estimates from the Global Lakes and Wetlands Database (GLWD; [29]),
Digital Chart of the World (DCW; [30]), HydroSheds (basins and stream networks; [31]) and HydroK1
(US Geological Survey. [32], empirical data supplied by authors [33]) to calculate the total surface
area of lakes and rivers. All Shapefiles (.shp) were visualized and surface areas measured using
GRASS GIS [34] and QGIS (version 3.10, [35]). For global estimates of surface areas of lakes and
rivers, theoretical calculations from several models in the literature were used (see Supplementary
information; Table S2).
Aquatic insects develop and live in only a small portion of aquatic habitats. For instance, over 72%
of insects only live in the littoral area of lakes near the shore [36]. Similarly, littoral zones can make up
anywhere from 3.4% to 30.3% of the surface area of lakes [36]. As such, I adjusted the measurements of
all areas to account for the littoral zone to be between 3.4% to 30.3% (average of 18.6% for all Lakes).
2.3. Emergence of Insects
Data for emerging aquatic insects (dry weight; g m−2 year−1 ) were extracted from diverse literature
data (Figure 1; Tables 1 and 2). Because only a very small percentage of emergent aquatic return to
the stream, I used the average calculations of return of insect to freshwaters. For instance, Jackson
and Fisher [14] enumerated the return of adult aquatic insects to be only 3.1% of the emerged biomass
returned to the stream. Elsewhere, Gray [37] found that less than 1% of aquatic insects in a prairie
stream returned to the aquatic system, whereas other researchers have documented larger (9.2%)
returns by biomass in lacustrine systems [38,39]. As such, I corrected the net export to account for the
return of between 1% to 9.2% for lakes and rivers (average of 4.43% return rate).
2.4. Estimates of Physiologically Important Fatty Acids in Aquatic Insects
Available data on physiologically important fatty acids (Figure 1; mg g−1 of dry mass) were
obtained based on studies that quantitatively determined the fatty acids content of insects using
standard fatty acid extraction methods (e.g., [40,41]). Some data reported were for aquatic insect
larvae and these were included in the analysed dataset. Fatty acid content of insect differs with life
stages from larvae to adults [41], however, the life-stage differences in physiologically fatty acids are
minor. For example, some mosquito (Culicidae) larvae and adults have been observed to contain
approximately similar quantities of physiologically important fatty acids [41]. Where data were
reported as wet weight, I used the moisture content given by the authors to calculate the dry mass.
Taxa included were from Europe and Asia (Table 3). Most data collected indicated that Diptera are the
most dominant order in most emergence data sets.
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reported as wet weight, I used the moisture Community
content given by the authors
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Taxa included were from Europe and Asia (Table
3). Most data collected
that Diptera are
Chironomidae
1.9
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the most dominant order in most emergence data sets.
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0.2
[46]
Community
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Table 1. Insect
emergence
Average
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Chironomidae
[38]
1.5 b

Community
1.1 c
[48]
Taxa
Emergence
Reference
Chironomidae
[49]
0.2 d
Chironomidae
1.9
[14]
Chironomidae, Ephemeroptera, Trichoptera
4.0
[42]
Average ± SD
1.2 ± 0.6
Community
1.8
[43]
Coefficient of variation (%)
53.8
Community
1.4
[43]
Average ± SD
1.5 ± 1.0
Community
1.1
[43]
Coefficient of variation (%)
70
Community
2.4
[44]
a average values calculated from Table 3 of the reference. b averaged author0 s data. c Recalculated from authors
Chironomidae
1.9
[45]
data. d average value calculated from Table 2 of the reference.
Chironomidae
0.2
[46]
Community
0.2 a
[47]
Average ± SD
1.6 ± 1.2
Coefficient of variation (%)
70.9

Continent
Europe

Biomolecules 2020, 10, 129

5 of 19

Table 2. Insect emergence from rivers (g DM m−2 year−1 ) for available continents. ‘Community’
denotes instances where whole taxa values are reported. Values in ‘bold’ denote the grand means and
standard deviation for all available data. Average and coefficient of variation in bold represents the
grand average that was used to calculate emergence for Australia and South America.
Continent

Taxa

Emergence

Reference

Trichoptera
Community

0.5 e
4.0 e
2.2 ± 1.7
78.6

[14]
[14]

Community
Community

2.1 f
1.2 g
1.7 ± 0.5
27.3

[50]
[51]

Diptera, Trichoptera, Ephemeroptera
Ephemeroptera, Plecoptera, Trichoptera
Ephemeroptera, Plecoptera, Trichoptera
Community
Community
Community
Community
Community
Community
Community
Community
Chironomidae

1.7
3.6 h
5.0 h
5.4 h
2.6 h
2.6 h
3.7 h
3.7 h
2.0 h
2.6 h
3.2 h
1.9 h
3.2 ± 1.1
35.7

[52]
[14]
[14]
[14]
[14]
[14]
[14]
[14]
[14]
[14]
[14]
[14]

Diptera, Chironomidae
Trichoptera, Ephemeroptera, Plecoptera,
Diptera
Ephemeroptera, Plecoptera, Trichoptera
Chironomidae, Ephemeroptera, Trichopetra
Community
Community

1.2 i

[53]

6.6 j

[54]
[39]
[14]
[14]
[14]

Average ± SD
Coefficient of variation (%)

0.3
23.1 h
5.3
7.1
7.8 ± 9.2
117.4

Average ± SD
Coefficient of variation (%)

4.5 ± 4.5
100.4

Africa

Average ± SD
Coefficient of variation (%)
Asia

Average
Coefficient of variation (%)
Europe

Average
Coefficient of variation (%)
North America

e

data for Democratic republic of Congo (formerly Zaire) stream from Table 5 of the reference; f averaged from using
average weight of insect specimen dry mass 150 µg; g recalculated from Figure 1C of the reference; h data for Europe
from Table 5 of the reference; i averaged author0 s data; j recalculated from authors data.
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Table 3. Physiologically important fatty acids (EPA+DHA, mg g−1 of dry mass) in emergent aquatic
insects in lakes and rivers. Taxa in italics represent fatty acids measured in insect larvae. Average and
coefficient of variation in bold represents the grand average that was used to calculate emergence for
all six continents.
Taxa

EPA +DHA

Reference

Odonata
Chironomidae
Community
Chironomidae
Chironomidae
Ephemeroptera
Chironomidae
Culicidae

8.27 k
11.9
17.8 l
4.0
7.0
11.3
10.1
6.77

[55]
[46]
[56]
[40]
[40]
[27]
[57]
[41]

Continent
Lentic

9.6 ± 3.9
41

Average ± SD
Coefficient of variation (%)
Lotic
Trichoptera m
Ephemeroptera m
Chironomidae m
Chironomidae
Trichoptera

11.6
12.8
7.7
18.1
9.4

[58]
[58]
[58]
[18]
[27]

11.9 ± 3.6
30

Average ± SD
Coefficient of variation (%)
k

converted wet weight to dry weight based on authors data of moisture of ~71.7%; l average estimated from
Figure 3 of the reference; m dry weight estimated from the reference using moisture contents of 83.8% Trichoptera,
Chironomidae 78.0%, Ephemeroptera (80%).

Table 4. Total mercury (Hg, mg g−1 of dry mass) and methylmercury (MeHg, mg g−1 ) in emergent
aquatic insects in lakes. ‘Community’ denotes instances where whole taxa values are reported. Average
and coefficient of variation in bold represents the grand average that was used to calculate emergence
for Africa, Asia, Australia, Europe.
Continent

Taxa

Total Mercury

Methylmercury

Reference

Trichoptera, Diptera
Coleoptera
Ephemeroptera
Hemiptera
Odonata
Trichoptera
Trichoptera
Odonata
Ephemeroptera
Coleoptera
Trichoptera
Odonata
Ephemeroptera
Odonata
Ephemeroptera
Trichoptera
Diptera
Odonata
Diptera
Trichoptera

4.2 × 10−4
1.8 × 10−4
1.3 × 10−4
2.6 × 10−4
1.4 × 10−4
1.3 × 10−4
4.9 × 10−4
1.1 × 10−4
1.1 × 10−4
1.5 × 10−4
3.8 × 10−5
7.1 × 10−5
7.5 × 10−5
9.7 × 10−5
1.1 × 10−4
5.0 × 10−5
6.9 × 10−5
1.3 × 10−4 ± 8.9 × 10−5

1.6 × 10−4
1.1 × 10−4
1.4 × 10−5
1.2 × 10−4
1.0 × 10−4
4.9 × 10−5
2.5 × 10−5
5.7 × 10−5
2.1 × 10−5
2.0 × 10−5
1.6 × 10−5
4.8 × 10−5
1.9 × 10−5
1.1 × 10−4
7.9 × 10−5
3.7 × 10−5
3.6 × 10−5
1.3 × 10−4
7.9 × 10−5
8.9 × 10−5
6.6 × 10−5 ± 4.3 × 10−5

[48]
[59]
[59]
[59]
[59]
[59]
[60]
[60]
[60]
[60]
[60]
[60]
[60]
[61]
[61]
[61]
[61]
[62]
[62]
[62]

Lentic
North America

Average ± SD

n

n
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Table 4. Cont.
Continent

Taxa

Total Mercury

Methylmercury

70

65

Average ± SD
Coefficient of variation (%)

1.3 × 10−3
5.7 × 10−4
1.7 × 10−4
2.0 × 10−3
3.1 × 10−4
2.0 × 10−4
2.8 × 10−4
6.9 × 10−4 ± 6.4 × 10−4
93

3.4 × 10−5
1.9 × 10−4
7.0 × 10−5 ± 4.9 × 10−5
68

Average ± SD
Coefficient of variation (%)

2.9 × 10−4 ± 4.4 × 10−4
150

7.0 × 10−5 ± 4.9 × 10−5
70

Coefficient of variation (%)
South America
Diptera
Ephemeroptera
Odonata
Plecoptera
Trichoptera
Community
Community

n

o

Reference

[63]
[63]
[63]
[63]
[63]
[64]
[65]

mean from data presented in Table 3 in authors data; o units converted from ug g to mg g−1 .

Table 5. Total mercury (Hg, mg g−1 of dry mass) and methylmercury (MeHg, mg g−1 ) in emergent
aquatic insects in rivers. ‘Community’ denotes instances where whole taxa values are reported. Average
and coefficient of variation (in bold) represents the grand average that was used to calculate emergence
for Africa, Asia, Australia, Europe, and South America.
Continent

Taxa

Total Mercury

Methylmercury

Reference

Diptera
Ephemeroptera
Trichoptera
Community
Ephemeroptera
Plecoptera
Diptera

4.5 × 10−4
3.4 × 10−5
5.1 × 10−5
2.7 × 10−4
8.1 × 10−5
6.1 × 10−5
2.0 × 10−5
1.4 × 10−4 ± 1.5 × 10−4
108

2.0 ×10−4
1.8 × 10−5
*
*
*
7.3 × 10−5
*
9.6 × 10−5 ± 7.5 × 10−5
78

[66]
[67]
[68]
[69]
[70]

Community

5.7 × 10−4

5.0 × 10−4

[65]

Lotic
North America

Average ± SD
Coefficient of variation (%)
South America
Average ± SD
Coefficient of variation (%)

p
q

1.9 ×

10−4

± 2.0 ×
104

10−4

p

q

2.0 ×

10−4

± 1.9 ×
95

[22]

10−4

p based on average from authors data; q based on means of authors data. * Asterisks denote instance where data
were not recorded cited reference.

2.5. Estimates of Mercury and Methylmercury Content in Aquatic Insects
Data on Hg and MeHg (mg g−1 of dry mass; Tables 4 and 5) were obtained based on studies that
quantitatively determined the content of the two forms of mercury in aquatic insects using advanced
mercury analyzers like amalgamation-thermal atomic absorption spectrometers [48,66]. While original
data were presented by most authors in ng g−1 , I converted the values to mg g−1 (by multiplying all
ng g−1 values by 1 × 10−6 ) for all analyses to match the values reported for emergence data.
2.6. Data Analyses
Initially, content for fatty acids (mg g−1 ) was multiplied by the emergence to obtain the export of
fatty acids in (Kg Km−2 year−1 ). Mercury content data were converted from ug g−1 to mg g−1 and
subsequently multiplied by emergence to obtain methylmercury (MeHg) and total mercury (Hg) as
Kg Km−2 year−1 .
To estimate the total net export (Kg year−1 ) of mercury and fatty acids from water to land, export
of mercury and fatty acids (Kg km−2 year−1 ) were multiplied by the estimate of areas of lakes and
rivers (Km2 ) globally and by continent. Because some continents had no available emergence and
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mercury data for lakes (e.g., Africa, Australia, Asia and South America) and rivers (e.g., South America,
I used the grand mean calculated for all available data for each ecosystem type (Lake or River).
All means and coefficients to variations (CV) were calculated for each data type. All mean values
for data were compared using MedCalc® (statistical software version 14.8.1, software bvba, Ostend,
Belgium; http://www.medcalc.org; 2018) and following procedures described in Altman [71].
3. Results
All literature survey data for fatty acids, Hg, MeHg are presented in Tables 1–5. Overall, the data,
as evidenced by high coefficients of variation depict that there is a lot of variation in fatty acid and
mercury data recorded in the literature. For example, Hg (Table 5) has a coefficient of variation of
over 100 percent. Similarly, the grand means for fatty acids and mercury also show large variations
across datasets.
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5
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0

0

1.8x10-3

3x10-3

1.6x10-3

a
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a
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a

a
a
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a
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0

ab

b

ab

S. America

a

N. America

S. America

N. America

Europe

Australia
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Africa

a

Europe

2x10-3
2x10-3
2x10-3
1x10-3
1x10-3
1x10-3
800x10-6
600x10-6
400x10-6
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0

a

Australia

180x10-6
160x10-6
140x10-6
120x10-6
100x10-6
80x10-6
60x10-6
40x10-6
20x10-6
0

Asia

0.0

MeHg (Kg Km-2 year-1)

d

120

Africa

Hg (Kg Km-2 year-1)

Fatty acids (Kg Km-2 year-1)

25

Continent
Figure (±SD)
2. Estimate
(± SD) of physiologically
important
fatty
acids,methylmercury
methylmercury (MeHg)
andand
total total
Figure 2. Estimate
of physiologically
important
fatty
acids,
(MeHg)
of
mercury (Hg) calculated for each continent. The letters depict results from Medcalc® comparison
®
mercury (Hg) calculated for each continent. The letters depict results from Medcalc comparison
means calculator within each continent, where values with the same letters depict no significant
of means calculator
within
each
continent,
values
with thewhere
sameemergence
letters depict
noavailable
significant
difference
between
the export
values.where
Note that
only continents
data are
difference between
the export
values. Note that only continents where emergence data are available are
are statistically
compared.
statistically compared.

3.3. Global Exports of Physiologically Important Fatty Acids and Mercury
Global export of fatty acids per year are higher in rivers (35.4 × 106 Kg year−1) than in lakes (85.1
× 105 Kg year−1; Figure 4; p < 0.001). Similarly, MeHg exports are higher in rivers (572.1 Kg year−1) than
in lakes (255.9 Kg year−1; Figure 4). Congruent to MeHg exports, Hg differs significantly between
rivers and lakes globally (587.7 Kg year−1 for rivers versus 61.9 Kg year−1 for lakes; Figure 4; p < 0.05).
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In rivers (Figure 2), North America exports a larger amount of fatty acids (93.0 ± 32.6 Kg Km−2 year−1 ;
Figure 2) compared to all other continents (range: 19.7 to 53.8 Kg Km−2 year−1 ) per unit area. The
lowest exports of fatty acids per unit area exported from river to land by aquatic insects were in Asia
(19.7 Kg Km−2 year−1 ).
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In rivers, North America contributes more to the export of fatty acids (11.5 ×106 Kg year−1 ) than
all the other continents (range: 62.4 × 104 to 52.7 × 105 Kg year−1 ). South America is the second largest
exporter of fatty acids from river to land (52.7 × 105 Kg year−1 ), with Australia exporting the lowest
(62.4 × 104 Kg year−1 ). Overall, rivers across all continents contribute more to export of fatty acids
than lakes.
3.2. Continental Exports of Mercury and Methylmercury
Regarding the export of Hg and MeHg from lakes to land per unit area, there are no significant
differences among the exports of Hg (range: 1.5 × 10−4 to 1.0 × 10−3 Kg Km−2 year−1 ; Figure 2) and
MeHg (range: 77.2 × 10−6 to 103 × 10−6 Kg Km−2 year−1 ) in lentic systems.
In rivers, there were no significant differences in flow of Hg from water to land among continents
per unit area (mean range: 3.2 × 10−4 to 1.1 × 10−3 Kg Km−2 year−1 ; p > 0.05). Similarly, there were no
significant differences among exports of MeHg by continent. The only exception was between Europe
and Asia, where Europe (6.4 × 10−4 Kg Km−2 year−1 ) exported more MeHg per unit area from land to
water than Asia (3.3 × 10−4 Kg Km−2 year−1 ).
By considering the total area of rivers and lakes at each continent, I was able to calculate the
amount of Hg and MeHg exported from water to land per year (Kg year−1 ). The results from these
calculations reveal that there are no significant differences in export of Hg from lakes (Figure 3).
Australia was the only exception as it had significantly lower exports of Hg (2 Kg year−1 ) from lake
compared to all the other continents. Methylmercury exported from lake to land is greatest in Asia
(15.6 Kg year−1 ) and North America (15.2 Kg year−1 ) compared to the other continents (mean range:
0.3 to 4.33 Kg year−1 ).
In rivers, there were no significant difference in exports of Hg and MeHg from river to land, with
exceptions occurring between some continents (e.g., export of Hg is significantly higher in Europe
than in Australia).
3.3. Global Exports of Physiologically Important Fatty Acids and Mercury
Global export of fatty acids per year are higher in rivers (35.4 × 106 Kg year−1 ) than in lakes
(85.1 × 105 Kg year−1 ; Figure 4; p < 0.001). Similarly, MeHg exports are higher in rivers (572.1 Kg year−1 )
than in lakes (255.9 Kg year−1 ; Figure 4). Congruent to MeHg exports, Hg differs significantly between
rivers and lakes globally (587.7 Kg year−1 for rivers versus 61.9 Kg year−1 for lakes; Figure 4; p < 0.05).
Overall, global estimates reveal that there is some coupling between mercury and fatty acid
exports; when fatty export and emergence are high, the values are synchronous to mercury exports by
insects (Figures 2–4).
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synchrony between export of physiologically fatty acids is presented using a plethora of data from
different systems. The estimates build on general ideas originally formulated for rivers and lakes as
donors of aquatic subsidies via emergent insects [18,72], which have demonstrated the importance of
exports of nutrients from water to adjacent land [18,51,72]. One key finding from this this work is that
there is synchrony between physiologically important fatty acids and mercury; because of emergence
rates. Congruent to previous research (e.g., [54,73]), the results also demonstrate how the export of
physiologically important fatty acids and mercury values vary spatially (by continents), with the North
American continent exporting more fatty acids from water to land than all other continents.
The estimate of fatty acids exported from water to land (11.3–93.0 Kg km−2 year−1 ; Figure 2)
are within the range of the first estimate documented to date (0.1 to 672 Kg km−2 year−1 ) [18]. The
differences in the values obtained may be driven by the availability of more emergence data from other
ecosystems. Presently, there are no estimates for export of mercury by aquatic insects to compare with
these findings (Figure 1), mainly as a result of prior studies being focused on one aspect on the export
of subsidies (nutrients). More studies on the potential export are thus warranted and should yield
more fascinating results on the effects of subsidy type on consumers. Considering that hundreds of
thousands of miles of streams and lakes are impaired by persistent mercury [74], the results suggest
that aquatic insects are likely key movers of mercury from freshwater to terrestrial systems at a global
scale. While these estimates are cursory, they may have huge implications for the ecology of terrestrial
consumers and humans.
5. Implications
5.1. Wildlife
Terrestrial consumers are known to benefit from aquatic subsidies [7]. For example , quality
of fatty acids can affect the fitness of tree swallows [75]. Assuming the trophic transfer efficiency
of physiologically important fatty acids through the food web to be 10% (i.e., 90% of energy lost at
each trophic level; Figure 5) [76,77] in a presumed three-trophic-level food web, aquatic insects can
contribute between 0.4 × 106 to 4 × 106 Kg year−1 to terrestrial consumers. It is worth noting that
while there may be a 10% dissipation with increased trophic level, other researchers have shown
that physiologically important fatty acids are retained and are not dissipated by changing trophic
positions [78]. To this end, assuming no dissipation of fatty acids happens up the terrestrial food chain
implies that fatty acid production of the third level consumers may be equated to the initial contribution
of physiologically important fatty acids with insect emergence (Figure 5). The no dissipation scenario is
also tenable considering that physiologically important fatty acids are moved through trophic chains at
about double the efficiency of biomolecules such as organic carbon and are effectively bioaccumulated
(with no dilution) in higher trophic level consumers [79]. However, it must be emphasized that demand
by terrestrial consumers for physiological fatty acids is sparse and further studies are warranted to
assess terrestrial consumer dietary needs [80].
Terrestrial consumers that depend on aquatic subsidies may suffer irreversible behavioral,
physiological, and reproductive effects [81,82] from exposure to MeHg. For example, some birds
(e.g., belted kingfisher (Ceryle alcyon) and bald eagle (Haliaeetus leucocephalus)) and small mammals
(e.g., American mink; Neovison vison) have been observed to suffer from visual, cognitive, and
neurobehavioral effects [82], and even death within a year when exposed to MeHg concentrations of
1 µg g−1 [74]. Because MeHg increases in concentration as it progresses up the food chain, one can
predict that organisms consuming prey at higher trophic levels are exposed to higher concentrations
of total Hg and MeHg (Figure 4; [83,84]). Assuming that MeHg does not change significantly up the
food chain suggests that consumers accumulate 649.6 Kg year−1 . However, the absolute assimilation
efficiencies of MeHg vary with trophic level, uptake pathway, and water chemistry conditions; therefore,
the estimates need to be interpreted with caution.
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6. Additional Considerations and Conclusions
In any study, there are caveats in protocols that can include trap design and other collection
tools [87], so some caution is necessary for interpreting any results. I investigated fluxes from river to
land using data collected by several authors in different ecosystems, as such, some variation can be
expected in these estimates. For example, Different collection methods and traps may overestimate or
underestimate fluxes for a variety of reasons [88,89]. Specifically, emergence traps may underestimate
the fluxes of odonates from rivers, as some odonates crawl onto vegetation and rocks rather than fly
out [87,90]. Additionally, Odonates, individually, have very high biomasses relative to other aquatic
insects [90], and their contributions to outward subsidies may be underestimated in all our calculations.
I recommend that additional studies incorporate the capture of crawling insects, as this aspect would
improve the estimates of aquatic invertebrate flow from water to land.
Additionally, it is worth noting that the values expressed here for annual export of physiologically
important fatty acids and MeHg via insects are preliminary estimates, based on averaging data from
different ecosystems, and merely represent an initial attempt to calculate the order of magnitude of
exports that are mediated my insects. I am cognisant that there are many limitations and sources of
error in this type of global extrapolation, including the fact that fatty acids and mercury concentrations
may vary depending on region, growth phase, climate, light regime and local nutrient conditions.
For example, various authors have shown that mercury varies substantially over space and time [91,92].
Nevertheless, these kinds of data using a global perspective are needed to give a broader scale (sensu
Gladyshev et al. [18]), which, in the future, may be refined further to create models to predict how
environmental perturbations like climate change may affect the spatial and temporal dynamics of
subsidies and methylmercury exported from water to land.
Summarily, these results underscore the need to view freshwater systems as just not nutrient
exporters but lateral exporters of harmful contaminants [64] that can potentially be biomagnified
within the food web. This view departs from the traditional viewpoint of streams being exporters of
nutrients alone. Riparian insectivores (e.g., birds and small mammals) facilitate the transfer of aquatic
mercury to higher trophic levels, thus serving as conduits in the dispersal of aquatic contaminants to
the broader terrestrial food web [82]. Given the widespread contamination of streams, the ubiquity of
stream insects, and the importance of insect subsidies to riparian predators, more research is needed to
quantify the magnitude and risk of exposure to riparian food webs.
Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/1/129/s1,
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Author Contributions: S.M. conceived, designed, and executed this study and wrote the manuscript. No other
person is entitled to authorship.
Funding: This research received no external funding.
Acknowledgments: I am grateful for all the authors whose hard work and data were fundamental to this study.
I am also grateful for the assistance of Valerie Motsumi who provided helpful comments on an earlier version of
the manuscript. I thank the Louisiana State University Libraries Open Access Author Fund for providing the
funds to publish open access.
Conflicts of Interest: The author declares no conflict of interest.

References
1.
2.

Richardson, J.S.; Sato, T. Resource Subsidy Flows across Freshwater–Terrestrial Boundaries and Influence on
Processes Linking Adjacent Ecosystems. Ecohydrology 2015, 8, 406–415. [CrossRef]
Brett, M.T.; Bunn, S.E.; Chandra, S.; Galloway, A.W.E.; Guo, F.; Kainz, M.J.; Kankaala, P.; Lau, D.C.P.;
Moulton, T.P.; Power, M.E.; et al. How Important Are Terrestrial Organic Carbon Inputs for Secondary
Production in Freshwater Ecosystems? Freshw. Biol. 2017, 62, 833–853. [CrossRef]

Biomolecules 2020, 10, 129

3.

4.
5.
6.
7.
8.
9.
10.

11.
12.
13.

14.
15.

16.
17.
18.

19.
20.
21.

22.
23.

24.

15 of 19

Lam, M.M.Y.; Martin-Creuzburg, D.; Rothhaupt, K.O.; Safi, K.; Yohannes, E.; Salvarina, I. Tracking Diet
Preferences of Bats Using Stable Isotope and Fatty Acid Signatures of Faeces. PLoS ONE 2013, 8, e83452.
[CrossRef] [PubMed]
Baxter, C.V.; Fausch, K.D.; Saunders, W.C. Tangled Webs: Reciprocal Flows of Invertebrate Prey Link Streams
and Riparian Zones. Freshw. Biol. 2005, 50, 201–220. [CrossRef]
Larsen, S.; Muehlbauer, J.D.; Marti, E. Resource Subsidies between Stream and Terrestrial Ecosystems under
Global Change. Glob. Chang. Biol. 2016, 22, 2489–2504. [CrossRef]
Harris, H.E.; Baxter, C.V.; Davis, J.M. Wildfire and Debris Flows Affect Prey Subsidies with Implications for
Riparian and Riverine Predators. Aquat. Sci. 2018, 80, 37. [CrossRef]
Sabo, J.L.; Power, M.E. River–Watershed Exchange: Effects of Riverine Subsidies on Riparian Lizards and
their Terrestrial Prey. Ecology 2002, 83, 1860–1869.
Sabo, J.L.; Power, M.E. Numerical Response of Lizards to Aquatic Insects and Short-Term Consequences for
Terrestrial Prey. Ecology 2002, 83, 3023–3036. [CrossRef]
Hixson, S.M.; Arts, M.T. Climate Warming Is Predicted to Reduce Omega-3, Long-chain, Polyunsaturated
Fatty Acid Production in Phytoplankton. Glob. Chang. Biol. 2016, 22, 2744–2755. [CrossRef]
Twining, C.W.; Brenna, J.T.; Lawrence, P.; Shipley, J.R.; Tollefson, T.N.; Winkler, D.W. Omega-3 Long-Chain
Polyunsaturated Fatty Acids Support Aerial Insectivore Performance More than Food Quantity. Proc. Natl.
Acad. Sci. USA 2016, 113, 10920–10925. [CrossRef]
Twining, C.W.; Shipley, J.R.; Winkler, D.W. Aquatic Insects Rich in Omega-3 Fatty Acids Drive Breeding
Success in a Widespread Bird. Ecol. Lett. 2018, 21, 1812–1820. [CrossRef] [PubMed]
Arts, M.T.; Ackman, R.G.; Holub, B.J. “Essential Fatty Acids” in Aquatic Ecosystems: A Crucial Link between
Diet and Human Health and Evolution. Can. J. Fish. Aquat. Sci. 2001, 58, 122–137. [CrossRef]
Moyo, S.; Chari, L.D.; Villet, M.H.; Richoux, N.B. Decoupled Reciprocal Subsidies of Biomass and Fatty
Acids in Fluxes of Invertebrates between a Temperate River and the Adjacent Land. Aquat. Sci. 2017, 79,
689–703. [CrossRef]
Jackson, J.K.; Fisher, S.G. Secondary Production, Emergence, and Export of Aquatic Insects of a Sonoran
Desert Stream. Ecology 1986, 67, 629–638. [CrossRef]
Bell, J.G.; Ghioni, C.; Sargent, J.R. Fatty Acid Compositions of 10 Freshwater Invertebrates Which Are Natural
Food Organisms of Atlantic Salmon Parr (Salmo salar): A Comparison with Commercial Diets. Aquaculture
1994, 128, 301–313. [CrossRef]
Ghioni, C.; Bell, J.G.; Sargent, J.R. Polyunsaturated Fatty Acids in Neutral Lipids and Phospholipids of Some
Freshwater Insects. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 1996, 114, 161–170. [CrossRef]
Torres-Ruiz, M.; Wehr, J.D.; Perrone, A.A. Trophic Relations in a Stream Food Web: Importance of Fatty
Acids for Macroinvertebrate Consumers. J. North. Am. Benthol. Soc. 2007, 26, 509–522. [CrossRef]
Gladyshev, M.I.; Arts, M.T.; Sushchik, N.N. Preliminary Estimates of the Export of Omega-3 Highly
Unsaturated Fatty Acids (EPA+DHA) from Aquatic to Terrestrial Ecosystems. In Lipids in Aquatic Ecosystems;
Kainz, M., Brett, M.T., Arts, M.T., Eds.; Springer New York: New York, NY, USA, 2009; pp. 179–210. [CrossRef]
Burdon, F.J.; Harding, J.S. The Linkage between Riparian Predators and Aquatic Insects across a
Stream-Resource Spectrum. Freshw. Biol. 2008, 53, 330–346. [CrossRef]
Walters, D.M.; Fritz, K.M.; Otter, R.R. The Dark Side of Subsidies: Adult Stream Insects Export Organic
Contaminants to Riparian Predators. Ecol. Appl. 2008, 18, 1835–1841. [CrossRef]
Speir, S.L.; Chumchal, M.M.; Drenner, R.W.; Cocke, W.G.; Lewis, M.E.; Whitt, H.J. Methyl Mercury and
Stable Isotopes of Nitrogen Reveal That a Terrestrial Spider Has a Diet of Emergent Aquatic Insects. Environ.
Toxicol. Chem. 2014, 33, 2506–2509. [CrossRef]
Lavoie, R.A.; Jardine, T.D.; Chumchal, M.M.; Kidd, K.A.; Campbell, L.M. Biomagnification of Mercury in
Aquatic Food Webs: A Worldwide Meta-Analysis. Environ. Sci. Technol. 2013, 47, 13385–13394. [CrossRef]
Chumchal, M.M.; Drenner, R.W.; Greenhill, F.M.; Kennedy, J.H.; Courville, A.E.; Gober, C.A.A.; Lossau, L.O.
Recovery of Aquatic Insect-Mediated Methylmercury Flux from Ponds Following Drying Disturbance.
Environ. Toxicol. Chem. 2017, 36, 1986–1990. [CrossRef] [PubMed]
Chumchal, M.M.; Drenner, R.W.; Hall, M.N.; Polk, D.K.; Williams, E.B.; Ortega-Rodriguez, C.L.; Kennedy, J.H.
Seasonality of Dipteran-Mediated Methylmercury Flux from Ponds. Environ. Toxicol. Chem. 2018, 37,
1846–1851. [CrossRef]

Biomolecules 2020, 10, 129

25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

40.

41.

42.
43.
44.
45.
46.

47.

16 of 19

Du, H.; Ma, M.; Igarashi, Y.; Wang, D. Biotic and Abiotic Degradation of Methylmercury in Aquatic
Ecosystems: A Review. Bull. Environ. Contam. Toxicol. 2019. [CrossRef]
Walters, D.M.; Rosi-Marshall, E.; Kennedy, T.A.; Cross, W.F.; Baxter, C.V. Mercury and Selenium Accumulation
in the Colorado River Food Web, Grand Canyon, USA. Environ. Toxicol. Chem. 2015, 34, 2385–2394. [CrossRef]
Gladyshev, M.I.; Gladysheva, E.E.; Sushchik, N.N. Preliminary Estimation of the Export of Omega-3
Polyunsaturated Fatty Acids from Aquatic to Terrestrial Ecosystems in Biomes via Emergent Insects. Ecol.
Complex. 2019, 38, 140–145. [CrossRef]
Wesner, J.S. Seasonal Variation in the Trophic Structure of a Spatial Prey Subsidy Linking Aquatic and
Terrestrial Food Webs: Adult Aquatic Insects. Oikos 2010, 119, 170–178. [CrossRef]
Lehner, B.; Döll, P. Development and Validation of a Global Database of Lakes, Reservoirs and Wetlands.
J. Hydrol. 2004, 296, 1–22. [CrossRef]
U.S. Defense Mapping Agency. Development of the Digital Chart of the World; Government Printing Office:
Washington, DC, USA, 1992.
Lehner, B.; Verdin, K.; Jarvis, A. New Global Hydrography Derived from Spaceborne Elevation Data.
Eos Trans. Am. Geophys. Union 2008, 89, 93. [CrossRef]
US Geological Survey. Long Term Archive; HYDRO1K [Internet]; U.S. Geological Survey: Reston, VA, USA,
2015.
Allen, G.H.; Pavelsky, T.M. Global Extent of Rivers and Streams. Science 2018, 361, 585–588. [CrossRef]
[PubMed]
Neteler, M.; Bowman, M.H.; Landa, M.; Metz, M. GRASS GIS: A Multi-Purpose Open Source GIS. Environ.
Model. Softw. 2012, 31, 124–130. [CrossRef]
QGIS Development Team. QGIS Geographic Information System; Open Source Geospatial Foundation Project:
Chicago, IL, USA, 2019; Available online: http://Qgis.Osgeo.Org (accessed on 12 January 2020).
Vadeboncoeur, Y.; McIntyre, P.B.; Vander Zanden, M.J. Borders of Biodiversity: Life at the Edge of the World’s
Large Lakes. BioScience 2011, 61, 526–537. [CrossRef]
Gray, L.J. Emergence Production and Export of Aquatic Insects from a Tallgrass Prairie Stream. Southwest.
Nat. 1989, 34, 313–318. [CrossRef]
Stagliano, D.M.; Benke, A.C.; Anderson, D.H. Emergence of Aquatic Insects from 2 Habitats in a Small
Wetland of the Southeastern USA: Temporal Patterns of Numbers and Biomass. J. North. Am. Benthol. Soc.
1998, 17, 37–53. [CrossRef]
Francis, T.B.; Schindler, D.E.; Moore, J.W. Aquatic Insects Play a Minor Role in Dispersing Salmon-Derived
Nutrients into Riparian Forests in Southwestern Alaska. Can. J. Fish. Aquat. Sci. 2006, 63, 2543–2552.
[CrossRef]
Goedkoop, W.; Sonesten, L.; Ahlgren, G.; Boberg, M. Fatty Acids in Profundal Benthic Invertebrates and
Their Major Food Resources in Lake Erken, Sweden: Seasonal Variation and Trophic Indications. Can. J. Fish.
Aquat. Sci. 2000, 57, 2267–2279. [CrossRef]
Sushchik, N.N.; Yurchenko, Y.A.; Gladyshev, M.I.; Belevich, O.E.; Kalachova, G.S.; Kolmakova, A.A.
Comparison of Fatty Acid Contents and Composition in Major Lipid Classes of Larvae and Adults of
Mosquitoes (Diptera: Culicidae) from a Steppe Region. Insect Sci. 2012, 20, 585–600. [CrossRef]
Raitif, J.; Plantegenest, M.; Agator, O.; Piscart, C.; Roussel, J.-M. Seasonal and Spatial Variations of Stream
Insect Emergence in an Intensive Agricultural Landscape. Sci. Total Environ. 2018, 644, 594–601. [CrossRef]
Salvarina, I.; Gravier, D.; Rothhaupt, K.-O. Seasonal Insect Emergence from Three Different Temperate Lakes.
Limnologica 2017, 62, 47–56. [CrossRef]
Silina, A.E. Emergence of Amphibiotic Insects from a Floodplain Lake in the Usman Forest in the Central
Russian Forest Steppe. Contemp. Probl. Ecol. 2016, 9, 421–436. [CrossRef]
Dreyer, J.; Townsend, P.A.; Iii, J.C.H.; Hoekman, D.; Vander Zanden, M.J.; Gratton, C. Quantifying Aquatic
Insect Deposition from Lake to Land. Ecology 2015, 96, 499–509. [CrossRef] [PubMed]
Borisova, E.V.; Makhutova, O.N.; Gladyshev, M.I.; Sushchik, N.N. Fluxes of Biomass and Essential
Polyunsaturated Fatty Acids from Water to Land via Chironomid Emergence from a Mountain Lake.
Contemp. Probl. Ecol. 2016, 9, 446–457. [CrossRef]
Djomina, I.V.; Yermokhin, M.V.; Polukonova, N.V. Substance and Energy Flows Formed by the Emergence of
Amphibiotic Insects across the Water–Air Boundary on the Floodplain Lakes of the Volga River. Contemp.
Probl. Ecol. 2016, 9, 407–420. [CrossRef]

Biomolecules 2020, 10, 129

48.

49.
50.
51.
52.
53.
54.
55.

56.

57.

58.

59.
60.

61.

62.
63.
64.

65.

66.
67.

68.

17 of 19

Tremblay, A.; Cloutier, L.; Lucotte, M. Total Mercury and Methylmercury Fluxes via Emerging Insects in
Recently Flooded Hydroelectric Reservoirs and a Natural Lake. Sci. Total Environ. 1998, 219, 209–221.
[CrossRef]
Sherk, T.; Rau, G. Emergence of Chironomidae from Findley Lake and Two Ponds in the Cascade Mountains,
U.S.A. Netherland J. Aquat. Ecol. 1992, 26, 321–330. [CrossRef]
Freitag, H. Composition and Longitudinal Patterns of Aquatic Insect Emergence in Small Rivers of Palawan
Island, the Philippines. Int. Rev. Hydrobiol. 2004, 89, 375–391. [CrossRef]
Nakano, S.; Murakami, M. Reciprocal Subsidies: Dynamic Interdependence between Terrestrial and Aquatic
Food Webs. Proc. Natl. Acad. Sci. USA 2001, 98, 166–170. [CrossRef]
Poepperl, R. Benthic Secondary Production and Biomass of Insects Emerging from a Northern German
Temperate Stream. Freshw. Biol. 2001, 44, 199–211. [CrossRef]
Whiles, M.R.; Goldowitz, B.S. Hydrologic Influences on Insect Emergence Production from Central Platte
River Wetlands. Ecol. Appl. 2001, 11, 1829–1842. [CrossRef]
Rundio, D.E.; Lindley, S.T. Reciprocal Fluxes of Stream and Riparian Invertebrates in a Coastal California
Basin with Mediterranean Climate. Ecol. Res. 2012, 27, 539–550. [CrossRef]
Popova, O.N.; Haritonov, A.Y.; Sushchik, N.N.; Makhutova, O.N.; Kalachova, G.S.; Kolmakova, A.A.;
Gladyshev, M.I. Export of Aquatic Productivity, Including Highly Unsaturated Fatty Acids, to Terrestrial
Ecosystems via Odonata. Sci. Total Environ. 2017, 581–582, 40–48. [CrossRef]
Martin-Creuzburg, D.; Kowarik, C.; Straile, D. Cross-Ecosystem Fluxes: Export of Polyunsaturated Fatty
Acids from Aquatic to Terrestrial Ecosystems via Emerging Insects. Sci. Total Environ. 2017, 577, 174–182.
[CrossRef]
Makhutova, O.N.; Borisova, E.V.; Shulepina, S.P.; Kolmakova, A.A.; Sushchik, N.N. Fatty Acid Composition
and Content in Chironomid Species at Various Life Stages Dominating in a Saline Siberian Lake. Contemp.
Probl. Ecol. 2017, 10, 230–239. [CrossRef]
Sushchik, N.N.; Gladyshev, M.I.; Moskvichova, A.V.; Makhutova, O.N.; Kalachova, G.S. Comparison of Fatty
Acid Composition in Major Lipid Classes of the Dominant Benthic Invertebrates of the Yenisei River. Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 2003, 134, 111–122. [CrossRef]
Tremblay, A.; Lucotte, M.; Rheault, I. Methylmercury in a Benthic Food Web of Two Hydroelectric Reservoirs
and a Natural Lake of Northern Québec (Canada). Water. Air. Soil Pollut. 1996, 91, 255–269. [CrossRef]
Gorski, P.R.; Cleckner, L.B.; Hurley, J.P.; Sierszen, M.E.; Armstrong, D.E. Factors Affecting Enhanced Mercury
Bioaccumulation in Inland Lakes of Isle Royale National Park, USA. Sci. Total Environ. 2003, 304, 327–348.
[CrossRef]
Cremona, F.; Planas, D.; Lucotte, M. Assessing the Importance of Macroinvertebrate Trophic Dead Ends in
the Lower Transfer of Methylmercury in Littoral Food Webs. Can. J. Fish. Aquat. Sci. 2008, 65, 2043–2052.
[CrossRef]
Tweedy, B.N. Effects of Fish on Emergent Insects and Their Transport of Methyl Mercury from Ponds
[Electronic Resource]. UMI Thesis, Texas Christian University, Fort Worth, TX, USA, 2012.
Rizzo, A.; Arcagni, M.; Arribére, M.A.; Bubach, D.; Guevara, S.R. Mercury in the Biotic Compartments of
Northwest Patagonia Lakes, Argentina. Chemosphere 2011, 84, 70–79. [CrossRef]
Arcagni, M.; Juncos, R.; Rizzo, A.; Pavlin, M.; Fajon, V.; Arribére, M.A.; Horvat, M.; Ribeiro Guevara, S.
Species and Habitat-Specific Bioaccumulation of Total Mercury and Methylmercury in the Food Web of a
Deep Oligotrophic Lake. Sci. Total Environ. 2018, 612, 1311–1319. [CrossRef]
Dominique, Y.; Maury-Brachet, R.; Muresan, B.; Vigouroux, R.; Richard, S.; Cossa, D.; Mariotti, A.; Boudou, A.
Biofilm and Mercury Availability as Key Factors for Mercury Accumulation in Fish (Curimata cyprinoides)
from a Disturbed Amazonian Freshwater System. Environ. Toxicol. Chem. 2009, 26, 45–52. [CrossRef]
Harding, K.M.; Gowland, J.A.; Dillon, P.J. Mercury Concentration in Black Flies Simulium Spp. (Diptera,
Simuliidae) from Soft-Water Streams in Ontario, Canada. Environ. Pollut. 2006, 143, 529–535. [CrossRef]
Nagorski, S.A.; Engstrom, D.R.; Hudson, J.P.; Krabbenhoft, D.P.; Hood, E.; DeWild, J.F.; Aiken, G.R. Spatial
Distribution of Mercury in Southeastern Alaskan Streams Influenced by Glaciers, Wetlands, and Salmon.
Environ. Pollut. 2014, 184, 62–72. [CrossRef] [PubMed]
Cain, D.J.; Carter, J.L.; Fend, S.V.; Luoma, S.N.; Alpers, C.N.; Taylor, H.E. Metal Exposure in a Benthic
Macroinvertebrate, Hydropsyche californica, Related to Mine Drainage in the Sacramento River. Can. J. Fish.
Aquat. Sci. 2000, 57, 380–390. [CrossRef]

Biomolecules 2020, 10, 129

69.

70.

71.
72.
73.
74.

75.
76.
77.
78.

79.

80.

81.
82.
83.
84.

85.

86.

87.

88.
89.

18 of 19

Sullivan, S.M.P.; Boaz, L.E.; Hossler, K. Fluvial Geomorphology and Aquatic-to-Terrestrial Hg Export Are
Weakly Coupled in Small Urban Streams of Columbus, Ohio. Water Resour. Res. 2016, 52, 2822–2839.
[CrossRef]
Dukerschein, J.T.; Wiener, J.G.; Rada, R.G.; Steingraeber, M.T. Cadmium and Mercury in Emergent Mayflies
(Hexagenia Bilineata) from the Upper Mississippi River. Arch. Environ. Contam. Toxicol. 1992, 23, 109–116.
[CrossRef] [PubMed]
Altman, D.G. Practical Statistics for Medical Research, 1st ed.; Chapman and Hall/CRC: Boca Raton, FL, USA,
1990.
Polis, G.A.; Anderson, W.B.; Holt, R.D. Toward an Integration of Landscape and Food Web Ecology: The
Dynamics of Spatially Subsidized Food Webs. Annu. Rev. Ecol. Syst. 1997, 28, 289–316. [CrossRef]
Kautza, A.; Sullivan, S.M.P. Shifts in Reciprocal River-Riparian Arthropod Fluxes along an Urban-Rural
Landscape Gradient. Freshw. Biol. 2015, 60, 2156–2168. [CrossRef]
Driscoll, C.T.; Han, Y.-J.; Chen, C.Y.; Evers, D.C.; Lambert, K.F.; Holsen, T.M.; Kamman, N.C.; Munson, R.K.
Mercury Contamination in Forest and Freshwater Ecosystems in the Northeastern United States. BioScience
2007, 57, 17–28. [CrossRef]
Martinez del Rio, C.; McWilliams, S.R. How Essential Fats Affect Bird Performance and Link Aquatic
Ecosystems and Terrestrial Consumers. Proc. Natl. Acad. Sci. USA 2016, 113, 11988–11990. [CrossRef]
Lindeman, R.L. The Trophic-Dynamic Aspect of Ecology. Ecology 1942, 23, 399–417. [CrossRef]
Gladyshev, M.I.; Sushchik, N.N.; Makhutova, O.N. Production of EPA and DHA in Aquatic Ecosystems and
Their Transfer to the Land. Prostaglandins Other Lipid Mediat. 2013, 107, 117–126. [CrossRef] [PubMed]
Kainz, M.J.; Hager, H.H.; Rasconi, S.; Kahilainen, K.K.; Amundsen, P.-A.; Hayden, B. Polyunsaturated Fatty
Acids in Freshwater Fishes Increase with Total Lipids Irrespective of Feeding Sources and Trophic Position.
UiT Munin 2017. [CrossRef]
Gladyshev, M.I.; Sushchik, N.N.; Anishchenko, O.V.; Makhutova, O.N.; Kolmakov, V.I.; Kalachova, G.S.;
Kolmakova, A.A.; Dubovskaya, O.P. Efficiency of Transfer of Essential Polyunsaturated Fatty Acids versus
Organic Carbon from Producers to Consumers in a Eutrophic Reservoir. Oecologia 2011, 165, 521–531.
[CrossRef] [PubMed]
Hixson, S.M.; Sharma, B.; Kainz, M.J.; Wacker, A.; Arts, M.T. Production, Distribution, and Abundance of
Long-Chain Omega-3 Polyunsaturated Fatty Acids: A Fundamental Dichotomy between Freshwater and
Terrestrial Ecosystems. Environ. Rev. 2015, 23, 414–424. [CrossRef]
Bernhoft, R.A. Mercury Toxicity and Treatment: A Review of the Literature. J. Environ. Public Health 2012,
2012. [CrossRef] [PubMed]
Evers, D. The Effects of Methylmercury on Wildlife: A Comprehensive Review and Approach for
Interpretation. Encycl. Anthr. 2018, 5, 181–194. [CrossRef]
Tsui, M.T.K.; Finlay, J.C.; Nater, E.A. Mercury Bioaccumulation in a Stream Network. Environ. Sci. Technol.
2009, 43, 7016–7022. [CrossRef]
Tsui, M.T.K.; Blum, J.D.; Kwon, S.Y.; Finlay, J.C.; Balogh, S.J.; Nollet, Y.H. Sources and Transfers of
Methylmercury in Adjacent River and Forest Food Webs. Environ. Sci. Technol. 2012, 46, 10957–10964.
[CrossRef]
Fuschino, J.R.; Guschina, I.A.; Dobson, G.; Yan, N.D.; Harwood, J.L.; Arts, M.T. Rising Water Temperatures
Alter Lipid Dynamics and Reduce N-3 Essential Fatty Acid Concentrations in Scenedesmus obliquus
(Chlorophyta)1. J. Phycol. 2011, 47, 763–774. [CrossRef]
Gladyshev, M.I.; Sushchik, N.N.; Dubovskaya, O.P.; Buseva, Z.F.; Makhutova, O.N.; Fefilova, E.B.; Feniova, I.Y.;
Semenchenko, V.P.; Kolmakova, A.A.; Kalachova, G.S. Fatty Acid Composition of Cladocera and Copepoda
from Lakes of Contrasting Temperature. Freshw. Biol. 2015, 60, 373–386. [CrossRef]
Malison, R.L.; Benjamin, J.R.; Baxter, C.V. Measuring Adult Insect Emergence from Streams: The Influence of
Trap Placement and a Comparison with Benthic Sampling. J. North. Am. Benthol. Soc. 2010, 29, 647–656.
[CrossRef]
Edwards, E.D.; Huryn, A.D. Effect of Riparian Land Use on Contributions of Terrestrial Invertebrates to
Streams. Hydrobiologia 1996, 337, 151–159. [CrossRef]
Wipfli, M.S. Terrestrial Invertebrates as Salmonid Prey and Nitrogen Sources in Streams: Contrasting
Old-Growth and Young-Growth Riparian Forests in Southeastern Alaska, U.S.A. Can. J. Fish. Aquat. Sci.
1997, 54, 1259–1269. [CrossRef]

Biomolecules 2020, 10, 129

90.
91.
92.

19 of 19

Merritt, R.W.; Cummins, K.W. Introduction to the Aquatic Insects of North America, 3rd ed.; Kendall/Hunt:
Dubuque, IA, USA, 1996.
Shia, R.-L.; Seigneur, C.; Pai, P.; Ko, M.; Sze, N.D. Global Simulation of Atmospheric Mercury Concentrations
and Deposition Fluxes. J. Geophys. Res. Atmos. 1999, 104, 23747–23760. [CrossRef]
Li, P.; Feng, X.B.; Qiu, G.L.; Shang, L.H.; Li, Z.G. Mercury Pollution in Asia: A Review of the Contaminated
Sites. J. Hazard. Mater. 2009, 168, 591–601. [CrossRef]
© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

