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ABSTRACT 
 

Bailey, S.W. Linking precipitation and atmospheric deposition to methylmercury 
concentration in larval dragonflies. MS in Biology, December 2020, 41pp. (R. Haro) 
 
Aquatic ecosystems within the Laurentian Great Lakes region are contaminated with 
methylmercury (MeHg). Atmospheric deposition of inorganic mercury (Hg) from 
anthropogenic and recycled sources constitutes the primary input of Hg into aquatic 
ecosystems, where methylating bacteria convert a fraction to organic MeHg. Aquatic 
food webs are important pathways for exposure of wildlife and humans to MeHg, a 
highly toxic compound which biomagnifies in food webs and bioaccumulates in 
organisms to harmful levels. Burrowing gomphid dragonfly larvae, useful biosentinels, 
were sampled from 15 lakes across four U.S. National Park units in the Great Lakes 
region from 2008-2012 and analyzed for MeHg content. Rates of total Hg in wet 
deposition, sulfate ion concentration, and precipitation depth were used to examine the 
response of regional dragonfly MeHg concentrations to atmospheric inputs from nearby 
monitoring stations for the periods 0-12 months prior (yrt-1) and 12-24 months prior (yrt-2) 
to sampling. A linear mixed-effects model indicated that precipitation depth occurring 
during yrt-2 was the best predictor of larval dragonfly MeHg concentration, followed by 
yrt-1 total Hg deposition rate. This study demonstrates use of simple models to identify 
factors influencing MeHg concentrations in aquatic food webs and to predict future 
responses to changes in atmospheric loading. 
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INTRODUCTION 

Aquatic ecosystems within the Great Lakes region are contaminated with 

methylmercury (MeHg; Engstrom and Swain 1997, Wiener et al. 2006). Atmospheric 

deposition of inorganic mercury (Hg(II)) from direct and recycled anthropogenic sources 

(e.g., fossil fuel combustion; Evers et al. 2011) constitutes the primary input of mercury 

into aquatic ecosystems (Rudd 1995, Wiener et al. 2006, Amos et al. 2013), where 

microbial processes convert a portion of inorganic Hg(II) to organic MeHg (CH3Hg+; 

Ridley et al.1977). Methylmercury is a potent neurotoxin which biomagnifies in aquatic 

food webs and readily bioaccumulates in organisms, potentially at elevated and harmful 

levels in fish and other biota, including humans (Wiener et al. 2003, Scheuhammer et al. 

2007, Sandheinrich and Wiener 2011). Nearly all (> 90%) mercury in fish is MeHg 

(Bloom 1992, Wiener et al. 2007), and dietary uptake is the primary means of MeHg 

accumulation for higher-trophic organisms (Hall et al. 1997). Methylmercury 

contamination has resulted in government-issued advisories on human consumption of 

fish and is the leading cause of fish consumption advisories in the United States (USEPA 

2011).  

In response to the recognized adverse effects of environmental Hg to fish, 

wildlife, and humans, governments have enacted regulations to limit emissions (Mason et 

al. 2005, Giang and Selin 2016, Sunderland et al. 2016), and consequently atmospheric 

inputs of Hg have declined in the upper Midwest in recent decades (Engstrom et al. 2007, 

Brigham et al. 2014, Hutcheson et al. 2014). Decreases in MeHg concentrations in 
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aquatic food webs have occurred in many areas as emissions have declined; however, 

numerous environmental factors, both biotic and abiotic, affect the conversion of 

inorganic Hg to biologically available MeHg and its subsequent uptake to the food web 

(Sorensen et al. 2005, Drevnick et al. 2012, Brigham et al. 2014, Zhou et al. 2017).  

 Precipitation is a major determinant of potential Hg bioavailability in aquatic 

ecosystems (Sorensen 2019), and it is further responsible for the transport of Hg from the 

watershed to waterbodies (Caron et al. 2008, Barbiarz et al. 2012). Runoff moves 

nutrients, including organic carbon, to areas of microbial activity along oxic/anoxic 

boundaries, thereby affecting methylation activity by methylating bacteria (Wiener et al. 

2006, Evers et al. 2011). Precipitation influences secondary production, altering food 

webs and MeHg uptake by biota (Patrick et al. 2019). Water level fluctuations are highly 

correlated to MeHg in some aquatic ecosystems, even more so than wet Hg deposition 

(Sorensen et al. 2005, Larson et al. in press). Although Hg is delivered to watersheds via 

atmospheric deposition, water dynamics often determine the magnitude of MeHg 

concentrations (Sorensen 2019). Climate change has resulted in greater variability in 

precipitation in recent years and growing uncertainty regarding future precipitation 

patterns (Monahan and Fisichelli 2014). 

The bioavailability of Hg to food webs is facilitated through the methylation of 

Hg, primarily by the activity of methylating bacteria (Gilmour et al. 1992, Branfireun et 

al. 1999). Sulfate (SO4
2-) is necessary for the methylation of Hg by methylating bacteria 

(Benoit et al. 2003, Colombo et al. 2013) in anaerobic sediments and wetlands (Gilmour 

et al. 1992, Branfireun et al. 1999, Hammerschmidt and Fitzgerald 2004). Sulfate 

concentrations are therefore linked to MeHg concentrations in aquatic ecosystems and its 
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absence may limit methylation potential (Coleman et al. 2012). Regulations on air 

pollution have led to a reduction in sulfate deposition in recent decades, with declines in 

the upper Midwest leveling off in the mid-1990s (Monson 2009). 

Total mercury and sulfate in wet deposition, along with additional environmental 

factors including pH, organic carbon, percent wetland of watershed, and food web 

dynamics, affect the Hg methylation potential of an ecosystem and its sensitivity to Hg 

inputs (Wiener et al. 2003). Waterbody sensitivity to Hg can be highly variable on a 

regional and even local scale, necessitating monitoring of MeHg concentrations in 

aquatic food webs to identify areas with elevated concentrations (Wiener et al. 2006, 

Brigham et al. 2014). Monitoring of Hg levels in fish typically involves removal of 

individuals from the sampled population and subsequent analysis of whole fish or fillets 

to determine fish Hg concentrations. Removal of large numbers of predator fish for 

purposes of Hg monitoring may have undesirable consequences (e.g., changes in food 

web structure or reduction in quality of recreational fisheries), particularly in small 

systems; additionally, removal of organisms may not be desirable or permissible for 

threatened or endangered species or in protected areas, such as national parks (Rolfhus et 

al. 2008).  

Methylmercury content in lower trophic levels is an important determinant of fish 

MeHg concentrations (Hall et al. 1997, Rolfhus et al. 2011). Some macroinvertebrates 

(aquatic insects) are important food sources for both juvenile and adult fish, and have 

potential as biosentinel species, accurately reflecting ambient contaminant concentrations 

(Jardine et al. 2005). Larval dragonflies are ubiquitous, abundant, long-lived, sedentary, 

and of large size, and many species are predatory (Corbet 1999, Tennessen 2007), 
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meeting the criteria of an appropriate biosentinel (accumulator) species as outlined by 

Beeby (2001). Larval burrowing dragonflies (Odonata: Anisoptera: Gomphidae) have 

utility as biosentinels of Hg contamination, positively correlating with Hg concentrations 

in fish and lake water (Knights et al. 2005, Haro et al. 2013, Jeremiason et al. 2016, 

Eagles-Smith et al. 2020, Nelson et al. 2020). Use of macroinvertebrates as biosentinels 

also provides an effective means to extend MeHg monitoring to waterbodies without fish. 

This study assessed whether temporal changes can be partly explained by 

precipitation, total Hg wet deposition, and/or sulfate deposition, utilizing a linear mixed-

effects model to examine changes in larval gomphid dragonfly MeHg across lakes and 

years within four national parks in the Great Lakes region. 
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METHODS 

Sample Collection and Processing 

Dragonfly larvae were collected from four U.S. National Parks of the Laurentian 

Great Lakes (Figure 1): Voyageurs National Park (VOYA), Isle Royale National Park 

(ISRO), Pictured Rocks National Lakeshore (PIRO), and Sleeping Bear Dunes National 

Lakeshore (SLBE). Burrowing gomphid larvae collected from 15 lakes (Table 1) across 

the four sampled parks were used for this study; larvae of the gomphid species Hagenius 

brevistylus were not included in the analysis as they are not burrowers. Lakes were 

sampled once during May and June in each of four years: SLBE and PIRO in 2008 and 

2010-2012, VOYA and ISRO in 2009-2012. Dragonfly larvae were collected from open 

benthic substrates (i.e., sand, gravel, and cobble) and from moderately vegetated littoral 

or wetland habitats with hand-held dip nets a few weeks before the older larvae were 

expected to transform and emerge as adults. Most dragonflies in the western Great Lakes 

region have long life cycles, in which the larval stage can continue for as long as four 

years (Hilsenhoff 1995) Sampling was therefore focused on larger, older larvae (late 

instars) that were within a few weeks of emerging as adults, given that the concentration 

of MeHg was expected to be greatest. Upon collection, dragonfly larvae were held in zip-

seal bags filled with water from the sampled water body. Larvae were then isolated 

individually overnight in aerated containers to allow gut contents to be depurated. Larvae 

were subsequently frozen in water in plastic vials until they were processed for Hg 

analysis. Larvae were identified to species (Hilsenhoff 1995, Needham et al. 2000), 
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sexed, measured (length), lyophilized to a constant dry weight, and homogenized with an 

acid-washed ceramic or glass mortar and pestle.  

 

 
 
 
Figure 1. Map of U.S. National Park units within the Great Lakes Inventory and 
Monitoring Network (GLKN), including Voyageurs National Park (VOYA), Isle Royale 
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National Park (ISRO), Pictured Rocks National Lakeshore (PIRO), and Sleeping Bear 
Dunes National Lakeshore (SLBE). This map was created by GLKN.
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Table 1. Location, size, and water quality characteristics of study lakesa in the Laurentian Great Lakes region (adapted from Haro et al. 2013). 
 
 

 National Park unit and study lake Latitude Longitude 
Surface  
area (ha) 

Maximum 
 depth (m) pH 

DOC  
(mg L−1) 

Sulfate  
(mg L−1) 

Isle Royale National Park (ISRO)        
  Angleworm Lake 48° 5′  1.44″ N 88°38′56.07″ W 50 8.4 8.1 5.6 3.2 
  Lake Harvey 48° 2′59.63″ N 88°47′50.47″ W 55 4.3 8.6 9.7 3.5 
  Lake Richie 48° 2′31.20″ N 88°41′53.75″ W 216 10.5 8.2 9.5 4.3 
  Sargent Lake 48° 5′31.08″ N 88°39′31.69″ W 143 12.7 8.3 8.4 4.9 

Pictured Rocks National Lakeshore (PIRO)       
  Beaver Lake 46°33′54.61″ N 86°20′24.90″ W 310 9.2 8.3 4.5 7.1 
  Chapel Lake 46°31′48.21″ N 86°26′54.86″ W 28 45.0 8.0 12.0 8.0 
  Grand Sable Lake 46°38′14.10″ N 86°  1′57.99″ W 255 19.2 8.1 7.4 5.5 

Sleeping Bear Dunes National Lakeshore (SLBE)       
  Bass Lake (Benzie Co.) 44°44′17.65″ N 86° 3′ 22.16″ W 12 8.0 8.5 4.0 8.4 
  Bass Lake (Leelanau Co.)b 44°55′26.65″ N 85°52′58.51″ W 38 7.0 8.8 11.0 7.3 
  Lake Manitou 45°7′  46.72″ N 86°  1′13.28″ W 104 10.7 8.4 6.8 10.0 
  Round Lake 44°41′34.49″ N 86°11′  6.83″ W 6 6.9 8.6 8.4 9.0 

Voyageurs National Park (VOYA)       
  Brown Lake 48°31′14.21″ N 92°47′55.99″ W 31 8.0 7.2 11.0 1.9 
  Peary Lake 48°31′30.20″ N 92°46′16.32″ W 45 5.0 7.4 10.0 2.1 
  Ryan Lake 48°31′  9.03″ N 92°42′25.96″ W 14 4.0 7.1 13.0 3.5 
  Sand Point Lake 48°20′  1.56″ N 92°28′26.45″ W 3580 56.0 7.7 12.8 5.2 
aValues for pH, dissolved organic carbon (DOC), and sulfate ion in all but three lakes are means for samples taken in 2009 and 2010 by the National Park 
Service (Elias and Damstra 2011). Water quality data for Angleworm, Bass Lake-Benzie, and Sand Point lakes are means for samples taken in 2010−2012 and 
analyzed at UW-La Crosse. bTwo Bass Lakes were sampled in Sleeping Bear Dunes National Lakeshore, one in Benzie Co. and the other in Leelanau Co.
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Analysis of Methylmercury in Dragonflies 

Whole dragonfly larvae were analyzed individually for MeHg as described in 

Haro et al. (2013) and Wiener et al. (2016). About 40 to 60 mg of dried, homogenized 

tissue was weighed into a 22-mL acid-washed Teflon vial, to which 7 mL of 4.5 M HNO3 

was added. The samples were capped and digested at 60°C for 12 h; samples were 

typically analyzed within days. A 0.3 mL aliquot was added to a 40-mL borosilicate glass 

vial containing about 35 mL of deionized water, with 0.3 mL of 4.5 M KOH, 0.2 mL of 2 

M acetate buffer, and 0.03 mL of a chilled 1% (w/v) sodium tetraethylborate solution. 

Reagent-grade water (> 15.0 mhos cm-1) was added to fill vials completely. The vials 

were capped, and samples were analyzed for MeHg by gas chromatography separation 

followed by cold-vapor atomic fluorescence spectrophotometry (CVAFS) on a Brooks 

Rand MERX-M analyzer.  

The accuracy of Hg determinations for each analytical batch of samples was 

quantified by analysis of (1) certified reference materials from the National Institute of 

Standards and Technology (NIST) and the National Research Council of Canada 

(NRCC), (2) paired unspiked and spiked triplicate subsamples, and (3) blanks and (4) 

procedural standards taken through the processing steps. Detailed quality control and 

quality assurance metrics are available in Wiener et al. (2016).  

Atmospheric Data Sources 

The wet deposition rate for total Hg (“THg deposition rate”) and the sulfate 

concentration in wet deposition were obtained for the period 24-months prior to the first 

sampling date for each site through the start date of each annual sampling. Mercury 

deposition occurs in both wet (with precipitation) and dry conditions and both fractions 
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are important inputs to aquatic ecosystems (St. Louis et al. 2001). Methods for measuring 

THg wet deposition rate are reliable and accurate, however measuring dry deposition is 

considerably more difficult and often yields results with greater uncertainty. Thus 

monitoring programs generally have greater coverage of wet Hg than dry deposition data 

(Lindberg et al. 2007, Zhang et al. 2012). This study relies on THg deposition rate (ng 

m-2 yr-1) data obtained from the National Atmospheric Deposition Program (NADP) 

Mercury Deposition Network (MDN) from two stations MN18 [the closest active station 

to both VOYA (~120 km) and ISRO (~200 km)] and MI48 [the closest active station to 

both PIRO (~45 km) and SLBE (~160 km)] for the study period.  

Monthly precipitation depth (cm) was retrieved from the National Centers for 

Environmental Information (NCEI) of the National Oceanic and Atmospheric 

Administration (NOAA), with data originating from four stations nearest each of the 

respective parks: International Falls, MN for VOYA; Grand Marais, MN for ISRO; 

Munising, MI for PIRO; Maple City, MI for SLBE. Weekly sulfate concentrations in wet 

deposition (mg L-1) were accessed from the National Trends Network (NTN) of the 

NADP and sourced from the four nearest stations: MN32 for VOYA, MN08 for ISRO, 

MI48 for PIRO, and MI53 for SLBE. Although NADP provides THg wet deposition as a 

mass per unit area allowing for simple summation to arrive at an annual total, wet sulfate 

data is provided as a concentration in precipitation, and therefore weekly sulfate values 

were not summed; averages of weekly sulfate concentration for the relevant 12-month 

periods represented sulfate inputs for this analysis. 
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Statistical Modeling 

The analysis was limited to lakes with analyzed gomphid larvae of n > 3 across at 

least 3 years. Thus, of the 17 lakes each sampled annually for four years, gomphid larvae 

data from 15 lakes were included in the linear fixed-effects model analysis (at PIRO, 

Legion and Miners lakes were not included for any year, and fewer than 3 gomphid 

larvae were collected and analyzed from Chapel Lake in 2010). Dragonfly larvae were 

sampled from 2008 to 2012. The THg deposition rate, average weekly sulfate 

concentration, and precipitation depth were summarized for each station during the 

annual periods 0-12 months prior to sampling (yrt-1) and 12-24 months prior to sampling 

(yrt-2). 

 The MeHg variable distribution for larval tissue was skewed heavily towards the 

bottom of figure 2A; to satisfy the normality conditions for linear models a cube-root 

transformation was applied (Figure 2B). One MeHg measurement was identified as an 

outlier (approximately twice as large as next largest value) and removed from the 

statistical analysis. 

 Using the “lme4” package (Bates et al. 2015) in R, a linear mixed-effects model 

was used to examine the relationship between precipitation depth, THg deposition rate, 

sulfate concentration, ancillary study year variables and the MeHg response in dragonfly 

larvae. The fixed-effects variables were the periods 0-12 months (yrt-1) and 12-24 months 

(yrt-2) prior to collection totals for precipitation depth, THg deposition rate, sulfate 

concentration, as well as the linear and quadratic effects of study year. Assigned random 

variables were lakes and park units, allowing for extrapolation of information about other 

lakes and parks in the region in addition to the fifteen lakes sampled across the four 
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parks. Since sampled lakes occured in one park only, the lake variable was nested within 

the park variable. 

 

 
 
 
Figure 2. Boxplot of untransformed (A) and cube-root transformed (B) larval gomphid 
dragonfly (n=1240) methylmercury concentrations (ng g-1 dry weight) in 15 study lakes 
within four U.S. national park units (Voyageurs National Park, Isle Royale National Park, 
Pictured Rocks National Lakeshore, National Lakeshore) of the Great Lakes Inventory 
and Monitoring Network, 2008-2012. 
 

 A standard normal distribution was used to approximate p values for the model, as 

they were not readily obtained from the R lme4 package. Considering the study sample 

size, p values were minimally underestimated using the asymptomatic z-distribution 

(Barr et al. 2013). Five-fold cross validation was used to select the final model that 

minimized errors overall, avoiding overfitting and maximizing predictive accuracy.  
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RESULTS 

Methylmercury Concentrations in Gomphidae Larvae 

Methylmercury concentrations in individual gomphid dragonfly larvae (n = 1240) 

varied from 0.9 ng g-1 to 244.6 ng g-1 dry weight (Figure 2A); a single high outlier from 

Harvey Lake was more than double the MeHg concentration of the next highest value and 

was excluded from the dataset. Mean MeHg concentrations in burrowing gomphids by 

lake and year varied from 11.3 ng g-1 (Round Lake, SLBE, 2010) to 144.5 ng g-1 (Harvey 

Lake, ISRO, 2012). Mean larvae MeHg concentrations by park across all years was 

lowest for SLBE (27.6 ng g-1), followed by ISRO (47.2 ng g-1), PIRO (64.3 ng g-1), and 

was highest at VOYA (82.2 ng g-1) for the sampled lakes. Summary statistics of MeHg 

concentrations in larval dragonflies (as well as total length, percent moisture, and total 

mercury concentration for all Anisoptera species collected during 2008-2012 in 25 sites 

across 6 National Parks, including gomphids from the 15 lakes sampled for this study) 

are available in Wiener et al. (2016).  

Atmospheric Variables 

Annual (June-May) totals for THg deposition rate (ng g-1 yr-1), annual average of 

weekly sulfate concentration (mg L-1), and precipitation depth (cm) for each park during 

the study period are provided in Table 2. Twelve-month precipitation depth ranged from 

48.5 cm (ISRO 2011-2012) to 126.3 cm (PIRO 2010-2012). For both VOYA and ISRO, 

2011-2012 was the driest year (53.0 and 48.5 cm, respectively) during the study; 

VOYA’s wettest study year was 2010-2011 (86.8 cm) and ISRO’s was 2007-2008 (88.9  
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Table 2. Annual (June-May) total precipitation depth, total Hg in wet deposition, and weekly average wet sulfate concentration in precipitation 
dataa from monitoring stations near four National Park units in the Laurentian Great Lakes region.  
 
 

  Network:Station ID Latitude Longitude 
2006-
2007 

2007-
2008    

2008-
2009 

2009-
2010 

2010-
2011 

2011-
2012 

Precipitation (cm)          
 Voyageurs GHCND:USW00014918 48°33'41.0"N 93°23'53.2"W  64.0 74.7 55.9  86.8 53.0 
 Isle Royale GHCND:USW00094992 47°44'50.0"N 90°20'40.0"W  88.9 87.5 50.5  65.3 48.5 
 Pictured Rocks GHCND:USC00205690 46°24'43.6"N 86°39'45.0"W 89.1 91.3 99.3 72.2 126.3 85.6 
 Sleeping Bear Dunes GHCND:USC00205097 44°51'18.0"N 85°50'06.7"W 75.1 81.0 88.0 65.1  97.3 86.9 

Sulfate concentration (mg L-1 wk-1)         
 Voyageurs  NTN:MN32 48°24'47.5"N 92°49'49.8"W  0.43 0.63 0.53  0.48 0.75 
 Isle Royale  NTN:MN08 47°50'49.6"N 89°57'54.0"W  1.27 1.10 0.63  0.77 0.70 
 Pictured Rocks            NTN:MI48 46°17'20.0"N 85°57'01.4"W 1.07 1.62 1.04 0.56  0.92 1.06 
 Sleeping Bear Dunes            NTN:MI53 44°13'27.1"N 85°49'07.0"W 1.53 1.38 1.02 0.78  1.43 1.05 

THg deposition rate (ng m-2 yr-1)         
 Voyageurs/Isle Royale   MDN:MN18 47°56'47.0"N 91°29'46.0"W  6515 6224 3503 4093 6066 
 Pictured Rocks/Sleeping Bear        MDN:MI48 46°17'20.0"N 85°57'01.4"W 5479 5769 6211 3359 9042 5504 

aMonthly precipitation data accessed from the National Centers for Environmental Information (NCEI) of the National Oceanic and Atmospheric  
Administration (NOAA). Weekly sulfate concentrations were accessed from the National Trends Network (NTN) of the National Atmospheric Deposition 
Program (NADP). Weekly THg deposition rates were accessed from the NADP Mercury Deposition Network (MDN). 
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cm). For both PIRO and SLBE, 2009-2010 was the driest year (72.2 and 65.1 cm, 

respectively) and 2010-2011 was the wettest (126.3 and 97.3 cm, respectively). 

Annual average weekly sulfate concentration values ranged from 0.43 mg L-1 at 

VOYA in 2007-2008 to 1.62 mg L-1 at PIRO, also in 2007-2008. Sulfate concentrations 

exhibited a general geographical trend with 12-month averages of weekly concentrations 

increasing from a low park average of 0.56 mg L-1 at VOYA, moving east and south to a 

high park average of 1.20 mg L-1 at SLBE.  

The single Hg deposition monitoring station used for both VOYA and ISRO 

recorded its lowest THg deposition rate of the study period, 3503 ng m-2 yr-1, in 2009-

2010 and its highest, 6415 ng m-2 in 2007-2008. The single monitoring station used for 

both PIRO and SLBE recorded both the lowest and highest annual THg deposition rate 

for either station during the study period, 3359 ng m-2 yr-1 in 2009-2010 and 9042 ng m-2 

yr-1 in 2010-2011.  

Low precipitation depth was observed to generally coincide with low wet Hg 

deposition and low average sulfate concentration, however high precipitation depth 

conditions did not consistently coincide with high THg deposition rate or average sulfate 

concentrations. The 2009-2010 period had the lowest precipitation depth for PIRO and 

SLBE, and the second lowest for VOYA and ISRO, which coincided with the lowest 

observed THg deposition rate for both measuring stations representing all four parks and 

the lowest average sulfate concentrations for all parks except VOYA. The 2010-2011 

period had the highest precipitation depth on average and the highest for all parks except 

ISRO, however unlike the lowest precipitation depth year, this did not reliably 

correspond to higher THg deposition rate or average sulfate concentration in wet 
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deposition: THg deposition rate was highest for PIRO and SLBE in 2010-2011, yet was 

37% lower for VOYA and ISRO in 2010-2011 compared to a high for VOYA and ISRO 

in 2007-2008. The highest average sulfate concentrations occurred in 2007-2008 for all 

parks except SLBE, for which 2006-2007 was the park’s highest sulfate year of the study 

period. 

Statistical Modeling 

The results of the linear mixed-effects model indicated that most of the fixed 

effects explanatory variables were related to larval dragonfly MeHg content, except for 

THg deposition rate during yrt-2 and precipitation depth during yrt-1 (Table 3). Coefficient 

of determination values are not reported with the lme4 R package; however Nakagawa 

and Schielzeth (2013) provide a simple method for calculating this important measure of 

variance, and recommend reporting both the marginal R2 value of 0.114 when only 

considering fixed effects, and the conditional R2 of 0.562 when considering both fixed 

and random effects. 

The larval MeHg content variable was cube-root transformed to allow the fitting 

of the linear-effects model (Figure 2B); however, this transformation creates difficulty in 

interpretation of the regression coefficients and may make the observed effects appear 

very small. A reference must be used to interpret these coefficients, which could be any 

observed data point or combination of explanatory variables. Use of this middle 

observation is a common approach, with sample medians used as the measurements for 

explanatory variables. Use of this “middle observation” approach resulted in a predicted 

cube-root MeHg value of 3.533, translating to a MeHg measurement of 3.5333=44.1 ng 

g-1. As calculated from the model, if this gomphid larvae had been exposed to an 
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additional 1 cm of precipitation during the previous 12 months (with all other variables 

remaining constant) the predicted cube-root MeHg concentration would be 

3.533+0.00272=3.535, translating to a MeHg measurement of 3.5363=44.205 ng g-1, a 

difference of 0.102 ng g-1 (Table 4) (i.e., an increase of 1 cm of precipitation in the 

previous 12 months would result in a larval tissue MeHg increase of 0.102 ng g-1, or 

0.23%). The model predicts that an additional 1 cm of precipitation depth in yrt-2 would 

result in an additional 0.388 ng g-1 (0.88%) MeHg in tissue of a gomphid larvae. An 

additional 1 mg L-1 of weekly average sulfate concentration is predicted to result in a 

decrease of 0.748 ng g-1 (1.70%) MeHg if occurring in yrt-1, or a decrease of 0.434 ng g-1 

(0.99%) if occurring in yrt-2. For an additional 1 ng m-2 yr-1 THg deposition rate, the 

model predicted an increase of 0.003 ng g-1 (0.007%) MeHg in a tissue of a gomphid 

larvae if the deposition occurred in yrt-1. The THg deposition rate occurring during yrt-2 

was not indicated by the model to be predictive of MeHg concentration in larval 

gomphids (p=0.236). 

Differences between minimum and maximum deposition and precipitation values 

observed during the study period were 5683 ng m-2 yr-1 wet Hg deposition, 1.18 mg L-1 

average weekly sulfate concentration, and 77.7 cm precipitation depth per year; these 

ranges were used with the linear mixed-effects model to calculate predicted differences 

(Table 5) between relatively extreme observed conditions (i.e., the difference between the 

year with the lowest THg deposition rate, average sulfate concentration, or precipitation 

depth and the year with the highest during the study period). For THg deposition rate, the 

model predicted a decrease of 9.3% in MeHg content for a middle observation gomphid 

larvae if an additional 5683 ng m-2 yr-1 rate was exhibited in yrt-2, and an increase of  
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Table 3. Results of a linear mixed-effects model estimating predicted regional temporal 
changes to larval gomphid dragonfly methylmercury (MeHg ng g-1) concentrations in 
response to the fixed effects variables THg wet deposition rate, wet sulfate concentration, 
and precipitation depth occurring during the previous 0-12 months (yrt-1) or the previous 
12-24 months (yrt-2) in 15 study lakes across four U.S. national park units within the 
Great Lakes Inventory and Monitoring Network. Larval dragonflies were sampled 
annually at each lake four times over the five-year period 2008-2012. 
 
 

 

Estimated MeHg 
effect (ng g-1) Std Error t value p value 

Intercept 3.17197 0.26894 11.794 0.000 

THg deposition rate yrt-2, 1 ng m-2 yr-1
 0.00002 0.00002 -1.186 0.236 

Sulfate concentration yrt-2, 1 mg L-1 wk-1 -0.00030 0.00010 -2.897 0.004 
Precipitation depth yrt-2, 1 cm 0.01033 0.00250 4.131 0.000 
THg deposition rate yrt-1, 1 ng m-2 yr-1 0.00008 0.00002 4.038 0.000 
Sulfate concentration yrt-1, 1 mg L-1 wk-1 -0.00051 0.00008 -6.684 0.000 
Precipitation depth yrt-1, 1 cm 0.00272 0.00187 1.460 0.144 
Study Year -0.16510 0.02375 -6.952 0.000 
Study Year2 0.15038 0.01752 8.585 0.000 

 
 
43.8% if in yrt-1. The model predicts that a 1.18 mg L-1 increase in average weekly sulfate 

concentration would result in a decrease of 39.1% in MeHg content of a middle 

observation gomphid larvae if occurring in yrt-2, or a decrease of 59.9% if occurring in 

yrt-1. For precipitation depth extremes, the model predicts an increase of 77.7 cm would 

result in an increased MeHg content of a middle observation gomphid larvae of 84.9% if 

occurring in yrt-2. The model did not indicate that precipitation depths during yrt-1 were 

predictive of MeHg concentrations in larval gomphid dragonflies (p=0.144). 
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Table 4. Changes in predicted methylmercury (MeHg) content to a hypothetical larval 
gomphid dragonfly of median concentration 44.1 ng g-1 MeHg resulting from an annual 
additional 1 ng L-1 of wet total mercury (THg) deposition rate, 1 mg L-1 average weekly 
sulfate concentration, or 1 cm precipitation depth, as predicted using a linear mixed-
effects model estimating regional temporal changes to dragonfly MeHg concentrations in 
response to precipitation and depositional variables across four U.S. National Park units 
within the Great Lakes Inventory and Monitoring Network. 
 
 

Fixed effect variable 

Predicted 
MeHg (ng g-1) 

Absolute 
difference 

Percent 
difference 

 
p 

value 

THg deposition rate yrt-2, 1 ng m-2 yr-1
 44.1 -0.001 -0.002 0.236 

Sulfate concentration yrt-2, 1 mg L-1 wk-1 43.7 -0.434 -0.985 0.004 
Precipitation depth yrt-2, 1 cm 44.9  0.388  0.880 0.000 
THg deposition rate yrt-1, 1 ng m-2 yr-1 44.1  0.003  0.007 0.000 
Sulfate concentration yrt-1, 1 mg L-1 wk-1 43.4 -0.748 -1.695 0.000 
Precipitation depth yrt-1, 1 cm 44.2  0.102  0.231 0.144 

 
 
Table 5. Predicted methylmercury (MeHg) content to a hypothetical larval gomphid 
dragonfly of median concentration 44.1 ng g-1 MeHg resulting from increases in annual 
wet total mercury (THg) deposition, average weekly wet sulfate concentration, or annual 
precipitation predicted using differences in observed values for low vs. high depositional 
and precipitation years of 5683 ng m-2 yr-1 THg deposition rate, 1.18 mg L-1 wk-1 sulfate 
concentration, and 77.7 cm precipitation depth as predicted using a linear mixed-effects 
model estimating regional temporal changes to dragonfly MeHg concentrations in 
response to precipitation and depositional variables across four U.S. National Park units 
within the Great Lakes Inventory and Monitoring Network.  
 
 

Fixed effect variable 

Predicted 
MeHg (ng g-1) 

Absolute 
difference 

Percent 
difference 

 

p 
value 

THg deposition rate yrt-2, 5683 ng m-2 yr-1
 40.0   -4.1   -9.3 0.236 

Sulfate concentration yrt-2, 1.18 mg L-1 wk-1 26.9 -17.2 -39.1 0.004 
Precipitation depth yrt-2, 77.7 cm 81.6  37.4  84.9 0.000 
THg deposition rate yrt-1, 5683 ng m-2 63.4  19.3  43.8 0.000 
Sulfate concentration yrt-1, 1.18 mg L-1 wk-1 17.7 -26.4 -59.9 0.000 
Precipitation depth yrt-1, 77.7 cm 52.5   8.4  19.0 0.144 
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DISCUSSION 

 Numerous factors are known to influence MeHg content in aquatic food webs, 

and responses to changes in atmospheric loads are complex (Sorensen et al. 2005, 

Brigham et al. 2014). This study applied a linear-mixed effects model in the examination 

of the relationship between MeHg content in larval gomphid dragonflies and the fixed-

effect explanatory variables of THg deposition rate and sulfate concentration in wet 

deposition, as well as precipitation depth with a temporal approach distinguishing 

between these variables occurring in yrt-1 and yrt-2. 

The model indicated that most of the fixed-effect variables were related to MeHg 

concentrations in larvae. Using the difference between low and high values for annual 

precipitation depth, THg deposition rate, and average weekly sulfate concentration to 

explore predicted changes in MeHg concentration to a middle observation gomphid 

larvae, the model predicted sulfate concentrations in both yrt-1 and yrt-2 to have a negative 

effect on dragonfly MeHg concentrations. Sulfate-reducing bacteria are mercury 

methylators and are fueled by sulfate as an electron acceptor, and thus increases in sulfate 

additions are generally expected to result in increases in MeHg (Gilmour et al. 1992, 

Branfireun et al. 1999, Jeremiason et al. 2006). However, the model predicted reductions 

in dragonfly MeHg for this study. Under some conditions increasing sulfate results in 

reductions in MeHg due to sulfide interactions; sulfide is a metabolic byproduct of 

sulfate-reducing bacteria and readily binds with Hg, reducing the bioavailability of Hg 
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and thus reducing the production of MeHg (Benoit et al. 1999, Hammerschmidt et al. 

2008, Aiken et al. 2011). Sulfide concentrations were not obtained for the study lakes and 

it is unknown if high dissolved sulfide concentrations were present in any of the study 

lakes. The inclusion of sulfide data when available merits consideration. 

The THg deposition rate occurring during yrt-1 was a relatively large driver of 

larval gomphid MeHg, resulting in a predicted MeHg concentration increase of 43.8% 

from a relatively low Hg deposition year to a high Hg deposition year. The THg 

deposition rate occurring in yrt-2 did not have a substantial effect on larval dragonfly 

MeHg. These results agree with studies that have shown that Hg deposited directly to the 

lake surface is essentially immediately available for methylation and bioaccumulation. 

This is in contrast to Hg deposited to the watershed which may take years or even 

decades to be transported to the waterbody because it is quickly taken up by plants and 

bound to soils (Hintelmann et al. 2002, Harris et al. 2007, Munthe et al. 2007). A whole-

ecosystem study by Harris et al. (2007) showed that Hg stable isotopes newly-deposited 

to the lake surface were rapidly available for uptake by methylating bacteria in aerobic 

sediments and could be measured in zooplankton after only one month, whereas <1% of 

the Hg deposited onto the landscape had been transported to the lake after three years. 

The available Hg deposition data only included the wet deposition fraction. Dry Hg 

deposition amounts can be just as large or larger than the wet fraction (Lindberg et al. 

2007, Zhang et al. 2012) and this omission is a limitation to the fixed effect variable in 

the model. Like precipitation depth, Hg deposition rate data is highly variable both 

temporally and spatially (Lindberg et al. 2007, Zhang et al. 2012); however, monitoring 
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stations are limited in distribution and often considerable distances from sites of interest 

(e.g., an ISRO site was >200 km from the nearest MDN station). 

The model indicated precipitation depths occurring in yrt-2 to be the biggest driver 

of larval tissue MeHg for the years and lakes examined in this study, resulting in an 

increase in predicted gomphid MeHg of 84.9% from a relatively dry year to a relatively 

wet year. The large effect of yrt-2 precipitation depth as predicted by the model, even 

larger than THg deposition rate, is rational when considering that in addition to the 

delivery of Hg via wet deposition, precipitation affects food web MeHg concentrations in 

numerous other ways. Soils are a large reservoir of stored Hg (Selin 2009, Smith-

Downey et al. 2010) and precipitation drives the transport of Hg from the watershed into 

wetlands and waterbodies via runoff and groundwater flows (Caron et al. 2008, Barbiarz 

et al. 2012). Runoff also transports organic carbon, which is positively correlated with 

MeHg production (Wiener et al. 2006, Evers et al. 2011). Water level fluctuations are to 

varying degrees dependent on precipitation depth and have direct effects on MeHg 

concentrations, including the inundation of areas and the corresponding release of organic 

matter into the system, and the drying of sediments and subsequent exposure and 

oxidation of sulfides to sulfate, which is mobilized during rewetting (Sorensen et al. 

2005, Selin 2009). Consequently, water level fluctuations have been well-correlated to 

fish Hg concentrations and to a greater degree than THg deposition rate or precipitation 

depth (Sorensen et al. 2005, Larson et al. in press). It is important to note that in systems 

which undergo water level changes driven by physical controls (i.e., dams constructed by 

humans or beavers), the precipitation fixed effects variable used in this study’s model 

would not be expected to satisfactorily integrate the effects of water level fluctuations. 
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Precipitation depth occurring during yrt-1 was not predicted by the model to 

correlate to a response in MeHg content of larval gomphid dragonflies. The lack of a 

strong observed relationship between yrt-1 precipitation depth and larval dragonfly MeHg 

may not be intuitive when considering that precipitation depth is inherently related to 

total Hg in wet deposition, which was strongly related to larval dragonfly MeHg for yrt-1. 

The overall effect of yrt-1 precipitation depth may be strongly influenced by the ratio of 

lake surface area to total catchment area, watershed slope, and the percentage of wetland 

in the watershed, none of which were effects considered in this analysis, yet are expected 

to vary considerably across sites and thus could negatively affect the predictability of the 

yrt-1 precipitation fixed effect. Incorporating variables of lake area, watershed area, and 

percent wetland may improve the predictive ability of the model. 

This linear mixed-effects model has exhibited utility in examining the 

relationships between MeHg content in larval gomphid dragonflies and precipitation 

depth and depositional inputs. In addition to precipitation depth, THg deposition rate, and 

sulfate concentration, other environmental variables known to affect MeHg 

concentrations in aquatic food webs (including pH, watershed area, watershed forest 

cover, area of connected wetlands, dissolved organic carbon, water level fluctuations, and 

food web structure and productivity; Sorensen et al. 2005, Wiener et al. 2006, Brigham et 

al. 2009, Evers et al. 2011, Chen et al. 2012) could readily be incorporated into a similar 

model if available. A similar linear mixed-effects model could be applied to examine 

other dragonfly larvae Hg data such as that available via the Dragonfly Mercury Project, 

a large dataset of dragonfly larvae collected across more than 450 sites in 100 U.S. 

National Park Service units which was generated through a citizen-science network 
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partnership with the U.S. National Park Service, U.S. Geological Survey, and the 

University of Maine (Eagles-Smith et al. 2020). 

Water level dynamics have been a primary driver of MeHg concentrations in 

aquatic food webs in numerous studies (Sorensen et al. 2005, Dembkowski et al. 2014, 

Larson et al. 2014, Willacker et al. 2016, Sorensen 2019, Watras et al. 2019). This study 

did not include water level data for the 15 study lakes; however, precipitation depth does 

correlate strongly with water level (Sorensen et al. 2005, Sorensen 2019), and the results 

of this model indicate that an approach that includes using precipitation data (but not 

water level data) may be sufficient in the formulation of a linear mixed-effects model to 

predict MeHg responses to fixed effects in biota. 

Climate change affects many processes which influence the bioavailability of Hg 

to ecosystems (Schindler 1997, Cherkauer and Sinha 2010). Examples of effects already 

observed or expected to occur from warmer temperatures include increased Hg 

methylation rates (Callister and Winfrey 1986), water level changes caused by 

evaporation (Cherkauer and Sinha 2010) and release of sulfate from peatlands (Eimers 

and Dillon 2002). Climate change has the potential to alter Hg uptake and exposure 

within food webs via increased metabolism (Bodaly et al. 1993) and altered trophic 

structure (Paterson et al. 1998); altered Great Lakes diatom communities have been 

documented as a result of climate change (Reavie et al. 2017). Changes to precipitation 

patterns are expected to result in more intense precipitation events, increased winter and 

spring flows, more frequent flooding, longer periods between summer precipitation, and 

reduced water levels (Cherkauer and Sinha 2010), conditions which move more Hg into 

aquatic systems, facilitate greater organic carbon transport, and expose sediments 



 

25 
 

 

facilitating the oxidation of sulfide to sulfate (Sorensen et al. 2005, Rolfhus et al. 2015). 

Exposures of MeHg to aquatic food webs are expected to increase as a result of climate 

change and variability, even if future atmospheric Hg concentrations remain stable or 

decline (Carrie et al. 2010). Changing patterns in precipitation brought on by climate 

change highlight the need for modeling precipitation as it relates to MeHg concentrations. 

 This application of a linear mixed-effects model demonstrates the ability to relate 

drivers of biota Hg concentrations on a regional scale. As implemented here, the model 

functions effectively to make predictions of the temporal effects of precipitation depth, 

THg deposition rate, and sulfate concentration on the MeHg content of gomphid 

dragonfly larvae in 15 lakes across four U.S. National Park units. Changes in 

precipitation depth during yrt-2 were predicted to be the largest influencer of MeHg 

concentrations, however conditions are continually in flux and it is not presumed that the 

primary driver of MeHg concentrations for these study sites or others will remain 

unchanged. Numerous factors understood to be well-correlated to MeHg responses in 

aquatic food webs were not included in this model, and it is the model’s simplicity which 

highlights its potential usefulness. For example, employing the spatially large and 

temporally expanding dataset of the Dragonfly Mercury Project with precipitation and 

depositional data from NOAA and NADP, local and regional drivers of MeHg in aquatic 

ecosystems can be readily modeled with only a small number of variables from existing 

public datasets.  

Further examinations are recommended of the predictive power of models using 

precipitation and a small number of additional fixed effects variables to estimate MeHg 

concentrations in aquatic food webs, including testing the effect of incorporating 
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additional years of precipitation and depositional data. Just as utilizing dragonfly larvae 

as MeHg biosentinels can expand monitoring to waterbodies without fish, relatively 

simple models relying on widely available precipitation and depositional data could 

expand modeling efforts to include waterbodies for which there is currently a lack of 

comprehensive data for other MeHg-related fixed-effects. Such an approach has potential 

as a cost-effective tool to further understanding of ecosystem responses to shifting 

atmospheric inputs, providing insights into trends and helping forecast a changing 

environment.
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