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THESIS ABSTRACT 

Neonicotinoid insecticides became available for commercial use in North America in the 

late 20th Century. Since their introduction, studies of surface waters where neonicotinoids 

are available for use have measured neonicotinoid concentrations at levels considered 

harmful for non-target organisms. Among non-target organisms, aquatic invertebrates 

have been highlighted as a group that may be especially susceptible to neonicotinoids. In 

addition to aquatic insects, avian aerial insectivores have been proposed as indicator taxa 

as they are reliant on insect food reserves and have recently experienced population 

declines. Thus, we developed two studies in floodplain wetlands to quantify 

neonicotinoids in Missouri wetlands and potential effects on non-target taxa. First, we 

sampled 40 wetlands across four sampling periods to quantify neonicotinoid 

concentrations in Missouri wetlands as well as potential factors influencing these 

concentrations. Second, we selected 22 additional study wetlands in a paired study design 

to measure the biotic response to neonicotinoid treatment using emergent insects and 

nesting tree swallows (Tachycineta bicolor). Overall, we found neonicotinoids were 

frequently detected in wetland water and sediment, however sediment concentrations 

were an order of magnitude greater. Wetland sediment neonicotinoid concentrations were 

partially related to management decisions including the amount of agriculture planted 

within wetlands and Conservation Areas during the study year and water depth within 

study wetlands. Through the monitoring of emergent insects and nesting tree swallows 

we found no link between neonicotinoid concentrations or treatment and wetland food-

web function. However, we caution that neonicotinoid levels detected in Missouri 

wetlands may be detrimental to aquatic insects and wetland dependent taxa at different 
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spatial and temporal scales. Managers should consider taking reasonable measures to 

limit the potential contamination of wetlands by neonicotinoid insecticides. 
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THESIS FORMAT 

The chapters of this thesis were written as independent manuscripts and therefore there 

may be some overlap in content. Additionally, literature cited, tables and figures will 

follow each chapter. I have used plural nouns throughout the thesis to represent the 

essential contributions of co-authors to this work. 
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Chapter I:  

Factors influencing neonicotinoid insecticide occurrence and concentration in floodplain 

wetland sediments across Missouri 

Abstract:  

The physicochemical properties of neonicotinoid insecticides facilitate their 

environmental mobility and have contributed to the transport and detection of 

neonicotinoids in global surface waters, including streams and wetlands across North 

America. Despite increased water sampling efforts, little is known about neonicotinoid 

concentrations occurring in wetland sediments. If neonicotinoids persist in wetland 

sediments, as well as water, non-target benthic aquatic invertebrates may be at greater 

risk to neonicotinoid exposure than previously considered. Thus, we sampled sediments 

and overlying water in 40 publicly owned wetlands under varying management practices 

across Missouri during four sampling periods (pre-planting, post-planting, following 

autumn inundation, and one year from original sampling date) in 2016-2017. Sediment 

samples consistently (63% of samples) contained neonicotinoid insecticides in all 

sampling periods with clothianidin (43%) being detected most frequently. Mean sediment 

neonicotinoid concentrations (1.19 μg kg-1) were an order of magnitude greater than 

neonicotinoid concentrations in associated water samples (0.03 μg L-1). We also 

evaluated the relationship between agricultural land use surrounding wetlands, as well as 

abiotic water and soil/plant variables within wetlands on sediment neonicotinoid 

concentrations. Using a hierarchical Boosted Regression Tree (BRT) model selection 

framework, we accounted for 31.6% of environmental variation in sediment 

neonicotinoid concentrations. We found water temperature (31.8%), % wetland planted 
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to agriculture (23.5%) and water depth (18.3%) accounted for 74% of model variation, 

with the remaining 26% contributed by sediment silt content (10.1%), % moist-soil 

vegetation cover (8.8%), and % Conservation Area treated with neonicotinoids (7.4%). 

Results of this study will be useful in determining both potential routes and levels of 

neonicotinoid exposure that could exceed acute or chronic aquatic life benchmarks. If 

neonicotinoid concentrations considered detrimental to aquatic wetland invertebrates and 

other wetland dependent taxa are observed, implementing or changing specific wetland 

management practices could be made to limit exposure. Efforts to mitigate neonicotinoid 

concentrations in wetland sediments could include reducing the amount of agriculture 

within a wetland (  25 % planted) and/or Conservation Area (  25 % in treated 

agriculture), as well as maintaining deeper water depths (  25 cm) within wetlands. 

 

Introduction 

Since the mid-twentieth century, rapidly growing global population has required 

increases in food and fiber through greater production of agricultural commodities by 

expanding land area under production and increasing yields through chemical inputs 

(Foley et al. 2005, Köhler and Triebskorn 2013). An unintended consequence of 

increased agricultural production has been the conversion of a diverse array of wetlands 

and historic landscapes to monocrop agriculture (e.g. corn [Zea mays], soybean [Glycine 

max], and wheat [Triticum aestivum]) (Dahl 1963, Tockner and Stanford 2002). In 

addition to wetland conversion, increased use of agricultural chemicals risks 

contaminating remaining wetlands, a consequence which is typically not included when 
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evaluating effects of agricultural production on the environment (Ball et al. 2004, Belden 

et al. 2012, Lorenz et al. 2016, McMurry et al. 2016). 

The 1940s in North America marked a shift from the study of pest science to the 

widespread use of synthetic pesticides to control agricultural pests, a practice which has 

been perpetuated with different chemicals over time (Kogan 1998, Simon-Delso et al. 

2015). Many of these early chemical pesticides could be characterized as broadly toxic 

and lipophilic, enabling them to accumulate in the environment and pose risks to non-

target organisms (Wauchope 1978). The advent of modern hydrophilic systemic 

insecticides in the 1980s reduced the need for targeted application; instead, prophylactic 

use of seed treatment technologies, especially fungicides and insecticides, has increased 

exponentially (Jeschke et al. 2011, Douglas et al. 2015, Simon-Delso et al. 2015). Since 

the early 21st century, seed treatments, or the practice of coating seeds with pesticides 

prior to planting, have increasingly contained the neonicotinoid class of insecticides. The 

pattern of neonicotinoid use is prevalent for corn (79 to 100% hectares treated) and 

soybeans (34 to 44% hectares treated) in the mid-latitude United States (Douglas and 

Tooker 2015, Simon-Delso et al. 2015). Ubiquitous use of insecticides as seed treatments 

in conjunction with high environmental mobility of neonicotinoids, has resulted in 

neonicotinoid transport to surface waters across North America (Starner and Goh 2012, 

Anderson et al. 2013, Hladik et al. 2014, Main et al. 2014, Evelsizer and Skopec 2016).  

Studies investigating neonicotinoid occurrence in North American surface waters 

included aquatic ecosystems ranging from streams in relatively un-impacted settings to 

wetlands that have been tile-drained and converted to monocrop agriculture (Hladik and 

Kolpin 2015, Evelsizer and Skopec 2016). Studies monitoring surface water 
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neonicotinoid concentrations have reported a range of detection rates and concentrations 

that vary based on surface water type and land-use (Hladik and Kolpin 2015, Evelsizer 

and Skopec 2016). Neonicotinoid studies of lotic systems found that detection rates of 

neonicotinoids were temporally associated with treated seed use (Hladik et al. 2014). 

Within watershed dominated by agriculture, neonicotinoid concentrations in lotic surface 

waters were greatest immediately following planting and during periods of greater 

surface water flow following precipitation events (Hladik et al. 2014, 2018). Similarly 

streams in forested watersheds only contained neonicotinoids in drainages where 

neonicotinoids were applied to soil, and concentrations were only detected downstream 

of the neonicotinoid treated area (Benton et al. 2016). Lentic systems have exhibited 

similar patterns to lotic systems, with detection frequency peaking (up to 98% of 

samples) after precipitation events, especially in intensively cultivated regions (Starner 

and Goh 2012, Anderson et al. 2013, Main et al. 2014, Struger et al. 2017). During 

periods of greatest detection frequency, neonicotinoid concentrations can exceed U.S. 

Environmental Protection Agency benchmarks for acute exposure (0.385 μg L-1), and 

many detections surpass the chronic (0.01 μg L-1) aquatic life benchmark (Starner and 

Goh 2012, Morrissey et al. 2015). In Canada, where neonicotinoid thresholds for aquatic 

life are 0.23 μg L-1, concentrations in streams exceeded the limit in 75% of samples 

(Struger et al. 2017).   

Among surface waters tested for neonicotinoids (Anderson et al. 2013, Main et al. 

2014, Evelsizer and Skopec 2016), limited information is available for intensively-

managed wetlands dominated by emergent and moist-soil plant communities. These 

wetlands are often located within or adjacent to river floodplains and are frequently 
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equipped with water control structures to manipulate wetland hydrology (Cowardin et al. 

1979, Fredrickson and Taylor 1982). One outcome of the planned manipulation of water 

levels within floodplain wetlands is the growth and seed production of desirable annual 

plants that have high energy value for wetland-dependent wildlife (Fredrickson and 

Taylor 1982, Kross et al. 2008). In addition to manipulating water levels, direct annual 

planting of agricultural crops, potentially containing a seed treatment, within the wetland 

is another management tool used when wetlands are dry (Reinecke et al. 1989). 

Agricultural crops are planted to provide food for wildlife, however, the practice also 

provides soil disturbance needed to reset vegetative succession and maintain moist-soil 

plant communities (Fredrickson and Taylor 1982). The direct application of 

neonicotinoid seed treatments in wetlands may result in hydrophilic compounds 

persisting in sediments, similar to how they perform in soil under agricultural production 

and associated pore water (Jones et al. 2014, Whiting et al. 2014, Schaafsma et al. 2015). 

Only one previous study quantified neonicotinoid concentrations in wetland sediments, 

and reported overall infrequent detections and low concentrations in Canada’s Prairie 

Pothole Region (Main et al. 2014). However, prairie pothole wetlands are different in 

structure and function than mid-continent flood-plain wetlands and may exhibit different 

patterns of neonicotinoid contamination and persistence. Further, prairie pothole wetlands 

that have not been hydrologically modified are generally less susceptible to direct 

planting of agricultural crops compared to floodplain wetlands, which may influence 

sediment neonicotinoid concentrations (Leitch and Danielson 1979). Differences in 

wetland agricultural practices are partially a result of prairie pothole wetlands frequently 
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being inundated during spring planting season due to snowmelt and precipitation 

retention (Hubbard and Linder 1986). 

In this study we evaluated the occurrence of neonicotinoid insecticides in wetland 

sediments and overlying water within managed floodplain wetlands located on state-

owned Conservation Areas (CAs) in Missouri. Our first objective was to quantify water 

and sediment neonicotinoid detection frequency and concentrations in Missouri 

floodplain wetlands throughout the year. Our second objective was to evaluate the 

relationship between neonicotinoid concentrations and agricultural, aquatic, and soil and 

vegetation variables in floodplain wetlands using boosted regression tree (BRT) 

modeling. Our central hypothesis was that neonicotinoid concentrations would be 

associated with agriculture at varying spatial scales from the wetland to the watershed 

level. With these objectives we hoped to inform management decisions which potentially 

influence neonicotinoid concentrations in public wetlands within the study region that 

may pose a risk to wetland ecosystems.  

 

Materials and Methods 

Study wetlands (n=40) were located on ten state managed CAs throughout 

Missouri. We used data from the United States Department of Agriculture’s (USDA) 

Cropland Data Layer (CDL) to calculate the amount of land under agriculture production 

for each local sub-watershed (HUC 12) in Missouri (Water.usgs.gov/GIS/huc 2018). We 

then plotted the distribution of CAs across the gradient of percentage watershed planted 

and randomly selected two CAs within each of the upper and lower quartiles, and six 

CAs from the middle quartiles. Conservation Areas were selected in this manner to 
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enable sampling at the extremes of agricultural production in Missouri while focusing 

sampling efforts at sites representing typical watersheds. We selected four individual 

wetlands within each CA based on agricultural planting history in previous years to 

further stratify study sites, as well as provide replicate wetlands within sampled 

watersheds. Within each CA, we first selected a wetland that had never (to the manager’s 

knowledge) been planted with neonicotinoid treated seed, as well as a wetland that was 

planted with treated seed every year for the past five years where available. The two 

remaining wetlands selected on each CA had received treated seed in one to four years 

over the previous five years. When there were insufficient wetlands in a treatment 

category, wetlands were sampled randomly from all available wetlands within the CA. 

 

Sampling Methods: We initiated sample collection in spring 2016 and collected samples 

during four time periods through spring 2017. We collected sediment and surface water 

(when available) samples from each of the 40 wetlands during each of four sampling 

periods; prior to agricultural crop planting on the CA (spring 2016), post-planting 

(summer 2016), post-autumn inundation (autumn 2016), and one year from the original 

sample date (spring 2017), which occurred prior to any additional agricultural activity on 

the landscape. Neonicotinoid concentrations were suspected to be more dependent on 

timing of management activities as compared to Julian date (Anderson et al. 2013). Thus, 

we based sample collection timing on phenology of agricultural and wetland management 

practices at each CA.  Our sampling dates differed slightly among CAs because varying 

temperatures and precipitation dictated when management activities such as crop planting 

and spring wetland drawdown occurred.  However, all study wetlands within a CA were 
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sampled within a 24-hour time period, and during each sampling period, we typically 

finished sampling all sites within a one month time period. 

All soil and water samples were collected as a three part composite resulting in 

approximately one kg of sediment and one L of water at each wetland. We began 

sampling at the center of the inundated (or most recent hydrologic footprint) portion of 

each wetland. At the initial sampling point we collected a sediment core (15 cm diameter, 

0 to 5 cm depth) and 330 ml of water (when available) from 10 cm below the water 

surface (Main et al. 2014). We then established a transect at a randomly selected bearing 

between the initial sampling location and the perimeter of the wetland and collected 

sediment and water samples at two locations along the transect spaced equidistant from 

one another and the wetland perimeter. When water was present, we collected samples 

where wetland water depths were >20 cm to insure we did not disturb benthic sediments 

which could bias measurements of water neonicotinoid concentrations (Evelsizer and 

Skopec 2016). However, where 20 cm water depths were not available, we 

opportunistically collected water from the deepest remaining areas. Composite sediment 

samples for each wetland were created by mixing sediment from the three sampling 

locations in a polyethylene bag.  Composite sediment samples were then sub-sampled by 

placing sediment into a 250 ml amber glass jar for chemical analysis; composite water 

samples were stored in 1 L amber glass bottles.  Immediately following collection, all 

samples were stored on ice; samples were stored at 4°C upon return to the laboratory and 

preserved at this temperature until analyzed. To assess the potential for neonicotinoid 

exposure through water source, wetland source water was sampled during the autumn 

sampling period as water was actively being applied to the wetland. We sampled water 
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from groundwater wells or surface-water at the location where pumped water entered the 

wetland. 

Neonicotinoid sample extraction and analysis was performed at the University of 

Nebraska Lincoln Water Sciences Laboratory. Liquid chromatography tandem mass 

spectrometry (LC-MS/MS) was used to quantify concentrations of the six most common 

neonicotinoids (acetamiprid, clothianidin, dinotefuran, imidacloprid, thiacloprid, and 

thiamethoxam). Methodological details associated with LC-MS/MS analysis are 

described in Satkowski et al (2018). Method detection limits (MDL) for all 

neonicotinoids were 0.020 μg L-1 and 0.200 μg kg-1 for water and sediment samples, 

respectively. Instrument derived concentration values were provided by the laboratory for 

samples that had concentrations that were detectable but below the MDL. Although there 

is lower statistical confidence in values reported below the MDL, we opted to use the 

instrument derived values for our statistical analysis. Despite the uncertainty of using 

instrument derived values, it is a better method than other substitution methods for 

regression type analyses, especially when using a single MDL for all samples (Antweiler 

et al. 2008, Helsel 2010). 

 

Wetland variables: Concurrent with water and sediment sample collection, we also 

recorded basic water quality parameters (e.g., temperature, pH, and conductivity) at each 

wetland using a handheld multi-parameter instrument (YSI®, Pro Plus 2030, 2003 –Pro 

Series Galvanic Dissolved Oxygen Sensor) and pH (Hanna instruments, pHep®, 

HI73127 pH electrode) meter. Water quality variables were collected within a wetland at 

the three locations where composite water and sediment samples were collected, and data 
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were averaged across a wetland within each sampling period for modeling purposes. At 

each of these three locations we also measured water depth (cm) from the benthic surface 

to the top of the water column. We assessed vegetation community structure in each 

wetland during peak growing season (August) of 2016 by establishing twenty 1 m2 

quadrats located along the elevational gradient of the wetland. We identified plant species 

within each quadrat and categorized vegetation as one of five major vegetation 

community types based on dominant cover type. The five vegetation community types 

included:  1) agricultural crop: anything annually planted by managers (% wetland 

planted); 2) moist-soil: all annual herbaceous plants including grass and forbs (% moist-

soil); 3) persistent-emergent: perennial wetland plant species (% emergent); 4) woody: all 

trees or shrubs (% woody); or 5) open water or bare soil (% open water) (Schummer et al. 

2012). The frequency of quadrats characterized to each vegetation type was used to 

estimate a percentage cover for each vegetation type within a wetland (Fairbairn and 

Dinsmore 2001, Webb et al. 2010). Excess soil from composite samples collected in 

spring 2017 was retained for soil particle size and organic matter analysis because these 

metrics were identified as potential factors influencing soil sorption and transport of 

neonicotinoids in soil (Kodešová et al. 2011, Limay-Rios et al. 2016, Satkowski et al. 

2018). We determined particle size using a hydrometer method (Gee and Or 2002) and 

estimated percent organic matter using mass loss-on-ignition (Schulte and Hopkins 

1996).  

 We quantified agricultural activity for each study wetland at three spatial scales; 

wetland, CA, and the HUC 12 watershed level. Watershed agricultural intensity was 

estimated using 2014 CDL land use data, which we used to classify areas with annually 
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planted crops as under production (USDA National Agricultural Statistics Service, 2014). 

Wetland- and CA-scale agricultural planting information were obtained both directly 

from land managers as well as through our vegetation surveys. Conservation area 

managers provided information on crop type planted, acres of each crop planted, and 

whether a neonicotinoid seed treatment was used. For our model, we used the percent 

wetland area planted to agriculture (% wetland planted), and considered the entire 

wetland “treated” if any of the crop had a neonicotinoid seed treatment and un-treated for 

wetlands where no crop seed was treated. For each CA we calculated an overall 

agriculture percentage (treated and untreated seed) as well as the percent of each CA 

planted with neonicotinoid treated seed. Both CA agriculture terms were highly 

correlated and therefore only one term was included in any given model. 

 

Boosted Regression Trees: Data exploration revealed non-linear relationships between 

neonicotinoid concentrations and numerous independent variables, indicating potential 

threshold values and/or interactions (De’Ath and Fabricius 2000). Boosted Regression 

Trees (BRTs) are a machine learning modeling tool for ecological data that can be used 

with complex interactions and non-linear thresholds and can account for missing values 

(De’ath 2007, Elith et al. 2008, Soykan et al. 2014, Main et al. 2015). Interactions and 

non-linear relationships are common for these data distributions, coupled with multiple 

weak relationships across a high number of independent variables (Elith et al. 2008). 

Boosted regression trees evaluate these weak relationships by iteratively building binary 

splits to identify patterns and learn the proper response (De’ath 2007, Elith et al. 2008).  
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The relatively small sample size of sediment data (n=157) necessitated limiting 

the number of independent variables and interactions included in each model. First, we 

totaled neonicotinoid concentrations detected within a sample to account for varying seed 

treatment brands and formulations and then log-transformed totals to account for the 

zero-inflated data distribution (Hoyle 1973, Main et al. 2014). We included twenty 

independent variables, simplified across three categories of a priori models, which we 

later used to hierarchically select a single composite model. Initial models were 

developed individually for variables associated with three broad categories; agricultural, 

abiotic wetland factors, and plant community (Table 1.1).  The abiotic, agricultural and 

plant community models initially included seven, six and eight independent variables, 

respectively. All models were fit using a learning rate of 0.001, tree complexity = 2, and 

bag fraction = 0.5 in order to maximize predictive deviance with the proper number of 

trees (Elith et al. 2008). We performed variable selection for each model category using 

“gbm simplify” in the R package Dismo, which continuously removed variables through 

10-fold cross-validation until the change in predicted deviance exceeded the original 

deviance’s standard error (Hijmans et al. 2017). Top variables retained in each model 

were combined into a final composite model and ranked based on their variable 

importance (VI) scores, which represented the frequency at which a variable was 

included in the model through all iterations weighted by model performance (Elith et al. 

2008, Main et al. 2015). All BRT models were evaluated using percent deviance 

explained where % deviance explained = (mean total deviance – cross validated 

deviance)/ mean total deviance.  
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Our study design of repeated measurements collected from wetlands nested within 

a CA presented potential for spatial and temporal autocorrelation (Legendre 1993). We 

addressed these potential concerns by including a season and CA grouping term in the 

final composite model and examined the change in predicted deviance. Spatial and 

temporal autocorrelation were not determined to be important considerations because the 

deviance predicted with the added terms was similar to our final model (28.65 vs 

31.60%). Therefore, inclusion of % CA treated in our original models accounted for 

spatial non-independence, thus, rendering the CA grouping term unnecessary. The low 

importance of the season term suggested our samples were unique across seasons.  

Results 

Neonicotinoid concentrations: Across the four discrete sampling periods and all study 

wetlands (n = 40), we collected a total of 160 composite sediment samples; however, 

three samples were compromised during shipping. Sediment samples contained at least 

one neonicotinoid compound in 55 to 76% of the samples across four sampling periods 

(Table 1.2). We observed the greatest total detection frequency in sediments during 

spring 2016 (76%), largely driven by clothianidin, which was detected in 55% of 

samples. Total mean sediment concentrations ranged from 0.71 μg kg-1 in spring 2016 to 

1.97 μg kg-1 in autumn 2016 with a maximum total neonicotinoid concentration of 17.99 

μg kg-1 (autumn 2016). The most commonly detected neonicotinoids in wetland 

sediments across all sampling periods were clothianidin (43% of samples) and 

imidacloprid (40%) with thiamethoxam (4%) detected less frequently. 

 Analysis of 149 water samples resulted in detection of at least one neonicotinoid 

in 60% of samples across all sampling periods (Table 1.3). Detection frequency was 

greatest in summer 2016 (77%) before falling (28%) in spring 2017. Mean total aqueous 
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neonicotinoid concentrations ranged from 0.003 to 0.11 μg L-1, with a maximum total 

concentration of 0.97 μg L-1. Similar to sediment concentrations, clothianidin (52%) and 

imidacloprid (28%) were detected most frequently, followed by lower detection 

frequency of thiamethoxam (4%). Water source samples also most often contained 

clothianidin (80%) and imidacloprid (60%) with a total mean concentration of 0.02 μg L-

1.  

 Water and sediment concentrations varied across neonicotinoid treatment history, 

with the greatest concentrations occurring in wetlands that experienced a neonicotinoid 

treatment in each of the last five years. Notably, neonicotinoids were present in 50 and 

65% of sediment and water samples respectively that were not treated in the previous five 

years (Figure 1.2; treatment history = 0). Wetlands planted with neonicotinoid treated 

seed in two to four of the previous five years exhibited varying levels of sediment (mean: 

0.54, range:0-10.65 μg kg-1) and water (mean: 0.04, range:0-0.15 μg L-1)  concentrations; 

however, there were insufficient wetlands in these categories to establish a definitive 

trend. 

 Across the four sampling periods, neonicotinoids were detected with similar 

frequency in water (60%) and sediment (63%) (Tables 1.2, 1.3). However, average 

sediment concentrations (1.19 μg kg-1) were more than an order of magnitude greater 

than water concentrations (0.03 μg L-1). Consequently and due to the relative novelty of 

neonicotinoid detections in wetland sediments, we modeled only sediment concentrations 

using BRTs to evaluate environmental factors associated with sediment neonicotinoid 

concentrations. Environmental factors used for BRT models were collected at multiple 
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spatial and temporal scales depending on the nature of the variable and included in an a 

priori model (Table 1.4).  

 

Boosted Regression Tree (BRT) Models: The top plant/soil model explained the greatest 

predictive deviance (27.4%) among a priori models. Silt content of the sediment cores 

(VI=51.9%) and % moist-soil vegetation cover (VI=48.1%) were retained in the top 

model after six less informative predictors were removed. By comparison, the top 

agricultural model had the second greatest predictive deviance (17.6%) among a priori 

models. Percent wetland area planted to agriculture (VI=67.3%) and % CA planted with 

treated seed (VI=32.7%) explained most of the model deviance. Finally, the abiotic water 

quality model predicted less deviance (16.4%) than other models, and retained two 

predictors (water temperature [VI=52.9%] and water depth [VI=47.1%]) after variable 

selection). Through hierarchical variable selection we identified six variables (Table 1.1) 

with the most influence from each original model based on their variable importance (VI) 

score. Variable selection for all a priori models contributed two predictors from each 

category. After combining influential variables from the individual models into a final 

model (Figure 1.3), we found the composite model explained 31.6% of variation in 

sediment neonicotinoid concentrations.  

 Final composite model variables were ranked by their relative influence with 

water temperature (VI=31.8%) as the most important predictor. Water temperature 

exhibited a negative quadratic relationship with neonicotinoid concentrations, peaking 

between 15 and 20° C (Figure 1.4). The next most influential variables were % wetland 

planted (VI=23.5%) followed by water depth (VI=18.3%), which when combined with 
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water temperature accounted for approximately 74% of model variation. Wetland area 

planted had a positive effect on sediment neonicotinoid concentrations after a threshold 

of 25% of wetland planted, while water depth had an overall negative influence on 

sediment neonicotinoid concentrations, particularly >25cm. The three remaining terms, % 

silt (VI=10.1%), % moist-soil (VI=8.8%) and % CA treated (VI=7.4%) accounted for the 

remaining 26% of model variation. 

 The final predictive model fit observed values relatively well (Pearson’s 

correlation=0.73); however, this model failed to fit values at greater neonicotinoid 

concentrations. Under-prediction of greater concentrations resulted in a relatively high 

root mean squared error (0.48) and could lead to limitations if this particular model was 

used for prediction. Although we acknowledge the relatively small sample size of 157 for 

analysis in a BRT modeling framework, we believe we have taken necessary measures to 

have confidence in our results. First, a hierarchical model selection technique was 

selected to be sure that results fit a priori hypotheses and were not simply the product of 

data dredging. Second, two forms of cross-validation were performed post-hoc to 

evaluate leverage of both random subsets of samples, as well as individual conservation 

areas. Measured values of Pearson’s correlation coefficient, root mean squared error, and 

predictive deviance for the final model fall within the inter-quartile range of both cross-

validated tests. 

Discussion 

Water and sediment samples in Missouri floodplain wetlands across a one year 

time period had frequent detections of three commonly used neonicotinoids; clothianidin, 

imidacloprid and thiamethoxam. To our knowledge these results are among the first to 
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demonstrate persistence of greater concentrations of neonicotinoid insecticides in wetland 

sediments compared to concentrations in associated water. Neonicotinoids have greater 

leaching potential based on water solubility, persistence in soil (half-lifesoil), and soil 

organic-carbon adsorption coefficient (Koc), than other common agricultural chemicals 

(e.g. glyphosate) (Gustafson 1989, Huseth and Groves 2014). Therefore, neonicotinoids 

are more readily available for transport to surface waters and remain within the water 

column, and are not thought to readily bind to sediment (Chrétien et al. 2017). 

Consequently many previous studies of North American aquatic ecosystems have focused 

on neonicotinoid concentrations in water, with less emphasis on sediment concentrations 

(Anderson et al. 2013, Hladik and Kolpin 2015, Evelsizer and Skopec 2016, Struger et al. 

2017). One study that did assess neonicotinoid sediment concentrations reported 

detectable levels in only a small percentage (6%) of prairie pothole wetlands (Main et al. 

2014). However, Missouri wetlands differ from prairie potholes substantially in 

hydrology, management and landscape position (Cowardin et al. 1979). Therefore, 

sediment neonicotinoid contamination in the prairie pothole region may not be predictive 

of patterns of contamination found in riverine floodplain wetlands.  The greater sediment 

neonicotinoid concentrations compared to water observed in our data represent a 

departure from the water-neonicotinoid contamination trends in current literature. 

Seasonal drying and planting of crops in our study wetland impoundments may have led 

to neonicotinoids binding to wetland sediment (similar to agricultural field soil) rather 

than dissolving or binding to suspended sediments in the water column (similar to prairie 

potholes) (Jones et al. 2014, Main et al. 2014). Studies of agricultural fields show greater 

soil neonicotinoid concentrations compared to adjacent or associated water resources 
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(Schaafsma et al. 2015, Hladik et al. 2017). Mean total aqueous neonicotinoid 

concentration in our study wetlands (0.03 μg L-1) was similar to previous studies (Main et 

al. 2014); however, aqueous concentrations of Missouri floodplain wetlands were an 

order of magnitude less than those reported for other aquatic ecosystems (Starner and 

Goh 2012, Anderson et al. 2013). It is possible Missouri wetland sediments retain a 

greater proportion of neonicotinoids resulting in less aqueous concentrations. 

 Fate and transport modeling of agricultural chemicals has proven to be an 

important tool for regulatory agencies to ensure chemicals do not occur in concentrations 

in the environment that could harm humans or wildlife (Cropper et al. 1992, Mottes et al. 

2014). Previous attempts to model neonicotinoid concentrations in surface waters have 

related neonicotinoid concentrations to land use, precipitation events, and wetland 

specific variables (Anderson et al. 2013, Hladik et al. 2014, Main et al. 2015). 

Specifically, Main et al. (2015) similarly used BRTs to model neonicotinoid fate in the 

Prairie-Pothole Region of Canada and found plant communities and agricultural crop 

type best explained aqueous neonicotinoid concentrations. Because neonicotinoid 

concentrations in sediment have not frequently been measured or detected in previous 

studies, factors associated with sediment neonicotinoids remain relatively understudied 

and unknown. Further, neonicotinoids have been identified as potentially harmful to 

aquatic invertebrates; and, the addition of sediment neonicotinoid concentrations may 

present an additional route of exposure that is not currently quantified (Morrissey et al. 

2015). Our BRT modeling efforts to understand variation in sediment neonicotinoid 

concentration data explained 31.6% of environmental variability with six variables. Soil 

and plant variables were identified in the literature as informative variables; however, in 
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the case of Missouri wetlands, their effects were not as great as the influence of overlying 

water variables and agricultural management practices (Bonmatin et al. 2015, Main et al. 

2015, 2016).  

The top variable in the composite model came from the abiotic water model. 

Water temperature (VI=31.8%) had a negative quadratic relationship with neonicotinoid 

concentrations which may be explained by competing factors between soil sorption and 

neonicotinoid degradation (Anderson et al. 2015). Warmer soil temperatures can lead to 

increased sorption to soil particles (Banerjee et al. 2008). It is possible wetland sediment 

temperatures were correlated with the overlying water temperature, and water 

temperature was a surrogate for this relationship in our model. Increasing soil 

temperatures also increase degradation rates and may have resulted in lower sediment 

neonicotinoid concentrations observed at greater temperatures (Anderson et al. 2015, 

Mulligan et al. 2016b). With respect to sediment neonicotinoid concentrations, increasing 

neonicotinoid sorption and degradation with increasing temperature could drive the 

negative quadratic relationship we observed. The inflection point near 18°C suggests the 

negative effects of degradation surpass the positive influence of increased neonicotinoid 

sorption in wetland sediments. Wetlands with greater water depths and more extensive 

water coverage may experience smaller diurnal temperature swings because light 

attenuation increases with depth (Zepp and Cline 1977). It is also possible that water 

temperature was a surrogate measure of season. Water temperatures were greatest where 

water remained in isolated pockets during the summer sampling season, however summer 

sediment concentrations were not significantly different from other seasons, as including 

season as a model covariate did not improve the final model. 
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 The second most influential variable explaining sediment neonicotinoid 

concentration was the % area of agricultural crops planted within each wetland during the 

spring of 2016 (VI=23.5%), which had an overall positive relationship with sediment 

neonicotinoid concentrations. Wetland pools with >25 percent area planted to agriculture 

had the greatest concentrations, but were typically less common on the landscape. In 

order to achieve greater area of agriculture, wetlands require higher elevation portions 

that experience earlier drying to facilitate planting of agricultural crops. Most study 

wetlands (73%) had <25 percent of area planted to crops, suggesting neonicotinoid 

concentrations could be mitigated by limiting area of wetlands planted to crops below 

this threshold. The relationship between neonicotinoid concentrations and percent 

wetland area planted indicates that controlled drying of wetlands allows increased 

wetland area planted to agriculture annually; which, in turn, increases neonicotinoid 

concentrations in floodplain wetland sediments (Zedler and Kercher 2005, Verhoeven 

and Setter 2010). Neonicotinoid seed treatment labels typically advise against planting 

treated seed in areas susceptible to leaching to avoid adverse effects to wildlife and 

groundwater (Syngenta). Most, if not all, wetlands used for this study could be classified 

as areas not suitable for planting treated seed. However, it is common management 

practice on state and privately managed wetlands to plant agricultural seeds intended for 

commercial agriculture production, which may contain neonicotinoid treatments. 

 Similar to Main et al 2015’s model of water concentration, water depth 

(VI=18.3%) was also retained as an informative predictor in our sediment concentration 

model, with an overall negative relationship. Studies of soil under agricultural production 

support this model suggesting neonicotinoids can persist longer in oxygenated soils with 
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lower moisture levels (Gupta et al. 2008a, Mulligan et al. 2016b). Neonicotinoids are 

readily broken down through photolysis and wetlands with greater water depth may 

provide more opportunity for sediment-sorbed neonicotinoids to solubilize and 

photodegrade (Gupta et al. 2008b, Bonmatin et al. 2015, Kurwadkar et al. 2016). Further, 

microbial degradation of clothianidin increases in anoxic conditions (Mulligan et al. 

2016b). Greater water depths slows the diffusion of oxygen to wetland sediments and can 

create anoxic conditions needed to enhance neonicotinoid degradation (Faulkner and 

Richardson 1989).  However, deeper water depth has also been shown to slow the 

breakdown of pesticides, including neonicotinoids, and therefore it is likely that the 

negative relationship with water depth may have an upper limit (at depths greater than 

measured in this study) before it begins to shield neonicotinoids from photolytic 

breakdown (Zepp and Cline 1977, Lu et al. 2015). Water depth in floodplain wetlands is 

often related to hydroperiod and wetland inundation area, with low lying areas typically 

holding water for the longest duration (Fredrickson and Taylor 1982). An estimation of 

percent wetland inundation among study wetlands showed a similar relationship as water 

column depth, however percent inundation was not retained in the final abiotic model 

(VI=9.1%). Retention of water column depth as a negative factor in the model further 

supports our hypothesis that managed drying in floodplain wetlands results in sediments 

sorbing neonicotinoids, which increases sediment concentrations and lengthens 

neonicotinoid half-lives. This relationship warrants further study. 

 Finally, the remaining three variables in the model accounted for 26% of model 

predictive deviance. Sorption of neonicotinoids to soil determined in laboratory tests of 

both early and later generation neonicotinoids identified organic matter, soil particle size, 
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and minerology as important factors influencing concentrations, with greater sorption 

associated with clay and organic carbon (Cox et al. 1998, Papiernik et al. 2006, Kodešová 

et al. 2011, Satkowski et al. 2018). However, our BRT model identified silt content 

(VI=10.6%) from the plant/soil model as potentially informative, displaying a weak 

positive quadratic relationship. Silt percent is inversely related to soil clay and sand 

percentage, therefore, the decrease in neonicotinoid concentration between 40 and 60 % 

silt may actually indicate the presence of a silt loam soil texture. Silt loam may contain a 

greater fraction of clay or potentially greater amounts of organic matter which would 

have enabled neonicotinoids to more readily sorb in wetland sediments. Percentage of 

moist-soil vegetation (VI=8.8%), a vegetation community for which floodplain wetlands 

are often managed, had a negative association with neonicotinoid concentrations 

(Fredrickson and Taylor 1982). The mediating presence of native vegetation on 

neonicotinoid concentrations may be lower ranked in the final model because it was 

inversely related to crop acreage, which was the second most informative variable in the 

model. Finally, % CA treated was retained in the final model and indicated a similar 

threshold type relationship as wetland area planted, but exhibited a weaker relationship at 

the larger spatial scale. Previous studies relating neonicotinoid concentrations to 

surrounding area under agricultural production used linear correlations and either did not 

investigate or did not find evidence of threshold values (Anderson et al. 2013, Hladik et 

al. 2018). The increase in sediment neonicotinoid concentrations at 25% treated area of 

the CA is a threshold that delineates the top thirty percent of our randomly selected study 

CAs. Therefore approximately one-third of the CAs in Missouri are susceptible to 

neonicotinoid contamination when accounting for other management variables. The two 
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variables in the final model coming from the agricultural model (% wetland planted, % 

CA treated) displayed a hierarchical spatial relationship. Of these relationships the most 

proximate measure of agriculture (% wetland planted) had the greatest effect on sediment 

neonicotinoid concentrations with relationships weakening as the measure represented a 

larger spatial scale. The percentage agriculture of the watershed that was used to select 

study CAs also exhibited a positive relationship with sediment neonicotinoid 

concentrations. However, it did not show a strong relationship compared to wetland and 

CA level agricultural variables. Since each CA had a single value for agriculture 

percentage it is possible that we only accounted for the spatial autocorrelation of these 

data. Although, as noted previously, a categorical grouping term did not substantially 

improve model performance. Therefore we contend that the positive relationship between 

% CA treated and wetland sediment concentration both accounts for spatial similarities 

among wetlands as well as the effect of agriculture on neonicotinoid concentrations. 

A central hypothesis to our study was that neonicotinoid concentrations would be 

influenced by wetland management activities, especially use of neonicotinoid treated 

seed. Contrary to this hypothesis, wetland level neonicotinoid treatment variables were 

removed at the original stage of variable selection. No measures of neonicotinoid seed 

treatment use in 2015 (VI=6.0%), 2016 (VI=1.7%) or the five year wetland treatment 

history (VI=1.6%) were selected for inclusion in the composite model. The influence of 

% CA treated is a reflection of neonicotinoid treatment at a broader scale, however 

similar results can be obtained using the % CA in agriculture, regardless of neonicotinoid 

seed treatment. The small effects of treatment could indicate the relationship to acres 

planted were actually a function of soil disturbance. Studies of agricultural fields found 
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that soil dust created during planting and tilling events can contain neonicotinoids where 

concentrations can be nine times greater than the parent soil (Limay-Rios et al. 2016, 

Forero et al. 2017). Additionally, because the majority of corn and soybeans planted in 

the Midwestern United States is treated, a simple measure of area planted may be a more 

important measure than treatment (Simon-Delso et al. 2015). 

Neonicotinoids are detrimental to non-target wildlife populations including 

pollinators, aquatic invertebrates, and vertebrate taxa at environmentally relevant 

concentrations (Goulson 2013, Gibbons et al. 2014, Pisa et al. 2014, Morrissey et al. 

2015, Main et al. 2018). For aquatic invertebrates, one primary uncertainty is how 

sediment neonicotinoid concentrations affect wetland invertebrates lethally (i.e. survival), 

or sub-lethally (growth, behavior, emergence timing). Invertebrates that have both 

benthic and nektonic life stages (e.g. Family chironomidae) common to study wetlands 

may be exposed to neonicotinoids multiple times through sediment and water. Future 

studies are needed to determine environmental levels of neonicotinoids in sediment at 

broader geographic ranges and additional wetland types. Further identification of 

concentrations that may cause deleterious effects to sediment-dwelling organisms is 

needed, much the same as regulatory benchmarks set for aqueous neonicotinoid 

concentrations (Morrissey et al. 2015). Studies of neonicotinoids in surface waters would 

benefit from the addition of sediment sampling to further determine if sediment 

contamination is regionally or ecosystem specific. 

The planting of agricultural crops in floodplain wetlands is used as a management 

tool to increase productivity of remaining wetlands for use by wildlife (Reinecke et al. 

1989). The practice of using commercial agricultural techniques for wildlife management 
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began before neonicotinoid seed treatments became ubiquitous on many common crops 

used in wetland management (Jeschke et al. 2011). Managers were historically afforded 

the opportunity of deciding which chemicals were applied on the land. Our modeling 

efforts indicate neonicotinoid sediment concentrations are at least partially influenced by 

management decisions (i.e., water depth and crop planting). If chemical inputs impact 

certain management objectives (e.g. invertebrate production), managers may face the 

decision of whether to plant treated seed to meet other management goals. Maintaining 

greater water depths in wetlands for longer time periods, could have multiple effects on 

sediment neonicotinoid concentrations. Neonicotinoids rapidly degrade in anoxic 

conditions, especially when temperatures are greater (Mulligan et al. 2016b). Deeper 

water levels maintained later in the season could achieve both longer periods of anoxia in 

wetland sediments and greater temperatures as seasonal light intensity increases, 

ultimately resulting in the degradation of neonicotinoids. In addition, wetlands that 

remain inundated for longer time periods will provide less opportunity for large scale 

agricultural planting in the spring. This may be an especially important decision to make 

on CAs that are > 25% treated, as they are predisposed to greater neonicotinoid sediment 

concentrations. 
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Table 1.1: Variables included in each a priori model along with model descriptions for 
three models included in original variable selection. Variables bolded were selected based 
on their variable importance score in their respective models for use in the final Boosted 
Regression Tree final composite model to estimate sediment neonicotinoid 
concentrations in Missouri wetlands. 

model 
name 

variables variable description model description 

agriculture 

wetland area 
planted 

Crop planted 2016 (%) The agricultural model used all 
variables associated with 
common agricultural practices. 
Tilled % referred to the amount 
of land that is classified as an 
annually planted crop. Treatment 
referred to whether or not 
neonicotinoid treated seed was 
used where the 5 year history 
was the total number of years 
planted. 

% CA treated Conservation Area planted with 
treated seed (%) 

2016 treatment Neonicotinoid treated seed planted 
2016 (Y/N) 

2015 treatment Neonicotinoid treated seed planted 
2015 (Y/N) 

Treatment 
history 

Numbers of years treated in 
previous 5 years (years) 

% watershed 
in agriculture 

Watershed area under agricultural 
tillage (%) 

abiotic 

depth Water depth (cm) The abiotic model had variables 
that pertain to the overlying 
water of the sediment. Inundation 
% was a visual estimation of the 
percent water coverage of the 
wetland pool. Water 
concentration was the measured 
concentration of total 
neonicotinoids in the source 
water. 

temperature Water temperature (°C) 
turbidity Water turbidity (NTU) 
pH Water pH 
wetland 
inundation  

Amount of wetland footprint 
inundated (%) 

water source Wetland water source (well, surface 
water, precipitation) 

water 
concentration 

Total neonicotinoid concentration 
from water source fall 2016 (μg L-
1) 

plant/soil 

% moist-soil Amount of annual herbaceous 
plants (%) 

The plant/soil model contained 
proportions of coverage by 
different vegetation 
classifications. Soil variables 
were a measure of particle size 
and organic matter content. 

% silt Silt fraction of sediment core (%) 
Litter depth Depth of organic debris (cm) 
% persistent 
emergent 
vegetation  

Amount of persistent emergent or 
aquatic vegetation (%) 

% open water Amount of open water or bare 
ground (%) 

% woody Amount of trees or shrubs (%) 
% loss on 
ignition  

Amount of organic matter lost on 
ignition (%) 

% Clay Clay fraction of sediment core (%) 
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Table 1.2: Mean and max sediment neonicotinoid concentrations (μg kg-1) in Missouri 
wetlands for the three most commonly detected active ingredients and the sum of those 
three ingredients (Total) for four sampling periods in 2016 and 2017. 
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Table 1.3: Mean and max aqueous neonicotinoid concentrations (μg L-1) in Missouri 
wetlands for the three most commonly detected active ingredients and the sum of those 
three ingredients (Total) for four sampling periods in 2016 and 2017. 
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Table 1.4: Summary statistics (mean, standard error, range) for variables used in boosted 
regression tree modeling. Modeling efforts attempted to explain sediment neonicotinoid 
concentrations at wetlands (n = 40) across Missouri. 

Model Name Variable  Unit Mean  SE Range 
Agricultural % wetland planted % 18.1 24.3 0 – 96.9 

% Conservation Area treated % 15.6 13.1 0 – 42.1 
% Watershed in agriculture % 38.5 25.4 4.9 - 88.9 
Neonicotinoid treatment 2015 yes/no NA NA 20 (yes) 
Neonicotinoid treatment 2016 yes/no NA NA 17 (yes) 
5 year neonicotinoid treatment 
history 

Years 3.1 2.1 0.0 - 5.0 

Plant/Soil Litter depth cm 0.5 0.5 0.0 - 1.7 
Sediment silt % 47.9 12.2 17.2 - 74.9 
Sediment clay % 39.2 12.7 12.6 - 59.9 
Sediment organic matter % 5.6 2.6 1.3 - 16.5 
Moist-soil vegetation % 50.3 31.4 0.0 - 100.0 
Emergent vegetation % 9.1 14.9 0.0 - 60.0 
Woody vegetation % 5.6 7.4 0.0 - 25.0 
Open water % 9.8 21.5 0.0 - 95.0 

Abiotic Water depth cm 29.0 16.4 0.0 - 72.3 
Water temperature °C 16.7 8.8 0.3 - 37.1 
Turbidity ntu 55.9 74.8 0.4 - 395.0 
pH NA 8.0 0.7 5.5 - 10.4 
Wetland inundation % 41.0 34.2 0.0 - 100.0 
Water source 9 (ground), 8(precipitation), 23 (surface)  
Source water total neonicotinoids ng/L 0.02 0.02 0.0 – 0.08 



37 

________________________________________________________________________ 

Figure 1.1: Study conservation areas across the gradient of agricultural land-use in 
Missouri. Study sites were randomly selected to allow sampling at areas at both high and 
low agriculture while focusing much of the effort at typical watersheds from the 25th-75th 
quartile. 
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_______________________________________________________________________
Figure 1.2: Concentrations of sediment (top) and water (bottom) neonicotinoid 
concentrations across all wetlands (n = 40) and sampling periods (n = 4). Concentrations 
are stratified based on the number of years treated seed was used in the previous 5 years. 
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_______________________________________________________________________ 

Figure 1.3: Variable importance (VI) scores for variables retained in the final sediment 
neonicotinoid model achieved through hierarchical model selection. Model ranked VI 
scores sum to 100, representing the individual contribution of a predictor variable to the 
overall model. 
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_______________________________________________________________________ 

Figure 1.4: Partial dependency plots for: (A) water temperature, (B) % wetland planted, 
(C) water depth, (D) % silt, (E) % moist-soil, and (F) % conservation area (CA) treated. 
Plots represent variable effects on log total sediment neonicotinoid concentrations. 
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Chapter II  

Response of wetland food webs to neonicotinoid insecticides: a field experiment studying 

emergent aquatic invertebrates and aerial insectivores 

Abstract 

The ubiquitous use of neonicotinoid seed coatings has shifted pest control efforts in the 

agricultural community from integrated pest management to a prophylactic approach. 

Widespread use combined with enhanced water solubility have led to neonicotinoid 

detection in surface waters across North America and Europe, especially in areas of 

intensive agriculture such as the Midwestern United States. Non-target aquatic 

invertebrates, as well as higher level organisms that rely on these invertebrates as a food 

source after they transition from aquatic to terrestrial food-webs, are susceptible to 

neonicotinoid exposure. Emergent aquatic invertebrates are a crucial food resource for 

aerial insectivores, as they are seasonally abundant and have greater nutritional value 

than terrestrially derived invertebrates. We evaluated whether experimental planting of 

wetlands with neonicotinoid treated seeds impacted wetland food-webs across the 

aquatic-terrestrial ecosystem energy transfer. To that end, we established tree swallow 

(Tachycineta bicolor) nest boxes (n=100) at wetlands (n=20) across Missouri. Study 

wetlands were paired on properties managed by the Missouri Department of 

Conservation which enabled execution of an experimental design that compared 

neonicotinoid concentrations from wetlands planted with treated (thiamethoxam) seed 

corn and wetlands planted with untreated seed corn. Following treatment, we sampled 

water and sediment during three time periods (autumn 2016, spring 2017, and summer 

2017) and analyzed samples for neonicotinoids. Neonicotinoid toxic equivalencies (NI-
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EQs) were calculated based on toxic equivalency factors for the three most commonly 

detected active ingredients (imidacloprid, clothianidin, thiamethoxam). Sediment NI-EQs 

were treatment and season dependent, while water NI-EQs were only dependent on 

season. Mean sediment NI-EQs were greater in treated than untreated wetlands in autumn 

2016 (1.14 and 0.29 μg kg-1, respectively) and spring 2017 (0.61 and 0.16 μg kg-1, 

respectively), but only the autumn concentrations were significantly different (P<0.05). 

The treatment pattern reversed summer 2017 (0.10 and 0.17 μg kg-1, respectively), 

however these values are neither significantly different nor greater than the method 

detection limit. To evaluate the potential relationship between tree swallow nesting and 

brood rearing success to neonicotinoid concentrations, we measured emergent insect 

biomass and quantified egg volume and nestling growth rate for 35 nests at 14 wetlands 

in spring 2017. Differences in tree swallow nest initiation date, clutch size, and egg 

volume all varied with either sediment or water NI-EQ and age of the female nesting tree 

swallow. No differences in tree swallow brood rearing or eventual nest success were 

found relative to neonicotinoid treatment or concentrations. We observed similar 

quantities of emergent insects at treatment and control wetlands, as well as in nestling 

diets, measured as a function of stable isotope content of feathers. By evaluating the 

relationship among neonicotinoid treatment and concentrations, emergent insect biomass, 

and tree swallow nestling growth, we have shown differences in tree swallow nest 

initiation date, clutch size and egg volume associated with neonicotinoid concentrations. 

However, the causal mechanisms associated with declining insectivorous bird 

populations in the presence of neonicotinoids are still unknown and require additional 

study. 
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Introduction 

During the early 1930s, introduction of the organochlorine insecticide 

Dichlorodiphenyltrichloroethane (DDT) to the United States (US) initiated the use of 

synthetic pesticides for residential and agricultural pest control, with use of these 

chemicals continuing and evolving throughout the 20th century (Rattner 2009). Shortly 

after the widespread use of persistent organic pesticides began in the US, signs of adverse 

effects to wildlife prompted some of the first studies of wildlife ecotoxicology (Coburn 

and Treichler 1946; Stewart et al. 1946). Among the most notable wildlife ecotoxicology 

findings was the identification of DDT (and DDT metabolites) as the primary cause of 

egg shell thinning in birds of prey (Ratcliffe 1967). Concerns about the effects of 

persistent, broadly toxic insecticides eventually led to the ban of DDT in the US, but also 

popularized the next generation of insecticides: organophosphates and carbamates. 

Advances in agricultural chemistry during the late Twentieth Century led to the 

development of neonicotinoids (Jeschke and Nauen 2008). Neonicotinoids are a class of 

systemic insecticides that are markedly less toxic than organophosphate and carbamate 

insecticides to vertebrate wildlife and humans; thus, neonicotinoids have replaced these 

broadly toxic insecticides for use in US agricultural pest control (Jeschke et al. 2011). 

Neonicotinoids are agonists of the nicotinic acetylcholine receptor (nAChR). 

Consequently, neonicotinoids selectively target insects through stronger binding affinity 

to insect nAChrs, as compared to vertebrate nAChrs (Simon-Delso et al. 2015). Despite 

low toxicity to vertebrates, neonicotinoids may indirectly harm wildlife; specifically, 

non-target insects and organisms that rely on insects as a food source are at risk (Pisa et 

al. 2014; Morrissey et al. 2015).  Indeed, a study in the Netherlands identified a strong 
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negative correlation between population trends of insectivorous birds and concentrations 

of the neonicotinoid imidacloprid (Hallmann et al. 2014). While Hallman et al. (2014) did 

not establish a causal link between neonicotinoid concentrations and insectivorous birds, 

numerous factors may be contributing to declines in avian populations in the Netherlands 

and around the world, including a disruption to trophic food webs (Benton et al 2002; 

Murphy 2003; Frenzel et al. 2015). 

Bird populations that rely on grasslands and farmlands of Europe and North 

America have experienced rapid declines over the past thirty years (Benton et al. 2002; 

Sauer et al. 2017). Causes of population declines have been debated and are likely linked 

to multiple stressors. Conversion of grasslands and shrublands to monoculture agriculture 

has led to habitat loss; however, the effects of habitat loss on grassland birds can be 

geographically and temporally explicit (Murphy 2003; Frenzel et al. 2015). In addition, 

granivorous birds may be prone to ingesting pesticide laden seeds (Avery et al. 1997). 

However, observed population declines have been greatest among aerial insectivores and 

granivorous birds that rely on arthropods as a food source during certain life-history (e.g. 

nesting, brood rearing, etc.) events (Benton et al. 2002; Nebel et al. 2010). Negative 

population trends of birds associated with farmland and reliant on arthropods as a food 

source suggest a multi-stressor response due to a food-web disruption in agricultural 

landscapes, habitat loss, and potential direct toxicity of common use pesticides to avian 

species (Boatman et al. 2004). 

 Global declines in insect populations have been partially attributed to agricultural 

intensification, with some species experiencing declines as great as 76% over the last 

thirty years (Paquette et al. 2013; Hallmann et al. 2017; Bellavance et al. 2018). Insects 
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are not only an important avian food source in agricultural landscapes, they also annually 

provide as much as $56 billion dollars to the US economy in other ecological services 

(e.g., pollination, natural predators; Losey and Vaughan 2006). Currently, the elimination 

of native field edges, buffer strips, and hedgerows, as well as recent deviations from the 

tenants of Integrative Pest Management (IPM) threaten insects and the ecological 

services they provide (Kogan 1998; Benton et al. 2002). Since the early 2000s, 

agricultural producers in Europe and North America have adopted the widespread use of 

neonicotinoid seed coatings that are applied ubiquitously, regardless of pest pressure, 

which deviates from common IPM practices (Jeschke et al. 2011; Simon-Delso et al. 

2015). Widespread use of neonicotinoids without regard of IPM principles may have 

unforeseen consequences on non-target organisms, such as pollinators and other 

beneficial insects (Chagnon et al. 2014).  

Non-target aquatic emergent insects are of particular concern because of their 

importance in aquatic and terrestrial food webs. Aquatic insect emergence represents an 

important transfer of energy from the aquatic to the terrestrial environment, as terrestrial 

predators nesting or foraging in riparian areas often rely on emergent insects, especially 

during the breeding season (Nakano and Murakami 2001, Paetzold et al. 2005, Epanchin 

et al. 2010). Neonicotinoid insecticides have been implicated in the decline of aquatic 

insects, emergent insects, and their terrestrial and aquatic predators (Chagnon et al. 2014, 

Sánchez-Bayo et al. 2016). In addition to an overall decline in aquatic insect abundance, 

neonicotinoids can alter emergence timing, body size, and sex ratios of mayflies 

(Ephemeroptera) and non-biting midges (Chironomidae) (Alexander et al. 2008; Mohr et 

al. 2012; Cavallaro et al. 2017a; Cavallaro et al. 2017b). Not only do emergent aquatic 
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insects make up a large portion of aerial insectivore diets, they are of greater nutritional 

quality than terrestrial insects, specifically polyunsaturated fatty acids (PUFA) content 

(Martin-Creuzburg et al. 2016; Popova et al. 2017). The amount of PUFA in the diets of 

nestling tree swallows (Tachycineta bicolor) is a positive and better predictor of nestling 

condition than food quantity, thus, aquatic insects are a disproportionately important food 

source for developing insectivorous birds (Twining et al. 2016). If neonicotinoid 

concentrations in wetlands are impacting aquatic invertebrate populations in either the 

amount or timing of energy transfer by aquatic insect emergence, it could have 

implications for aerial insectivore food supply and nestling development. 

We designed a field experiment to evaluate potential impacts of direct application 

of neonicotinoid-treated seed on energy transfer from aquatic to terrestrial ecosystems, 

using tree swallows and emergent aquatic insects in Missouri wetland ecosystems. Tree 

swallows have been used as a study organism in previous environmental contaminant 

studies because (1) nesting tree swallows readily use human and agriculturally impacted 

areas, (2) tree swallows can be attracted to study sites through the use of artificial nest 

boxes, (3) both adult and fledgling tree swallows are strictly insectivorous, and (4) adults 

have been found to preferentially select for insects of aquatic origin (McCarty 2001; 

Mengelkoch et al. 2004). Adult tree swallow foraging behavior becomes more 

predictable during nestling rearing as adults typically restrict their foraging distance to 

within 400 m of the nest or within sight of the nest box. (McCarty et al. 1999; 

Mengelkoch et al. 2004). The predictable and limited spatial foraging of adult tree 

swallows enabled us to link tree swallow foraging behavior to study wetlands as a 

primary source for emergent insects. Therefore, our objectives were to evaluate the 
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relationship between tree swallow nesting success and productivity at wetlands treated 

with neonicotinoid-treated seed during the previous spring growing season and compare 

these metrics to those observed in wetlands in which untreated seed was planted. Further, 

we quantified emergent insect communities as a potential causal mechanism for variation 

in tree swallow nesting success. We hypothesized that tree swallows nesting at previously 

treated wetlands would experience lower nesting efficiency due to the altered emergence 

of insects at critical periods (e.g. nest site selection, egg laying, brood rearing) of the 

spring nesting season. Further, we investigated whether nestling diet, as a measure of 

feather stable carbon and nitrogen isotope content, varied with neonicotinoid treatment 

and concentrations at study wetlands. 

 

Methods 

 We selected twenty wetlands on eight Conservation Areas (CAs) managed by the 

Missouri Department of Conservation as study sites (Table 2.1). The CAs were selected 

based on their landscape position (i.e. within a flood-plain), presence of infrastructure to 

manipulate hydrology (i.e. control water levels within wetlands), and the area manager’s 

willingness to participate in the study. Additional criteria for CAs to be included in the 

study were the presence of at least two wetlands within each CA that were hydrologically 

independent from surrounding wetlands and one another, and that could be planted to 

similar proportions of agricultural crop. We evaluated potential study wetlands within a 

CA for similarity in plant communities, water source, and management regiment to 

ensure they could be treated as paired wetlands in our study design. We designated one 

wetland on each CA for experimental treatment with the neonicotinoid thiamethoxam and 
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the other study wetland as a reference condition. Treated wetlands were designated 

randomly where possible; however, in some instances, it was necessary to systematically 

select treated wetlands to ensure they were not discharging potentially contaminated 

water into a reference wetland condition. In spring 2016, water levels in experimental 

wetlands were drawn down per normal MDC management practice and approximately 

15% of each wetland was planted with thiamethoxam-treated seed corn (Syngenta® 

CruiserMaxx 250). The seed-coating also contained the fungicides fludioxonil, 

mefenoxam, azoxystrobin, and thiabendazole. Similarly, each reference wetland 

(=control) was planted with the same proportion of untreated seed corn that contained 

neither neonicotinoids nor fungicides to standardize any impacts of soil disturbance on 

the invertebrate communities that occur during planting and associated agricultural 

tillage. Post-planting, all wetlands remained dry during a majority of the growing season 

before being inundated in mid-October to accommodate autumn migrating waterfowl and 

waterbirds. 

 We collected water and sediment samples from all study wetlands during three 

time periods for subsequent neonicotinoid analysis. Samples were collected in autumn 

2016 (October), at the time of emergence trap deployment (April 2017), and during peak 

nestling rearing (June 2017). We collected water and sediment samples as part of a three 

part composite for each wetland and time period. Starting at the center of the inundated 

portion of the wetland we took our first water sample (approximately 330 ml) from 15 cm 

below the water surface and similarly collected a sediment core from a depth of zero to 

five cm. Moving towards the edge of the wetland in a random direction we collected two 

more water and sediment samples equidistant from the first sample and the wetland edge. 
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We thoroughly mixed and combined each sample to yield one L of water and 250 ml of 

sediment for each wetland and sampling period.  

Sediment and water samples were shipped to the University of Nebraska Lincoln 

Water Sciences Laboratory where liquid chromatography tandem mass spectrometry 

(LC-MS/MS) was used to quantify concentrations for the six most commonly used 

neonicotinoid insecticides (imidacloprid, clothianidin, thiamethoxam, dinotefuran, 

thiacloprid, acetamiprid) (Satkowski et al. 2018). Method detection limits (MDL) for all 

active ingredients in water and sediment samples were 0.020 μg L-1 and 0.200 μg kg-1, 

respectively. Although there is lower statistical confidence in values reported below the 

MDL, we opted to statistically analyze instrument-derived values (Antweiler et al. 2008; 

Helsel 2010). Despite the uncertainty of using instrument-derived values, it is considered 

a better method than other substitution methods for regression type analyses, especially 

when using a single MDL for all samples (Antweiler et al. 2008, Helsel 2010). 

Instrument-derived values were used in calculating neonicotinoid toxic equivalency units 

(NI-EQs) in order to equate all concentrations to the toxicity of imidacloprid. We 

calculated NI-EQs using an additive model of toxic equivalency factors (TEFs) where 

NI-EQ = imidacloprid + 1.62*clothianidin + 0.11*thiamethoxam (Cavallaro et al. 

2017b). We used chronic TEF’s instead of individual concentrations because active 

ingredients can be variably potent to invertebrates and a single NI-EQ limits issues 

associated with multicollinearity among independent variables in linear modelling (Raby 

et al. 2018; Taillebois et al. 2018). 

To quantify emergent aquatic insects available as a food source for tree swallows, 

we deployed two insect emergence traps at each wetland to measure emergent insect 
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abundance and biomass. Traps were modeled after the pyramid shaped design described 

in Cadmus et al. (2016), with modifications made to the netting to ensure the traps could 

withstand weather conditions in wetlands for extended time periods. To maintain 

adequate water depth beneath traps for insects to emerge, traps were placed randomly in 

inundated portions of each wetland and relocated as necessary to inundated portions of 

the wetland throughout the data collection period. Collection bottles on the emergence 

traps were filled with automotive grade ethylene glycol to trap and preserve insects until 

collection (Schmidt et al. 2006). Trap contents were collected while monitoring tree 

swallow nests at each wetland, which typically occurred weekly from April through July. 

Additionally, all spiders and spider webs were removed from emergence traps and noted 

at each visit to ensure they were not adversely impacting emergence traps. All adult 

insect samples obtained from emergence traps were rinsed and preserved in 75% ethanol 

until identification in the laboratory. Insects were identified and sorted by family, 

enumerated, and dried at 60°C for 24 hours. Insects were grouped by family and weighed 

using a digital balance to the nearest 0.01mg.  For each insect family, total family insect 

mass was divided by the number of individuals from each family in that sample to 

estimate an average individual mass for each family per sample. We summed individuals 

for insect orders less common in our study system, specifically Ephemeroptera, 

Plecoptera and Trichoptera (EPT), as these orders are considered sensitive to 

neonicotinoid insecticides (Morrissey et al. 2015). We also calculated the Shannon 

diversity index (Package Vegan; Oksanen et al. 2008) to measure changes in emergent 

insect diversity. 
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We established 100 tree swallow nest boxes (five per wetland) along the 

perimeter of study wetlands in spring 2016, with all boxes located within 10 meters of 

standing water. To ensure adequate water would be maintained for foraging tree 

swallows throughout the nesting season, we placed tree swallow boxes near wetland 

water distribution ditches or other low lying areas. We constructed study nest boxes with 

a pivoting side wall to allow efficient monitoring of nesting activity with minimal 

disturbance to adults or nestlings (Daly and Myers 2013). Nest boxes were mounted 

approximately 2 m above the ground on metal conduit and included a predator guard 

constructed from metal duct pipe to deter reptilian and mammalian predators from 

accessing the nest box. As adult swallows display philopatry to nest locations (Winkler et 

al. 2004), nest boxes were installed in 2016, but not monitored until 2017 in order to 

allow birds time to locate the nest boxes and establish nests. We placed all nest boxes on 

the same side of study wetlands with the entrance facing the water to minimize the 

influence of wind and ensure swallows foraged over the study wetland (Mengelkoch et al. 

2004).  

In February 2017, we fully cleared all nest boxes of previous nests and other 

debris, allowing us to determine the onset of nesting by the presence of nesting material. 

As nest initiation date is determined by the laying of the first egg, we monitored the 

boxes more frequently (2-3 times per week) when nesting material was present in a box. 

If we were not present the day the first egg was laid, nest initiation date was estimated 

based on previous information indicating typical laying rate of one egg/day (Whittingham 

et al. 2007). During nest monitoring, we recorded age of nesting female as second-year 

(SY) or after-second-year (ASY) based on plumage color (Hussell 1983). When each 
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clutch was complete, determined by no additional eggs on consecutive visits, we 

measured each egg’s maximum length and breadth (mm) using a digital caliper. These 

measurements were used to calculate egg volume using the formula Volume = 

Length*Breadth*Kw (where Kw is a species-specific constant) (Hoyt 1979).  

We predicted hatch date for each nest box based on nest initiation date and 

attempted to visit each nest on predicted hatch day to collect nestling data. Following 

hatch date visit, we visited each nest an additional two times before nestlings reached 15 

days of age to quantify nestling body condition index and overall growth rates (Whitfield 

et al. 1999; Labocha and Hayes 2012). At each nest box visit, we used a digital caliper to 

measure tarsus length (mm) and a 25 g Pesola spring scale to measure mass (Pesola scale 

company) for each nestling. Tarsus length was used to standardize body mass and 

calculate a body index because of uncertainty in estimating nestling age (Stauss et al. 

2005; Nomi et al. 2015; Twining et al. 2016). A nestling’s tarsus grows at a constant rate 

for the first 12 days at which time the tarsus has reached adult length, making tarsus 

length a suitable surrogate for age (Mccarty 2001). For each time period (time between 

when measurements were collected), a body index for each nestling was calculated by 

dividing nestling mass (g) by tarsus length (mm). Nestlings were not individually 

identifiable; therefore, we calculated average growth for nestlings in each nest box. We 

calculated nestling growth rates for two time periods [initial growth (time period 1-2) and 

overall growth (time period 1-3)] using the equation from Boatman et al. (2004): 

growth rate =(MassTime2 – MassTime1)/(TarsusTime2 – TarsusTime1).  
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We did not calculate growth rate for time period 2 to 3 because tarsus growth during this 

time period exceeded instrumentation measurement error, making growth rates during 

this time period unreliable. 

 We used naturally occurring carbon and nitrogen isotope ratios to determine the 

prevalence of aquatic insects in tree swallow nestling diets. Stable carbon and nitrogen 

isotopes are useful in determining origin (aquatic vs. terrestrial) and trophic position of 

prey items in consumer diets (Hyodo 2015). Nestling growth is entirely dependent on 

insects brought to the nest by foraging adults, and therefore stable isotope signatures of 

nestling feathers reflect the food items provided for them (Hobson and Clark 1992, 

Mccarty and Winkler 1999). On the final nest visit we removed three to five contour 

feathers from each nestling remaining in the nest box for stable isotope analysis as diet 

signatures are absorbed into metabolically inactive feather material (Hobson and Clark 

1992). We cleaned all feathers with a 2:1 chloroform methanol solution to remove any 

residual lipids on the feather surface that may skew isotope signatures. We added whole 

feathers in succession until a mass of 1.25 mg ± 0.10 was achieved, packed feathers into 

tin capsules, and shipped the capsules to the University of California Davis Stable Isotope 

Facility for 13C and 15N analysis. Similarly, reference materials from adult aquatic and 

terrestrial insects, and aquatic and terrestrial plants were sent for the same stable isotope 

analysis. We collected aquatic algae from emergent insect traps or other substrate in 

study wetlands, while terrestrial plants were collected from wetland levees adjacent to 

study nest boxes and sorted into monocots and dicots (Kato et al. 2004). For both aquatic 

and terrestrial plants, we dried, homogenized, and rinsed whole plant materials with de-

ionized water (Kautza et al. 2016). At the same time, we collected terrestrial and aquatic 
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insects from within wetland bounds using sweep nets (Paetzold et al. 2005, MacDade et 

al. 2011). Reference material was collected for stable isotope analysis in order to 

compare 13C and 15N values found in contour feathers of fledglings with potential aquatic 

and terrestrial diet items. 

  Statistical analyses for both tree swallow and emergent insects were completed 

using Generalized Linear Mixed Effect Regression (GLMER) models or Linear Mixed 

Effect Regression (LMER) models, depending on the distribution of the response 

variable. We used GLMER models for binary response variables to perform logistic 

regressions (nest use, adult age, and success), and LMER models for all other variables 

which were continuously distributed. Sampling effort for emergent aquatic insect samples 

varied based on the number of days between when collection bottles were emptied, thus 

we standardized all insect abundance data by number of trap days, as well as accounted 

for random spatial variation within a wetland by averaging abundance estimates across 

traps within each wetland. However, by standardizing for trap days, we were no longer 

able to treat insect abundances as integer count data; thus, we log transformed 

standardized insect abundance and biomass to meet the assumptions of normality when 

using LMER models with a Gaussian distribution. Finally, we analyzed NI-EQ’s in 

sediment and water to determine treatment effects across sampling periods using mixed-

effect ANOVA before testing for pair-wise differences using a Tukey post-hoc analysis. 

For each dependent variable we developed a set of five to eight candidate models, 

including a statistical null (intercept only) and a biological null (environmental 

covariates) model, which we then ranked using Akaike Information Criterion corrected 

for small sample size (AICc)  (Barton 2016, Bates et al. 2017). Additionally, we 
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calculated a marginal (fixed effects only) pseudo R2 value for each model to assess model 

fit (Barton 2016). All top models are reported with the calculated model weight as a 

measure of the likelihood the top model was the best model (Burnham et al. 2011). If the 

statistical or biological null was the top model, or approximated the top model, we 

concluded insufficient evidence to support any of our alternate hypotheses represented by 

a priori models. 

 

Results 

Neonicotinoid concentrations: We collected 56 sediment samples from study wetlands 

(Figure 2.1) across all three sampling periods for analysis of neonicotinoids. Across 

sampling periods, 50 to 55% of sediment samples contained at least one neonicotinoid 

with an overall mean and maximum total (=summed neonicotinoids) concentrations of 

0.36 μg kg-1 and 6.70 μg kg-1, respectively (Table 2.2). Clothianidin was the most 

frequently detected neonicotinoid in sediments across all sampling periods (38% of 

samples) followed by imidacloprid (32%), and thiamethoxam (7%). Mean total sediment 

neonicotinoid concentrations were greatest in autumn 2016 (0.65 μg kg-1) followed by 

spring 2017 (0.29 μg kg-1) and summer 2017 (0.10 μg kg-1).  

 Neonicotinoids were detected more frequently in water samples than sediments, 

with at least one neonicotinoid present in 70 to 80% of water samples across the three 

sampling periods. However, mean total water concentrations were an order of magnitude 

lower than associated sediment concentrations, ranging from 0.01 to 0.02 μg L-1 across 

all sampling periods (Table 2.3). Among the 51 water samples collected, clothianidin was 

most frequently detected (71% of samples), followed by imidacloprid (43%), and 
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thiamethoxam (4%). Mean total concentrations of neonicotinoids in water samples were 

greatest in summer (0.07 μg L-1), compared to fall (0.04 μg L-1) and spring (0.03 μg L-1) 

total concentrations. However, seasonal and overall means for individual neonicotinoids 

in water samples were below the MDL and should be interpreted with caution. 

Neonicotinoid toxic equivalencies (NI-EQs) varied by sample type (sediment, 

water), wetland treatment, and season (Figures 2.2). Mean sediment NI-EQs were 

greatest in treated wetlands (1.14 μg kg-1) sampled in autumn 2016, where untreated 

wetlands in autumn 2016 had a mean NI-EQ of 0.29 μg kg-1. However treatment effects 

on sediment NI-EQs were not significantly different among later sample periods. Water 

NI-EQs were similar between treated and untreated wetlands (p = 0.24) but varied among 

seasons (p<0.001). Water NI-EQs across all sites were lowest autumn 2016 (0.017 μg L-

1), followed by spring 2017 (0.020 μg L-1) and summer 2017 (0.022 μg L-1). 

Emergent insects: Major flooding occurred across Missouri in spring and summer 2017, 

resulting in the loss of insect collection traps and tree swallow nest boxes at two 

Conservation Areas: Columbia Bottom and Four Rivers. Additionally, lack of nesting 

tree swallows at Duck Creek and Otter Slough led us to remove insect traps 22 days after 

deployment. Despite flooding, we had 40 emergent insect traps operating at 20 wetlands 

for variable time periods resulting in a total of 1,719 trap days over 75 calendar days 

(April – July). Trap bottles were collected on average every 8.1 days resulting in a total 

of 212 individual emergent insect samples before traps were averaged within wetlands 

and collection days. We collected, identified, and weighed 17,835 aquatic emergent 

individuals from 59 insect families spanning eight orders. Among insect orders we 
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identified, Dipterans (16,570 individuals) comprised 93% of emergent insects collected 

with the next most abundant being individuals from the order Coleoptera (3%). Within 

the order Diptera, Chironomidae were most prevalent (89% of individuals sampled) 

followed by Ceratopogonidae (10%) and Dolichopodidae (<1%). 

 Emergent insect abundance of all major orders as well as taxa biomass, individual 

mass, and family abundances varied temporally and spatially. Therefore, we included 

sample period as a fixed effect in all candidate models as well as wetland ID nested 

within CA as a random term to account for temporal and spatial non-independence, 

respectively (Figure 2.3). Diptera abundance was best explained by the biological null 

model, which had an AICc weight of 0.83 and explained 14% of environmental variation 

(Table 2.3). We found diptera biomass was best explained by the intercept only model 

(statistical null) with an Akaike model weight (wi) of 1.00. As total diptera abundance 

consisted of 89% chironomids, we ran separate models for chironomidae abundance and 

mean individual chironomidae size. Our top model for Chironomidae abundance was the 

biological null (wi = 0.79, R2 = 0.14), whereas the best model for individual 

Chironomidae size was the statistical null (wi = 1.00). The statistical null model was the 

top model for all remaining dependent variables, including: Odonata abundance (wi =  

0.85), Coleoptera abundance (wi  = 0.99), EPT abundance (wi  = 0.74) d) Shannon diversity 

(wi = 0.91) and e) total emergent biomass (wi = 0.85) indicating no support for our a priori 

alternate hypotheses (Table 2.4). 

 

Tree Swallows: Similar to emergent insect traps, some nesting structures were destroyed 

by spring flood events, which delayed nesting at Columbia Bottoms and Four Rivers 
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CAs; however, we replaced nest boxes and nesting did eventually resume at these sites. 

We observed no nesting attempts at Duck Creek, Otter Slough, and Grand Pass CAs, 

despite having recorded nesting activity the previous year. We observed 36 nesting 

attempts (18 treated, 18 untreated) at the remaining 70 nest boxes, and ultimately 

monitored 35 of the nesting attempts; one nest was unmonitored due to an unusually late 

start date. Among monitored nests, clutch size ranged from 4 to 7 eggs with an overall 

mean of 5.7 eggs per nest. Hatching success (>1 egg hatched) was high (94%), with no 

observed predation through the monitoring period. Overall fledging success was 91% of 

nests fledging at least one nestling; of nests that fledged at least one nestling >96% of 

nestlings eventually successfully fledged.  

 

Nesting: Candidate models for nest site selection yielded limited support for any 

individual a priori model. Nest box use was best explained by the intercept only model 

(model weight 0.42, R2=0.03), and this model was 2 to 3 times as likely to be the top 

model as the next three candidate models (Table 2.5).   

The model that best explained variation in nest initiation date included variables 

for clutch size (total eggs laid), as well as an interaction between age of nesting female 

and total neonicotinoid concentration in water. The top model for nest initiation date had 

a model weight of 0.53 (R2=0.30) and was approximately twice as likely to explain the 

data as the next best model (wi = 0.25). After second year females initiated nests earlier 

near wetlands with greater total water neonicotinoid concentrations, while SY females 

initiated nests later at sites with greater water neonicotinoid concentrations (Figure 2.4).  



59 
 

The top model predicting clutch size included significant model terms for nest 

initiation date and age of nestling female by water neonicotinoid concentration 

interaction (wi = 0.99, R2=0.45). Clutch size of nests laid by ASY females were not 

influenced by neonicotinoid concentrations, whereas clutch size produced by SY females 

increased with water neonicotinoid concentrations (Figure 2.5). Egg volume was best 

explained by a model including nest initiation date and an interaction between age of 

nesting female and sediment neonicotinoid concentrations (wi = 1.00, R2=0.31). In this 

interactive term, egg volume laid by ASY females exhibited a negative relationship with 

sediment neonicotinoid concentrations, whereas sediment neonicotinoid concentration 

had no relationship with egg volume produced by SY females (Figure 2.6). The top 

model explaining percentage of eggs hatched included a nesting female age by treatment 

interaction, however the interaction was not significant. Hatch success was determined by 

a model with terms for nesting female age and treatment, which was approximately five 

times more likely to support the data (wi = 0.74) than the next best model (wi = 0.14), 

however the model explained only 10% of hatch success variation (Table 2.5).  

 

Brood Rearing: Nestling body index variation at the first, second and third measurements 

were all best supported by statistical null models, with AICc model weights of 0.99, 1.00, 

and 0.99 respectively. Similarly, both total growth and initial growth were best supported 

by the statistical null models which each had a model weight of 0.99, therefore no 

alternate hypotheses were supported for any of the nestling growth variables measured.  

Although δ13C is typically used to differentiate between aquatic and terrestrial 

food sources, stable isotope signatures of reference aquatic and terrestrial insects did not 
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differ for δ13C (-28.2‰, -27.7‰, respectively), so no further modelling based on δ13C was 

completed (Table 2.6, Kato et al 2004; Paetzold and Tockner 2005). However, δ15N did 

differ between aquatic (9.89‰) and terrestrial insects (7.29‰), which typically is an 

indicator of trophic position in the food chain or other nutrient subsidies (Hyodo 2015). 

Because δ15N differed between prey sources in our system and replicate feather δ15N 

samples (n=11) were adequately precise (mean overall difference of 0.35‰ ± 0.75‰); we 

used δ15N for nestling food source modeling.  

We included δ15N of a nestling’s feather as a covariate for nestling body condition 

and found it to be a significant positive predictor for the body mass indices at the first and 

second time period, but not at the third time period, which was non-signifigant in the 

model (Table 2.5). Similarly, δ15N was included in nestling growth models; however, it 

did not significantly contribute to the biological null model. With the knowledge that 

greater δ15N indicated an increase in aquatic food items in nestling diet and increased 

body indexes through the first two measurements, we used the same a priori candidate 

models as other tree swallow dependent variables to explain differences in nestling 

feather δ15N. We found that δ15N in nestling feathers was best explained by the statistical 

null (model weight = 0.84), giving no support to other models of interest, and indicating 

insufficient evidence to suggest neonicotinoid treatment or concentrations influenced 

nestling diet (Table 2.5).  

 

Discussion 

Direct treatment with neonicotinoid treated seeds resulted in a range of 

concentrations at Missouri wetlands which enabled us to quantify the effects of 
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neonicotinoids on tree swallow nesting efforts and their aquatic invertebrate prey. We 

found that for nesting variables affected by neonicotinoid concentrations, the effect 

varied depending on the age of the nesting female. Further, for the nesting measures 

impacted by neonicotinoids, the interaction of nesting female age and neonicotinoid 

concentration was often opposite of what we hypothesized. We originally expected SY 

females (first-year nesters) to be impacted by neonicotinoid contamination, as 

presumably they are not as experienced in nesting or acquiring food for nestlings as ASY 

females who have nested previously (De Steven 1978, Robertson and Rendell 2001). 

However, it was ASY females who laid less voluminous eggs in smaller clutches at sites 

with increasing neonicotinoid concentrations. The un-identified disparity between 

responses for SY and ASY may be due to lack of a causal link identified in this study, 

specifically overall low neonicotinoid concentrations and no effect of concentrations on  

emergent aquatic insects at our measurement scale. 

Differences in breeding timing and nest site characteristics between SY and ASY 

breeding females present some potential for concern, even without the direct link to 

fledging success. Experienced females generally initiate nests early, likely due to nest 

philopatry (De Steven 1978; Winkler et al. 2004). However, at our study wetlands earlier 

nest initiation by ASY females was linked to greater water neonicotinoid concentrations. 

If nest initiation timing is linked to neonicotinoids, it may have led to an ecological trap 

where the timing of nestling growth was no longer synchronized with seasonally 

abundant food resources (Paquette et al. 2013). The SY females that started later at 

wetlands with increased water neonicotinoid concentrations laid larger clutch sizes than 

the ASY females which also represents a potential trap, if food resources are abundant at 



62 

the time of egg laying but not brood rearing. In addition to smaller clutches, ASY females 

also laid less voluminous eggs which showed a relationship to increased sediment 

neonicotinoid concentrations. We would expect ASY females to lay larger eggs assuming 

all other wetland and adult condition variables were the same (Ardia et al. 2006, Pellerin 

et al. 2015). However, we did not measure body condition (outside of age) of nesting 

females and thus female condition may have masked any effects of neonicotinoid 

concentrations if individual nesting females began at substantially different body 

conditions. It has been assumed that larger, higher quality eggs lead to larger initial 

nestlings, however this relationship is dependent on a number of factors including 

parental care as well as annual and habitat variation (Ardia et al. 2006, Krist 2009). While 

relationships between egg size and nestling condition are strongest at hatching, some of 

these effects are carried into adulthood and ultimately fitness (Krist 2011). However, in 

this particular study, we found no direct evidence of neonicotinoid impacts once nestlings 

hatched. 

Among our study nests, we found effects of neonicotinoids did not continue after 

the egg laying stage, as all nestling growth and condition metrics were unrelated to 

neonicotinoid treatment or concentrations. Further, we determined δ15N to be an adequate 

predictor of terrestrial vs aquatic based diets in tree swallows, and also as a significant 

predictor for nestling body condition at certain time periods. If available insect forage 

differed between wetlands we might expect feather stable isotope signatures to be 

different from study nestlings (Hobson and Clark 1992). However, we did not find any 

relationship between neonicotinoid concentrations and the δ15N content of nestling tree 

swallow feathers which suggests adult tree swallows were providing food items from 
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similar sources to nestlings across neonicotinoid treatment conditions. Similar diets 

provided across treatment conditions would have been expected as available forage (as 

measured by emergent insects) was not related to neonicotinoid treatment. 

We found no evidence that neonicotinoid treatment had an effect on emerging 

insects in our sampled populations. One potential explanation for this result is that, in 

many cases, study wetlands have been planted with neonicotinoid treated seeds in 

varying amounts over the previous decade. Recent literature suggests pest species 

targeted by neonicotinoids may develop resistance and thus we may be studying resilient 

strains of individuals resultant from many years of treatment (Huseth et al. 2018). 

Another potential explanation may be related to limited sampling periods and 

neonicotinoid exposure. Dipterans comprised the majority of emerging aquatic insect 

community and were important study organisms as they are both important food 

resources for tree swallows and moderately sensitive to neonicotinoid insecticides 

(Quinney and Ankney 1985; Morrissey et al. 2015). One mesocosm study found 

chironomid emergence decreased at water concentrations  2 μg L-1,which while greater 

than our measured water concentrations is comparable to sediment concentrations in our 

study (Williams 2018). As water neonicotinoid concentrations were more temporally 

dependent, potentially due to local agriculture activity (Chapter 1), it is possible that we 

missed short-term pulse exposures of neonicotinoids in our limited sampling that may 

have influenced insects at both aquatic and emergent life stages (Mohr et al. 2012, Main 

et al. 2014). Specifically, pulse aqueous neonicotinoid concentrations have been shown to 

alter emergence patterns of chironomids and mayflies, causing them to emerge at an 

earlier date and a smaller size (Alexander et al. 2008; Cavallaro et al. 2017a). While we 
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were not able to link this pattern to neonicotinoid concentrations, we observed greater 

chironomid emergence early in the study, followed by decreased abundances through 

remaining sampling periods. Although neonicotinoids at low levels can impact organisms 

non-lethally (behavior, growth, feeding, etc.), it is possible that our study systems had 

fully recovered since the previous year’s treatment (Alexander et al. 2007; Miles et al. 

2017; Tooming et al. 2017). Organisms with short life spans such as families from the 

order diptera have the ability to more quickly recover and may have hidden the impacts 

of the previous year’s treatment on emergence (Beketov et al. 2008). 

In addition to chemical (i.e., neonicotinoid) stressors, aquatic insects also respond 

to changes in their physical environment (Batzer 2013). Therefore, we paired wetlands 

based on similarities in structure and 2016 management plans, however flooding and 

variable management plans in 2017 led to different rates of spring de-watering. 

Chironomidae and other dipteran larvae primarily float to the surface above where they 

develop to emerge and thus our traps were able to catch emerging dipterans as long as 

water remained in the wetland (Voshell 2002). Other insects either migrate with 

retreating water levels and emerge, or in some cases emerge out of non-inundated 

sediments which may have influenced our trapping efficiency (Frouz et al. 2003, 

Tronstad et al. 2005). Free swimming nektonic organisms such as Ephemeroptera, 

Odonata, and Coleoptera that sometimes require emergent substrate or the water’s edge 

to emerge from may have lacked adequate habitat or became stranded with retreating 

water levels (Voshell 2002). On multiple occasions we noted larval excuviae of Odonates 

on our traps indicating they used the floating trap as a platform to emerge from; we 
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acknowledge this as a potential form of bias, however all study wetlands received the 

same trapping effort. 

Water neonicotinoid concentrations in our study wetlands were lower in 

concentration and consisted of different neonicotinoids than we originally hypothesized. 

Although wetlands were planted with thiamethoxam treated seed-corn, thiamethoxam 

was the least detected active ingredient. It is likely thiamethoxam quickly degraded in our 

study system, with one possible metabolite being clothianidin (Karmakar and Kulshrestha 

2009). The degradation of thiamethoxam to clothianidin can explain the greater instances 

of clothianidin detection, however it does not explain the detections of imidacloprid. 

Imidacloprid and likely a portion of clothianidin concentrations in our study wetlands 

likely either entered through an outside source or persisted from previous growing 

seasons (Bonmatin et al. 2015; Botías et al. 2015). Agriculture is common on CAs and in 

the surrounding watershed and thus concentrations may enter a wetland through water 

control structures, surface/sub-surface flow, or dust associated with agricultural soil 

disturbance (Limay-Rios et al. 2016; Chrétien et al. 2017). Sediment NI-EQs in our study 

wetland were an order of magnitude greater than water concentrations which was not 

observed in the only other wetland study to measure sediment concentrations to date 

(Main et al. 2014). Sediment NI-EQs were greater in treated wetlands post-treatment and 

spring 2017, however our treatment with thiamethoxam treated seeds no longer persisted 

summer 2017. Meanwhile, water NI-EQs were dependent on season, but not treatment, 

suggesting that while treatment effects persist in sediment, water concentrations are more 

temporally dependent (Chapter 1). Neonicotinoids are both highly water soluble and 

readily photodegrade in water, and therefore water concentrations would be expected to 
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be more temporally variable (Mulligan et al.; Kurwadkar et al. 2015). Additionally, water 

neonicotinoid concentrations may have been further influenced by ongoing agricultural 

activity into our summer sampling season if newly applied seed dressings pulsed into 

adjacent surface waters (Hladik et al. 2014; Main et al. 2014).  

Water neonicotinoid concentrations are regulated by the US EPA with updated 

aquatic life benchmarks for imidacloprid established in 2017. Water NI-EQs in our study 

never exceeded the acute threshold of 0.385 μg L-1, however the chronic EPA threshold 

of 0.01 μg L-1 was exceeded in 49% of water samples (USEPA, 2017). Sediment 

neonicotinoid concentrations are not regulated and thus we do not have a comparison 

threshold for concentrations in our wetlands. We suggest future studies on the impacts of 

field realistic sediment neonicotinoid concentrations to benthic dwelling aquatic 

invertebrates. Finally, while tree swallow fitness was not altered during the spring nesting 

season, the exceedance of chronic aquatic benchmarks in nearly half the samples could be 

detrimental to other food-webs or during other seasons. Wetlands in this study are also 

important stopover sights for autumn migrating bird species that rely on wetland insects 

in both their aquatic and emergent forms, and it is possible the greater autumn 

neonicotinoid concentrations may have had an effect on invertebrate communities during 

this time periods(Eng et al. 2017). 
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Table 2.1: List of study wetlands (n = 20) across Missouri. Treated wetlands were planted 
with Thiamethoxam treated corn in 2016 and untreated wetlands were planted with a 
similar proportion of untreated corn for study purposes. 

Conservation Area Wetland Treatment  Area 
Planted 
(ha) 

Area 
cropped 
(ha) 

Percent 
Wetland 
Cropped 

Columbia Bottoms 

1 Untreated 32.73 1.21 3.7 
4 Treated 93.47 4.05 4.3 
5 Untreated 81.72 2.02 2.5 
6 Treated 127.78 2.02 1.6 

Duck Creek 52 Treated 22.87 3.64 15.9 
54 Untreated 23.57 6.64 28.2 

Eagle Bluffs 7 Treated 23.75 2.02 8.5 
10 Untreated 49.01 4.86 9.9 

Grand Pass 7N Treated 34.92 8.09 23.2 
7S Untreated 28.22 8.09 28.7 

Fountain Grove Mac 4 Treated 21.90 8.09 36.9 
Stinson Untreated 22.23 8.09 36.4 

Four Rivers 

3 Untreated 68.20 6.47 9.5 
4 Treated 98.13 10.12 10.3 
7 Untreated 75.06 10.12 13.5 
8 Treated 88.26 8.09 9.2 

Otter Slough 9 Treated 20.55 6.07 29.5 
10 Untreated 15.18 4.86 32.0 

Ted Shanks 3A Untreated 59.25 20.64 34.8 
6 Treated 63.27 20.64 32.6 



76 

Table 2.2: Mean and maximum (μg kg-1) neonicotinoid concentrations as well as the percent of samples with detectable neonicotinoid 
concentrations (detection frequency) in sediment in Missouri wetlands for the three most commonly detected active ingredients. 
Neonicotinoid cumulative toxic equivalencies (NI-EQ) were also calculated using an additive model for three sampling periods in 
2016 and 2017. 

Concentrations values denoted with an * are below machine Method Detection Limits (MDL) and therefore should be interpreted with 
caution. 

Clothianidin Imidacloprid Thiamethoxam NI-EQ 
Sample 
Period 

Detection 
frequency 
(%) 

Mean  
(μg 
kg-1) 

Max   
(μg 
kg-1) 

Detection 
frequency 
(%) 

Mean  
(μg 
kg-1) 

Max   
(μg 
kg-1) 

Detection 
frequency 
(%) 

Mean  
(μg 
kg-1) 

Max   
(μg 
kg-1) 

Detection 
frequency 
(%) 

Mean  
(μg 
kg-1) 

Max   
(μg kg-1) 

Fall 
2016 
n=20 

45 0.34 4.17 25 0.15* 1.52 20 0.16* 2.44 55 0.71 7.11 

Spring 
2017 
n=20 

35 0.15* 2.21 40 0.14* 1.55 0 0 0 55 0.39 5.13 

Summer 
2017 
n=16 

31 0.06* 0.53 31 0.05* 0.28 0 0 0 50 0.13 0.86 

Overall  
n=56 38 0.19* 4.17 32 0.12* 1.55 7 0.06* 2.44 54 0.43 7.11 



Table 2.3:  Mean and maximum (μg L-1) neonicotinoid concentrations as well as the percent of samples with detectable neonicotinoid 
concentrations (detection frequency) in water in Missouri wetlands for the three most commonly detected active ingredients. 
Neonicotinoid cumulative toxic equivalencies (NI-EQ) were also calculated using an additive model for three sampling periods in 
2016 and 2017. 

Numbers denoted with an * are below machine MDL and therefore should be interpreted with caution. 

Clothianidin Imidacloprid Thiamethoxam NI-EQ 
Sample 
Period 

Detection 
frequency 

(%) 

Mean 
(μg L-1) 

Max  
(μg L-1) 

Detection 
frequency 

(%) 

Mean  
(μg L-1) 

Max  
(μg L-1) 

Detection 
frequency 

(%) 

Mean  
(μg L-1) 

Max  
(μg L-1) 

Detection 
frequency 

(%) 

Mean 
(μg L-1) 

Max 
(μg L-1)    

Fall 2016 
n=20 65 0.01* 0.02 40 0.01* 0.02 0 0.0 0 70 0.02 0.04 

Spring 
2017 
n=15 

80 <0.01* 0.01* 27 <0.01
* 0.04 13 <0.01* 0.01* 80 0.01 0.05 

Summer 
2017 
n=16 

69 0.01* 0.07 75 0.01* 0.05 0 0 0 80 0.02 0.12 

Overall 
n=51 71 0.01* 0.07 43 0.01* 0.05 4 <0.01* 0.01* 76 0.02 0.12 
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Table 2.4:  Candidate model sets for emergent insect dependent variables ranked by AICc. All dependent variables were corrected for 
trap days, and then log10+1 transformed to meet the assumption of normality. Further all models had a random nested intercept term 
for wetland nested within Conservation Area. Bolded model terms were significantly supported in the model (p<0.05). 

Model Int. Model Terms df logLik AICc delta weight R 
Diptera 
Abundance 

2.73 ~ Sample.Period 6 -122.18 257.37 0.00 0.83 0.14 
2.68 ~ Sample.Period*Sediment NI-EQ 9 -120.63 261.48 4.11 0.11 0.14 
2.75 ~ Sample.Period - Fall Sediment NI-EQ - Fall Water NI-EQ 8 -123.38 264.52 7.15 0.02 0.15 
2.98 ~ Sample.Period*Treatment - NI-EQ  10 -121.14 265.04 7.67 0.02 0.15 
2.75 ~ Sample.Period*Water NI-EQ 9 -122.96 266.15 8.78 0.01 0.15 
1.95 ~ Intercept 4 -129.52 267.50 10.13 0.01 0.00 
2.74 ~ Sample.Period - Water NI-EQ + Sediment NI-EQ - Predator 9 -125.19 270.60 13.23 0.00 0.13 
2.76 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 -124.77 277.54 20.17 0.00 0.14 

Diptera 
Biomass 

0.00 ~ Intercept 4 304.62 -600.78 0.00 1.00 0.00 
0.01 ~ Sample.Period 6 296.67 -580.35 20.43 0.00 0.05 
0.01 ~ Sample.Period - Fall Sediment NI-EQ + Fall Water NI-EQ 8 285.20 -552.65 48.13 0.00 0.07 
0.01 ~ Sample.Period*Sediment NI-EQ 9 284.63 -549.04 51.74 0.00 0.09 
0.01 ~ Sample.Period*Water NI-EQ 9 280.91 -541.59 59.19 0.00 0.06 
0.01 ~ Sample.Period - Water NI-EQ - Sediment NI-EQ - Predator 9 279.86 -539.51 61.27 0.00 0.09 
0.00 ~ Sample.Period*Treatment + NI-EQ  10 278.11 -533.47 67.31 0.00 0.07 
0.01 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 266.81 -505.61 95.16 0.00 0.28 

Chironomid 
Abundance 

2.61 ~ Sample.Period 6 -125.29 263.58 0.00 0.79 0.14 
2.58 ~ Sample.Period*Sediment NI-EQ 9 -123.39 267.01 3.43 0.14 0.16 
2.62 ~ Sample.Period +Fall Sediment NI-EQ + Fall Water NI-EQ 8 -126.38 270.51 6.93 0.02 0.16 
2.94 ~ Sample.Period*Treatment - NI-EQ 10 -124.01 270.78 7.19 0.02 0.17 
2.64 ~ Sample.Period*Water NI-EQ 9 -125.71 271.65 8.06 0.01 0.16 
1.79 ~ Intercept 4 -132.80 274.07 10.48 0.00 0.00 
2.65 ~ Sample.Period - Water NI-EQ - Sediment NI-EQ - Predator 9 -128.25 276.72 13.14 0.00 0.14 
2.67 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 -127.87 283.74 20.16 0.00 0.15 
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Int. Model Terms df logLik AICc delta weight R 
Chironomid 
Size 0.00 ~ Intercept 4 695.61 -

1382.76 0.00 1.00 0.00 

0.00 ~ Sample.Period 6 679.78 -
1346.56 36.20 0.00 0.06 

0.00 ~ Sample.Period -Fall Sediment NI-EQ + Fall Water NI-EQ 8 660.42 -
1303.08 79.68 0.00 0.21 

0.00 ~ Sample.Period*Sediment NI-EQ 9 656.50 -
1292.78 89.98 0.00 0.13 

0.00 ~ Sample.Period*Water NI-EQ 9 651.32 -
1282.43 100.33 0.00 0.07 

0.00 ~ Sample.Period - Water NI-EQ - Sediment NI-EQ - Predator 9 650.45 -
1280.68 102.08 0.00 0.09 

0.00 ~ Sample.Period*Treatment + NI-EQ  10 643.07 -
1263.38 119.38 0.00 0.06 

0.00 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 623.32 -
1218.64 164.12 0.00 0.21 

Shannon 
Diversity 

0.81 ~ Intercept 4 -53.15 114.76 0.00 0.91 0.00 
0.65 ~ Sample.Period 6 -53.25 119.50 4.73 0.09 0.04 
0.65 ~ Sample.Period + Fall Sediment NI-EQ + Fall Water NI-EQ 8 -53.85 125.45 10.69 0.00 0.14 
0.62 ~ Sample.Period*Sediment NI-EQ 9 -52.85 125.92 11.16 0.00 0.10 
0.64 ~ Sample.Period*Water NI-EQ 9 -56.36 132.93 18.17 0.00 0.06 

0.52 ~ Sample.Period*Treatment + NI-EQ 10 -56.51 135.77 21.01 0.00 0.06 
0.60 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 -58.50 145.01 30.24 0.00 0.20 

Coleoptera 
Abundance 

0.19 ~ Intercept 4 -31.97 72.40 0.00 0.99 0.00 
0.22 ~ Sample.Period 6 -33.89 80.79 8.39 0.01 0.02 
0.24 ~ Sample.Period*Sediment NI-EQ 9 -35.60 91.41 19.02 0.00 0.04 
0.23 ~ Sample.Period +Fall Sediment NI-EQ + Fall Water NI-EQ 8 -38.00 93.76 21.36 0.00 0.04 
0.21 ~ Sample.Period*Water NI-EQ 9 -38.75 97.72 25.32 0.00 0.03 
0.24 ~ Sample.Period*Treatment - NI-EQ  10 -37.54 97.84 25.44 0.00 0.05 
0.24 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 -44.28 116.56 44.16 0.00 0.06 
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Int. Model Terms df logLik AICc delta weight R 
EPT 
Abundance 

0.26 ~ Intercept 4 -31.92 72.31 0.00 0.74 0.00 
0.32 ~ Sample.Period 6 -30.81 74.61 2.30 0.23 0.07 
0.25 ~ Sample.Period*Sediment NI-EQ 9 -29.44 79.11 6.80 0.02 0.13 
0.31 ~ Sample.Period + Fall Sediment NI-EQ + Fall Water NI-EQ 8 -32.07 81.90 9.59 0.01 0.17 
0.28 ~ Sample.Period*Water NI-EQ 9 -32.74 85.71 13.40 0.00 0.15 
0.24 ~ Sample.Period - Water NI-EQ + Sediment NI-EQ + Predator 9 -33.20 86.61 14.30 0.00 0.13 
0.20 ~ Sample.Period*Treatment + NI-EQ 10 -34.08 90.91 18.61 0.00 0.10 
0.26 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 -35.55 99.10 26.79 0.00 0.28 

Total 
Biomass 

0.05 ~ Intercept 4 58.94 -109.42 0.00 1.00 0.00 
0.06 ~ Sample.Period 6 54.12 -95.25 14.17 0.00 0.00 
0.06 ~ Sample.Period - Fall Sediment NI-EQ - Fall Water NI-EQ 8 48.69 -79.62 29.80 0.00 0.03 
0.06 ~ Sample.Period*Sediment NI-EQ 9 49.63 -79.05 30.38 0.00 0.02 
0.13 ~ Sample.Period*Treatment - NI-EQ 10 50.22 -77.69 31.73 0.00 0.14 
0.06 ~ Sample.Period*Water NI-EQ 9 46.43 -72.65 36.77 0.00 0.01 
0.06 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-EQ 12 40.43 -52.85 56.57 0.00 0.12 

Odonata 
Abundance 

0.12 ~ Intercept 4 2.91 2.64 0.00 0.85 0.00 
0.25 ~ Sample.Period 6 3.46 6.08 3.44 0.15 0.08 
0.24 ~ Sample.Period*Sediment NI-EQ 9 0.79 18.65 16.01 0.00 0.10 
0.25 ~ Sample.Period - Fall Sediment NI-EQ + Fall Water NI-EQ 8 -1.01 19.79 17.15 0.00 0.13 
0.24 ~ Sample.Period*Water NI-EQ 9 -0.86 21.94 19.30 0.00 0.12 
0.30 ~ Sample.Period*Treatment - NI-EQ  10 0.24 22.27 19.63 0.00 0.17 

0.24 ~ Sample.Period + Fall WaterNI-EQ*Water NI-EQ + Fall Sediment NI-EQ*Sediment NI-
EQ 12 -0.43 28.86 26.22 0.00 0.36 
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Table 2.5:  Candidate model sets for tree swallow dependent variables ranked by AICc. Dependent variables with binomial response 
(use, age, success) were completed using logistic regression, while all other models had an approximate Gaussian distribution. Further 
all models had a random nested intercept term for wetland nested within Conservation Area. Bolded model terms were significantly 
supported in the model (p<0.05).

Dependent 
variable 

Int. Model Terms df logLik AICc delta weight R2 

Nest Box Use 0.393 ~ Intercept 3 -45.017 96.398 0.000 0.420 0.030 
0.357 ~ Water 4 -44.735 98.085 1.687 0.181 0.000 
0.417 ~  - Sediment 4 -44.740 98.096 1.699 0.180 0.056 
0.393 ~  - Treatment U 4 -45.017 98.649 2.252 0.136 0.011 
0.389 ~ Water – Sediment 5 -44.341 99.619 3.222 0.084 0.000 

Female Age 1.125 ~  - Treatment U 4 -20.930 51.151 0.000 0.374 0.110 
0.354 ~ Intercept 3 -22.287 51.324 0.173 0.343 0.000 
0.374 ~ - Water 4 -21.856 53.002 1.851 0.148 0.140 
0.356 ~  - Sediment 4 -22.286 53.863 2.712 0.096 0.000 
0.379 ~ - Water – Sediment 5 -21.849 55.698 4.547 0.038 0.140 

Start Date 174.959 ~ -AgeFY - Water - Clutch + AgeFY*Water 8 -635.039 1286.820 0.000 0.527 0.295
173.553 ~ -AgeFY - TreatU - Clutch + AgeFY*TreatU 8 -635.795 1288.331 1.511 0.247 0.280
173.038 ~ -AgeFY - Sediment - Clutch + AgeFY*Sediment 8 -636.498 1289.737 2.917 0.122 0.308
172.041 ~ - Sediment - Water -Clutch + TreatU 8 -637.013 1290.768 3.948 0.073 0.329
172.022 ~ - AgeFY -Clutch 6 -640.050 1292.528 5.708 0.030 0.266
136.189 ~ Intercept 4 -677.907 1364.015 77.195 0.000 0.000

Clutch Size 12.173 ~ -AgeFY - Water - StartDate + AgeFY*Water 8 -146.297 309.336 0.000 0.987 0.447
12.376 ~ -AgeFY - TreatU - StartDate + AgeFY*TreatU 8 -150.671 318.084 8.748 0.012 0.373
12.372 ~ - AgeFY  -StartDate 6 -155.746 323.921 14.585 0.001 0.362
12.260 ~ - Sediment + Water -StartDate + TreatU 8 -157.774 332.291 22.955 0.000 0.360
12.497 ~ -AgeFY - Sediment - StartDate + AgeFY*Sediment 8 -158.296 333.334 23.997 0.000 0.354
5.673 ~ Intercept 4 -187.390 382.983 73.646 0.000 0.000
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Int. Model Terms df logLik AICc delta weight R2 

Egg Volume 2537.281 ~ AgeFY - Sediment - StartDate -Clutch + 
AgeFY*Sediment 

9 -1274.650 2568.233 0.000 1.000 0.305 

2089.203 ~ AgeFY + TreatU - StartDate + Clutch + AgeFY*TreatU 9 -1299.710 2618.353 50.120 0.000 0.095 

2416.124 ~ TreatU - StartDate - Clutch -Sediment + Water 9 -1302.107 2623.147 54.913 0.000 0.151 

2416.952 ~ AgeFY + Water - StartDate - Clutch  + AgeFY*Water 9 -1303.624 2626.180 57.947 0.000 0.066 

2329.723 ~ AgeFY - StartDate - Clutch 7 -1313.027 2640.628 72.395 0.000 0.048 

1751.729 ~ Intercept 4 -1327.813 2663.828 95.594 0.000 0.000 

Eggs Hatched 88.843 ~ -AgeFY-TreatU - AgeFY*TreatU 7 -148.679 315.507 0.000 0.741 0.095 

87.240 ~ -AgeFY-Sediment + AgeFY*Sediment 7 -150.317 318.783 3.276 0.144 0.060 

84.084 ~ -AgeFY+ Water + AgeFY*Water 7 -150.754 319.657 4.150 0.093 0.061 

81.511 ~ Water + Sediment 6 -154.109 323.218 7.712 0.016 0.072 

86.995 ~ - AgeFY 5 -156.615 325.300 9.793 0.006 0.026 

82.063 ~ Intercept 4 -159.988 329.308 13.801 0.001 0.000 

Body Index I 0.763 ~ Intercept 4 3.379 1.492 0.000 0.994 0.000 
0.613 ~-AgeFY + Sediment + HatchDay - AgeFY*Sediment 8 2.476 11.971 10.479 0.005 0.238 

0.338 ~ AgeFY + HatchDay 6 -2.459 17.449 15.957 0.000 0.017 

0.354 ~ TreatU + AgeFY + HatchDay + AgeFY*TreatU 8 -2.747 22.417 20.925 0.000 0.065 

0.336 ~ HatchDay - Sediment - Water + TreatU 8 -5.970 28.864 27.371 0.000 0.039 

0.402 ~ AgeFY + Water + HatchDay - AgeFY*Water 8 -6.009 28.941 27.449 0.000 0.033 

Body Index II 1.338 ~ Intercept 4 -2.995 14.240 0.000 1.000 0.000 
1.524 ~ AgeFY - HatchDay 6 -9.319 31.169 16.929 0.000 0.005 

1.733 ~-AgeFY + Sediment - HatchDay - AgeFY*Sediment 8 -9.662 36.248 22.008 0.000 0.071 
1.625 ~ -HatchDay - Sediment - Water - TreatU 8 -11.265 39.454 25.214 0.000 0.039 

1.505 ~ TreatU + AgeFY - HatchDay - AgeFY*TreatU 8 -11.485 39.894 25.653 0.000 0.007 

1.593 ~ AgeFY - Water - HatchDay - AgeFY*Water 8 -12.094 41.111 26.871 0.000 0.045 
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Where: AgeFY=first year female, TreatU=untreated wetland, Water=total neonicotinoid concentration in water, Sediment=total neonicotinoid concentration in sediment, Clutch=total eggs laid 

Int. Model Terms df logLik AICc delta weight R2 

Body Index III 1.647 ~ Intercept 4 34.644 -60.997 0.000 0.986 0.000 

3.166 ~ AgeFY - HatchDay 6 32.558 -52.498 8.499 0.014 0.073 

3.706 ~ -HatchDay + Sediment - Water - TreatU 8 30.230 -43.385 17.612 0.000 0.105 

3.174 ~ TreatU + AgeFY - HatchDay - AgeFY*TreatU 8 29.972 -42.868 18.129 0.000 0.073 

3.275 ~ AgeFY - Water - HatchDay + AgeFY*Water 8 29.893 -42.712 18.285 0.000 0.095 
3.104 ~AgeFY - Sediment - HatchDay + AgeFY*Sediment 8 29.250 -41.426 19.572 0.000 0.083 

Total Growth 2.729 ~ Intercept 4 -39.186 88.040 0.000 0.995 0.000 

6.848 ~ -AgeFY - HatchDay 6 -41.543 98.904 10.864 0.004 0.034 

7.121 ~ -TreatU - AgeFY - HatchDay + AgeFY*TreatU 8 -40.393 103.986 15.947 0.000 0.066 

9.069 ~ - AgeFY - Sediment - HatchDay + AgeFY*Sediment 8 -41.685 106.571 18.531 0.000 0.060 

7.504 ~ -AgeFY - Water - HatchDay - AgeFY*Water 8 -41.948 107.096 19.056 0.000 0.037 

8.274 ~ -HatchDay + Sediment - Water - TreatU 8 -42.024 107.248 19.209 0.000 0.027 

Initial Growth 2.213 ~ Intercept 4 -41.189 91.806 0.000 0.995 0.000 

1.708 ~ AgeFY + HatchDay 6 -43.807 102.844 11.038 0.004 0.037 

1.530 ~ -TreatU - AgeFY + HatchDay + AgeFY*TreatU 8 -42.364 106.729 14.923 0.001 0.141 

2.857 ~ AgeFY + Water - HatchDay - AgeFY*Water 8 -43.454 108.908 17.102 0.000 0.111 
1.849 ~ - AgeFY + Sediment + HatchDay + AgeFY*Sediment 8 -44.693 111.386 19.580 0.000 0.029 

2.635 ~ -HatchDay - Sediment - Water - TreatU 8 -45.094 112.188 20.382 0.000 0.022 

δ15N 14.516 ~ Intercept 4 -194.623 397.561 0.000 0.843 0.000 

10.680 ~-TreatU - AgeFY + HatchDay + AgeFY*TreatU 8 -192.254 401.680 4.118 0.108 0.015 

8.308 ~ AgeFY + HatchDay 6 -196.255 405.181 7.620 0.019 0.005 

8.630 ~- AgeFY + Sediment + HatchDay + AgeFY*Sediment 8 -194.349 405.868 8.307 0.013 0.040 

7.800 ~ AgeFY + Water + HatchDay - AgeFY*Water 8 -194.367 405.904 8.343 0.013 0.013 

9.002 ~ HatchDay + Sediment - Water - TreatU 8 -195.479 408.130 10.568 0.004 0.012 
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Table 2.6: Stable δ13C and δ15N isotope signatures for nestling feathers and associated 
reference material. Feather samples were collected as contour feathers from 13-15 day 
old nestling tree swallows to determine diet compositon. Reference plant and insect 
samples were collected from aquatic and terrestrial environments to verify diet source. 

Sample Type  δ13C  δ15N 
Mean(‰) SD  Mean(‰) SD 

       
Feather  -23.1 1.63  16.1 3.81 
Aquatic Insect  -28.2 1.66  9.89 3.11 
Terrestrial Insect  -27.7 1.59  7.29 5.25 
Aquatic Plant  -20.8 5.19  13.8 5.25 
Terrestrial Plant  -25.0 6.98  4.62 3.81 
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________________________________________________________________________ 

Figure 2.1: Study locations of Conservation Areas (CA) relative to major rivers and 
reservoirs in the state. Each study CA contained 2-4 study wetlands resulting in 20 total 
wetlands. Five tree-swallow nest boxes at each wetland (n = 100) were placed at study 
wetlands as well as emergent insect traps (n =40). 
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________________________________________________________________________ 
Figure 2.2: Sediment (A) and water (B) estimated mean neonicotinoid toxic equivalencies 
(NI-EQs) for treated and untreated study wetlands across three sampling periods(Fall 
2016, Spring 2017, and Summer 2017). Estimated means are the result of a significant 
interactions in their respective ANOVAs where significant within season pair wise 
differences (p<0.05) is denoted with an *. 

*
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________________________________________________________________________ 
Figure 2.3, a-i: Log emergent insect response corrected for trap days for all dependent 
variables across the three sampling periods a) diptera abundance, b) diptera biomass, c) 
chironomid abundance, d) chironomid size, e) total insect biomass, f) coleoptera 
abundance, g) EPT abundance, h) odonate abundance, i) shannon diversity index. 
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________________________________________________________________________ 
Figure 2.4: The interactive effects of female age and the scaled and centered total water 
neonicotinoid concentration on tree swallow (Tachycineta bicolor) nest initiation date. As 
water neonicotinoid concentrations increased adult swallows began nesting earlier while 
juvenile females began nesting later. 
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________________________________________________________________________ 
Figure 2.5: The interactive effects of female age and the scaled and centered total water 
neonicotinoid concentration on tree swallow (Tachycineta bicolor) clutch size. As water 
concentrations increased, juvenile swallows laid greater amounts of eggs per clutch. 
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________________________________________________________________________ 
Figure 2.6: The interactive effects of female age and the scaled and centered total 
sediment neonicotinoid concentration on tree swallow (Tachycineta bicolor) egg volume. 
As sediment concentrations increased adult female swallows laid less voluminous eggs. 



95 
 

Chapter III:  

Executive Summary 
 
 Neonicotinoids have been approved for use in North America for greater than 2 

decades (Jeschke and Nauen 2008). High water solubility of neonicotinoids coupled with 

widespread use on the landscape have brought about many surface water monitoring 

studies, resulting in frequent detections across a broad geographic and temporal range 

(Starner and Goh 2012, Anderson et al. 2013, Main et al. 2014, Hladik and Kolpin 2015, 

Williams and Sweetman 2018). Missouri’s landscape, particularly river floodplains, are 

often dominated by monoculture crops typical of the ‘Corn Belt” in the central United 

States (nass.usda.com 2014). Remaining floodplain wetlands are usually grouped on 

intensively managed conservation areas managed by MDC or the US Fish and Wildlife 

Service. Common management practices on these areas seek to make the remaining 

wetlands productive for a broad suite of taxa. Part of this management includes the 

seasonal manipulation of water levels to create conditions favorable for wildlife and the 

vegetation communities on which they rely. Also, crop planting has been used as a 

management tool to provide additional food for wildlife and utilize private resources for 

public land management through permittee producers. The strategic planting of 

agricultural crops within wetlands  can also provide soil disturbance necessary to reset 

vegetative succession, which is often a desirable management outcome (Reinecke et al. 

1989). The introduction of insecticides (e.g. neonicotinoids) as a seed treatment has 

created potential conflicting management goals. Areas that were previously protected 

from the application of insecticides, in order to protect aquatic communities when 

inundated, are now potentially being planted with insecticide seed treated crops. 
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Therefore, we investigated the relationship of neonicotinoid seed treatments, within the 

wetland and the surrounding landscape, on neonicotinoid concentrations in Missouri 

wetlands as well as the potential impacts to the aquatic community. 

 Our experimental design in Chapter One was targeted at two broad questions 

posed by MDC: 1) are neonicotinoids present in Missouri wetlands, and if so what active 

ingredients and at what concentrations? and 2) what factors are contributing to 

neonicotinoid concentrations in Missouri wetlands including direct application of 

neonicotinoid seed treatments, water source concentrations, and surrounding land-use? 

To address these questions we selected 40 wetlands on 10 MDC conservation areas and 

sampled water and sediment for neonicotinoid analysis during four sampling periods. 

While neonicotinoids (imidacloprid, clothianidin, thiamethoxam) were regularly detected 

in water (60% of samples); the same compounds were equally likely to be detected in 

sediment (63%) at 10x greater concentrations. Soil-water partitioning coefficients (i.e. 

Koc) suggest that sediment concentrations can persist at elevated levels; however, to our 

knowledge Missouri wetlands are the first to exhibit greater neonicotinoid concentrations 

in sediment than overlying water. Therefore we used BRT modeling techniques to help 

explain sediment concentrations in Missouri wetlands. We found that a simple binary 

variable (yes/no) for neonicotinoid treatment in a wetland was a poor indicator of 

sediment neonicotinoid concentrations. Further neonicotinoid treatment history of a 

wetland did not significantly contribute to the model and wetlands with no history of 

treatment still had detectable neonicotinoids in sediments and water. The presence of 

neonicotinoids in wetlands that have not been treated suggests transport of neonicotinoids 

from sources outside the wetland or longer than expected persistence in wetland 
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sediments. Overall proportion of area planted to agriculture was a driver of sediment 

neonicotinoids at multiple spatial scales. The amount of crop planted in a wetland as well 

as the percentage of the CA planted with treated crop were both positively related to 

sediment neonicotinoid concentrations within a wetland. Additionally, we found a 

negative relationship between water depth and neonicotinoid concentrations in wetland 

sediments. It is likely that increased water depth creates favorable conditions for the 

degradation of neonicotinoids by promoting conditions favorable toward the onset of 

anoxic conditions and greater water column area for photodegradation to occur 

(Kurwadkar et al. 2016, Mulligan et al. 2016). We found that neonicotinoid 

concentrations in water used to purposefully inundate wetlands during the autumn season 

did not appear to drive sediment neonicotinoid concentrations. However, it is possible 

that overbank flooding in the spring could still present risk. A study of Midwestern 

streams found that rivers during spring flooding conditions often contain the greatest 

annual concentrations of neonicotinoids, and could be a source of wetland contamination 

if waters reach the floodplain (Hladik et al. 2014). 

 Our Chapter 2 study design was aimed at measuring the potential impacts of 

neonicotinoid seed treatments on wetland food-webs. Specifically, MDC asked 1) What 

are the impacts of neonicotinoid concentrations on aquatic macroinvertebrate 

communities in Missouri public wetlands? and 2) what are the implications for wetland 

dependent taxa that rely on invertebrates as the base of the aquatic food chain? The 

impacts to the aquatic invertebrate community was addressed through an accompanying 

study and is beyond the scope of this thesis. Chapter 2 results aim to address higher level 

taxa that rely on invertebrates as the base of the food chain. We established 20 study 
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wetlands in a paired study design (treated vs. reference) across eight Missouri CAs. 

Treated wetlands were planted with thiamethoxam treated corn seed whereas the 

reference wetland received a similar proportion of untreated corn. We monitored tree 

swallow nesting and the emergence of their food source, aquatic insects, spring 2017 to 

determine if neonicotinoids impacted either of these metrics. We found that while 

thiamethoxam concentrations were greater in treated wetlands following treatment 

(October 2016), concentrations become similar to untreated wetlands by the 2017 nesting 

season. No differences in insect emergence was detected with respect to neonicotinoid 

concentrations or treatment, and thus tree swallow food resources from aquatic origins 

were not limited by neonicotinoids. Nest start date, clutch size, and egg volume of tree 

swallow nests all varied by nesting female age and neonicotinoid concentrations; 

however, these interactions were counter to our hypothesis of limited food resources. 

Estimated means for these three interactions fall within average values cited in the tree 

swallow literature, and were likely a product of environmental variability (Brasso and 

Cristol 2008, Pellerin et al. 2015). The small deviations across neonicotinoid 

concentrations during the nesting period did not carry into nestling quality as all 

measures of nestling growth were unrelated to neonicotinoid use. Therefore, we conclude 

that there is insufficient evidence that e neonicotinoid treatment causes adverse impacts 

to nesting tree swallows. 

 In conclusion we used a series of field studies to quantify neonicotinoid 

contamination of Missouri wetlands (Chapter One) as well as the potential for 

neonicotinoids to adversely impact wetland food webs. We found that sediment 

neonicotinoid concentrations may represent an additional route of exposure than other 
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systems that only measured water concentrations. Efforts to mitigate sediment 

neonicotinoid concentrations could include reducing the amount of agriculture in both 

individual wetlands and CAs to <25%. Additionally, where concentrations are present, 

water could be maintained at deeper levels until concentrations are reduced to an 

acceptable level. Future studies should focus on determining a specific timeline for 

managers if they wish to reduce sediment neonicotinoid concentrations through holding 

deeper water in wetlands. Also, neonicotinoid sediment toxicity endpoints are needed for 

aquatic invertebrates to set environmental thresholds that then can be targets for 

managers to maintain. Although we found no effect to nesting tree swallows we do not 

suggest neonicotinoids are necessarily safe for use in wetlands. The use of nesting tree 

swallows represents only the response of one species during one season. A diverse suite 

of taxa rely on wetlands as a source of insects in both aquatic and terrestrial systems 

throughout the annual cycle. Through the accompanying study of aquatic 

macroinvertebrates we identified neonicotinoid use as detrimental to larval aquatic 

insects. Neonicotinoid use may reduce abundance of invertebrates to the point that 

foraging becomes inefficient for wetland dependent taxa. Finally, product labels of 

neonicotinoid insecticide seed treatments do not recommend their use where water 

contamination is likely and thus use in floodplains may not be advisable regardless of 

biotic response. 
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Appendix a: List of study conservation areas and wetlands for chapter 1, including 
neonicotinoid treatment parameters used in site selection. Selected conservation areas 
were first selected based on the tilled-percentage of the corresponding watershed, before 
wetlands were ultimately chosen based on the 5 year neonicotinoid treatment history. 

Conservation Area Wetland ID  Wetland 
Size (Ha) 

5 year treatment 
history 

Watershed Till 
Percentage 

     
Nodaway Valley Mike Keller Marsh 71.11 0 72.6 

Killdeer Chute 46.33 5 
Sanctuary 112.76 0 
Redhead Slough 80.63 5 

Bob Brown Ringneck Roost 68.47 5 23.5 
Snipe Slough 65.56 5 
Flat-Tail Marsh 162.59 5 
Sandpiper Flats 78.33 5 

Four Rivers 19 25.91 0 42.6 
11 56.78 4 
9 34.31 0 
5 30.88 0 

Schell-Osage A 276.36 4 36.5 
C 227.69 5 
G 53.63 4 
E 11.05 3 

Perry Memorial 5 8.01 0 44.2 
 

 
6 20.54 1 
7130 19.97 0 
Swan 30.25 3 

BK Leach A 140.74 5 43.8 
B 48.36 5 
C 97.16 5 
D 24.68 5 

Ted Shanks 13 7.57 2 21.8 
8 40.07 2 
2B 83.21 5 
Salt River 81.65 0 

Columbia Bottoms 2 150.18 5 4.9 
8 97.50 3 
3 95.57 5 
7 129.03 5 

Ten Mile Pond B 75.24 0 88.9 
F2 31.33 5 
Q 31.98 5 
D 37.68 5 

Duck Creek 19N 3.69 0 35.8 
53 15.72 2 
20 19.60 3 
A East 126.38 3 
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Appendix b: Box and whisker plots for three (deviance explained, Root Mean Squared 
Error and Pearson’s correlation) represent results from 100 iterations of Boosted 
Regression Tree cross-validation where 15 random samples were held out at each 
iteration. Red dotted lines represent the corresponding value for the final selected model. 
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Appendix c. Box and whisker plots for three (deviance explained, Root Mean Squared 
Error and Pearson’s correlation) represent results from 100 iterations of Boosted 
Regression Tree cross-validation where each study conservation area was held out in turn 
at each iteration. Red dotted lines represent the corresponding value for the final selected 
model. 
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Appendix d. Sediment neonicotinoid concentrations for study wetlands (n =40) across 
four sampling periods. Concentrations are stratified based on the last known application 
of neonicotinoid treated seed from the beginning of the study period. 
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