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Abstract

Concentration patterns and temporal trends of legacy persistent, bioaccumulative and toxic (PBT) 

contaminants were determined using the Great Lake Fish Monitoring and Surveillance Program 

(GLFMSP) top predator fish data from 1999 to 2014 and applying Kendall-Theil robust regression 

after cluster-based age normalization. For most Great Lakes sites, significant decreasing 

concentration trends ranging from −4.1% to −21.6% per year (with the only exception being mirex 

in Lake Erie walleye) were found for PBTs including polychlorinated biphenyls (PCBs), dichloro-

diphenyl-trichlorethane (DDTs), dieldrin, endrin, chlordane, oxychlordane, nonachlor, mirex, and 

hexachlorobenzene (HCB) reflecting the successful historical and ongoing reduction of fugitive 

releases and remediation efforts in the U.S. and Canada including physical removal (dredging) 

coupled with sediment sequestration. Generally, lower concentrations and faster decreasing trends 

are observed in western/northern sampling sites compared to eastern/southern sites as the former 

sites are generally more remote from population centers and industrial activities. PCBs, which can 

be released from ongoing sources, have the highest concentration, the second slowest decreasing 

trend, and increasing mass fractions of the contaminants studied suggesting that they will continue 

to be the legacy contaminant of greatest concern into the future.
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Introduction

The United States banned or restricted the use of many persistent, bioaccumulative, and 

toxic (PBT) contaminants over the past several decades because of their persistence in the 

environment, and potential risk to humans and the environment (Chang et al., 2012; Clement 

et al., 2012; Cornwell et al., 2015; USEPA, October, 2014). For example, 

hexachlorobenzene (HCB) was phased out in the 1960s (ATSDR, September, 2002), 

dichloro-diphenyl-trichlorethane (DDT) and mirex were restricted in the 1970s (Chang et 

al., 2012; USEPA, 2004), dieldrin, endrin, and chlordane were banned in the 1980s (Chang 

et al., 2012; USEPA, 2003) and polychlorinated biphenyls (PCBs) were banned in the 1970s 

(Marvin et al., 2004a).

However, these PBTs can still be widely detected in the environment, and some legacy 

contaminants have been released into the environment even after their manufacture has been 

terminated. For example, PCBs currently may be released from leaking transformers, 

building sealants, brownfield sites, contaminated soils and sediments, and waste handling 

and recycling facilities (Diamond et al., 2010; Melymuk et al., 2013; Robson et al., 2010), 

and HCB (manufactured as an agriculture chemical) has also been emitted as by-product or 

impurity from some manufacturing processes including chlorinated solvent production and 

base metal smelting, and the incineration of wastes and sewage sludge (Leger, 1991; 

Luscombe and Costner, 2001; USATSDR, Aug., 2015).

The United States and Canada have been collecting and measuring concentrations of legacy 

contaminants in the Great Lakes (GL) fish, for example lake trout (Salvelinus namaycush) 

and walleye (Sander vitreus) since the late 1970s as part of what is now called the Great 

Lakes Fish Monitoring and Surveillance Program (GLFMSP) in the U.S. (Chang et al., 

2012; Zananski et al., 2011; Zhou et al., 2017) and in Canada the Sports Fish Contaminant 

Monitoring Program (SFCMP) (Bhavsar et al., 2007) and the Fish Contaminants Monitoring 

and Surveillance Program (FCMSP) (McGoldrick and Murphy, 2016). Additionally, PCBs 

were designated as a Chemical of Mutual Concern (CMC) by the Governments of Canada 

and the United States in February of 2014, under the Great Lakes Water Quality Agreement 

(GLWQA). The GLWQA directs Canada and the U.S. to target CMCs for action through 

development of binational strategies that may address research, monitoring, surveillance and 

pollution prevention and control provisions (GLWQA, 2015).

The concentrations of these legacy contaminants in the environment and biota vary 

significantly due to many complex factors including their release history, persistence, 

transport potential, bioaccumulation potential, ecosystem characteristics, and changes in 

climate (Macksasitorn et al., 2015; Melymuk et al., 2014; Ng and Gray, 2011; Paterson et 

al., 2016). For most legacy contaminants, Lakes Superior (LS) and Huron (LH), which are 

remote to urban (population centers and industry) and agricultural areas, had lower 

concentrations (Chang et al., 2012; Gewurtz et al., 2008) while Lakes Michigan (LM), Erie 
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(LE), and Ontario (LO), which are closer to areas with large populations, industrial 

influences and agricultural activity, have higher concentrations (Chang et al., 2012; El-

Shaarawi et al., 2011). However, there are exceptions to this pattern for contaminants that 

were not used extensively within the GL basin and whose primary pathway to the GLs is 

through long-range atmospheric transport and deposition. For these chemicals (like 

toxaphene), LS and LH have higher concentrations because of their larger surface areas and 

long water residence times (Xia et al., 2012). PCBs and DDTs are the dominant organic 

contaminants in fish tissue and can be up to 10–100 times higher in average concentration 

than other organic contaminants (Chang et al., 2012; McGoldrick and Murphy, 2016).

Concentrations have decreased in most lakes over the past several decades due to 

management actions and voluntary industrial actions that phased out the use of these 

chemicals (Dellinger et al., 2014; El-Shaarawi et al., 2011). In general, the trend pattern can 

be described as a rapid decrease after the initial phase-out period followed by a slow to no 

decrease or even apparent concentration increases, especially in the lower lakes (Carlson et 

al., 2010; French et al., 2011; Sadraddini et al., 2011). The recent concentration decreases in 

the legacy contaminant concentration in fish were mostly slower than expected (or 

predicted) due to the complexity of the ecosystem, such as the long response time after 

reducing inputs, changes in lake trophic status and food webs due to invasive species, 

resuspension from sediments, changing fish growth rates, and changes in climate (Carlson et 

al., 2010; Cornwell et al., 2015; Ng and Gray, 2011; Stow et al., 2004; USEPA, 2002).

The magnitude of PBT bioaccumulation in fish tissue varies with the species, size, and age 

of the fish and is largely controlled by the trophic status of a lake (El-Shaarawi et al., 2011; 

Mahmood et al., 2013; Paterson et al., 2016). The GL have undergone significant changes in 

trophic structure over the past decade with the introduction of invasive species, i.e. round 

goby and dreissenid mussels (Cornwell et al., 2015; Crane and Einhouse, 2016; Lepak et al., 

2015; Warner and Lesht, 2015). These changes may have affected the extent of PBT 

bioaccumulation and resulting trends in top predator fish. For GLFMSP, fish have been 

historically collected and grouped using length as an age metric to minimize the influence of 

different bioaccumulation times (ages) on contaminant concentration trends. However, due 

to the changes in lake food webs due to invasive species and eutrophication, the age of the 

same size lake trout (a long-lived fish) varied significantly, especially in LM, LH and LS, 

which will impact bioaccumulation patterns (Drouillard et al., 2009; Russell et al., 1999). 

Our previous trend results (1999 to 2009) assessed contaminants based upon an assumed age 

based on the length of the fish (i.e. age to length ratio was assumed to be constant) because 

fish age was not determined prior to 2004 (Chang et al., 2012).

The current study updates legacy PBT concentration temporal trends in GL top predator fish 

using PBT concentration and fish age data from 2010 to 2014 (Chang et al., 2012). This time 

period includes significant trophic perturbations that have altered fish growth rates, so fish 

age normalization was needed. These data were combined with earlier data to provide long-

term overall (GL regional) concentration trends from 1999 to 2014 without fish age 

normalization (fish age data were only available since 2004) and age-normalized trends from 

2004 to 2014. Trends for legacy PBTs, including PCBs, DDTs, dieldrin, endrin, chlordane, 

oxychlordane, nonachlor, HCB, and mirex, in GL top predator fish (lake trout and walleye) 
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were determined using non-parametric trend test methods after clustering-based age 

normalization. As PCBs had the highest concentrations of these chemicals, PCB ratio trends 

are also discussed. Overall, this work provides information on historical, current, and future 

legacy contaminant behavior in GL top predator fish. Insights from this analysis of legacy 

PBT bioaccumulation in GL fish provides critical insight into the impact of food web 

perturbations on concentration trends that is necessary to better understand and manage 

legacy PBTs in the Great Lakes.

Methods

Sampling, contaminants analysis, and QA/QC

The sampling information and analysis methods were described in detail in our previous 

papers (sample handling and preparation details given in the Electronic Supplementary 

Information (ESM) Table S1) (Chang et al., 2012; Zananski et al., 2011; Zhou et al., 2017). 

In brief, 50 fish samples (600–700 mm length lake trout from LH, LM, LO and LS, and 

400–500 mm length walleye from LE) were collected and composited into ten composite 

samples of five fish in each lake annually for contaminant analysis. The concentrations in 

the composited samples are well correlated with concentrations in additional individual fish 

caught from the same location and analyzed individually (data shown in ESM Fig. S9). Fish 

were collected from alternating sites for odd years and even years in each lake, as shown in 

ESM Fig. S1. Generally, even sites are shallower than odd year sites (except for LH). The 

two sites were chosen to represent offshore fishing grounds and based on their proximity to 

urban and manufacturing centers are loosely classi-fied into either industry influenced or 

non-industry influenced areas in each of the lakes (ESM Table S1) (GLFMSP, 2004; 

USEPA, 2012). Note that the designation of industrial or non-industrial influenced site was 

based on the relative conditions in each lake (site proximity and magnitude of industrial 

areas in each lake). For example, the non-industrial site in LE likely has more industrial 

influence than the industrially influenced site in LS.

The samples were extracted by an accelerated solvent extractor (ASE 350, Dionex, 

Sunnyvale, CA) with dichloromethane (DCM), lipids were removed via gel permeation 

chromatography (GPC, Waters, Milford, CA), and then the extracts were fractionated over 

4% deactivated silica into two fractions with hexane (F1) followed by 50:50 hexane:DCM 

(F2), which was used for PCBs (F1) and OC pesticides analysis (F2) (DDT, dieldrin, endrin, 

cis-chlordane, trans-chlordane, oxychlordane, cis-nonachlor, trans-nonachlor, mirex, and 

HCB) using GC-ECD. Compound identification was confirmed with a mass spectrometry 

detector in electron capture negative ion mode (GC/MS-ECNI, Agilent 7890/5975 MSD). 

Note that only total DDT (t-DDTs, sum of p-p′ DDD, p-p′ DDE, o-p′ DDT, p-p′ DDT) 

and total PCBs (t-PCBs, 119 PCB congeners were analyzed as shown in ESM Table S7) 

were used for the trend analysis reported here. The concentration distributions of DDTs and 

PCBs congeners are presented in the ESM Fig. S7. National Institute of Standards and 

Technology (NIST) Standard Reference Material (SRM) 1946 samples were analyzed in 

each 10-sample batch of field samples. For QA/QC control, PCB-14, PCB-65, PCB-166, 

PCB-209, PCT-3, and PCT-5 (pentachloroterphenyl) were added as surrogates to evaluate 

extraction efficiency; the average recoveries were 87 ± 14%, 82 ± 14%, 100 ± 12%, 98 

Zhou et al. Page 4

J Great Lakes Res. Author manuscript; available in PMC 2019 August 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



± 15%, 89 ± 13%, and 91 ± 15%, respectively. All PCB and OC pesticide masses in method 

blanks were below the limits of detection (LOD) defined as the mass associated with the 

average method blank plus standard deviation times Student’s t statistic. No samples 

included in this analysis were below the LOD.

Fish age analysis

Fish ages were determined using multiple approaches, including otoliths, fin clips, coded 

wire tags (CWT), scales, and maxillae by the homogenization lab. The maxillae estimation 

method, developed at the Michigan Department of Natural Resources (MDNR) 

(Wellenkamp et al., 2015), became the only aging technique used other than CWT in 2012. 

This change increased the speed of sample aging, allowed samples to be composited 

according to known ages instead of assumed ages based on length, and resulted in minimal 

fluid and tissue loss from the sample. The measured ages before and after this change were 

combined when available as there were no significant difference between maxillary age 

(new method) and otolith age (old method) (ANOVA analysis, p 0.12).

Contaminants clustering and age normalization

The age normalization method based on hierarchical clustering for one contaminant (fish 

mercury) was developed in a previous paper (Zhou et al., 2017). The relationship between 

age and contaminants concentrations presented here were determined to be nonlinear and 

year dependent, similar to what was found previously for mercury (Zhou et al., 2017). In this 

study, the age normalization method was adjusted to account for the multiple contaminants. 

A second hierarchical clustering analysis was added to separate the PBTs into different 

groups based on the linear correlations between PBTs that had similar bioaccumulation rates 

(Paterson et al., 2016). The age normalization method for multiple contaminants was 

performed as follows: 1) linear correlation coefficients were calculated between legacy 

contaminants; 2) the two most correlated contaminants were used to create a new 

contaminant group by adding their concentrations together; 3) Step 1 was performed again 

using a new contaminant until all the contaminants were in a group; 4) contaminant clusters 

were determined using a correlation coefficient threshold (0.5); 5) age normalization was 

performed for each contaminant cluster using the same method as described previously 

(Zhou et al., 2017).

The age normalization for each contaminant cluster was performed as: 1) regression lines 

between age and total contaminant concentration in the contaminant cluster were calculated 

for each year; 2) the distance between each year was calculated based on the equations 

obtained in step 1. The distance was determined using the average distance of each data 

point in one group to the other regression line (this approach considers both the distance of 

data points in the groups and the similarity of the regression lines); 3) hierarchical clustering 

was performed to define the clusters based on the distances obtained in step 2. Since 

hierarchical clustering will generate new group combinations (by combining the data 

points), the distance within new groups was recalculated in each step of hierarchical 

clustering; 4) linear regression equations were determined for each cluster obtained in step 

3; and 5) concentrations were normalized to the average age (6.77 years) based on the 
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equations obtained in step 4. A flowchart detailing the steps used for contaminant clustering 

and age normalization is shown in ESM Fig. S3.

Statistical analysis

The overall trends in the GL region were analyzed for six major contaminants for which 

long-term (1999–2014) monitoring data (t-PCBs, t-DDTs, dieldrin, chlordane, 

oxychlordane, and nonachlor) are available. Note that an overall trend analysis for the GL 

region from 2004 to 2014 following age normalization was also performed using these six 

major contaminants. In this analysis, all the lake trout data from all sites and lakes (except 

walleye from in Lake Erie) were combined to present a regional temporal trend. Trends after 

age normalization from 2004 to 2014, lake-by-lake, with even and odd year sites analyzed 

independently if the age normalized concentrations had significant differences between the 

sites based on multi-way analyses of variance (n-way ANOVA), were determined for eight 

legacy contaminants (the above six plus HCB and mirex). The trends in the t-PCBs ratio (t-
PCB concentration/total legacy contaminant concentrations) in each lake are also presented.

N-way ANOVA test was performed to compare the concentration difference between year, 

fish age, fish species, contaminant species, and sampling sites. Nonmetric multidimensional 

scaling (NMDS) was then used to investigate the legacy contaminant patterns for each site. 

Non-parametric Kendall’s tau test and Kendall-Theil robust line (with Sen’s slope) were 

used for trends and breakpoint analysis (Granato, 2006; Huang et al., 2015; Kendall, 1948; 

Litaor et al., 2016; Stonevičius et al., 2014) using KTRLine software developed by the U.S. 

Geological Survey (USGS). The statistical analyses were performed using SPSS 22 (2014 

IBM Corporation) and MATLAB 2016b.

Results and discussion

Contaminants patterns

t-PCBs, t-DDTs, and nonachlor concentrations dominate the concentration profile and 

represent >95% of the total mass measured (Fig. 1). Average concentrations for all samples 

averaged into early (2004–2009) and later (2010–2014) periods are 730 (2004–2009) and 

580 (2010–2014), 206 (2004–2009) and 125 (2010–2014), 50 (2004–2009) and 34 (2010–

2014) ng/g for t-PCBs, t-DDTs, and nonachlor, respectively. The industry influenced sites 

for most lakes (LE, LM, LH and LS) had statistically significant (two sample t-tests p < 

0.01) higher average total legacy contaminant concentrations than non-industrial influenced 

sites (32%, 21%, 24% and 61% higher for LE, LM, LH and LS, respectively) (ESM Fig. 

S8). LO sites had only small differences (<5%) likely because of the contaminant input from 

the Niagara river (Marvin et al., 2004a) was evenly distributed in the surficial sediment 

across the three major depositional basins in LO (Marvin et al., 2002) and the proximity of 

all of the lake to major urban areas. The concentration difference among the lakes is 

inversely related to the relative distance to major population centers and industrial areas, 

which supports previous work that atmospheric sources are important determinants of fish 

legacy contaminant concentrations (Melymuk et al., 2014; Shunthirasingham et al., 2016; 

Sun et al., 2007) and suggests that lake trout ranges are at least somewhat limited relative to 

the size of the lakes.
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However, LE, one of the most urban influenced lakes due to the proximity of Toledo, 

Cleveland and Detroit (Mahmood et al., 2013; Sun et al., 2007) has relative lower 

concentrations for most contaminants (Fig. 1). This result is probably because the top 

predator fish species in LE is wall-eye, which generally have a lower bioaccumulation rate 

than lake trout (Carlson et al., 2010; Chang et al., 2012). Our ANOVA analysis results 

support previous studies as it identified a significant concentration difference (p < 0.01) 

between lake trout and walleye in Lake Erie, with walleye having lower concentrations (440 

ng/g total legacy contaminants on average) compared with lake trout (610 ng/g total legacy 

contaminants on average) (detailed results are presented in ESM Table S2).

For the other four lakes, LM, which is one of the most urban influenced lake due to the 

proximity to the highly populated and industrial cities, such as Chicago, and Milwaukee, and 

the industrial areas centered around Gary, IN, has the highest concentrations, LH and LO 

have intermediate concentrations, and LS, which is the least urban (in terms of population 

and industrial proximity) influenced lake, has the lowest concentrations for most 

contaminants. The low concentrations seen in LS are also likely due to lower inputs from 

non-atmospheric sources (runoff and riverine inputs) as it is the headwater lake for the GL 

(Chang et al., 2012; Peverly et al., 2015) and generally not downwind of urban/industrial 

areas. Note that relatively high mirex concentrations were detected in LO fish (36.4 ng/g on 

average, the highest concentration in the GLs and the third highest contaminant 

concentration in this lake) probably due to historical manufacture and releases from 

manufacturing sites into the Niagara and Oswego River and other locations within the lake’s 

watershed (Comba et al., 1993; Shunthirasingham et al., 2016; USEPA, 2010). Most sites 

had negative concentration differences (indicating decreasing concentrations) between the 

earlier period (2004–2009) and current period (2010–2014). Note that higher current 

concentrations were only found at the LE odd site because lake trout, which have higher 

PBTs concentrations, were sampled there after 2010 and at the LH odd site which had the 

fastest increasing fish age as shown in ESM Fig. S2 as older fish can have larger amounts of 

accumulated PBTs.

The bioaccumulation pattern of legacy contaminants in fish can be similar depending on 

specific chemical characteristics (Kelly et al., 2007; Paterson et al., 2016). Concentration 

correlations grouped the contaminants into three clusters (Fig. 2a): Cluster 1 contains 

chlordane, dieldrin, oxychlordane, nonachlor and endrin which are non-aromatic 

contaminants with average Kows ranging from 5.2 to 6.2; Cluster 2 contains t-PCBs and t-
DDTs which both have benzene rings and have higher bioaccumulation potentials; note that 

the major DDT congeners observed in fish was p-p′ DDE (contributed 83% mass with log 

Kow =6.5), and the major PCB congeners observed in fish were hexa and hepta PCBs 

(contributed 60% of the mass with log Kows ranging from 7.3 to 8.3); Cluster 3 contains 

HCB and mirex that contain benzene rings and have lower bioaccumulation potential with 

log Kow ranging from 5.3 to 5.7 compared with Cluster 2 (log Kows are listed in ESM Table 

S3). Site specific contaminant concentration patterns are presented in NMDS plots (Fig. 2b), 

which indicates unique patterns for LE sites (no overlapping areas with other lakes) as two 

different fish species were included in the model for LE; for LS, most points are in the 

negative x-axis and for LM most points are in the positive x-axis indicating LS and LM have 

significantly different patterns.
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Fish age trends

Significant increasing annualized age trends (%/yr) were found for LH (7.2% even year site; 

9.9% odd year site), LM (4.8% even year site; 3.7% odd year site) and LS sites (8.3% even 

year site; 7.3% odd year site), indicating decreasing growth rates over time (ESM Fig. S2). 

Growth rate changes can be the result of food web perturbations and changing water 

temperatures. Invasive species, such as round goby and dreissenid mussels can reduce the 

prey energy density for lake trout (Barbiero et al., 2012; Evans et al., 2011) and the 

increasing temperatures can limit the growth rate of cold water species such as lake trout 

(Ng and Gray, 2011).

Three bioaccumulation patterns were found: 1) multiple clusters where the earlier years have 

higher concentrations and steeper slopes, and the recent years have lower concentrations 

with shallower slopes (Fig. 3a, c, and all the results in ESM Figs. S4 to S6); 2) single 

clusters where all the years have the same bioaccumulation rates (Fig. 3b) indicating that the 

bioaccumulation rate (age vs. conc.) did not change during the sampling period; and 3) 

negative correlation clusters with negatively correlated fish age and concentration (Fig. 3d 

and f). The bio-accumulation rates generally changed from greater bioaccumulation in 

earlier years to relatively lower bioaccumulation in later years indicating there was 

decreased transmission of contaminants from prey sources or a decrease in fish trophic 

status over this time period.(El-Shaarawi et al., 2011; Ng and Gray, 2011; Simoneau et al., 

2005). When multiple bioaccumulation cluster patterns occurred, most clusters fall into three 

time-periods (ESM Figs. S4 to S6), an earlier period (2004–2005), a middle-period (2006–

2010), and a current period (after 2011). Also, a negative correlation was found only for the 

LE odd year site implying growth dilution may be important. Note that the sampled fish 

species was changed from walleye to lake trout after 2010, so only limited data were 

available for each species.

For fish species, dietary uptake of legacy contaminants remains the predominant route of 

exposure (Drouillard et al., 2009; Russell et al., 1999). The elimination of legacy 

contaminants through fecal egestion, respiratory, and metabolic biotransformation is 

negligible (Buckman et al., 2006; Drouillard et al., 2009; Paterson et al., 2010). For example 

in lake trout, PCB half-lives (around 15–30 years, and increasing in the recent years) 

generally exceed the trout’s lifespan (Carlson et al., 2010; Simoneau et al., 2005). In this 

case, a slower growth rate as seen in more recent years will lead to a lower bioaccumulation 

rate (Ng and Gray, 2011). Detailed age normalization clustering results and the equations 

used for age normalization including r2 values for each lake are presented in ESM Tables S4 

and S5.

Overall concentration trends

The overall trend in the GL region for the sum of the six legacy contaminants with long-term 

measurements (t-PCBs, t-DDTs, dieldrin, chlordane, oxychlordane, and nonachlor) is −6.4% 

per year (from 1999 to 2014) without age normalization, and −10.5% per year (from 2004 to 

2014) with age normalization (Fig. 4a). However, smaller negative slopes were found in the 

current years (<2% after 2010 both in age normalized and non-normalized trends) compared 

to the earlier years (>10%).
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Significant regional overall decreasing trends from 2005 to 2014 were detected for all the 

legacy contaminant concentrations after age normalization when examined individually 

(Table 1 and Fig. 4). LE data were not included in this analysis because walleye are 

collected in the western basin and lake trout became the primary collection species in the 

eastern basin in 2011. An overall trend was not reported for mirex as the overall percentage 

would be significantly impacted by the extreme LO mirex concentrations; 20 times higher 

than other sites. However, the mirex trends for individual sites are presented in the following 

section. DDTs had the fastest annual overall decreasing trend with a Sen’s slope showing an 

annual decrease of −13.2% per year (Kendall’s tau = −0.48, p < 0.01). For the other major 

contaminants, PCBs and nonachlor, the decreasing trend was −10.2% (Kendall’s tau = 

−0.40, p < 0.01), and −11.5% per year (Kendall’s tau = −0.52, p < 0.01), respectively. HCB 

has the smallest decreasing trends possibly due to HCB being near equilibrium in the 

environment, and/or its continued release as a byproduct from chemical manufacturing 

processes and waste incineration (Leger, 1991; Luscombe and Costner, 2001).

To present temporal trends independent of age bias, concentrations were normalized to a 

consistent age. This normalization will increase the concentration in younger fish and 

decrease the concentration in older fish. Therefore, as shown in Table 1, age normalization 

results in trends being detected now even though no trends were found in previous studies 

when age correction was not applied. These decreases in PBT concentrations could be 

attributed in part to successful management actions. For PCBs in particular, these include the 

remediation to AOCs via the Great Lakes Legacy Act (GLLA, since 2004) and GLRI (since 

2010); completed and ongoing remediation efforts in 31 AOCs within the United States 

equate to over 3.5 million cubic yards of sediment remediated in the GL basin (USEPA, 

2008, 2016).

Individual lake concentration trends

ANOVA analysis, which was used to determine if there was a difference between 

concentrations for the two sites in the same lake, indicates that only the two sites in LO can 

be combined together as they are not statistically different (ESM Table S4). For the other 

lakes, the sites were analyzed separately, which indicates the significant concentration 

difference between industry influenced and non-industry influenced areas. Only current 

trends (trends after the breakpoint if a breakpoint existed) are discussed here although for 

most contaminants for most sites (>90%) a breakpoint was not detected. Complete results 

are presented in ESM Table S6. Note that the LE odd year site was not included in the 

individual trend analysis, as the sampled fish species changed for this site from walleye 

2005–2009 to lake trout after 2011–2013. A statistically significant contaminant 

concentration difference exists between these two species because the small sample size for 

eastern basin lake trout (<3 years of data) is not sufficient for trend analysis.

The current trends for all the PBTs in each site are shown in Fig. 5 and ESM Table S6. The 

sites sorted based on the rate of PCB decrease (fastest to slowest) is: LS non-industry site, 

LH non-industry influenced site, LS industry site, LH industry site, LO both sites, LM 

industry site, LM non-industry site, and LE industry site. The trend ranges for PBT declines 

for each site are: LS non-industry site (ranging from −10.1 to −20.5%), LH non-industry 
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influenced site (ranging from −6.0 to −18.4%), LS industry site (ranging from −4.0 to 

−16.1%), LH industry site (ranging from −2.7 to −14.7%, no trend was found for 

nonachlor), LO both sites (ranging from −3.2 to −13.2%), LM industry site (ranging from 

−4.1 to −14.2%), LM non-industry site (ranging from −6.0 to −13.0%), and LE industry site 

(ranging from −4.1 to −11.2%, no trend was found for Oxchlor, +9.5% was found for 

mirex). Overall significant decreasing trends were found for most contaminants at most sites 

in the most recent period (after the breakpoint, if detected) except a significant increasing 

trend was detected for mirex at the LE even year (western basin, industry influenced) site 

where walleye were collected.

Similar to the contaminant concentrations, spatial gradients were also found in the trends 

results. Contaminants were decreasing faster in the west/north (sites in LS and even year site 

in LH) than in the east/south (sites in LO and LE). The east/south sites are generally closer 

to, and more often downwind of, urban areas (Evans and Muir, 2016; Khairy et al., 2014; 

Shunthirasingham et al., 2016) and impacted by direct effluent and non-point source inputs 

(Melymuk et al., 2014; Peverly et al., 2015). These spatial gradients imply that the 

decreasing rate is related to the distance from the population/industrial centers. LE and LO 

also have smaller surface areas, shallower depths, and shorter water residence times (Wang 

et al., 2012; Warner and Lesht, 2015), which makes them more sensitive to changing 

contaminant inputs and changes in lake trophic status (Hornbuckle, 2004; Liu et al., 2016). 

Our previous research on fish mercury concentrations found that LE and LO have increasing 

mercury trends even after fish age normalization, likely due to increasing local mercury 

inputs around LE and LO (Zhou et al., 2017). For the PBTs examined in this study, LO and 

LE had smaller decreasing trends than the other lakes suggesting that sources such as 

atmospheric deposition, watershed derived inputs (primarily from the Niagara river), 

increased sediment resuspension due to less ice cover and increasing storm intensity, and 

emissions from existing products and unintentional sources (for example electric arc 

furnace, cement kilns, or medical waste incineration) may be responsible (Gallistl et al., 

2017; Liu et al., 2013; Marvin et al., 2004a; Marvin et al., 2002; Marvin et al., 2004b).

Trends of t-PCBs ratio

As t-PCBs had the highest concentrations and the second slowest decreasing trends among 

the PBTs in this study, trends of the ratio of t-PCBs to total legacy contaminants 

concentrations were also examined. Although the concentrations in even and odd year sites 

were different (ESM Table S4), sites in the same lake had similar patterns (Fig. 2b) 

therefore, the two sites in the same lake were combined before trends analysis (Zhou et al., 

2017). As shown in Fig. 6, increasing trend ratios were found in all GLs ranging from 

+0.4%/yr to +2.5%/yr, and significant increasing trends were found in LM (+2.5%/yr) and 

LS (+0.9%/yr). t-PBCs have the slowest decreasing trend among these legacy contaminants 

except for HCB. The order of decreasing trends for the legacy contaminants (ESM Table S6, 

fastest to slowest based on median %/yr for each site, except for the LE odd year site) are 

endrin (−13.8% (−5.1% to −17.3%)), oxychlordane (−12.8% (no trend to −17.6%)), DDTs 

(−12.3% (no trend to −18.4%)), chlordane (−12% (−4.1% to −20.4%)), dieldrin (−11.6% 

(−9.9% to −20.5%)), nonachlor (−11.3% (no trend to −16.9%)), mirex (−11% (+9.5% to 

−10.1%)), t-PCBs (−9.0% (−4.1% to −16.6%)), and HCB (−4.2% (−2.7% to −10.1%)). t-
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PCBs currently contribute the most mass of all the PBTs (70–75%); this finding combined 

with the trend ratio results suggest that the importance of PCBs in the GLs relative to the 

other legacy contaminants will keep increasing into the future.

Conclusions

Significant decreasing concentration trends, ranging from −4.1% to −21.6% per year, were 

found for PBT contaminants, including polychlorinated biphenyls (PCBs), dichloro-

diphenyl-trichlorethane (DDTs), dieldrin, endrin, chlordane, oxychlordane, nonachlor, 

hexachlorobenzene (HCB) and mirex, for most Great Lake (GL) sites after fish age 

normalization. The only exception to this finding was for mirex in Lake Erie walleye. These 

decreasing trends reflecting the successful historical and ongoing reduction of fugitive 

releases and remediation efforts in U.S. and Canada including physical removal (dredging) 

coupled with sediment sequestration. Spatial gradients are important both in the legacy 

contaminant concentrations and temporal trends, with contaminants decreasing faster and 

having lower concentrations in the west/north than in the east/south. This finding can be 

explained by the relative distance from population/industry influenced centers. The 

contaminants t-PCBs and HCB, which may be released from ongoing sources, including 

emission from existing products, byproducts from other chemical manufacture, wastes 

incineration, and unintentional sources, generally have slower decreasing trends. Total PCBs 

will continue to be of the greatest concern into the future since t-PCBs have largest mass and 

the second smallest decreasing trend for these legacy contaminants.

Supplementary Material
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Fig. 1. 
Mean concentrations of nine legacy contaminants for the earlier period (2004–2009) and 

recent period (2010–2014) for each site (bar chart) and for all samples (pie chart). Note that 

a site name in bold font indicates the site with more industrial influence for that lake.
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Fig. 2. 
a) Legacy contaminant clustering results based on concentration correlations (groups were 

separated when the correlation coefficient larger than 0.5). b) A non-metric 

multidimensional scaling (NMDS) plot comparing legacy contaminant patterns in each site. 

Note that panel a is clustered by contaminant and panel b is clustered by site.
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Fig. 3. 
Bioaccumulation patterns for the three clusters for the two LE sites (other sites are shown in 

the ESM Figs. S4, S5, S6). Three bioaccumulation patterns were found 1) the earlier years 

have higher concentrations and steeper slopes, while the current years have lower 

concentrations and flatter slopes; 2) all the years have the same bioaccumulation pattern; 3) 

a negative correlation between age and fish concentration. The equations shown were 

obtained from corresponding year groups and used for age normalization.
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Fig. 4. 
(a) Long-term (1999–2014) trend for six primarily contaminants combined (t-PCBs, t-
DDTs, dieldrin, chlordane, oxychlordane, and nonachlor) in GL lake trout (excluding 

walleye samples in Lake Erie) determined by fitting a linear equation. The upper and lower 

95% confidence interval is −4% and −8.8% per year for the complete timeline, −5.1% and 

−15.9% per year for the trend after 2004. (b) t-PCBs and (c) t-DDTs. Overall Kendall-Theil 

trends after age normalization for t-PCBs and t-DDTs from 2004 to 2014. The upper and 

lower 95% confidence interval is −8.5% and −12.1% per year for t-PCB, and −11.3% and 

−15.1% per year for t-DDT.
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Fig. 5. 
Kendall-Theil trends (bar) and confidence interval (error bar) after age normalization for 

legacy contaminants in GL region from 2004 (or after the break point) to 2014. A missing 

value indicates the most current trends are not significant. The bar values (x-axis) represent 

the Kendall-Theil trends (% per year), and the bar colors indicates the trends rank among the 

10 sites. Note that a site name in bold font indicates the site with a more industrial influence 

for that lake. No trends are reported for LE odd year as not enough data were available (see 

text).
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Fig. 6. 
Trends of t-PCBs ratio (t-PCBs/total legacy contaminants) for each lake: a) LM with trend 

+2.5%/yr (p < 0.05), b) LS with trend +0.9%/yr (p < 0.05), c) LE with trend +0.4%/yr (p 
=0.27), d) LO with trend +0.6%/yr (p = 0.33), e) LH with trend +0.6%/yr (p = 0.41).

Zhou et al. Page 20

J Great Lakes Res. Author manuscript; available in PMC 2019 August 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Zhou et al. Page 21

Ta
b

le
 1

O
ve

ra
ll 

K
en

da
ll’

s 
ta

u 
co

ef
fi

ci
en

ts
 a

nd
 K

en
da

ll-
T

he
il 

tr
en

ds
 b

ef
or

e 
an

d 
af

te
r 

ag
e 

no
rm

al
iz

at
io

n 
fo

r 
le

ga
cy

 c
on

ta
m

in
an

ts
 in

 G
L

 la
ke

 tr
ou

t (
ex

cl
ud

in
g 

w
al

le
ye

 s
am

pl
es

 in
 L

ak
e 

E
ri

e)
 f

ro
m

 2
00

5 
to

 2
01

4.
 A

 n
um

be
r 

in
 b

ol
d 

m
ea

ns
 th

e 
re

su
lts

 a
re

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

.

L
eg

ac
y 

co
nt

am
in

an
ts

K
en

da
ll’

s 
ta

u 
co

ef
fi

ci
en

t 
be

fo
re

 
no

rm
al

iz
at

io
na

K
en

da
ll-

T
he

il 
tr

en
d 

be
fo

re
 

no
rm

al
iz

at
io

n 
(p

er
ce

nt
ag

e/
ye

ar
)b

K
en

da
ll’

s 
ta

u 
co

ef
fi

ci
en

t 
af

te
r 

no
rm

al
iz

at
io

na
K

en
da

ll-
T

he
il 

tr
en

d 
af

te
r 

no
rm

al
iz

at
io

n 
(p

er
ce

nt
ag

e/
ye

ar
)b

PC
B

s
−0

.3
9

−7
.9

 (
−6

.4
, −

9.
4)

−0
.4

0
−1

0.
2 

(−
8.

5,
 −

12
.1

)

D
D

T
s

−0
.3

9
−8

.1
 (

−6
.7

, −
9.

6)
−0

.4
8

−1
3.

2 
(−

11
3,

 −
15

.1
)

D
ie

ld
ri

n
−0

.3
6

−7
.6

 (
−6

.1
, −

9.
1)

−0
.4

7
−1

1.
7 

(−
9.

9,
 −

13
.6

)

E
nd

ri
n

−0
.3

6
−9

.2
 (

−7
.4

, −
11

)
−0

.4
6

−1
0.

5 
(−

8.
6,

 −
12

.4
)

C
hl

or
da

ne
−0

.4
1

−7
.7

 (
−6

3,
 −

9.
1)

−0
.4

8
−1

1.
4 

(−
9.

8,
 −

13
.2

)

O
xy

ch
lo

rd
an

e
−0

.3
1

−6
.6

 (
−5

, −
8.

2)
−0

.5
3

−1
2 

(−
10

.5
, −

13
.5

)

N
on

ac
hl

or
0.

01
0.

1 
(1

.2
, −

0.
9)

−0
.5

2
−1

1.
5 

(−
9.

9,
 −

13
.2

)

H
C

B
−0

.2
2

−2
 (

−1
.4

, −
2.

7)
−0

.2
1

−3
.7

 (
−2

.4
, −

4.
9)

a K
en

da
ll’

s 
ta

u 
co

ef
fi

ci
en

t (
fr

om
 −

1 
to

 1
) 

in
di

ca
tin

g 
th

e 
sl

op
e 

of
 th

e 
tr

en
d.

b Tw
o 

nu
m

be
rs

 in
 p

ar
en

th
es

es
 in

di
ca

te
 lo

w
er

 9
5%

 a
nd

 u
pp

er
 9

5%
 s

lo
pe

s.

J Great Lakes Res. Author manuscript; available in PMC 2019 August 01.


	Abstract
	Introduction
	Methods
	Sampling, contaminants analysis, and QA/QC
	Fish age analysis
	Contaminants clustering and age normalization
	Statistical analysis

	Results and discussion
	Contaminants patterns
	Fish age trends
	Overall concentration trends
	Individual lake concentration trends
	Trends of t-PCBs ratio

	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1

