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Lay Abstract: 

Mercury is a dangerous contaminant that is stored in boreal forest soils, and 

disturbances to soils, such as forestry activities and beaver dams, can transport it into 

nearby streams. Mercury is then available for uptake in food webs, leading to high 

concentrations in fish. Harvesting can affect the number of different species of stream 

macroinvertebrates, and their assemblages serve as indicators of stream health. This thesis 

investigated the separate and combined effects of both forest harvesting and beaver dams 

on mercury in stream food webs and harvesting effects only on macroinvertebrate 

communities. A stream with extensive watershed harvesting, narrow buffer zones, and a 

machinery crossing upstream experienced the greatest impacts. Further, mercury levels 

were higher in food sources and macroinvertebrates in streams with harvest compared to 

those without. Separately, forestry and beaver dams had some effects on mercury 

concentrations, but together their effects were not increased. 
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Abstract 

Mercury (Hg) binds to organic matter (OM) within boreal forest soils. Land 

disturbances, such as forest harvesting, alter the export of OM and nutrients to nearby 

streams. This can affect the structure of stream communities and their food webs by 

changes to basal resource availability, and consumer reliance on these resources.  It may 

also impact the uptake and biomagnification of Hg within streams.  Beaver 

impoundments often co-occur with forestry and can similarly influence Hg in streams. 

However, their combined effects are unknown. Most research on the effects of forest 

harvesting on Hg have focused on abiotic factors with little attention given to Hg 

dynamics in food webs, particularly in Canadaôs boreal.  This thesis examined the effects 

of forest harvest on macroinvertebrate communities and leaf litter decomposition 

(Chapter 2), and on Hg bioaccumulation and biomagnification temporally and regionally 

across streams (Chapter 3) and upstream and downstream of beaver reservoirs in 

harvested and non-harvested landscapes (Chapter 4). In Chapter 2, no effects of harvest 

on leaf litter decomposition were observed, yet results suggested that effects on 

macroinvertebrate communities within harvested landscapes were site-specific and most 

severe (i.e., declines in diversity, evenness, and in sensitive taxa) in streams with narrow 

buffer zones and higher amounts of harvest within their watershed. Chapter 3 showed 

that Hg concentrations ([Hg]) in macroinvertebrates were elevated in harvested 

landscapes, likely because of higher [Hg] in food sources, and that streams afforded less 

protection are at greater risk of increased [Hg] in water and consumers. Chapter 4 

revealed that while [Hg] of consumers and biomagnification rates were elevated in 
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harvested landscapes upstream of reservoirs, they did not persist downstream, indicating 

that effects of reservoirs and harvest were not additive, and were instead site-specific. 

This thesis provides novel and impactful information on Hg cycling and may assist 

foresters to develop guidelines to minimize Hg risk to stream ecosystems.  
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Chapter 1: General Introduction 

Freshwater systems extend across Canada (NRCan, 2005; Kreutzweiser et al. 

2008a) and provide numerous benefits to those who live nearby. The contributions that 

ecosystems make to human well-being are defined as ecosystem services, and encompass 

provisioning, regulating, maintenance and cultural services (Haines-Young and Potschin 

2018). Local and regional communities, including Indigenous Peoples, benefit from 

cultural (spiritual, educational, recreational, and aesthetics), and provisional (fish) 

ecosystem services (Hassan et al. 2005; Brandt et al. 2013). Aquatic ecosystems also 

supply clean water, filtering contaminants, regulating river flow, protecting shorelines 

from erosion, storing carbon, and providing habitat for wildlife (Woodward 2009, 

Kreutzweiser et al. 2013). The health of aquatic systems and the provision of ecosystem 

services are heavily dependent on adjacent terrestrial landscapes (Hynes 1975). This is 

particularly true for headwater systems, which represent the beginnings of a watershed 

(1st and 2nd order streams); although individually small, they account for 70-80% of the 

catchment area (Sidle et al. 2000, Meyer and Wallace 2001; Gomi et al. 2002).  

Headwater streams are strongly linked to their surrounding terrestrial ecosystems 

and play a key role in nutrient cycling in freshwater systems. Headwaters are an 

important source of cool waters, sediments, and organic matter to larger downstream 

systems (Wipfli et al. 2007, MacDonald and Coe 2007). The breakdown, production, and 

transport of carbon in and through headwaters is necessary to the transfer of energy in 

aquatic systems (Allan et al. 2021). Headwaters are often heavily shaded, have cool 

temperatures, are limited in primary productivity, and receive large inputs of coarse 
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particulate organic matter (CPOM) that enter the stream as leaf litter.  As a result, 

headwaters are mostly heterotrophic. The decomposition of leaf litter in headwater 

streams is an important stream function (Kreutzweiser et al. 2008b). Macroinvertebrates 

that consume CPOM (i.e., shredders) are abundant in headwaters (Vannote et al. 1980, 

Richardson and Danehy 2007) and along with microbial consumers, play a key role in the 

processing and conversion of CPOM into fine particulate organic matter (FPOM), 

dissolved organic carbon (DOC), and inorganic nutrients (nitrogen and phosphorus), that 

are integrated into food webs locally and downstream (summarized in Ferreira et al. 

2023).  Due to their high connectivity to the land, headwaters are sensitive to disturbances 

in their watershed, both natural and anthropogenic, that can alter ecosystem structure and 

function.  

Disturbances in Boreal Regions 

In the boreal zone, both natural and anthropogenic disturbances on the landscape 

can disrupt aquatic ecosystems and water resources (Kreutzweiser et al. 2013, Webster et 

al. 2015). Natural disturbances such as insect outbreaks, and beaver impoundments can 

impact biogeochemical processes and nutrient export to aquatic systems. Defoliation 

caused by insect outbreaks increases algal biomass in stream systems and alters nutrient 

cycling and dissolved organic matter (DOM) inputs (e.g., Woodman et al. 2021, McCaig 

et al. 2024, Ju et al. 2024). Beaver impoundments change the export of nutrients and the 

flow of carbon downstream (Naiman et al. 1994), altering algal biomass (Fuller and 

Peckarsky 2011, Rodr²guez et al. 2020). In Canadaôs boreal, anthropogenic disturbances 

such as mining, road construction, hydroelectric dams, and forestry can have similar 
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impacts on aquatic systems (reviewed in Kreutzweiser et al. 2013). Indeed, increasing 

industrialization in this zone is impacting once isolated water bodies and can result in 

alterations of hydrologic and biogeochemical flows, and increases in erosion, siltation, 

and contaminants in aquatic systems (Webster et al. 2015). Anthropogenic and natural 

disturbances can occur within the same watershed, but their combined effects on stream 

systems are not well studied (but see Adams and Leroux 2024). 

1.1. Anthropogenic Disturbance: Forestry 

 Forestry is an important industry in Canada, contributing $33.4 billion to the 

countryôs Gross Domestic Product (GDP) in 2022. Canadaôs forest exports contributed 

$17.1 billion in net trade, with 47% of the total value derived from three key exports: 

pulp, newsprint, and softwood lumber (NRCan 2024). In Ontario, approximately 112,002 

hectares of forests were harvested in 2023 (OMNR 2024a), contributing to 45,800 jobs in 

the province and $5.5 billion to the countryôs GDP (OMNR 2024a). The boreal forest is 

the largest forest region in the province, encompassing 65.2% of its productive forests 

(OMNR 2024a). Despite its economic benefits, forestry is a major land-use disturbance 

that can impact adjacent aquatic ecosystems through alterations to forest composition and 

structure, soil conditions and biogeochemical cycling, and overland runoff and 

groundwater flows (reviewed in Kreutzweiser et al. 2013, Kreutzweiser et al. 2008a). 

Forestry can affect headwater systems through changes to the hydrological cycle 

(Kreutzweiser et al. 2008a, Webster et al. 2015). Logging activities such as skidding 

operations compact forest floors, decreasing soil permeability and reducing water 

infiltration (reviewed in Picchio et al. 2021). Forest clearing can reduce canopy cover and 
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the interception of rain, ultimately decreasing evapotranspiration and increasing the 

amount of precipitation that reaches forest soils. These effects, along with rutting caused 

by machinery leads to increased soil moisture levels post-harvest, which in turn can result 

in more runoff, greater water yields, and faster flows following precipitation events 

(reviewed in Picchio et al. 2021). As such, harvesting activities leads to greater 

hydrological connectivity (reviewed in Picchio et al. 2021). 

Stream water quality can be affected by logging through changes to temperature 

and increased delivery of sediments and nutrients to streams. Less canopy cover results in 

warmer soils and stream temperatures (reviewed in Kreutzweiser et al. 2008a). Warmer 

temperatures and more wetted areas within the landscape will enhance soil microbial 

activities fueled by increased OM, such as logging slash left by foresters (Kreutzweiser et 

al. 2008a). The construction of access roads causes higher sedimentation in streams 

(Kreutzweiser et al. 2005). Further, site preparation and rutting elevate leaching and 

transport of sediments and sorbed nutrients (e.g., nitrogen and phosphorus), as well as 

DOC and OM, to nearby fresh waters (Kreutzweiser et al. 2008a).  

 Freshwater macroinvertebrates are sensitive to changes in water quality and serve 

as bioindicators, yet the effects of forestry on their communities and on ecosystem 

processes, such as leaf litter decomposition, are equivocal (Kreutzweiser et al. 2013, 

Richardson and B®raud 2014). Stream communities and ecosystem processes may 

respond to forestry induced changes to water quality and resource availability (e.g., 

Haefner and Wallace 1981, Stone and Wallace 1998, Nislow and Lowe 2006, Martel et al. 

2007, Kreutzweiser et al. 2008b). For example, significant reductions in canopy cover and 
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elevated inputs of nitrogen may favour in-stream algal production and macroinvertebrates 

that rely on biofilms (i.e., scrapers) (Kiffney et al. 2003, England and Rosemond 2004, 

Gºthe et al. 2009). Higher inputs of OM from the landscape may result in a higher 

abundance of collector taxa post-harvest (Martel et al. 2007, Kreutzweiser et al. 2005). 

Increased sedimentation and lower dissolved oxygen levels favour taxa that are tolerant to 

disturbances (e.g., Chironomidae), with negative effects on sensitive Ephemeroptera, 

Plecoptera, and Trichoptera (EPT) (e.g., Death et al. 2003, Martel et al. 2007, Reid et al. 

2010). Additionally, leaf litter decomposition rates may decrease following harvest due to 

increased sedimentation rates or decreases in shredder taxa (Kreutzweiser et al. 2008b, 

Lecerf and Richardson 2010, Erdozain et al. 2018, Erdozain et al. 2021) (but see McKie 

and Malmqvist 2009). 

In Canadaôs boreal zones, the effects of harvest on stream macroinvertebrate 

communities remain poorly understood compared to other forest regions (reviewed in 

Kreutzweiser et al. 2013). Generally, effects of harvest in Canadaôs boreal have varied 

from none or few, to significant declines in some metrics post-harvest (reviewed in 

Kreutzweiser et al. 2013). The variation in responses to harvest are likely site-specific and 

may be long term (Martel et al. 2007; Kreutzweiser et al. 2010). Studies from other 

regions indicate that effects of forestry on stream macroinvertebrate communities are 

likely amplified in streams with greater harvesting and less riparian protection (Martel et 

al. 2007; Newbold et al. 1980, Erdozain et al. 2021). As forest harvesting continues to 

increase in the region, there is a need to understand its effects on headwater stream 

communities given their importance in watersheds.  



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

6 

 

1.2. Best Management Practices 

In Ontario, foresters employ best management practices (BMPs) to reduce impacts 

to aquatic ecosystems (Jeglum et al. 2003) and they include leaving non-harvested areas 

near streams to create buffer zones, harvesting wet areas in the winter, and leaving woody 

debris on site to decrease post-harvest erosion (Cristan et al. 2016). BMPs stabilize 

stream banks and maintain water quality by minimizing erosion and filtering sediments 

and nutrients in runoff (Cristan et al. 2016). Shading provided by buffer zones can help 

maintain allochthonous inputs to streams and regulate stream temperatures (Clinnick 

1985; Davies and Nelson 1994). In Ontario, streams are often afforded buffers with a 

minimum width of 30 m. Studies have shown that 30 m wide riparian buffers can mitigate 

some effects of forestry disturbances to stream biodiversity, ecosystem processes and 

environmental conditions (Sweeney and Newbold 2014). However, unmapped 

headwaters may be afforded less (e.g., ~3 m machinery exclusion zone) as they may be 

hidden by canopy cover or at low flow when mapping is done (Richardson and Danehy 

2007; OMNR 2010). Buffers narrower than 15 m may not provide adequate protection 

against harvesting effects (see Jyvªsjªrvi et al. 2020). While some studies indicate that 

riparian buffers (<15 m) may adequately protect stream communities (Newbold et al. 

1980, Chizinski et al. 2010, Adkins et al. 2016), others have identified effects of harvest 

on basal resource reliance, leaf litter decomposition, macroinvertebrate community 

composition, periphyton biomass, inorganic sediment deposition, and DOC inputs 

(Kiffney et al. 2003, Kreutzweiser et al. 2008b, Erdozain et al. 2019, 2021, 2022). Given 
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this variability, more work is needed to understand the effectiveness of BMPs at 

mitigating harvesting risk to stream communities in boreal headwaters. 

1.3. Beavers as a Natural Disturbance 

Beavers are considered ecosystem engineers as they alter the hydrological regime 

through the construction of impoundments, creating pond complexes and new wetland 

areas by damming lotic systems and flooding inland areas, with subsequent impacts on 

downstream biogeochemical cycles (Naiman et al. 1994), and ecosystems (Grudzinski et 

al. 2022). Beavers are ubiquitous across the boreal region; impoundment densities can 

exceed 10 per km of stream length (Naiman et al. 1986) and can co-occur with harvesting 

activities. The felling of riparian trees by beavers for food combined with tree mortality 

caused by flooding can reduce canopy cover, increase light penetration, and increase 

temperatures within reservoirs. This leads to greater primary production and overall 

biomass within reservoirs (Larsen et al. 2021). Further, reservoirs store a significant 

amount of OM in the form of trapped woody biomass, grasses, leaves and sediments 

(Larsen et al. 2021), and their decay, coupled with increased biomass, low oxygen levels, 

warmer, stagnant, and deeper waters, creates an environment that supports increased 

microbial activity (Levanoni et al. 2015). These activities influence biogeochemical 

cycles of carbon, nitrogen and other elements, and their downstream transport (Ecke et al. 

2017). For example, beaver reservoirs generally increase the export of DOC downstream 

(Ecke et al. 2017, Larsen et al. 2021), but may also behave as sinks (Ļiuldienǟ et al. 

2020). Increased OM transported downstream of reservoirs may lead to increases in 
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consumer reliance on this food source and subsequently greater biomasses (Anderson and 

Rosemond 2010, Fuller and Peckarsky 2011). 

1.4. Mercury Bioaccumulation and Biomagnification 

Mercury (Hg) is a contaminant of global concern and its uptake and trophic 

transfer in aquatic food webs can have negative impacts on fish and fish consumers. 

Mercury is emitted into the atmosphere as gaseous elemental mercury, Hg(0)(g), from 

both natural and anthropogenic sources (Driscoll et al. 2013). Hg accumulates in foliage 

via atmospheric deposition and is then deposited on the forest floor with litter fall, where 

it accumulates and is efficiently stored (Demers et al. 2013, Obrist et al. 2016). Soil Hg 

can be transported via runoff to aquatic ecosystems, such as wetlands, beaver 

impoundments, and lake sediments, which have anaerobic conditions that facilitate the 

transformation of inorganic Hg through microorganisms such as sulphur-reducing 

bacteria (SRB) to its more toxic and bioavailable form methylmercury (MeHg) (Kronberg 

et al. 2016). 

Bioaccumulation is the process by which stream biota accumulate Hg in their 

tissues over time, with consumer exposure to MeHg primarily occurring through diet and 

regulated by several abiotic and biotic factors (Ward et al. 2010). The spatial variability of 

Hg accumulation can be predicted with landscape metrics (Riva-Murray et al. 2011). For 

example, wetlands can serve as source of MeHg to downstream systems and as such, 

streams with a higher proportion of wetlands within their watershed may have higher 

MeHg bioavailability (Ward et al. 2010). Beyond this, water chemistry parameters such as 

lower pH, elevated DOC and aqueous MeHg concentrations ([MeHg]) have been 
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associated with higher Hg concentrations ([Hg]) in invertebrates (Jardine et al. 2013) and 

fish (Watras et al. 1998, Hammerschmidt and Fitzgerald 2006). Increased secondary and 

primary productivity, and higher consumer growth rates can decrease [Hg] in top 

predators (Ward et al. 2010). Within headwaters, consumers rely mostly on allochthonous 

food sources such as CPOM and FPOM which tend to have lower [MeHg] than 

autochthonous food sources such as biofilm (Jardine et al. 2012). As [MeHg] of 

consumers are often correlated with their prey items (Jardine et al. 2012), stable isotopes 

of carbon are a useful tool for identifying dietary carbon sources contributing to consumer 

[Hg].  

Biomagnification is the process in which [MeHg] increases with each trophic 

level in a food web and multiple factors influence this process (Lavoie et al. 2013). The 

rate of MeHg biomagnification in food webs is calculated as the slope of log transformed 

[MeHg] of food sources and consumers regressed against their relative trophic positions 

(determined using stable nitrogen isotope values, expressed as ŭ15N) (Clayden et al. 

2013). Like bioaccumulation, these slopes - referred to as Trophic Magnification Slopes 

(TMS) ï are influenced by ecosystem physiochemical characteristics (Lavoie et al. 2013). 

For example, TMS may be positively correlated to [DOC], but negatively correlated to 

phosphorus and atmospheric Hg deposition (Lavoie et al. 2013; but see Kidd et al. 2011). 

Additionally, higher [Hg] in water, food sources, or lower trophic level organisms may 

not result in elevated Hg biomagnification rates (DeForest et al. 2007, Jardine et al. 2013, 

Clayden et al. 2013, Lavoie et al. 2013, Sinclair et al. 2024). Biodilution also affects Hg 
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biomagnification rates, as it can lead to lower [Hg] in primary consumers (Pickhardt et al. 

2002), reducing the amount of Hg that increases with each trophic level. 

1.5. Effects of Harvest on Hg Dynamics in Streams 

Forest harvesting activities can increase the transport of Hg from soils into 

streams and affect its bioaccumulation and biomagnification within aquatic food webs. 

The increases in forest soil compaction, temperatures, moisture, as well as additions of 

OM from logging slash, can create anoxic conditions that favour Hg methylating bacteria 

(Bishop et al. 2009, Eklºf et al. 2016). Increased runoff of Hg bound to DOC can lead to 

elevated aqueous [MeHg] that may remain high in streams several years post-harvest 

(Porvari et al. 2003, Skyllberg et al. 2009) (but see Allan et al. 2009). Elevated aqueous 

[DOC] correlated with higher biotic [Hg] has been previously observed in harvested 

landscapes (Garcia and Carignan 2005, Garcia et al. 2007, Charbonneau et al. 2022) (but 

see de Wit et al. 2014). Higher inputs of OM and inorganic Hg to streams following 

harvest may stimulate in-situ MeHg production (Huang et al. 2024). Harvesting activities 

may also shift basal resource availability and consumer reliance on allochthonous versus 

autochthonous carbon (Willacker et al. 2019; Erdozain et al. 2022), altering consumer 

exposure to MeHg; for example, increased runoff of nutrients from harvested landscape 

may stimulate biofilm growth (de Wit et al. 2014). When comparing streams adjacent to 

clear cuts with and without buffer zones, higher [Hg] were observed in 

macroinvertebrates in streams without buffers likely due to a higher reliance on in-stream 

productivity (Willacker et al. 2009). Conversely, elevated primary productivity in 

harvested landscapes can lead to lower [MeHg] in biota due to growth dilution (de Wit et 
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al. 2014). [Hg] in water (Lam et al. 2024a), sediments (Huang et al. 2024), biota and food 

sources (Negrazis et al. 2022) can be higher in watersheds with a greater proportion of 

harvest. Beyond this, smaller buffer zones or a lack thereof, may not effectively protect 

stream biota from increased Hg risk (Willacker et al. 2019), although elevated [Hg] may 

still be observed in streams with 30 m buffers (Charbonneau et al. 2022, Negrazis et al. 

2022). Effects of forestry on Hg biomagnification are not well studied, but may be 

dependent on harvesting intensity, as lower biomagnification rates were observed in 

streams with higher % harvest (Negrazis et al. 2022), and without buffers (Willacker et al. 

2019).  Few studies exist quantifying effects of harvest on stream food webs, and 

comparisons of streams pre- and post-harvest conditions are scarcer.  

1.6. Effects of Beaver Reservoirs on Hg Dynamics in Streams 

The effects that beaver reservoirs can have on stream Hg dynamics mirror those of 

forestry. Indeed, the flooding of upland areas by beavers creates anoxic conditions that 

can enhance MeHg production and availability within the reservoir and downstream. 

Elevated [MeHg] in water (Driscoll et al. 1998, Roy et al. 2009a, 2009b, Levanoni et al. 

2015), periphyton, and macroinvertebrate predators (Painter et al. 2015) have been 

observed downstream of beaver reservoirs, However, others have reported decreases, or 

no changes in environmental [MeHg] (e.g., Ļiuldienǟ et al. 2020). Effects are likely 

dependent on the age of reservoirs, as older dams export less [MeHg] downstream 

compared to newer dams (Levanoni et al. 2015). Additionally, the magnitude of upstream 

to downstream increases in [MeHg] is likely landscape dependent (Lam et al. 2024b). For 

example, drier landscapes that have lower baseline MeHg export are more likely to 
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experience larger increases in [MeHg] downstream of beaver reservoirs (Lam et al. 

2024b). Although beaver dams and forest harvesting co-exist, only one study, to my 

knowledge has examined their combined effects. Lam et al. (2025) determined that 

effects of harvest and dams were not additive and observed decreases in [MeHg] in water 

downstream of reservoirs in harvested landscapes. Given the scarcity of studies on MeHg 

dynamics in dammed streams in forested areas, there is a need to better understand their 

combined effects.  

1.7. Objectives of Thesis:  

This thesis examined the effects of forestry on macroinvertebrate communities 

and leaf litter breakdown in headwaters, and on Hg dynamics in streams with and without 

beaver reservoirs. Overall, this work provides a comprehensive picture of how boreal 

streams respond to widespread natural and anthropogenic disturbances over time and 

across watersheds. This thesis addressed the three following knowledge gaps: 1) temporal 

and regional effects of forest harvest on macroinvertebrate communities and leaf litter 

decomposition in boreal headwaters, 2) effects of harvest on Hg dynamics in boreal 

stream food webs, and 3) the combined effects of harvest and beaver reservoirs on Hg 

dynamics in boreal stream food webs.  

1.8. Study Areas 

Studies within this thesis took place between 2019 to 2021 in harvested and non-

harvested landscapes within two boreal regions in Northwestern Ontario: the Dryden-

Kenora region (Chapters 2, 3, and 4) and the Thunder Bay region (Chapter 4). In both 

ecoregions, forestry is an important industry (Crins et al. 2009). Streams within the 
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Dryden-Kenora region are located within the Lake Wabigoon ecoregion and streams 

within the Thunder-Bay region are located within the Lake Nipigon ecoregion (See Table 

1.1; Crins et al. 2009).  

Table 1.1: Characteristics of Lake Wabigoon (Dryden-Kenora area) and Lake Nipigon 

ecoregions (Thunder-Bay Area) in which study streams are located.  Adapted from Crins 

et al. 2009.  

Feature Lake Wabigoon Ecoregion 

(4S) Dryden-Kenora 

Lake Nipigon Ecoregion (3W)  

Thunder-Bay Area  

Climate Subhumid transitional low 

boreal 

Moist mid-boreal 

Geology Precambrian gneissic, granitic, 

and metavolcanic bedrock with 

ground moraine, lacustrine 

deposits, and clay plains. 

Precambrian granitic and volcanic 

rocks with greenstone, siltstone, and 

shale; characterized by moraines and 

glacial deposits. 

Landcover 65.3% forest (25.2% mixed, 

23.8% sparse, 14.3% 

coniferous); water covers 24%; 

cutovers: 4.9%. 

23.5% mixed forest, 23.0% coniferous 

forest, 15.1% sparse forest, 9.0% 

deciduous forest; water covers 17.1%. 

Tree 

Species 

Jack pine, black spruce, balsam 

fir, trembling aspen, white 

birch; southern areas include 

bur oak, red maple, and sugar 

maple. 

Black spruce, white spruce, balsam fir, 

trembling aspen, jack pine; southern 

areas feature red and white pine, with 

boreal species. 

Forests within Northwestern Ontario are managed and many have undergone 

decades of long rotation forest harvesting (Mangal et al. 2022). Streams in the Thunder 

Bay region are within the Black Spruce Forest Management Unit (FMU), whereas 

streams in the Dryden-Kenora region are within both the Wabigoon Forest and Dryden 

Forest FMUs. FMUs are managed by the province and by individual forestry companies 

and must include forest management plans and sustainable forest licenses (OMNR 

2024b). To ensure sustainable forestry, FMUs in Ontario must follow the Forest 

Management Guide for Conserving Biodiversity at the Stand and Site Scales (Stand and 
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Site Guide) (OMNR 2010) (described above). From 2019-2021, across all three FMUs 

the only silviculture system reported was clear-cutting (OMNR 2024b). Within both the 

Dryden Forest FMUs and Wabigoon FMUs, the 5-year average harvest volume (m3) was 

primarily composed of spruce (31.5% and 39.6%), jack pine (34.2% and 37.8%), and 

poplar (28.6% and 15.8%) (OMNR 2024). Within the Black Spruce FMU, the 5-year 

average harvest volume (m3) was primarily composed of spruce (42.7%), poplar (22.3%), 

jack pine (20.6%), and mixed wood (9.4%) (OMNR 2024b). Given both regionsô history 

of harvest and on-going harvesting activities, the Dryden-Kenora and Thunder Bay areas 

are ideal for studying effects of forestry on boreal stream systems.  

1.9. Knowledge Gaps and Hypotheses 

1. What are the regional and temporal effects of harvest on macroinvertebrate 
communities and leaf litter decomposition?  

Effects of forestry on macroinvertebrate communities and leaf litter decomposition 

is equivocal and site-specific, with few studies in Canadaôs boreal zone (see Kreutzweiser 

et al. 2013). Headwaters are particularly at risk to harvesting impacts as they rely on 

terrestrial carbon sources. Furthermore, effects of harvest on stream communities can 

differ with harvesting intensity and riparian buffer zone widths (Newbold et al. 1980, 

Erdozain et al. 2021). Given that responses of streams may vary with site characteristics 

(Martel et al. 2007, Johnson et al. 2022), there is a need to not only understand how 

boreal streams respond to harvest temporally and across landscapes, but also in how they 

vary naturally. This is particularly important in Northwestern Ontario, where industrial 

development is rapidly expanding (Kreutzweiser et al. 2013). Chapter 2 of this thesis 

addressed these gaps by examining the temporal and regional effects of harvest on 
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measures of structure and function in boreal headwaters. My objectives were to determine 

whether macroinvertebrate communities and leaf litter decomposition rates differ pre- and 

post- harvest in two streams with different management intensities (temporally), and 

among six streams in harvested and non-harvested landscapes (regionally). Non-harvested 

streams throughout the region were also sampled during the study period to establish 

baseline conditions of boreal headwaters in the area. I hypothesized that 

macroinvertebrate communities would be less diverse and composed of more tolerant 

species due to increases of OM, and that leaf litter breakdown rates would decrease due to 

higher inputs of sediments. I further hypothesized that effects would be more apparent in 

the more extensively harvested watershed with narrower buffer widths, likely due to 

degradation in water quality. 

2. What are the effects of forest harvest on Hg dynamics in boreal food webs?  

Logging activities can increase MeHg risk to stream food webs via changes to its 

bioavailability, and by altering the dietary exposure of consumers (Willacker et al. 2019; 

Negrazis et al. 2022; Charbonneau et al. 2022). As MeHg is a potent neurotoxin, its 

increase in boreal freshwaters caused by harvesting poses significant risks to both wildlife 

and human populations that consume fish. To date, few studies have examined effects of 

forest harvest on Hg bioaccumulation and biomagnification in stream food webs (but see 

Willacker et al. 2019; Charbonneau et al. 2022; Negrazis et al. 2022), with a single study, 

to the best of my knowledge, comparing effects pre- and post- harvest (de Wit et al. 

2014). Beyond this, only one of these studies occurred in Canadaôs boreal region (i.e., 

Charbonneau et al. 2022). The percentage of area harvested, and buffer zone widths 
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employed during harvest, can influence Hg risk to streams (see Negrazis et al. 2022, 

Huang et al. 2024, Lam et al. 2024a). As such, there is a need to understand how effects 

of harvest influence Hg dynamics in boreal streams, and how these effects may vary in 

watersheds employing different management strategies. Chapter 3 of my thesis examines 

the effects of harvest on Hg bioaccumulation and biomagnification across harvested and 

non-harvested watersheds, and pre-, during, and post-harvest within streams with 

different forest management intensities. I hypothesize that [Hg] of food sources, and their 

consumers would be higher in harvested landscapes, and highest in the more impacted 

and less protected stream due to higher inputs of Hg from the landscape. Furthermore, I 

predicted that biomagnification rates would be lower in streams within harvested 

landscapes due to a higher availability of Hg at the base of their food webs.  

3. Are effects of harvest and beaver reservoirs additive on downstream [Hg] in food 

sources and consumers, and biomagnification rates in boreal streams?  

Forestry and beaver reservoirs can increase the transfer of Hg to stream food webs by 

changes to food web structure, and effects on Hg mobilization from forest soils and 

methylation within the landscape. Although both disturbances co-occur within the boreal 

their combined effects on Hg dynamics in stream food webs have not been studied. 

Chapter 4 addresses this knowledge gap by examining the effects of beaver reservoirs on 

Hg bioaccumulation and biomagnification in food webs in streams within harvested and 

non-harvested landscapes. [Hg] of food sources and consumers, and biomagnification 

rates were compared across harvested and non-harvested landscapes, upstream and 

downstream of reservoirs. I hypothesized that effects of both disturbances would be 

additive, and that [Hg] would be highest in food sources and biota, and that Hg 
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biomagnification rates would be lowest, downstream of reservoirs within harvested 

landscapes.  

1.10. Management Implications of Thesis 

Even though atmospheric Hg inputs have reduced over recent years, Hg still poses 

a significant health risk to communities, especially First Nations in Northwestern Ontario 

(Philibert et al. 2022). Timber harvest continues to expand in Ontarioôs boreal and may 

increase Hg risk to aquatic biota and humans. While forestry BMPs are designed to 

minimize environmental impacts on aquatic ecosystems, there is very little work on their 

effectiveness in mitigating Hg risk (but see Lam et al. 2024a, Huang et al. 2024). This 

thesis provides a novel pre-, during, and post-harvest examination of how stream 

communities of two watersheds differing in harvesting intensities and buffer zone widths 

respond (Chapters 1 and 2). This work is part of a larger collaborative project that 

provides forest companies with an assessment of the effectiveness of current BMPs in 

mitigating Hg risk to sediments (Huang et al. 2024), waters (Lam et al. 2024a) and biota 

(Chapter 2). Beyond this, forestry in Ontario aims to emulate and not exceed natural 

disturbances, and this thesis directly compares its effects to a common natural disturbance 

(beaver reservoirs) (Chapter 3). This research provides new and impactful information 

on how mercury cycles within boreal lotic systems and may assist in the development of 

harvesting guidelines to minimize Hg risk to aquatic ecosystems.  
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Chapter 2: Temporal and Regional Effects of Harvest on Stream 

Macroinvertebrate Communities and Leaf Litter Decomposition in Boreal 

Headwaters.  

Abstract  

Headwater streams are strongly reliant on their terrestrial catchments for inputs of 

organic matter and nutrients. These inputs may be altered by major land-use disturbances, 

such as forestry, that can modify the structure and function of stream communities and 

ecosystem processes. The objectives of this study were to quantify the effects of harvest 

on macroinvertebrate communities and leaf litter breakdown rates in boreal headwater 

streams, both temporally ï pre-, during, and post-harvest ï and regionally, across 

harvested and non-harvested landscapes. Leaf packs were deployed from late summer to 

early fall in 5 headwaters (n= 2 harvested, n=3 reference) pre-(2019), during (2020) and 

post-(2021) harvest. In 2021 only, 6 streams (n=3 harvested, n=3 non-harvested) were 

sampled to assess regional effects of harvest. Across years, 6 additional streams were 

sampled to better establish baseline conditions of boreal headwaters for comparison with 

streams in harvested watersheds. Changes in community composition consistent with a 

disturbed system (i.e., loss of sensitive taxa and diversity coinciding with an increase in 

pollution tolerant taxa) were observed during harvest at a stream with minimal protection 

(reduced buffer widths, and 78% of its catchment harvested), but no indicators of 

disturbance were noted at a stream in a minimally harvested watershed (standard buffer 

widths, 35% of its catchment harvested). Regionally, macroinvertebrate community 

assemblages differed between streams in harvested and non-harvested watersheds, but 

leaf litter breakdown rates and diversity metrics did not differ. Overall, results suggest 
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that effects of harvest are highly variable, likely site-specific, and may be more severe in 

streams with minimal protection.  

2.1. Introduction 

Due to their small sizes and high surface to edge ratios, headwaters are strongly 

linked to the surrounding terrestrial landscape, and as such they rely heavily on carbon 

sourced from riparian areas (Vannote et al. 1980, Gomi et al. 2002, Richardson and 

Danehy 2007). As forested headwaters are heavily shaded by their riparian canopies, 

these streams are limited in primary production and are mostly heterotrophic due to large 

inputs of coarse particulate organic matter (CPOM) that enter the stream as leaf litter 

(Richardson and Danehy 2007). Within headwaters, macroinvertebrates that consume 

CPOM (i.e., shredders) are abundant, and along with microbial communities, break down 

CPOM into fine particulate organic matter (FPOM), dissolved organic carbon (DOC), and 

inorganic nutrients (nitrogen and phosphorus), that are integrated into local and 

downstream food webs (summarized in Ferreira et al. 2023). As such, land disturbances 

that affect stream communities and important ecological processes, such as leaf litter 

breakdown, can have downstream consequences (e.g., Erdozain et al. 2021a,b).  

Forestry represents a common land-use disturbance in Ontarioôs boreal region that 

can alter aquatic ecosystems through changes to water quantity and quality (Kreutzweiser 

et al. 2008a, Webster et al. 2015). Reductions in canopy cover by tree removal and soil 

compaction caused by heavy machinery reduces water infiltration allowing for more 

precipitation to reach soil surfaces, and faster flows, and greater runoff following 

precipitation events (reviewed in Picchio et al. 2021). As a result, more waterborne 
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materials (inorganic and organic sediments, nutrients, organic matter and cations) will 

reach streams following harvest, exacerbated by road construction, site preparation and 

rutting (Kreutzweiser et al. 2008a). Macroinvertebrate communities and stream processes 

can be impacted by these changes (Kreutzweiser et al. 2013, Richardson and B®raud 

2014, Erdozain et al. 2018). Foresters employ best management practices (BMPs) to 

reduce impacts on downstream aquatic ecosystems (OMNR 2010). BMPs can include 

leaving non-harvested areas near streams to create buffer zones, harvesting wet areas in 

the winter and leaving woody debris on site to reduce post-harvest erosion (Cristan et al. 

2016). In Ontario, standard buffer widths are 30 m, but some headwaters may be 

overlooked in management plans and are often unmapped (hidden by canopy cover) or at 

low flow when mapping is done (Richardson and Danehy 2007), and as such may only 

receive 3 m machinery exclusion zones (OMNR 2010). The effectiveness of BMPs at 

mitigating effects may depend on the amount of watershed harvested, and buffer zone 

width.  

Forest harvesting can significantly influence stream communities by altering the 

abundance and availability of basal resources, affecting consumer reliance on different 

energy sources (Erdozain et al. 2019, Willacker et al. 2019). Post-harvest increases in 

periphyton caused by increased nutrients (Kreutzweiser et al. 2008a) and light penetration 

can shift consumer reliance to in-stream productivity favouring scrapers (Nislow and 

Lowe 2006; Gºthe et al. 2009). The amount of FPOM within a stream may increase 

initially post-harvest (Gurtz et al. 1980, Kiffney et al. 2024), causing higher abundances 

of collector taxa. Harvested reaches can experience declines in shredder taxa 
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(Kreutzweiser et al. 2008b, Lecerf and Richardson 2010, Willacker et al. 2019) 

potentially due to reductions in CPOM (Gºthe et al. 2009) (but see Smolders et al. 2018). 

Studies have shown that organisms with generalist feeding strategies (i.e., Chironomidae 

and Baetidae) benefit from effects of harvest on basal resource availability (Wallace and 

Gurtz 1986, Kiffney et al. 2003, Nislow and Lowe 2006). 

Macroinvertebrate communities and ecosystem processes are further impacted by 

changes in water quality, and these impacts are influenced by harvesting intensity and 

BMPs employed. Increased inputs of sediments from exposed hillslopes, and lower 

dissolved oxygen, favour disturbance tolerant taxa (e.g., Chironomidae) with mostly 

negative effects on sensitive EPT taxa (Ephemeroptera, Plecoptera, and Trichoptera) 

(Death et al. 2003, Martel et al. 2007, Reid et al. 2010) (but see Brown et al. 1997). The 

proportion of different functional feeding groups (FFGs) can change in response to 

harvesting effects on water quality. For example, collector-gatherers increase in response 

to increased inputs of terrestrial carbon whereas shredders can decrease (Kiffney et al. 

2003, Smith et al. 2009, Erdozain et al. 2021a) (but see McKie and Malmqvist 2009, 

Kreutzweiser et al. 2010). Indeed, elevated macroinvertebrate biomasses have been 

reported in harvested landscapes in response to alterations to basal resources (e.g., 

Newbold et al. 1980, Wallace and Gurtz 1986, Brown et al. 1997). However, taxonomic 

richness may decline potentially due to increased sediment inputs (Kreutzweiser et al. 

2008b). Changes are likely dependent on harvesting intensity as watersheds that are more 

intensively managed or with a greater proportion of harvest display greater shifts in 

macroinvertebrate communities (e.g., Kreutzweiser et al. 2010, Reid et al. 2010, Erdozain 
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et al. 2021a). While some studies have found that buffer zones adequately protect 

macroinvertebrate communities (Newbold et al. 1980, Chizinski et al. 2010, Adkins et al. 

2016), others have observed changes regardless of their presence (Kreutzweiser et al. 

2008b, Erdozain et al. 2021a). 

Changes in macroinvertebrate community composition and water quality 

following harvest may affect leaf litter decomposition rates. In Sweden, headwaters in 

harvested landscapes had a higher proportion of shredders and subsequently higher leaf 

litter decomposition rates (McKie and Malmqvist 2009). Increased stream temperatures 

and canopy covers stimulate biofilm biomasses on leaves rendering them more palpable 

to shredders, increasing leaf litter decomposition rates (Lagrue et al. 2011). Increased 

inputs of sediments can smother leaves resulting in decreases in leaf litter decomposition 

rates (Webster and Waide 1982, Lecerf and Richardson 2010). Lower shredder 

abundances in harvested landscapes decrease leaf litter decomposition even with stream 

buffer zones (Kreutzweiser et al. 2008b, Lecerf and Richardson 2010, Yeung et al. 2017, 

Erdozain et al. 2021a).  

There is a paucity of research on harvesting effects on headwater stream 

macroinvertebrate communities and leaf litter breakdown rates in Canadaôs boreal 

(reviewed in Kreutzweiser et al. 2013). Studies have reported few or no effects of harvest 

on stream macroinvertebrate communities, while others have observed steep declines in 

diversity and abundances, and responses are likely site-specific (reviewed in 

Kreutzweiser et al. 2013). Similarly, leaf litter breakdown rates can decline in harvested 

boreal headwaters (Kreutzweiser et al. 2008b) or show no change (Musetta-Lambert et al. 
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2017). Additionally, it is likely that effects of harvest are amplified with elevated 

harvesting intensity and narrower buffer widths. As such, there is a need to better 

understand how harvesting impacts vary temporally across streams with differing BMPs 

and harvesting intensity, and across harvested and non-harvested landscapes in boreal 

headwaters.  

Herein the effects of forest harvesting on streams were assessed by examining 

how macroinvertebrate communities, leaf litter decomposition and sedimentation differ 

before and after harvesting in streams that vary in degrees of harvesting impact (i.e., 

percentage of catchment harvested, stream crossings, and buffer zone widths)  (Objective 

1 - temporal study), and among streams with harvested and non-harvested catchments 

(Objective 2 - regional study). To do so, we deployed coarse and fine mesh leaf packs 

and sediment traps in streams to measure macroinvertebrate community composition, 

litter decomposition rates, and sedimentation. Water chemistry parameters were also 

assessed. We predicted that macroinvertebrate communities in streams with harvested 

catchments would be less diverse and mostly composed of tolerant taxa and that leaf litter 

decomposition would be lower due to increased sedimentation and decreases in shredders.  

2.2. Methods 

2.2.1. Site Selection 

This study examined the effects of forest harvesting on boreal headwaters by 

comparing responses in two streams after harvesting to pre-harvesting conditions and 

reference streams (temporal), and by comparing streams across harvested and non-

harvested catchments (regional). Streams were selected in 2019 to be representative of the 
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variability in geology of the Dryden-Kenora region (see Lam et al. 2022) and using the 

harvesting plans of forest companies. Some forest harvesting plans changed in 2020 and 

reduced the number of harvested catchments available herein to three; two were used for 

before-after comparisons (2019-2021) and one was used for regional comparisons (2021). 

Site names reflect the area in which they were located: Centerfire (CF; near Centerfire 

Lake), Dryden (DRY; near the town of Dryden), Snowfall (SN; near Snowfall Lake), DW 

(near the town of Dinorwic), and DE (near Desserre road) (details in Lam et al. 2022; 

Figure 2.1). The CF (CF1, CF3, and CFR1) and DRY (DRY2, DRY1AUP) streams are 

within glaciolacustrine plains with good soil drainage and large sandy deposits. SN (SN1, 

SN3) and DE (DE1, DE2, and DER2) streams have exposed bedrocks and shallow soils. 

The DW sites represented both an exposed bedrock (DW1) and a peatland (DWR3) 

landscape. Forest coverage across sites include combinations of black spruce (Picea 

mariana), jack pine (Pinus banksiana), trembling aspen (Populus tremuloides), white 

birch (Betula papyrifera), and eastern white cedar (Thuja occidentalis) (Mangal et al. 

2022, Lam et al. 2022). Within Northwestern Ontario, forests have undergone years of 

long rotation forest harvesting and, as such, the reference streams herein are as close to 

pristine conditions as can be found in the region (Mangal et al. 2022). Between years, 

from May to October, the region experienced much wetter conditions (622 mm of 

precipitation) in 2019 than both 2020 (391 mm of precipitation) and 2021 (398 mm of 

precipitation) (ECCC 2024). Abnormally dry conditions were observed both at the 

beginning of 2019 (May-June) and throughout the 2020 sampling period (May-June, 
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October). However, dry conditions were most severe in 2021 with the region 

experiencing a severe drought (ECCC 2024). 

 

Figure 2.1 Map of 12 headwater streams located across 4 regions (Desserre, DE; Dryden, 

DRY; Dinorwic, DW; Snowfall, SN; Centerfire; CF) in the Dryden-Kenora region. 

To assess effects of forest harvest on boreal headwater streams over time 

(Objective 1), two sites (CF3, CF1) were sampled as described below pre- (2019), during 

(2020) and post- (2021) harvest, and three non-harvested sites were sampled concurrently 

to serve as references (Table 2.1).  Of the two harvested sites, the catchment of CF3 was 

most impacted because a greater proportion of its watershed was harvested (78%), and it 
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received a narrower buffer zone (3 m machinery exclusion zone) and was crossed by 

forestry machinery directly above the established sampling reach in 2020. CF1 had 35% 

of its catchment harvested and it received wider buffer zones (~30 m standard width) than 

CF3 as it appeared on Ontario base maps used in forestry operations while CF3 did not. 

Percent of catchment harvested (%) and increases in road density were determined using 

sentinel imagery (see Huang et al. 2024).  

To assess the effects of forest harvest on streams in this landscape, sites within 

harvested (n=3) and non-harvested (n=3) catchments were sampled (2021 only) and 

compared as described below (Objective 2). This included the streams sampled for 

Objective 1 as well as a reference (DRY1AUP) and a harvested stream (DRY2). Thirty 

four percent of DRY2ôs catchment was harvested using clearcut methods and the stream 

had a minimum buffer zone of 30 m. Data from these three harvested sites were also 

compared to baseline conditions of streams in the region using methods described below. 

The baseline was calculated using data from all reference streams sampled in 2019-2021 

and included an additional 5 reference streams (DE1, DE2, DER2, DWR3, SN3). 
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Table 2.1:  Characteristics of 3 harvested (CF3, CF1, DRY2) and 9 non-harvested (DRY1AUP, SN1, DW1, DWR3, DE1, DE2, 

DER2, SN3) stream catchments including period of harvesting, minimum buffer zone at the site (m), % of the catchment 

harvested, years sampled, and objective for which the stream was used. Percent of catchment harvested (%) and increases in 

road density (km/km2) were determined using sentinel imagery. For details on harvesting see Lam et al. (2024).  

Region Site Period Harvested Buffer 

Width 

(m) 

% of 

Catchment 

Harvested 

Increases in 

Road Density 

(km/km2) 

Years 

Sampled 

Objective 

CF CF3 Spring-Summer 2020 ~3 78 1.27 to 3.61 All 1,2 

CF1 Spring-Summer 2020 ~30 35 1.66 to 4.76 All 1,2 

CFR1 Reference --- --- --- 2019, 2020 1,2 

DRY DRY2 Summer-Fall 2019 

and Summer-Fall 

2020 

~30 34 1.31 to 2.19 2021 2 

DRY1AUP Reference --- --- --- 2021 2 

DW DW1 Reference --- --- --- All 1,2 

DWR3 Reference --- --- --- 2019, 2020 2 

DE DE1 Reference --- --- --- 2019, 2020 2 

DE2 Reference --- --- --- 2019, 2020 2 

DER2 Reference --- --- --- 2019, 2020 2 

SN SN1 Reference --- --- --- All 1,2 

SN3 Reference --- --- --- 2019, 2020 2 

*CFR1 was not sampled in 2021 as it dried up.  
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2.3. Field Sampling 

2.3.1. Water Quality  

Water samples and water quality measurements were collected biweekly from 

May to October across all years except sampling was more sporadic in 2020 due to 

COVID-19 restrictions. A YSI multiparameter handheld probe was used to measure 

stream pH, dissolved oxygen (mg/L), and conductivity (ɛS/cm), and the probe was 

calibrated biweekly or monthly throughout each sampling period. Grab samples were 

collected in 1 L HDPE bottles for total suspended solids (TSS, mg/L), chloride (Cl-, 

mg/L), sulphate (SO4
2-, mg/L), Total Phosphorus (TP, mg/L), Total Nitrogen (TN, mg/L), 

and Dissolved Organic Carbon (DOC, mg/L) and kept cool until laboratory analysis.   

2.3.2. Leaf Litter Decomposition, Macroinvertebrate Communities and Sediment 

Deposition 

 Standardized leaf packs were deployed in each stream to assess 

macroinvertebrate community structure and leaf litter decomposition. Leaf packs used 

plastic coarse (5 mm x 10 mm mesh size) and fine (500 ɛm) mesh bags containing 

leached, air-dried, and pre-weighed senesced speckled alder leaves (Alnus rugosa), 

collected the fall prior to each sampling year (Kreutzweiser et al. 2008b). Coarse and fine 

mesh leaf packs (n=6/stream/mesh size) were attached to bricks and put in each stream 

from August-October for~ 25-36 days in 2019, ~31-40 days in 2020, ~32-41 days in 

2021. After incubation, contents of the coarse mesh leaf packs were emptied into 400 ml 

plastic containers filled with stream water and preserved in formaldehyde, while fine 

mesh leaf packs were frozen and stored at -20 oC. Two coarse leaf packs were lost - one at 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

37 

DE2 in 2019 and one at SN1 in 2021. To measure organic sediment deposition, an open 

50 ml polypropylene centrifuge tube was wedged into each brick and left for the same 

period as the leaf packs. After incubation, centrifuge tubes were capped in the stream and 

preserved with formaldehyde until analysis.  

A temperature logger (Onset HOBO data) was attached to each brick and 

measured stream temperatures every 10 minutes. Measurements (oC) were used to 

calculate mean daily temperatures and degree days (DD, sum of daily mean 

temperatures). In two cases temperatures did not log successfully (i.e., one logger at DE2 

in 2019, and one logger at DW1 in 2020), and at one site only three loggers were 

deployed due to an insufficient number of available loggers (i.e., CF1 in 2021); in these 

cases, leaf packs were attributed the average DD for that site.  

2.4. Laboratory Analyses 

2.4.1. Water Chemistry  

Water chemistry analyses were conducted at the University of Toronto 

Scarborough, ON, as per Lam et al. (2022) and Lam et al. (2024) and at the Great Lakes 

Forestry Centre. Water was filtered through pre-weighed 0.7 ɛm glass fibres for TSS 

analysis. Next, water was divided between 50 ml centrifuge tubes for Cl- and SO4
2- 

concentrations and 100 ml amber glass bottles for DOC concentrations. Filters for TSS 

analysis were dried for 12 h at 60 oC. Briefly, SO4
2- and Cl- were analyzed using a 

Metrohm 930 Compact ion chromatograph following EPA Method 300.1 (USEPA 1999a). 

DOC concentrations were analyzed using a Shimadzu TOC analyzer following EPA 

Method 415.1 (USEPA, 1974). Standard method 2450D was used for analysis of TSS 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

38 

(USEPA 1999b).  TN and TN were analysed at the Great Lakes Forestry Centre (NRCan) 

using standard methods. Specifically, both were analyzed with a Technicon Autoanalyzer 

II using Automated Cadmium Reduction (TN), and Automated Molybdophosphoric Blue 

(TP).   

2.4.2. Leaf Litter Decomposition and Sediment Deposition 

At the Great Lakes Forestry Centre, Phloxine B dye was added to coarse mesh 

leaf pack samples 24 h before processing to allow for the separation of invertebrates from 

other organic matter. Contents were then sieved through 1 mm and 250 Õm mesh and 

macroinvertebrates were picked and stored in 70% ethanol until identification. Leaf 

material from coarse and fine mesh leaf packs was dried at 60 oC and weighed to 

calculate % mass loss. The rates of decomposition (kdd) of both fine and coarse mesh leaf 

packs were determined using the equation below (as in Musetta-Lambert et al. 2020), 

where Mt is the post-incubation dry leaf mass, M0 is the initial leaf mass, and t is the total 

degree days (DD) over the incubation period.  

Ὧ ÌÎ 
ὓὸ

ὓέ
Ⱦὸ 

To determine organic sediment deposition, the contents of each tube was poured 

through a stack of size fractioned sieves (4 mm, 1 mm, and 250 Õm) to obtain fine-

sediment (1.5 Õm to 250 Õm) and coarse-sediment (250 Õm to 1 mm) fractions. The 

proportion of inorganic and organic sediment was determined by vacuum filtering fine 

fractions onto pre-ashed and pre-weighed 1.5 Õm GF/C Whatman filters. Next, coarse and 

fine fractions were weighed prior to oven drying at 60 OC for 2 hours and were again 
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weighed pre- and post-drying in a muffle furnace to determine ash-free dry mass 

(AFDM).  

2.4.3. Macroinvertebrate ID and Diversity Metric Calculations 

Using a dissection scope, macroinvertebrates were identified to the lowest 

taxonomic level possible (usually genus); most Diptera were identified to family, 

Chironomidae were identified to three subgroups (Tanypodinae, Tanytarsini, and ñotherò), 

and all non-insect taxa were identified to order or class (e.g., Amphipoda, Gastropoda, 

Bivalvia, Oligochaeta, Hirudinea). Several indices were calculated for each leaf pack. 

Abundance was the sum of all invertebrates present within a leaf pack. Diversity was 

calculated using Shannonôs diversity index (Hô) at the lowest possible taxonomic level 

with the diversity() function in the vegan package, with higher values indicating more 

diverse communities (Oksanen et al. 2022). To assess how equally individuals were 

distributed amongst different species within a community, Pielouôs evenness (J) was 

calculated by dividing Hô by the natural logarithm of taxa richness. Higher values of J 

indicate more balanced communities, while values closer to 0 indicate few species 

dominate. To determine the proportion of pollution-tolerant and sensitive taxa, % 

Chironomidae and % Ephemeroptera, Plecoptera and Trichoptera (% EPT) were 

calculated, respectively.  Macroinvertebrates were assigned to Functional Feeding Groups 

(FFGs) (i.e., predators, shredders, collector-gatherers, collector-filterers, and scrapers) 

using Merritt and Cummins (1996) for insect taxa, and Cummins (2021) for non-insect 

taxa, and their proportions were also determined within each leaf pack.  
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2.5. Statistical Analyses 

  We conducted all statistical analyses in R Version 4.2.2. Model assumptions were 

assessed visually using quantile-quantile plots of residuals and histograms of residuals, as 

well as Shapiro-wilks tests (shapiro.test() function in base R to verify normality). 

Homogeneity of variances were verified with residuals vs. fitted plots, as well as Flingerôs 

test (fligner.test() function in base R).  

For linear mixed effects models (LMMs) of regional analyses, some parameters 

were transformed to better fit assumptions of normality and heterogeneity. Specifically, 

water chemistry parameters were log transformed (DO, DOC, Cl-, SO4
2-, TP) and TSS 

was log +1 transformed. Sediment deposition rates (daily coarse organic sediment 

deposition rates (g/day), and daily fine organic sediment deposition rates (g/day)) were 

log transformed, and fine mesh leaf litter decomposition rates (kdd) was square root 

transformed. Metrics expressed as percentages (% EPT, % Chironomidae, % shredder, % 

collector-gatherer, % collector-filterer, and % scraper) were converted to proportions, and 

zero values were adjusted to 0.0001, and were next arcsine square-root transformed to 

better meet assumptions of normality and heterogeneity. 

   To determine which water chemistry parameters best explained regional and 

temporal variations in diversity metrics, % FFGs, community assemblages, and leaf litter 

decomposition rates, principal component analyses (PCAs) were conducted. Prior to 

analyses, missing values were replaced with the overall mean of each water chemistry 

variable. Correlation analyses were first conducted on the scaled water chemistry 

variables DO, conductivity, pH, DOC, TSS, Cl-, SO4
2-, TN, and TP using the corplot() 
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function in the corrplot package (see Figure A1) (Wei and Simko 2021). Variables were 

scaled by subtracting the mean from each variable and dividing each by the standard 

deviation using the scale() function in base R. To reduce multicollinearity, if a pair of 

variablesô correlation coefficient exceeded 0.8, one variable was removed from the 

analysis. Next, PCAs were conducted on remaining scaled variables using the prcomp() 

function in base R to assess variability in water chemistry across years. Significant 

principal components were determined (Eigenvalues <1), and their influential variables 

were identified using a cut-off of loading scores > 0.4. For those individual variables, 

differences within sites across years were assessed (Objective 1) using Kruskal-Wallis 

Tests with the kruskal.test() function in base R for most sites (CF3, CF1, DW1, SN1), and 

by using Welchôs t-tests with the t-test() function in base R if data were parametric, or 

Mann U-Whitney tests using the wilcox.exact() function in the exactRankTests package if 

non-parametric for CFR1 only (Hothorn, 2022). If Kruskal-Wallis tests were significant, 

Dunnôs tests were conducted with a Bonferroni correction for multiple comparisons using 

the dunn.test() function in the package dunn.test and an alpha of 0.025 (Dinno, 2024). 

Among site differences (Objective 2) were determined with LMMs using the lmer() 

function in the lme4 package (Bates et al. 2015). Within models, harvesting status 

(harvested or non-harvested) was included as a fixed effect, with time (the number of 

days since the first collection date for each site as a covariate) and site as a random effect 

(random intercept). Significance of effects were assessed with an Analysis of Variance 

(Type III) with Satterthwaiteôs method using the anova() function in the lmerTest package 

(Kuznetsova et al. 2017). If there was a significant interaction between time and 
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harvesting status, the emmtrends() function from the emmeans package (Lenth, 2024) was 

used to compare slopes. If the interaction term was non-significant, models were re-run 

without it.  

To assess abiotic and biotic changes within sites over years (Objective 1), 

comparisons of macroinvertebrate indices (Hô, J, % Chironomidae, % EPT, and % of each 

FFG), coarse and fine mesh leaf litter breakdown rates (kdd), and daily coarse and fine 

organic sediment deposition rates (g/day) were made using Kruskal-Wallis Tests or by 

using Welchôs t-tests or Mann U-Whitney tests. If significant, post-hoc comparisons were 

made using Dunnôs tests with a Bonferroni correction for multiple comparisons with an 

alpha of 0.025.  

To assess changes among harvested and non-harvested sites (Objective 2), 

generalized linear mixed effects models (GLMMs) and LMMs were used to compare 

diversity metrics, proportions of FFGs, leaf litter breakdown metrics, and sediment 

deposition metrics across harvested and non-harvested landscapes (fixed effect) with site 

as a random effect. Differences in abundances across harvested and non-harvested 

landscapes were determined using a GLMM with a Poisson distribution and logit function 

using the glmer() function in the lme4 package.  

    Macroinvertebrate community assemblages were analyzed using Bray-Curtis 

dissimilarity calculated using family-level data and Non-metric Multidimensional Scaling 

(NMDS) with the metaMDS() function in the vegan package. Permutational Multivariate 

Analysis of Variance (PERMANOVA) was used to compare differences in Bray-Curtis 
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dissimilarity across years at each site (Objective 1) and across harvested and non-

harvested landscapes (Objective 2) using the adonis2() function in the vegan package 

with 999 permutations. Homogeneity of dispersion was also assessed using the 

betadisper() function in the vegan package. To assess changes within sites over time, 

post-hoc pairwise PERMANOVA tests were conducted using the pairwise.adonis() 

function from the pairwiseAdonis function (Kimbrel, 2018). To identify the most 

influential taxa contributing to differences in community structure, a multivariate 

similarity percentages procedure (SIMPER) was used with the simper() function in the 

vegan package with 999 permutations. PERMANOVAs were also performed to determine 

whether abundances of individual taxa differed significantly across groups.  

For regional analyses (Objective 2), to determine which set of environmental 

variables were best correlated with macroinvertebrate community assemblages, water and 

sediment deposition parameters were fit over the regional NMDS as vectors, and 

treatment was fit as a factor with the envft() of the vegan package, with 999 permutations. 

Prior to analysis, leaf pack replicates from the same site were assigned the average water 

chemistry values calculated for that site, while each leaf pack retained its unique organic 

coarse- and fine-sediment deposition rates. Vectors were scaled based on their correlation 

coefficient and the resulting plot allowed for the identification of important variable 

gradients represented by the NMDS (Clarke and Ainsworth 1993).   

 To compare biotic indices in harvested streams to baseline conditions, normal 

ranges of variation at all 9 non-harvested sites (2019-2021) were calculated using the 

approach in Arciszewski and Munkittrick (2015). Diversity metrics that respond to forest 
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harvest were chosen based on findings from Erdozain et al. (2022) and included Hô, % 

EPT, % Chironomidae, J, and % shredders.  The normal range was defined as within Ñ 2 

standard deviations of the grand mean of non-harvested sites for the Dryden-Kenora 

region, and the means Ñ standard error of harvested sites were plotted to determine 

whether they fell within this range.  

2.6. Results 

2.6.1. Temporal Comparisons of Water Chemistry  

We observed significant differences in some water chemistry parameters across 

years in harvested landscapes (Tables A5-A6). At CF3, PCA revealed that 7 variables 

(DOC, DO, TSS, SO4
2-, Cl-, TP, and TN) contributed to the observed variation among 

years (Figure A2, Table A1), with Kruskal-Wallis tests identifying 5 that differed 

significantly across years (DO (p=0.035), DOC (p<0.001), TSS (p=0.006), SO4
2- 

(p=0.017), and Cl- (p=0.0006)). During harvest, DOC and TSS were higher than pre-

harvest concentrations (p=0.01, p=0.003); and DOC remained high post-harvest 

(p=0.0002). Cl- was elevated post-harvest compared to pre-harvest (p=0.002) and DO was 

higher pre-harvest than post- (p=0.01), while post-hoc tests of SO4
2- were non-significant. 

At CF1, TN, DOC, DO, SO4
2-, TSS, Cl-, conductivity, and pH contributed to the observed 

variation in the PCA (Figure A2, Table A2), but only conductivity (p=0.002), pH 

(p=0.002) and SO4
2- (p=0.0008) differed significantly across years. Specifically, 

conductivity was significantly lower pre-harvest than during (p=0.0009), and pH was 

lower post-harvest than pre-harvest (p=0.001), while SO4
2- was significantly higher post- 

than pre- (p=0.012) and during (p=0.0007) harvest.  
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Water chemistry parameters also varied significantly across years at all reference 

sites (Tables A5-A6). At SN1, the PCA revealed that pH, TP, TN, SO4
2-, TSS, DO, DOC, 

and conductivity explained most of the yearly variation (Figure A2, Table A3). Statistical 

analyses of these metrics revealed significant differences across years for DOC 

(p=0.0004) pH (p=0.02), and SO4
2- (p=0.0001) only. Specifically, SO4

2- and DOC were 

significantly higher in 2021 than 2019 and 2020 (p=0.001 and p=0.0004 for SO4
2-; and 

p=0.002 and p=0.0009 for DOC respectively), and pH was higher in 2021 than 2019 only 

(p=0.01). At DW1, PCA analyses revealed that SO4
2-, DOC, Cl-. TSS, DO, pH, and TN 

contributed to observed variation (Figure A2, Table A4). Statistical analyses of these 

metrics revealed significant differences in DOC (p=0.003), pH (p=0.002), SO4
2- 

(p=0.0007), and Cl- (p=0.005) only. Specifically, Cl-, SO4
2-, and pH were higher in 2021 

than 2019 (p=0.007, p=0.014, p=0.001, respectively) and 2020 (p= 0.006, p=0.003, 

p=0.016, respectively), and DOC was both higher in 2019 (p=0.016) and 2021 (p=0.003) 

than 2020. Statistical analyses of water chemistry parameters at CFR1 revealed 

significant differences in pH and DOC only (Tables A5). pH was higher in 2020 than 

2019 (p=0.002), and DOC was higher in 2019 than in 2020 (p=0.047). 

2.6.2. Temporal Comparisons of Leaf Litter Breakdown Rates and Sediment 

Deposition Rates 

We observed significant differences in fine and coarse sediment deposition rates 

(g/day) at both CF3 (p=0.02 and p=0.01 respectively) and CF1 (p=0.007 and p=0.004) 

(Tables A7-A8). At CF3, we observed significant increases in both coarse (~4-fold) and 

fine (~3-fold) organic sediment deposition rates during harvest compared to pre-harvest 
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(p=0.01 and p=0.04, respectively), but not pre- versus post-harvest (p=0.05 and 0.35, 

respectively). Interestingly at CF1, we observed decreases in coarse sediment deposition 

during (~3.4x lower; p=0.019) and post- (~5.7x lower; p=0.006) harvest, and in fine 

organic sediment deposition rates during harvest only (~5.8x lower; p=0.002), compared 

to pre-harvest values.   

At reference sites, we also observed temporal variation in sediment deposition 

rates (Tables A7-A8). Specifically, the significant changes included an ~2.0-fold decrease 

(DW1: 2021 versus 2019 or 2020, p=0.014 and 0.022, respectively) and a ~10-fold 

decrease (CFR1: 2020 versus 2019, p=0.02) in coarse sediment deposition rates, and a 

1.3-fold decrease in fine organic sediment deposition rates (DW1: 2020 versus 2019, 

p=0.02).  

We observed significant differences in coarse leaf litter decomposition rates at one 

harvested site only, with no differences in fine decomposition rates at either site (Tables 

A7-A8). Specifically, we observed significantly lower (~2.7x) coarse decomposition rates 

post-harvest compared to pre-harvest at CF1 (p=0.0007). We also observed yearly 

differences in coarse leaf litter decomposition rates only at some reference sites (DW1 

and SN1). Specifically, we observed ~2.5x lower coarse leaf litter decomposition rates in 

2021 compared to 2019 at SN1 (p=0.005) and 2020 (p=0.017), and at DW1 coarse leaf 

litter decomposition rates were ~2x lower in 2021 compared to 2020 (p=0.013, and ~1.5x 

higher in 2021 compared to 2019 (p=0.0095).  
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2.6.3. Temporal Comparisons of Macroinvertebrate Diversity Metrics and 

Functional Feeding Groups 

We identified significant differences in some diversity metrics, and % EPT and % 

Chironomidae at both harvested streams (Figure 2; Tables A9-A10). During harvest at 

the most impacted site (CF3), we observed significant decreases in Hô, J, and % EPT, and 

increases in % Chironomidae compared to pre- and post-harvest. Indeed, during harvest 

EPT taxa were mostly absent (p=0.0004), Hô was ~8x lower (p=0.0005), J was ~3x lower 

(p=0.016), and % Chironomidae was ~2x higher (p=0.001) compared to pre-harvest. 

Conversely, % EPT increased 4-fold at the less harvested site (CF1) post- compared to 

pre-harvest (p=0.01). We observed no significant effects of harvest on abundance across 

years at either site (p=0.20-0.37).  

There were significant differences in some FFG at both harvested streams across 

years (Figure 2.3; Tables A11-A12). At CF3, % shredders and % predators declined 

almost completely during harvest (p=0.001 and p=0.0006, respectively). Collector-

gatherers increased three-fold during harvest (p=0.0003) but decreased post-harvest 

(p=0.008) returning to pre-harvest levels (p=1.00). At the same site, % collector-filterers 

significantly increased from a median of ~0 % to 29.8 % post-harvest from during harvest 

(p=0.004), but did not differ post-harvest from pre-harvest (p=0.26). Conversely, at CF1 

we observed ~3x increase in shredders (%) post-harvest compared to pre-harvest 

(p=0.019), a ~3x increase in predators (p=0.004) and an almost complete loss of % 

collector-filterers during harvest compared to pre-harvest (p=0.002). 
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Diversity metrics varied over time within all reference sites (DW1, SN1, CFR1), 

but these changes were not consistent with those seen at CF3 and CF1 (Figure 2.2; 

Tables A9-A10).  Specifically, abundances (DW1 and SN1), J (SN1 and CFR1), Hô 

(CFR1), and % Chironomidae varied temporally within sites. Changes in diversity 

metrics ranged from ~6-fold (e.g., abundance at SN1) to ~3-fold differences (e.g., 

abundance at DW1) between years. Specifically, at SN1, the median abundance decreased 

6-fold (p=0.0017), and % Chironomidae decreased 1.6-fold (p=0.0008), while J increased 

1.3-fold (p=0.0002) from 2019 to 2020. % Chironomidae remained ~1.3x lower at SN1 in 

2021 (p=0.005) than 2019 but did not differ from 2020 (p=1.00). At CFR1, Hô was ~1.4x 

lower in 2020 than 2019 (p=0.045) and J was 1.2x higher in 2020 than 2019 (p=0.023), 

and at DW1, median abundance was ~2x higher in 2019 compared to 2020 (p=0.01) only.   

We also observed yearly variations in FFGs at all reference sites (Figure 2.3; 

Tables A9-A12). Specifically, at SN1, we observed ~7x more predators (%) in 2020 

compared to 2019 (p=0.0006), and a ~36.5-fold decrease in % collector-filterers from 

2019 to 2021 (p=0.0004). At DW1, % collector-gatherers decreased ~1.6-fold from 2019 

to 2020 (p=0.015), and % predators were ~1.9x higher in 2021 than 2019 (p=0.022). At 

CFR1, % predators increased ~8-fold from 2019 to 2020 (p=0.023).  
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Figure 2.2 Boxplots of diversity metrics (Shannonôs Diversity Index (Hô), Pielouôs 

Evenness (J), Abundance (number of individuals), the percentage of Sensitive Taxa (% 

Ephemeroptera, Plecoptera, and Trichoptera; % EPT), and the percentage of Tolerant 

Taxa (% Chironomidae) calculated for macroinvertebrate communities colonizing leaf 

packs (n=6) deployed in harvested (A) CF1, and B) CF3) and non-harvested (C) CFR1 

(dried up in 2021), D)  DW1, and E)  SN1) pre- (2019), during (2020), and post-harvest 

(2021). P values denote significant differences across years, and letters denote significant 

differences in pairwise comparisons between years. 
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Figure 2.3 Relative abundance (%) of mean Functional Feeding Groups (FFG) of 

macroinvertebrate communities colonizing leaf packs (n=6/site) deployed in harvested 

(CF1 and CF3) and non-harvested (CFR1, DW1, SN1) streams pre- (2019), during 

(2020), and post-harvest (2021). 

Temporal Comparisons of Community Assemblages 

Macroinvertebrate community assemblages varied over time at both harvested 

sites (Figure 2.4, Tables A13-A14). At the most intensively harvested stream (CF3), 

community assemblages differed across years (PERMANOVA, p=0.001), with the pre-

harvest community differing from both the during (p=0.02) and post-harvest (p=0.009) 

communities, but during and post- harvest communities did not differ from each other 

(p=0.36). The NMDS plot revealed a proportional shift from EPT taxa (e.g., 

Limnephilidae, Leptophlebiidae, Phryganeidae) pre-harvest to more tolerant taxa during 
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harvest (e.g., Chironomidae, and Simuliidae). SIMPER analysis revealed that 

Chironomidae was the most influential taxa in pre- and during harvest comparisons, 

accounting for 71% of the average dissimilarity between years, while PERMANOVA 

identified significantly higher abundances during harvest (p=0.001) (Table A16). For pre- 

and post-harvest comparisons, SIMPER analysis identified Chironomidae, 

Leptophlebiidae, and Lepidostomatidae as the most influential taxa (72% of the average 

dissimilarity). However, PERMANOVA revealed that while abundances of Chironomidae 

did not differ significantly (p=0.51) pre- and post-harvest, average abundances of 

Leptophlebiidae were higher pre-harvest than post- (p=0.004), and Lepidostomatidae 

were higher in abundance post-harvest than pre- (p=0.03). Differences in 

macroinvertebrate assemblages at CF1 (PERMANOVA, p=0.005) were driven by the pre- 

and post-harvest communities only (p=0.03).  Chironomidae, Lepidostomatidae, 

Limnephilidae, Ceratopogonidae, and Dytiscidae were identified by SIMPER analysis as 

the most influential taxa contributing to 77% of the average dissimilarity between years. 

PERMANOVA revealed significantly higher abundances of Lepidostomatidae (p=0.006) 

and Limnephilidae (p=0.003) post-harvest (Table A16).   

At reference streams, we also observed differences in community composition 

across years (PERMANOVA, p=0.003 at DW1 and p=0.001 at SN1) (Figure 2.4, Tables 

A13-A14). Indeed, at both sites communities in 2019 differed from those in 2020 and 

2021 (Table A16). At DW1, SIMPER identified Leptophlebiidae and Chironomidae as 

the most influential species both in comparisons between 2019 and 2020 (75 %), and 

2019 and 2021 (81 %). PERMANOVA revealed that abundances of Chironomidae did not 
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differ across years, Leptophlebiidae were more abundant in 2019 than both 2020 

(p=0.019) and 2021 (p=0.001). At SN1, Chironomidae were the most influential taxa in 

comparisons of 2019 to 2020 (74 %) and 2019 to 2021 (71 %). PERMANOVA identified 

significantly higher abundances of Chironomidae in 2019 than both 2020 (p=0.001) and 

2021 (p=0.03).  

Figure 2.4 Distribution of macroinvertebrate families collected pre- (2019), during 

(2020) and post- (2021) harvest from two harvested A) CF3, and B) CF1, and two non-

harvested C) DW1, and D) SN1 watersheds in the Dryden-Kenora region of Northwestern 

Ontario. 
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2.6.4. Regional Analyses of Water Chemistry  

We observed no significant differences in water chemistry parameters across 

streams in harvested and non-harvested landscapes. PCA revealed that SO4
2-, DOC, TN, 

TSS, TP, Cl-, DO, conductivity, and pH contributed to the observed variation across sites 

(Table A18). Visualization of the PCA (Figure A5) revealed significant overlap of water 

chemistry parameters, but 95% confidence ellipses were much larger for harvested sites, 

indicating potentially greater variation in water chemistry parameters compared to non-

harvested sites. LMMs revealed no significant differences in water chemistry parameters 

(p values ranged from 0.39 to 0.76; Tables A19-A20) across harvested and non-harvested 

sites. However, TN (p=0.004), SO4
2- (p=0.0002), and pH (p=0.011) decreased over time 

for both harvested and non-harvested sites, and we observed a significant interaction 

between treatment and time for Cl-(p=0.038), with Cl- increasing over time more rapidly 

at non-harvested sites (Figure A6).  

2.6.5. Regional Analyses of Sediment Deposition and Leaf Litter Breakdown 

Rates  

We observed no significant differences in sediment deposition rates nor leaf litter 

decomposition across harvested and non-harvested landscapes (Tables A21-A22). Coarse 

organic sediment deposition rates (g/day) from harvested landscapes (Mean Ñ SD: 

1.9Ĭ10-2Ñ4.4Ĭ10-2, range: 6.0Ĭ10-4 to 1.8Ĭ10-1) did not differ significantly from non-

harvested landscapes (Mean Ñ SD: 9.0Ĭ10-3Ñ7.0Ĭ10-3, range: 5.0Ĭ10-4 to 1.9Ĭ10-2) 

(p=0.97). Similarly, fine organic sediment deposition rates (g/day) were comparable 

across harvested (Mean Ñ SD: 6.3Ĭ10-3Ñ5.7Ĭ10-3, range: 9.0Ĭ10-4 to 1.7Ĭ10-2) and non-

harvested (Mean Ñ SD: 7.2Ĭ10-3Ñ3.8Ĭ10-3, range: 1.7Ĭ10-3 to 2.3Ĭ10-2) landscapes 
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(p=0.65).  Coarse organic leaf litter decomposition rates (kdd) did not differ across 

harvested (Mean Ñ SD: 3.0Ĭ10-4Ñ2.0Ĭ10-4, range: 0.0 to 7.0Ĭ10-4) and non-harvested 

landscapes (Mean Ñ SD: 5.0Ĭ10-4Ñ2.0Ĭ10-4, range: 0.0 to 1.2Ĭ10-3) (p=0.71). Fine organic 

leaf litter decomposition rates (kdd) were similar across harvested (Mean Ñ SD: 1.0Ĭ10-

4Ñ1.0Ĭ10-4, range: 0.0 to 5.0Ĭ10-4) and non-harvested landscapes (Mean Ñ SD: 2.0Ĭ10-

4Ñ2.0Ĭ10-4, range: 0.0 to 1.7Ĭ10-3) (p=0.55).  

2.6.6. Regional Statistical Analyses of Diversity Metrics and FFGs 

We observed no effects of forest harvest on diversity metrics (Tables A26-A28). 

Hô was similar between harvested (Mean Ñ SD: 1.46Ñ0.4, range: 0.58-2.04) and non-

harvested (Mean Ñ SD: 1.66Ñ0.28, range: 0.99-1.98) landscapes (p=0.24). J also did not 

differ across harvested (Mean Ñ SD: 0.66Ñ0.16, range: 0.25-0.86) and non-harvested 

(Mean Ñ SD: 0.76Ñ0.09; range:0.66-0.95) landscapes (p=0.36). Abundances ranged from 

20-291 individuals in harvested landscapes (Mean Ñ SD: 112.1Ñ84.3) and 9-210 

individuals in non-harvested (Mean Ñ SD: 88.0Ñ58.5) landscapes, with no significant 

differences (p=0.58).  % EPT was comparable between harvested (Mean Ñ SD: 

40.8Ñ29.6, range: 0-90.1) and non-harvested (Mean Ñ SD: 39.6Ñ19.9, range; 1.1-82.9) 

landscapes (p= 0.96). % Chironomidae did not differ across harvested (Mean Ñ SD: 

48.7Ñ31.9, range: 0.8-97.3) (Ñ) and non-harvested (Mean Ñ SD: 36.7Ñ15.7, range: 10.3-

60.0) landscapes (p=0.64).  

We did not observe any differences in the proportion of FFGs across harvested 

and non-harvested landscapes (Tables A26-A28). % Shredder was comparable between 

harvested (Mean Ñ SD: 14.0Ñ16.4, range: 0-40.2) and non-harvested (Mean Ñ SD: 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

55 

3.0Ñ2.8, range: 0.0-10.0) landscapes (p= 0.41). % Collector-filterer did not differ across 

harvested (Mean Ñ SD: 11.2 Ñ16.0, range: 0.0-56.2) and non-harvested (Mean Ñ SD: 

6.5Ñ8.8, range:0.0-33.0) landscapes (p=0.59). % Predator was similar across harvested 

(Mean Ñ SD: 15.8Ñ9.3, range: 4.4-43.1) and non-harvested landscapes (Mean Ñ SD: 

19.4Ñ11.1, range: 9.1-40.0) (p=0.68). % Collector-gatherer was comparable between 

harvested (Mean Ñ SD: 58.9Ñ24.7, range: 18.3-95.6) and non-harvested (Mean Ñ SD: 

68.9Ñ15.8, range: 46.9-90.1) landscapes (p= 0.58). Finally, % scraper did not differ 

significantly across harvested (Mean Ñ SD: 0.02Ñ0.07, range: 0.0-0.3) and non-harvested 

(Mean Ñ SD: 0.78Ñ1.3, range: 0.0-4.5) landscapes (p= 0.20). 

2.6.7. Regional Analyses of Community Diversity Metrics and Envfit  

 We observed significant differences in macroinvertebrate community assemblages 

across harvested and non-harvested landscapes (PERMANOVA, p=0.001; Table A29, 

Figure 2.5). The NMDS revealed overlap between harvested and non-harvested streams 

(K=3, Stress=0.14). However, replicates within each site generally clustered together, 

separate from other sites, indicating substantial variability among sites within treatments. 

SIMPER revealed that Chironomidae, Caenidae, Leptophlebiidae, and Lepidostomatidae 

were the most influential taxa contributing to the dissimilarity between 

macroinvertebrates of harvested and non-harvested landscapes. PERMANOVA revealed 

that while abundances of Caenidae did not differ significantly across landscapes 

(p=0.063), Chironomidae (p=0.047), and Lepidostomatidae (p=0.002) were more 

abundant in harvested reaches, while Leptophlebiidae (p=0.002) were more strongly 

associated with non-harvested streams (Table A30).  
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We identified several environmental factors associated with the distribution of 

macroinvertebrate assemblages across streams, but not among treatments.  According to 

the óenvfitô analysis, DOC (R2=0.58, p=0.001), TSS (R2=0.38, p=0.001), Cl (R2=0.17, 

p=0.03), TP (R2=0.60. p=0.001), TN (R2=0.39, p=0.002) were the environmental vectors 

most correlated with the NMDS axes (Table A31, Figure 2.5). Additionally, the centroid 

positions of harvested and non-harvested treatments differed and were significantly 

correlated with the NMDS axes (R =0.097, p=0.036). Even so, visualization of the 

NMDS and envfit revealed no clear environmental drivers of community composition 

differences across harvested and non-harvested landscapes. For example, 

macroinvertebrate communities in harvested landscapes were both associated with higher 

(e.g., CF3) and lower concentrations of DOC (e.g., CF1). 
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Figure 2.5 Distribution of macroinvertebrate families collected across harvested (CF1, 

CF3, DRY2) and non-harvested (DRY1AUP, SN1, DW1) landscapes determined using 

Nonmetric Multidimensional Scaling; NMDS (K=3, Stress=14, Permutations=999, Bray-

Curtis Dissimilarity Index). Vectors represent best correlated environmental variables, and 

red diamonds represent centroids of factors from Envfit analysis. 

2.6.8. Comparisons of harvested reaches to baseline conditions of reference 

streams 

We observed some deviations from the ñnormal rangeò of baseline sites of some 

harvested sites for Hô, J, % EPT, and % shredder (Figure 2.6).  Specifically, during 
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harvest only, CF3 had much lower Hô and J than expected based on normal ranges for the 

Dryden-Kenora region. Interestingly, post-harvest, DRY2 had slightly higher % EPT than 

the normal range, and CF1 had more % shredders than the normal range.  

 

Figure 2.6 Mean Ñ SE of diversity metrics including A) Shannonôs diversity index (Hô), 

B) Pielouôs evenness (J), C) sensitive taxa (%EPT), D) pollution tolerant taxa (% 

Chironomidae), and E) shredder taxa (%) collected from leaf packs deployed in streams 

in harvested watersheds. The red line represents the grand mean of all non-harvested 

watersheds, and the shaded bars represent the normal range (grand mean ± 2 SD). 

2.7. Discussion 

The overall objective of this study was to quantify the temporal and regional 

effects of forest harvest on boreal headwaters. During harvest, H, J, % EPT and % 

shredder decreased at the most impacted harvested stream (CF3), while % collector-

gatherer and % Chironomidae increased, and these changes were likely driven by an 
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increase in DOC and organic sediment deposition rates. Conversely, at the less intensively 

harvested stream (CF1), we observed increases in % EPT and % shredder, and a decrease 

in coarse leaf litter decomposition rates post-harvest compared to pre-harvest. Regionally, 

we observed no significant differences in diversity metrics, % FFGs, leaf litter breakdown 

rates, and water chemistry parameters between harvested and non-harvested sites. 

However, macroinvertebrate community composition differed significantly, although no 

clear environmental driver of assemblages was identified. When harvested sites were 

compared to the ñnormal rangesò, Hô and J were below the normal ranges at CF3 during 

harvest (2020) only, while the other two harvested sites exceeded the normal range for % 

EPT (DRY2) and % shredder (CF1) in 2021. Effects of harvest were variable, and 

detrimental effects occurred in the stream with the greatest proportion of its watershed 

harvested, a stream crossing, and narrow buffers.   

Changes in macroinvertebrate community composition at the most intensively 

harvested stream (CF3) reflected disturbed conditions and were likely related to changes 

in water quality. Elevated DOC has been documented in watersheds with greater harvest 

(Schelker et al. 2012, Erdozain et al. 2021a). Beyond this, narrow buffer zones are less 

effective at minimizing the transport of DOC from terrestrial landscapes (Jyvªsjªrvi et al. 

2020) and may explain the elevated levels observed herein. A concurrent study found 

greater concentrations of carbon in sediments at CF3 post-harvest, attributed to increased 

inputs of carbon from harvested upland areas (Huang et al. 2024). This, combined with 

the higher organic sediment deposition rates observed herein, may have fueled microbial 

activity in the stream during-harvest, as evidenced by a bacterial bloom. These factors 
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likely caused a shift during harvest from a more heterogenous macroinvertebrate 

community with more sensitive taxa (EPT) pre-harvest, to a homogenous 

macroinvertebrate community dominated by tolerant collector-gatherer Chironomidae 

that can adapt to changes in food availability (Gurtz and Wallace 1984, Pinder 1986). 

Others have documented decreases in sensitive taxa and increases in collector-gatherer 

taxa in streams within harvested landscapes (see Stone and Wallace 1998, Death et al. 

2003, Kreutzweiser et al. 2005, Danehy et al. 2007, Johnson et al. 2022). Chironomidae 

may have increased in abundance in response to a higher availability of FPOM, as well as 

the dissolved OM taken up by microbial communities (Grubbs and Cummins 1994, 

Benke 1998, Hall Jr. and Meyer 1998, Kiffney et al. 2003, Entrekin et al. 2007, 

Kreutzweiser et al. 2008b, Larsen et al. 2011). Chironomidae have been previously 

identified as a group that benefits from harvest (Wallace and Gurtz 1986, Kiffney et al. 

2003, Nislow and Lowe 2006). Their dominance observed herein is likely driven by the 

high percentage of harvest at CF3, as the abundance of collector-gatherers can be elevated 

in watersheds with greater harvest (Erdozain et al. 2021a). Indeed, Haggerty et al. (2004) 

found that buffer zones of similar widths (2.5 m) had comparable changes in 

macroinvertebrate assemblages to clear cuts, as well as increased loadings of terrestrial 

OM. Decreases in diversity and increases in Chironomidae abundances at CF3 are similar 

to responses observed in streams without buffers (Newbold et al. 1980) and suggest that 

the narrow buffers at CF3 were ineffective at mitigating harvesting effects.   

The return of some diversity metrics post-harvest to pre-harvest values at CF3 

suggests some recovery of the stream. Changes to macroinvertebrate community 
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composition may be most noticeable within the first two years following harvest (see 

Johnson et al. 2022), and although headwaters may be initially more impacted by 

harvesting activities than larger streams, they also recover more quickly (~8 years), and 

this may be more rapid in narrower streams such as CF3 (Reid et al. 2010; Haggerty et al. 

2004).  Indeed, it is possible that the recovery of some biotic measures was caused by a 

return to pre-harvest fine and coarse organic sediment deposition rates, although DOC 

remained high. A study on coastal headwaters in Washington State initially saw an 

increase in collector-gatherer taxa post-harvest, but these effects were diminished 2 years 

later (Haggerty et al. 2004). While headwater communities are often less resilient to 

anthropogenic disturbances than natural disturbances (e.g., Young and Niemi 1990, Death 

et al. 2003), our work may suggest that stream communities begin to recover one-year 

post-harvest.  Even so, % EPT remained lower post-harvest than pre-harvest, albeit non-

significantly, and the differences in macroinvertebrate community composition from pre-

harvest conditions suggest that harvesting effects are still persistent post-harvest. Effects 

of harvest on streams may still be observed decades post-harvest (Stone and Wallace 

1998).  

In harvested streams, we observed decreases in coarse mesh leaf pack 

decomposition rates only at one site post-harvest (CF1), differing from our predictions. 

This was surprising, as the changes in community composition (i.e., decreases in 

shredders, increases in Chironomidae abundances) at the most impacted site (CF3) have 

been previously associated with decreases in leaf litter decomposition in harvested 

landscapes (Kreutzweiser et al. 2008b, Erdozain et al. 2021a) (but see McKie and 
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Malmqvist 2009, Kreutzweiser et al. 2010). It is possible that coarse mesh breakdown 

rates did not decrease during or post-harvest at CF3 due to the high abundance of 

Chironomidae. Although shredders were mostly absent in 2020, Chironomidae may have 

fulfilled their functional role. While Chironomids are not usually classified as shredders, 

they may have exhibited mining behaviours on leaves, contributing to their fragmentation 

(Rosemond et al. 1998), and maintaining breakdown rates across years. Interestingly, we 

had expected to see decreases in leaf litter breakdown rates post-harvest, but it was 

surprising that this was observed at a site (CF1) with an increased shredder abundance. 

Decreases in leaf litter decomposition are often associated with declines in shredder taxa 

and increases in sediment deposition (Kreutzweiser et al. 2008b, Erdozain et al. 2021a) 

(but see Kreutzweiser et al. 2010), yet we observed neither. Individual shredder taxa may 

have a stronger impact on leaf litter decomposition than overall shredder abundance 

(Whiles et al. 1993, Griffith and Perry 1993, Kobayashi and Kagaya 2005). Indeed, 

Kreutzweiser et al. (2008b) identified Lepidostoma (Lepidostomatidae) and Hydatophylax 

(Limnephilidae) as taxa associated with increased leaf litter decomposition in boreal 

headwaters, and as such, it was surprising that their increased abundances post-harvest at 

CF1 did not lead to higher leaf litter decomposition rates. Additionally, we saw increases 

in Lepidostomatidae at CF3, albeit smaller than those at CF1, and with no apparent effect 

on decomposition rates at this site. It is possible that increases in % shredder post-harvest 

at CF1 were driven by changes in temperature and precipitation across years. Indeed, 

Kreutzweiser et al. (2010) identified increases in some shredder taxa but no changes in 

coarse litter decomposition rates following harvest during a drought, as was experienced 
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in this region, and these changes were attributed to the accumulation and long-term 

retention of leaf litter in streams due to lower water levels. As such, it is possible that 

water levels at CF1 may have been too low to observe increases in leaf litter 

decomposition rates associated with a higher abundance of shredders (Kreutzweiser et al. 

2010).  

We observed few temporal and regional differences in harvested and non-

harvested landscapes potentially due to the high natural variability across sites and the 

regional drought. Small boreal streams can experience variations in local (i.e., depth, 

substrate type, canopy cover, nutrients, and velocity), reach (i.e., tree density, % bedrock), 

and catchment (catchment size, % of bedrock, % lake, % wetland) characteristics that can 

shape macroinvertebrate communities (LeCraw and Mackereth 2010). Indeed, sites herein 

varied considerably in the above metrics, such as canopy cover, geology and substrate 

type that may have contributed to differences in community composition. For example, in 

our regional analysis (2021 only) while some sites had greater canopy cover (CF1, CF3, 

DW1), others were more open (DRY2, DRY1AUP, SN1), and the more open sites had the 

greatest portion of scrapers, although abundances were low across sites. 

Macroinvertebrate communities within streams may vary in response to fluctuations in 

temperatures, precipitation and flow (Collier 2008, Kreutzweiser et al. 2010, Richardson 

2019, Ad§mek et al. 2022). Drought conditions observed in 2021 may have altered the 

delivery of terrestrial OM and nutrients to streams through reduced precipitation and run-

off, ultimately reducing stream flow with potential impacts on water quality (e.g., lower 

oxygen levels) (Mosley 2015). Herein, temporal analyses of stream communities only 
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revealed significant differences across years when the wettest year (2019) was included in 

comparisons, whereas the driest years varied little (2020 and 2021). Indeed, changes to 

macroinvertebrate community structure and proportions of different FFGs may be most 

obvious in headwaters during periods of drought with low flows (Herbst et al. 2019), and 

as such, may explain why most differences were observed between periods of high and 

low flows. Nonetheless, a high degree of interannual variability in stream communities 

and leaf litter decomposition rates are consistent with literature in boreal headwater 

streams (Kreutzweiser et al. 2005; Kreutzweiser et al. 2010) and elsewhere (Gravelle et 

al. 2009, Medhurst et al. 2010).  

It is possible that natural environmental variability can mask regional harvesting 

effects (Martel et al. 2007, Melody and Richardson 2007, Johnson et al. 2022). 

Harvesting effects on stream systems are often site-specific and are influenced not only 

by logging practices employed, but also natural variability (reviewed in Kreutzweiser et 

al. 2013; Gerth et al.  2022; Melody and Richardson, 2007). Indeed, while we observed 

differences in macroinvertebrate community composition across harvested and non-

harvested landscapes, sites within harvested landscapes differed substantially from each 

other. For example, some of the taxa identified within this study that were most influential 

(e.g., Caenidae, and Lepidostomatidae) seemed to correspond with specific sites. Further, 

there were no consistent environmental drivers of community composition across 

harvested sites. For example, communities at CF3 were more associated with DOC, 

whereas communities at DRY2 were associated with TSS. While existing natural 

variability influences macroinvertebrate community composition, our results suggest that 
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effect of harvesting on water chemistry parameters and subsequent impacts on 

macroinvertebrate communities vary across sites. 

Given the high temporal and regional variability observed herein, establishing 

normal ranges of diversity metrics enabled the separation of harvesting effects from 

natural variability. As such the lower-than-normal Hô and J observed at CF3 during 

harvest were likely caused by logging effects and not just the lower water levels 

experienced that year. This, along with the above normal percentages of shredder (CF1) 

and EPT (DRY 2) taxa at the catchments with less % harvest and wider buffers suggests 

that these impacts were likely dependent on amount of harvest and BMPs employed. 

Indeed, increases in shredders and EPT taxa at well-buffered streams suggest that effects 

of harvest may not be particularly detrimental. Beyond this, the effects of harvest at the 

most impacted stream (CF3) were only noticeable during harvest, with a return to 

baseline conditions the following year. Overall, this work highlights the need to collect 

multiple years of baseline data, especially when the frequency of extreme weather 

conditions is expected to increase.  

2.8. Management Implications and Conclusions  

Our findings suggest that while individual headwaters vary in their responses to 

harvest, metrics associated with greater impairment were observed at the site with narrow 

buffer zone widths, greater percentage of harvested area, and the presence of a stream 

crossing. Results suggest that larger buffers are likely effective in mitigating detrimental 

effects of harvest on macroinvertebrate stream communities within the first year of 

disturbance (Newbold et al. 1980) (but see Kreutzweiser et al. 2008b, Kiffney et al. 2003, 
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Martel et al. 2007, Erdozain et al. 2021a). CF3 did not appear on forest management base 

maps, and as a result was designated a low potential sensitivity stream (LPS) segment and 

only received a 3 m exclusion zone as per the Forest Management Guide for Conserving 

Biodiversity at the Stand and Site Scales (Ontario Ministry of Natural Resources, 2010).  

Furthermore, the % harvest within CF3ôs catchment (78 %) exceeded management 

recommendations (40-60 %) (Archibald 1997; OMNR 2010) to minimize environmental 

impacts and led to the numerous soil disturbances observed at this site and subsequently 

contributed to increased OM inputs to the stream and in Chironomidae. Our work, along 

with others (i.e., Kuglerov§ et al. 2020) suggests that narrow buffer widths may not 

mitigate effects of harvesting on small streams, especially when streams are crossed and 

% harvest is high. However, the apparent recovery of some diversity metrics at CF3 post-

harvest may suggest these headwaters are resilient to disturbances, although more work is 

needed. Indeed, the high inter-annual and regional variability in metrics and communities 

within and across streams suggests that more years of both baseline and post-disturbance 

data are needed to separate harvesting effects from natural variability. This may be 

increasingly important as climate change will likely increase the frequency of temperature 

and precipitation extremes in boreal headwaters, such as those experienced in 2021, and 

may hinder the ability of forestry to emulate natural disturbances.  As such, we suggest 

that there is a need to understand how these systems respond regionally and temporally to 

multiple stressors.  
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Chapter 3: Temporal and Regional Effects of Forest Harvesting on Mercury 

Bioaccumulation and Biomagnification in Boreal Stream Food Webs 

Abstract 

Forest harvesting can affect mercury (Hg) dynamics in boreal stream food webs 

by influencing the availability and methylation of Hg and by altering dietary exposure to 

methylmercury (MeHg) through changes in basal resources. The objectives of this study 

were to quantify the 1) temporal and 2) regional effects of forest harvest on Hg 

bioaccumulation and biomagnification in stream food webs. From 2019-2021, 5 

headwater streams were sampled (n=2 harvested, n=3 reference) pre-(2019), during 

(2020), and post-(2021) harvest for basal food sources (aquatic and terrestrial), 

macroinvertebrates and fish. In 2021 only, 7 streams (n=4 harvested, n=3 reference) were 

also sampled to assess the regional effects of forest harvest. All samples were analysed for 

total Hg (THg) or MeHg ([MeHg]) concentrations, and stable isotopes of nitrogen (ŭ15N). 

Temporally, we observed increases in [MeHg] in water and some predatory 

macroinvertebrates and [THg] in fish post-harvest at the most impacted stream (i.e., 78% 

of its watershed harvested, a stream crossing, and narrow buffer zones) but few 

differences at the stream where standard best management practices were used. Further, 

we detected no significant differences across years in harvested and non-harvested 

watersheds. Regionally, we detected significantly higher [MeHg] in food sources and 

macroinvertebrates in harvested compared to non-harvested landscapes, but no difference 

in [THg] of fish or Hg biomagnification rates. Overall, results suggest that harvesting can 

increase [Hg] in some food web components, but not biomagnification rates, and the 
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magnitude of these effects appear to be site-specific varying with management practices 

used during harvest and % of the watershed harvested.   

3.1. Introduction 

Mercury (Hg) is a contaminant of global concern and its atmospheric deposition in 

the boreal forest poses a significant risk to aquatic ecosystems. In boreal ecosystems, Hg 

accumulates in foliage (Hintelmann et al. 2002) and is efficiently stored in organic matter 

(OM) in soils (Obrist et al. 2016). Disturbances to these soils can transport Hg bound to 

organic matter to wetted anoxic environments in a catchment and to streams where it can 

be converted by microorganisms, such as sulphur-reducing bacteria (SRB), to its more 

toxic and bioavailable form methylmercury (MeHg) (Bishop et al. 2009, Kronberg et al. 

2016). Increased bioavailability of MeHg can lead to greater bioaccumulation in stream 

biota and its subsequent biomagnification in the food web, resulting in high and 

potentially toxic levels in top predator fish (Lavoie et al. 2013). Fish Hg concentrations 

([Hg]) remain elevated in the boreal despite reduced emissions of atmospheric Hg (Tang 

et al. 2013, Gandhi et al. 2014, Rask et al. 2024), and as such present a health risk to fish 

consumers. 

Soil disturbances caused by forest harvesting activities can alter Hg cycling in 

aquatic ecosystems (Eklºf et al. 2014, 2016). During logging, heavy machinery and the 

removal of vegetation can compact forest soils, reducing water permeability and 

increasing soil erosion and the run-off of nutrients and Hg bound to organic matter to 

nearby streams (Kreutzweiser et al. 2008, Eklºf et al. 2014). Logging slash can also 

increase export of allochthonous carbon sources in run-off (Eklºf et al. 2016). 
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Additionally, increased wetted areas created by soil disturbances, such as pooled water 

within machinery tracks, become Hg methylation hotspots and sources of MeHg to 

nearby streams (Munthe and Hultberg 2004, Eklºf et al. 2016, Braaten and de Wit 2016). 

Indeed, elevated aqueous [MeHg] has been previously observed in waterbodies in 

harvested landscapes (Porvari et al. 2003, Skyllberg et al. 2009, Lam et al. 2024), 

although other studies have observed no differences (Allan et al. 2009, Sßrensen et al. 

2009, Eklºf et al. 2014). Forestry companies use Best Management Practices (BMPs) 

such as not harvesting in wetted areas and leaving minimum buffer zones along streams 

to mitigate environmental impacts such as sedimentation (OMNR 2010), and it is likely 

that BMPs also reduce Hg risk to streams. Indeed, [Hg] of stream biota were lowest in 

streams with buffer zones compared to those without (Willacker et al. 2019). Similarly, 

[MeHg] in sediments and water and Hg methylation rates did not increase post-harvest in 

streams with 30 m buffer zones but did in streams with 3 m buffer zones (Huang et al. 

2024, Lam et al. 2024). 

Forest harvesting can also affect [Hg] of macroinvertebrates and fish in streams, 

and Hg biomagnification, through changes to Hg availability at the base of the food web 

or changes in dietary habits of consumers. Indeed, elevated aqueous [Hg] has been 

associated with elevated [Hg] in macroinvertebrates in harvested landscapes 

(Charbonneau et al. 2022) (but see de Wit et al. 2014, Willacker et al. 2019) likely due to 

higher Hg diffusion into their aquatic food source of biofilms (Dranguet et al. 2017). 

Changes in biofilm biomass, which typically exhibit higher [MeHg] than terrestrial food 

sources (Jardine et al. 2012), along with shifts in macroinvertebrate reliance on aquatic 
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food sources ï potentially influenced by increased in-stream productivity ï can 

significantly impact Hg bioaccumulation in streams (de Wit et al. 2014, Willacker et al. 

2019). Increased in-stream productivity following harvest due to warmer stream 

temperatures and increased nutrient exports (England and Rosemond 2004, Gºthe et al. 

2009) may decrease [MeHg] within biofilms and their consumers through biodilution and 

increased growth rates, respectively (Ward et al. 2010, de Wit et al. 2014). Alternatively, 

increased inputs of allochthonous OM from adjacent clearcuts may shift consumer 

reliance to terrestrial food sources such as leaves and detritus that are lower in MeHg 

(Jardine et al. 2012). Changes in macroinvertebrate [Hg] influence Hg bioaccumulation in 

fish, as diet is their primary source of exposure (Hall et al. 1997). As such, the 

biomagnification of Hg through stream food webs, measured using nitrogen stable isotope 

ratios (ŭ15N) of consumers and food sources (Lavoie et al. 2013), can also be impacted by 

harvesting as observed in Negrazis et al. (2022).  

Most studies to date have quantified the effects of forest harvest on Hg dynamics 

in stream food webs using regional comparisons across landscapes (Willacker et al. 2019, 

Charbonneau et al. 2022, Negrazis et al. 2022), with only one examining pre- and post-

harvest conditions within a watershed (de Wit et al. 2014). There is some evidence that 

the amount of area harvested, and width of buffer zones used during harvest affect Hg 

risk to stream ecosystems (Negrazis et al. 2022, Huang et al. 2024, Lam et al. 2024). As 

such, the main objectives of our study are to examine the effects of forest harvest on Hg 

bioaccumulation and biomagnification (1) temporally, pre-, during, and post-harvest 

across two streams with differing BMPs, and (2) regionally (across 7 streams with and 
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without harvest in one year only). To do so, we intensively sampled food webs over time 

(Objective 1) and space (Objective 2) in harvested and non-harvested landscapes. We 

measured [MeHg] and total Hg ([THg]) concentrations, as well as stable isotopes of 

nitrogen (ŭ15N) in basal resources and consumers to determine differences in biotic [Hg] 

and Hg biomagnification rates within and among harvested and non-harvested 

landscapes. Further, we examined whether differences in water chemistry were 

contributing to regional and temporal differences in biotic [Hg]. Based on previous 

studies, we predicted that [Hg] in stream biota would increase following harvest 

(Objective 1) and would be highest in biota from streams within harvested landscapes 

(Objective 2), and that biomagnification rates in aquatic food webs would be lower at all 

harvested sites due to higher availability of Hg at the base of their food webs.  

3.2. Methods  

3.2.1. Site Descriptions  

This study examined Hg concentrations ([Hg]) and biomagnification in food webs 

in low-order streams (1st-2nd order) temporally (5 streams, 2019-2021) and regionally (7 

streams, 2021 only). Sites were chosen based on known harvesting activities and to be 

representative of the variability in geology of the region. Four watersheds were harvested 

at varying percentages of their total area in 2020, while three remained un-harvested and 

served as reference conditions. Changes in harvesting plans reduced the number of 

harvested catchments available herein to four; two were used for before and after 

comparisons (2019-2021), and all were used for regional comparisons (2021). All sites 

were located within the boreal region of northwestern Ontario, specifically the Kenora-
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Dryden region (Figure 3.1).  Study sites are named according to the general area in which 

they are located: Centerfire (CF; near Centerfire Lake), Dryden (DRY; near the town of 

Dryden), Snowfall (SN; near Snowfall Lake) and DW (Dinorwic; near the town of 

Dinorwic) (details in Lam et al. 2022). Sites in CF (CF3, CF1, CF1B, CFR1) and DRY 

(DRY1AUP, DRY2) are within glaciolacustrine plains, have good soil drainage and large 

sandy deposits. Sites in SN (SN1) and DW (DW1) have exposed bedrocks and shallow 

soils. Across all sites, forests have varying combinations of black spruce (Picea mariana), 

jack pine (Pinus banksiana), trembling aspen (Populus tremuloides), white birch (Betula 

papyrifera), and eastern white cedar (Thuja occidentalis) (Mangal et al. 2022, Lam et al. 

2022).The forests in Northwestern Ontario are not old growth, as they have undergone 

decades of long rotation forest harvesting; as such, the reference streams used herein 

represent the closest to pristine conditions as can be found in the region (Mangal et al. 

2022).  

To assess temporal effects of forest harvesting on Hg dynamics in boreal streams, 

two sites (CF3, CF1) were sampled pre- (2019), during (2020), and post-harvest (2021), 

with three non-harvested sites (SN1, DW1, CFRF1) sampled concurrently as references 

(CFR1 was sampled in 2019 and 2020 but ran dry in 2021; Table 3.1).  CF1 appeared on 

Ontario base maps used in forestry operations and was attributed a standard 30 m buffer 

zone, and 35% of its catchment was harvested. Conversely, CF3 which did not appear on 

maps, and as such only received a ~3 m machinery exclusion zone (OMNR, 2010) and 

had 78% of its catchment harvested. Furthermore, CF3 was crossed upstream with 
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machinery causing visible rutting and ponded areas above our sampling reach (see 

below).  

To assess regional effects of forest harvesting on Hg dynamics, streams within 

non-harvested and harvested landscapes were sampled in 2021 only. In addition to the 

above sites described, one reference (DRY1AUP) and two harvested (DRY2 and CF1B) 

streams were examined, for a total of four harvested and three reference sites for this 

objective. Both DRY2 and CF1B were afforded ~30 m buffers, with approximately 34% 

of DRY2ôs watershed harvested from 2019 to 2020, and ~14% of CF1Bôs watershed 

harvested in 2020 with ongoing harvest in 2021 (additional 19%) for a total of 33% 

harvested. CF1B was visually similar to other sites in the Dryden-Kenora region at the 

time of sampling but was later identified to be a higher order stream (7th order). Sentinel 

imagery was used to acquire forest harvest information, such as harvesting area and road 

density, for all sites except CF1B (Huang et al. 2024). Information for CF1B was derived 

from an Ontario Ministry of Natural Resources provincial database (OMNR 2024abc).  
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Figure 3.1 Map of study sites located in Dryden-Kenora region. 

Table 3.1 Characteristics of 4 harvested (CF3, CF1, CF1B, DRY2) and 4 non-harvested 

(DRY1AUP, SN1, DW1, CFR1) stream catchments including period of harvesting, 

minimum buffer zone at the site, % of the catchment harvested, and years sampled 

(bolded year used for Objective 2). *CFR1 was not sampled in 2021 as it dried up. 

Region Site Name Period harvested Minimum 

buffer 

zone 

width (m) 

% of 

Catchment 

harvested 

Increases in 

road 

density 

(km/km2) 

Years sampled 

Centerfire 

(CF) 

CF3 Spring-Summer 

2020 

~3 78 1.27 to 3.61 2019, 2020, 

2021 

CF1 Spring-Summer 

2020 

~30 35 0.01 to 1.70  2019, 2020, 

2021 

CF1B Spring-Summer 

2020, 2021 

~30 33 0.13 to 0.58  2021 

CFR1* Reference --- ---  2019, 2020 

Snowfall 

(SN) 

SN1 Reference --- ---  2019, 2020, 

2021 

Dinorwic 

(DW) 

DW1 Reference --- ---  2019, 2020, 

2021 

Dryden 

(DRY) 

DRY2 Summer-Fall 2019 

and Fall 2020 

~30 34 1.31 to 2.19  2021 

DRY1AUP Reference --- ---  2021 
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3.2.2. Field Sampling 

Field sampling was the same for both the temporal (2019-2021) and regional 

(2021) objectives, with collections occurring pre-(2019), during (2020), and post-harvest 

(2021) for the former and in 2021 only for the latter. Food web samples were collected in 

mid-August (basal food sources only) and late-September/early-October (basal food 

sources, macroinvertebrates and fish) of 2019 and 2020. In 2021, food sources were 

collected in August only based on results from previous years (see below). Both terrestrial 

(Fine Particulate Organic Matter, FPOM; Coarse Particulate Organic Matter, CPOM) and 

aquatic (biofilm) food sources were collected in triplicate from riffles along a ~60 m 

stream reach. For FPOM, organic substrate was suctioned from the top 1 cm of the stream 

bed, and conditioned alder leaves were collected from the stream for CPOM.  Biofilm 

was scraped off plastic tiles suspended in the water column for ~ one month prior to 

sampling using a toothbrush and rinsed into a Whirl-Pak bag with stream water. Given the 

low growth of biofilm on some tiles, rocks, logs and vegetation were also scraped for 

supplemental biofilm samples. In the field, samples were kept in the dark and cool until 

they could be frozen at -20 oC.  

 In September, macroinvertebrates representing multiple primary and secondary 

consumers were collected using a standard 500 Õm mesh D-net and picking them from 

rocks. Next, macroinvertebrates were coarsely live sorted in the field and kept on ice until 

they were frozen at -20 oC. Small-bodied fish (top predators within headwater streams) 

were collected using backpack electrofishing. Fish species differed across sites and years 

and included Northern Redbelly Dace (Chrosomus eos), Pearl Dace (Margariscus 
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nachtriebi), Brook Stickleback (Culea inconstans), Central Mudminnow (Umbra limi), 

Finescale Dace (Chrosomus neogaesus), Mottled Sculpin (Cottus bairdii), White Suckers 

(Catostomus commersonii), and Blacknose Shiners (Notropis heterolepis) (OMNRF 

Licenses to Collect Fish for Scientific Purposes No. 1099374 and No. 1098235, 

McMaster AUP-19-08-21). In the field, fish were euthanized using percussive stunning, 

were weighed, and measured for total length (TL) and wet mass and stored on ice until 

they were frozen at -20 oC.  

3.2.3. Water Chemistry   

Water samples were collected biweekly from streams from May to October in 

2019 and 2020, and from June to October in 2021. Sampling in 2020 was less frequent 

due to COVID-19 related restrictions. For MeHg analyses, grab water samples were 

collected using the clean-hands-dirty-hands method (United States Environmental 

Protection Agency, 1997) in PET or PETG bottles that were triple rinsed with stream 

water prior to collection. MeHg samples were preserved with 0.5 % trace-grade 

hydrochloric acid and stored in a fridge until laboratory analyses. For determination of 

dissolved organic carbon ([DOC]) and sulfate ([SO4
2-]), samples were collected in 1 L 

HDPE bottles and were filtered in the lab using 0.7 ɛm pre-weighed glass fiber filters and 

then stored in 100 ml amber glass bottles for DOC analyses, and 50 ml falcon tubes for 

SO4
2- analyses (Lam et al. 2024).  500 ml water grab samples were also collected for 

analysis of Total Nitrogen ([TN]) and Total Phosphorus ([TP]) and were frozen until 

analyses. Water samples were not collected at CF1B.  



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

84 

3.3. Laboratory Analyses of Food Web Samples 

All samples were processed using acid-washed glassware to minimize 

contamination. FPOM samples were thawed and then sieved to remove matter larger than 

1 mm. Under a dissection scope, any remaining macroinvertebrates and inorganics (rocks 

and sand) were removed from samples. Next, samples were pipetted into 50 ml falcon 

tubes and centrifuged to remove excess water. After centrifugation, samples were stored 

in glass vials in the freezer until they were freeze dried at -80 oC for 72 hours and then 

homogenized. Biofilm samples were processed the same as FPOM except they were not 

sieved.  

Macroinvertebrates were identified to genus or family with a dissection scope and 

classified into Functional Feeding Group (FFG) using Merritt et al. (2008), Wiggins 

(1996), and Cummins (2021). Individuals were then pooled into replicates representing 

the lowest possible taxonomic level (1-5 reps/site) to target 20 mg dry mass. Next, 

macroinvertebrates were freeze-dried for a minimum of 48 hours, at -80 oC, and 

homogenized.  

 Prior to analyses, fish were partially thawed and weighed to obtain wet masses 

(g). Whole-body homogenates were used for both stable isotope and total mercury 

analyses ([THg]) due to their small body sizes. To ensure whole bodies were a good 

substitute for the more commonly used fillets for stable isotope analyses, a subsample of 

larger fish collected across years (n=34) were also filleted and carbon isotope ratios were 

compared across both tissue types (Figure B1).  Whole bodies were freeze-dried for a 
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minimum of 96 hours, fish fillets were freeze-dried for a minimum of 48 hours at -80 oC 

and all tissues were then homogenized with glass rods.  

3.3.1. Stable Isotope Analyses  

Continuous flow isotope ratio mass spectrometry (CF-IRMS; Stable Isotopes in 

Nature Lab; University of New Brunswick) was used to measure ŭ15N of basal food 

sources, macroinvertebrates, and fish tissues (fillets and whole bodies). Prior to analysis, 

1-1.2 mg for animal tissues (macroinvertebrates and fish), and 3-3.2 mg for basal food 

sources were weighed into tin capsules.  During analysis, in-house standards including 

bovine liver standard (BLS) for animal tissue and corn meal standard (CMS) for plant 

material were run, as well as duplicates (every 10th sample). The average error for BLS 

was 0.05 ă for ŭ15N of a known value (n=72/8 runs); the average error for CMS was 0.01 

ă for ŭ15N of a known value (n=35/ 7 runs).  The mean relative percent difference of 

replicates was 13.3 Ñ 29.5% for ŭ15N (n=181).   

3.3.2. Total Mercury (THg) Analyses  

Whole body fish were analyzed for THg levels (ng/g dw) ([THg]) using Milestone 

Tri-Cell Direct Mercury Analyzer-80 (DMA-80) following the US Environmental 

Protection Agency (US EPA) method 7473 (US EPA 1998). To ensure quality control, 

blanks, replicate samples (every 10th sample) and a certified standard reference material 

(DORM4; NRC-CNRC, 2012) were used. The mean relative percent difference between 

replicates (mean Ñ standard deviation) was 6.6 Ñ 4.8 % (n=52 pairs). The percent 

recovery of DORM4 (mean Ñ standard deviation) was 98.5 Ñ 5.8% (n=77).    
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3.3.3. Methylmercury (MeHg) Analyses of Food Sources and Consumers   

Basal food sources (CPOM, FPOM, biofilm), macroinvertebrates, and a subset of 

fish (n=39) were analyzed for [MeHg] (ng/g dw) using isotope dilution gas-

chromatography inductively coupled plasma mass spectrometry (GC ICPMS; Hintelmann 

and Evans, 1997). Macroinvertebrate samples from the same genera/family, collected at 

the same time and site, were combined when individual sample masses were low. 

Similarly, low mass food source samples were also combined within sites and times when 

necessary. To extract MeHg from samples, food sources and some invertebrates 

(shredders collected in 2021) underwent steam distillation whereas all other invertebrates 

and fish underwent KOH extractions in methanol prior to being ethylated by sodium 

tetraethylborate (Hintelmann and Evans, 1997). With each run, quality assurance and 

control samples were included: blanks (~2-3 per run), duplicates (n=2/analysis), and 

certified reference materials (n=2/analysis): marine sediment for food sources (IAEA-

456; IAEA 2017 and IAEA-158; IAEA 2008), and fish muscle tissue (DORM 3; NRC-

CNRC, 2007). Extractions and distillations occurred over two different time periods 

(2021 and 2023), and as such method detection limits (MDL) are calculated for both. The 

MDL for distillations in 2021 and 2023 were both 0.04 ng/g dw, and extractions were 

3.56 ng/g dw in 2021 and 5.97 ng/g dw in 2023. For distillations, recovery of IAEA-456 

was 115.3 Ñ 6.6% and IAEA-158 was 106.4Ñ 9.2%, and DORM3 was 89.6 Ñ 9.3%. For 

extractions, the percent recovery of DORM3 was 80.3Ñ7.5% (n=39).  The relative percent 

difference of duplicates was 10.6Ñ15.3% (n=43 pairs) for distillations, and 6.5Ñ7.1% for 

extractions (n=38 pairs). Five macroinvertebrate samples and one CPOM sample were 
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below MDLs and removed from subsequent analyses. We compared [THg] and [MeHg] 

within the subset of fish to determine whether [THg] was a reasonable proxy of [MeHg] 

(Figure B3). The average % MeHg of THg was 87.4Ñ11.8% and, as such, [THg] was 

used in all subsequent analyses (Table B1). 

3.3.4. Water Chemistry Analyses 

Methods and quality control measures used for water samples are described in 

Lam et al. (2024). Briefly, water total MeHg concentrations ([MeHgTotal]) were analyzed 

using aqueous phase ethylation and gas chromatography with speciated isotope dilution 

mass spectrometry. For each run of 12 samples, blanks and sample duplicates were 

included. The detection limit for [MeHgTotal] was 0.02 ng/L and the relative % difference 

of duplicates was 7 Ñ 7%. DOC concentrations ([DOC]) were determined using a 

Shimadzu TOC analyzer following EPA Method 415.1 (USEPA, 1974). Sulfate (SO4) was 

analyzed using a Metrohm 930 compact ion chromatograph following EPA method 300.1 

(USEPA 1997).  TN and TP were analysed at the Great Lakes Forestry Centre (NRCan) 

using standard methods. Specifically, both were analyzed with a Technicon Autoanalyzer 

II using Automated Cadmium Reduction (TN), and Automated Molybdophosphoric Blue 

(TP).   

3.4. Statistical Analyses  

We conducted all statistical analyses in R version 4.2.2 (2022-10-31). Model 

assumptions were assessed by graphical inspection including quantile-quantile plots of 

residuals, histograms of residuals, as well as Shapiro-Wilks tests (shapiro.test() function 

in base R) to verify normality. Homogeneity of variances were verified with residuals vs. 
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fitted plots, as well as Flingerôs test (fligner.test() function in base R). For regional 

comparisons using Linear Mixed Effect Models (LMMs) (see below) variables that did 

not meet assumptions of normality or heterogeneity were log transformed. 

3.4.1. Macroinvertebrates  

For statistical analyses, and because of low sample sizes, macroinvertebrates were 

pooled into two groups after consideration of their FFGs and their ŭ15N values (see 

Figure B2). A ñprimary consumerò group included collector-gatherers (Leptophlebiidae, 

Baetidae, Chironomidae), shredders (Nemotaulius, Limnephilus, Lepidostoma, 

Hydatophylax, Limnephilidae), scrapers (Planorbidae, Lymnaeidae, Stenonema), and the 

collector-filterer (Chimarra). A ñsecondary consumerò group included collector-filterers 

(Cheumatopsyche and Hydropsyche), the facultative predator and shredder (Ptilostomis), 

and odonate predators (Aeshna, Cordulegaster, Somatochlora, Leucorrhinia, Libellulidae, 

Epitheca).   

3.4.2. Temporal Comparisons of Water Chemistry, Food Sources, and Consumer 

[Hg], and Hg Biomagnification 

To assess whether both August and September food source samples could be 

included in temporal analyses, we compared [MeHg] and ŭ15N within sites within years 

using the t-test() function in base R if data were parametric, and Mann U-Whitney tests 

using the wilcox.exact() function in the exactRankTests package (Hothorn 2001) if data 

were non-parametric. As we observed few differences (Table B2 and Table B3), data 

from August and September food sources were combined for subsequent analyses.  
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For Objective 1, comparisons of water [MeHgTotal], [DOC], food source [MeHg], 

primary and secondary consumer [MeHg] and fish [THg] and [THgsize](see below) across 

years were made using Kruskal-Wallis rank sum tests (CF3, CF1, DW1, SN1) with the 

kruskal.test() function in base R, or by using Welchôs t-tests for unequal variances or 

Mann U-Whitney Tests (CFR1). If significant differences were detected in Kruskal-Wallis 

tests, then post-hoc Dunn tests were conducted with a Bonferroni correction for multiple 

comparisons using the dunn.test() function in the package dunn.test with an alpha level of 

0.025 (Dinno, 2024).  

Across years, comparisons of fish [THg] within each stream were made using a 

species present each year; the exception was CF3 where comparisons used Pearl Dace 

caught in 2019 and Northern Redbelly Dace caught in 2020 and 2021.  It was not possible 

to collect adequate fish numbers within the original sample reach for CF1. As such, fish 

were collected downstream (CF1B) in 2019 (all) and 2020 (most). To ensure adequate 

sample sizes across years, Pearl Dace from CF1 and CF1B were combined for temporal 

analyses.  

As fish [THg] is influenced by total length (TL), differences in TL within sites 

across years were assessed with Kruskal-Wallis tests or Welchôs t-tests (Table B4). Fish 

TL only differed significantly across years at two sites (CF3 and CF1), and as such, 

[THg] were adjusted to the mean TL at each site (4.0 cm and 5.2 cm, respectively) using a 

simple regression between log10[THg] and log10TL with year as a fixed effect using the 

lm() function in base R (hereafter referred to as [THgsize]). Next, the amount of Hg for a 

fish representing the mean TL across years was estimated from the regression using the 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

90 

ref_grid() and emmeans() functions from the emmeans package (Lenth 2024). Next, 

pairwise comparisons of least square means (LSM) across years with a Tukey adjustment 

were used to determine whether [THgsize] differed using the lsmeans() function in 

emmeans.  

Trophic Magnification Slopes (TMS) were compared to determine differences in 

Hg biomagnification within stream food webs among the pre-, during, and post-harvest 

periods. TMS were calculated using an Analysis of Covariance (ANCOVA) with log10 

transformed [MeHg] or un-adjusted [THg] of basal resources, primary and secondary 

consumers, and fish as the dependent variable and their ŭ15N as a covariate, with an 

interaction between ŭ15N and year (2019, 2020, 2021) as a fixed effect. Significance of 

effects were assessed using an Analysis of Variance (type III). If the interaction was not 

significant, the model was re-run without it to examine intercepts, as they can be used as 

an estimate of [Hg] incorporated at the base of the food web (Lavoie et al. 2013). 

Intercepts were compared by comparing estimated marginal means (EMMs) when the 

covariate (ŭ15N) is set to 0 using the emmeans () function in the emmeans package. TMS 

were first run with all species and food sources collected within sites across years. TMS 

were also calculated omitting fish species not present each year (except for CF3), and 

August food sources only. In both modelling scenarios, CPOM at CF3 was excluded from 

comparisons due to low sample sizes in 2019 (n=1). 
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3.4.3. Temporal Comparisons of Water Chemistry Parameters, [Hg] of Food 

Sources and Consumers, and Hg Biomagnification Rates  

To determine whether aqueous [MeHgTotal], SO4
2-, [TN], [TP], and [DOC] differed 

significantly across harvested and non-harvested streams in 2021 (Objective 2), LMMs 

for each parameter were fit using the lmer() function from the lme4 package (Bates 

2015). Models included harvesting status (harvested vs. non harvested) as a fixed effect, 

and time (calculated as days since first collection date for each site) as a covariate, with 

site as a random effect (random intercept). Models were fit with Restricted Maximum 

Likelihood (REML), and significance of effects were assessed with an Analysis of 

Variance (type III) with Satterthwaiteôs method using the anova() function in the lmerTest 

package (Kuznetsova et al. 2017). If there was a significant interaction between time and 

harvesting status, the emmtrends() function was used to compare slopes. If the interaction 

was non-significant, models were re-run without it. Significant effects of harvest were 

assessed by comparing estimated marginal means.  

To compare [MeHg] of food sources across harvested and non-harvested streams, 

t-tests were used. [MeHg] of primary and secondary invertebrate consumers were 

compared across harvested and non-harvested streams using LMMs which included 

[MeHg] as the dependent variable and harvesting status (harvested vs. non harvested) as a 

fixed effect, and site as the random effect (random intercept). Models were fit with 

REML, and significance of effects were assessed with Analysis of Variance (type III) with 

Satterthwaiteôs method. If significant, EMMs of invertebrates from harvested and non-

harvested streams were compared.  
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To compare fish [THg] across harvested and non-harvested streams, a species 

found at most sites Northern Redbelly Dace (or White Suckers at DW1 only) was 

compared. First, a Kruskal-Wallis test was run to determine whether TL differed 

significantly across sites (Table B5). As TL did differ significantly across sites, a simple 

linear regression between log THg and fish TL was run for each site, and the amount of 

THg for a fish of 5.3cm was calculated. To obtain [THgsize] for each fish, variability was 

propagated back into the [THg] estimate of each fish by adding the residuals from the 

original regression. Next, a LMM was fit using REML with the [THgsize] of fish as the 

dependent variable, harvesting status as a fixed effect and site as a random effect (random 

intercept). An Analysis of Variance (type III) with Satterthwaiteôs method was used to 

assess whether differences in [THgsize] across harvested and non-harvested landscapes 

was significant.  

TMS were compared across harvested and non-harvested streams using all food 

sources, macroinvertebrates and fish collected in 2021. To compare TMS across 

landscapes, an LMM was fit using REML with log10[Hg] of food sources, 

macroinvertebrates and fish collected across all streams as the dependent variable, their 

ŭ15N as a covariate, with an interaction between ŭ15N and harvesting status, and site as a 

random effect (random intercept). Significance of effects were assessed using an Analysis 

of Variance (type III) with Satterthwaiteôs method. If the interaction was non-significant, 

the model was re-fit without the interaction to test for significant differences in intercepts. 

Intercepts of harvested and non-harvested streams were compared using EMMs when the 

covariate (ŭ15N) is set to 0 using the emmeans () function. 
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3.5. Results 

3.5.1. Temporal Effects of Forest Harvesting on Water Quality 

We observed significant effects of forest harvesting on water [MeHgTotal] and 

[DOC] only at the most impacted stream (CF3) (Tables B6-B7). At this site, water 

[MeHgTotal] differed significantly across years (p=0.0003), and was ~3x higher than pre-

harvest concentrations during (p=0.005) and post-harvest (p=0.002). Further, [DOC] 

differed significantly across years (p=0.0004) and increased from pre-harvest levels by 

1.8x and 2.3x during (p=0.01) and post-harvest (p=0.0002), respectively.  

In reference streams, we observed significant differences in [MeHgTotal] at one of 

three sites (SN1, p=0.03; Tables B6-B7). Specifically, median water [MeHgTotal] were 

~3x higher in 2019 than 2020 (p=0.0022), but did not differ from 2021 (p=0.047). We 

also found significant differences in [DOC] across years within all sites (p=0.0004 to 

0.047). Specifically, at SN1 median [DOC] was ~1.3x lower in 2019 than 2020 

(p=0.0015) and 2021 (p=0.009) at SN1; ~1.3x lower in 2020 than 2019 (p=0.01) and 

2021 (p=0.01) at DW1; and ~1.4x lower in 2020 compared to 2019 (p=0.047) at CFR1. 

3.5.2. Temporal Effects of Forest Harvesting on [MeHg] in Food Sources  

 There were no consistent effects of forest harvesting on [MeHg] in food sources 

(Table 3.2; Table B8). Biofilm and CPOM [MeHg] did not vary over time at either 

harvested site (p=0.08 and 0.53). We did detect yearly differences in FPOM at both sites 

(CF1 p=0.01, CF3 p=0.01). At CF3, median FPOM [MeHg] was ~2x lower during 

harvest than pre- (p=0.01) and post-harvest (p=0.02). At CF1, median FPOM [MeHg] 

was ~3x higher post- than pre-harvest only (p=0.01).  
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 We observed few among-year differences in [MeHg] in food sources collected 

from reference sites (Table 3.2; Table B8). Temporal differences were found only at one 

site (DW1) in biofilm (p=0.002) and FPOM (p=0.007) [MeHg]. Specifically, biofilm 

[MeHg] was ~7x lower in 2021 compared to 2019 (p=0.001), and FPOM [MeHg] was 

~2-3x lower in 2020 and 2021 compared to 2019 (p=0.017 and p=0.009, respectively). 
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Table 3.2 Mean (± SD), median, interquartile range (IQR) and sample sizes (n) of MeHg (ng/g dw) in biofilm, CPOM and 

FPOM collected pre- (2019), during- (2020) and post- (2021) harvest at 2 harvested headwater streams (CF3 and CF1), and 3 

reference watersheds (CFR1, SN1, DW1) in the Dryden-Kenora region, Northwestern Ontario. P-values denote significance of 

comparisons across years determined with Kruskal-Wallis (KW) and Welchôs t-test* with significant results bolded. Different 

superscript letters denote significant differences in median [MeHg] of food sources if p<0.025 for KW tests.  

 

 

Biofilm [MeHg] (ng/g dw) 

2019 2020 2021  

Mean Ñ 

SD 

Media

n 

IQR n Mean Ñ SD Median IQR n Mean Ñ SD Median IQR n p 

CF3 17.5Ñ11.9 17.0 16.5 5 17.4Ñ19.0 10.5 6.3 6 30.1Ñ19.5 22.2 18.2 3 0.37 

CF1 5.1Ñ3.1 3.9 2.1 6 5.9Ñ4.3 4.5 1.9 6 4.7Ñ2.3 5.1 2.3 3 0.08 

CFR1 3.8Ñ1.8 3.9 3.1 5 4.3Ñ1.3 4.1 1.7 6 --- --- --- --- 0.53* 

SN1 4.7Ñ2.2 4.3 2.7 6 3.2Ñ2.2 2.7 1.3 6 2.3Ñ1.2 1.9 1.1 3 0.13 

DW1 3.1Ñ1.0 2.8a 0.4 6 1.3Ñ0.3 1.3ab 0.3 6 0.4Ñ0.0 0.4b 0.0 3 0.002 

 Coarse Particulate Organic Matter (CPOM) [MeHg] (ng/g dw) 

2019 2020 2021  

Mean Ñ 

SD 

Media

n 

IQR n Mean Ñ SD Median IQR n Mean Ñ SD Median IQR n p 

CF3 1.1 1.1 --- 1 0.8Ñ0.5 0.8 0.6 6 1.2Ñ0.1 1.1 0.1 3 0.26* 

CF1 0.3Ñ0.1 0.3 0.2 6 0.3Ñ0.3 0.2 0.1 6 0.6Ñ0.4 0.5 0.4  0.08 

CFR1 0.2Ñ0.1 0.2 0.0 5 0.3Ñ0.2 0.3 0.3 6 --- --- --- --- 0.93* 

SN1 0.3Ñ0.1 0.3 0.1 5 0.4Ñ0.2 0.4 0.3 6 0.6Ñ0.5 0.5 0.3 3 0.48 

DW1 0.2Ñ0.1 0.2 0.1 6 0.2Ñ0.1 0.2 0.1 6 0.1Ñ0.0 0.1 0.0 3 0.14 

 Fine Particulate Organic Matter (FPOM) [MeHg] (ng/g dw) 

2019 2020 2021  

Mean Ñ 

SD 

Media

n 

IQR n Mean Ñ SD Median IQR n Mean Ñ SD Median IQR n p 

CF3 6.9Ñ2.1 6.6a 1.5 6 3.5Ñ0.9 3.4b 0.8 6 8.6Ñ4.0 6.4a 3.5 3 0.01 

CF1 1.7Ñ0.8 1.6a 1.0 6 2.5Ñ0.7 2.6ab 0.8 6 5.3Ñ1.4 5.2b 1.4 3 0.01 

CFR1 3.4Ñ1.6 4.1 2.4 6 2.5Ñ1.5 2.1 0.7 6 --- --- --- --- 0.66 

SN1 3.5Ñ1.9 3.2 1.8 6 1.3Ñ0.5 1.4 0.6 6 1.8Ñ1.0 1.7 1.0 3 0.06 

DW1 0.9Ñ0.4 0.9a 0.2 6 0.4Ñ0.1 0.4b 0.1 6 0.3Ñ0.0 0.3b 0.0 3 0.007 
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3.5.3. Temporal Effects of Forest Harvesting on Consumer [Hg]  

In harvested streams, we observed few significant differences in 

macroinvertebrate consumer [MeHg] (Figure 3.2, Tables B9-B10) and fish [THgsize] 

(Figure 3.3, Table B14) across years. Significant differences in primary consumer 

[MeHg] were found at CF1 (p=0.04) but not CF3 (p=0.09). At CF1, median primary 

consumer [MeHg] increased during harvest (~2x higher than pre-harvest; p=0.02) but did 

not differ pre- and post-harvest (p=0.34). Low sample sizes precluded comparisons of 

secondary consumer [MeHg] at CF1. For the other harvested site (CF3), there was a 

wider range in secondary consumer [MeHg] post-harvest due to elevated [MeHg] in 

Aeshna nymphs and ~ 2x higher [MeHg] in Ptilostomis than those observed pre- and 

during harvest, but no temporal differences were found (p=0.24). Finally, Pearl Dace 

[THgsize] did not differ across years at CF1 (p=0.19), but the interaction between year and 

TL was significant at CF3 (p=0.047). Comparisons of LMS at a standard size of 4cm at 

CF3 revealed ~2.3x and 2.8x higher [THgsize] during (p=0.012) and post- (p=0.002) 

compared to pre-harvest.  

Two of three reference streams exhibited yearly variations in [MeHg] for some 

consumer groups, but the patterns differed from those observed at the harvested sites 

(Figures 3.2 and 3.3) and tended to reflect temporal trends in food sources. Among-year 

differences were found for primary consumers at SN1 (p=0.02) and DW1 (p=0.04), and 

for secondary consumers at SN1 (p=0.003) (Table B9). Specifically, there was ~2x lower 

median [MeHg] in primary (p=0.01) and secondary (p=0.001) consumers at SN1 in 2021 

compared to 2019 (Table B10). At DW1 we did not detect any significant differences in 
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post-hoc pairwise comparisons for these two consumer groups. We also observed 

significant differences in fish [THg] at SN1 only (p=0.03; Table B15); Northern Redbelly 

Dace were ~ 1.5x lower in 2021 compared to 2020 (p=0.01) (Table B16).  

 

Figure 3.2 [MeHg] (ng/g dw) of primary and secondary macroinvertebrate consumers 

collected from harvested (A - CF3 and B - CF1), and 3 reference (C - CFR1, D - SN1, E 

- DW1) streams pre- (2019), during-(2020), and post- (2021) harvest in the Dryden-
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Kenora region. Letters represent significant differences within streams among years. 

Significance noted if p<0.025. 

 

 

Figure 3.3 Mean [THg] (ng/g dw) (± SD) of whole-body fish (Pearl Dace PD, Northern 

Redbelly Dace NRD, Brook Stickleback BS,) collected from harvested (A - CF3 and B - 

CF1), and 3 reference (C - CFR1, D - SN1) streams pre- (2019), during-(2020), and post- 

(2021) harvest in the Dryden-Kenora region. Letters denote significant differences within 

streams across years in unadjusted [THg] (SN1, p<0.025) and Tukey adjusted least square 

means (LSM) of size adjusted THg[Size] (overlay of red symbol and error bars; CF3, CF1). 
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3.5.4. Temporal Effects of Forest Harvesting on Hg Biomagnification in Stream 

Food Webs 

There were some temporal differences across years in TMS at the harvested sites, 

but results differed depending on whether all food sources and fish were included. When 

models included all food sources and fish, we observed significant differences in TMS 

pre- and post-harvest at CF1 only (Figure 3.4, Table B17). Specifically, TMS were lower 

post-harvest (0.24) than pre- (0.36) and during (0.32) harvest (p=0.0003 and p=0.0006, 

respectively; Tables B18-B19).  However, when this model only included food sources 

collected in August and fish present each year (Pearl Dace), the post-harvest slope 

increased (0.26) with no changes in the others and we did not detect a significant 

difference in TMS over time (p=0.07; Table B22, Figure B4), nor in the model intercepts 

(Table B23). For CF3, we did not detect any significant differences in TMS under any 

modeling scenario (Figure 3.4, Figure B4, Tables B17 and B22). We did, however, 

detect a significantly higher intercept post- than pre-harvest (p=0.031, Tables B20-B21) 

when comparisons included all species (except CPOM due to low sample sizes in 2019). 

When models included only food sources collected in August (except CPOM) and all 

consumers, significant differences in intercepts no longer occurred (p=0.14, Figure B4, 

Table B23).   

TMS did not differ significantly at any non-harvested site when all samples 

(p=0.36-0.25; Figure 3.5; Table B17) or when only August food sources and fish species 

consistently found across years were included with the macroinvertebrates in models 

(p=0.06-0.80; Figure B4, Table B22). We did however detect significant differences in 

intercepts at one site only (DW1) under both modeling scenarios (p<0.001; p=0.006) 
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(Table B20; B23). Higher intercepts were observed in 2019 compared to both 2020 

(p=0.035; p=0.008) and 2021 (p=0.007; p=0.0003) under both modeling scenarios. (Table 

B21, Table B24).  

Ш   

Figure 3.4 Regressions of log10 MeHg or THg (ng/g dw) versus ŭ
15N (ă) of all food 

sources and all consumers collected pre-(2019), during-(2020), and post- (2021) harvest 

from harvested (A - CF3 and B - CF1) and non-harvested streams (C - CFR1, D - SN1, 

E - DW1) in the Dryden-Kenora region, Northwestern ON. Equation of the lines and 

coefficient of determination are shown in each panel (R2adj; p<0.01). 
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3.5.5. Regional Effects of Forest Harvesting on Water Chemistry 

We observed few effects of harvesting on water chemistry measures collected bi-

weekly across harvested and non-harvested landscapes. There was a significant 

interaction between time and treatment in water [MeHgTotal] (p=0.03, Tables B26) only; 

specifically, we observed a significant decrease in [MeHgTotal] over time in both 

treatments, but the decline was more rapid for non-harvested streams (slope=-0.008) than 

harvested streams (slope=-0.002) (p=0.03; Figure 3.6, Table B27-B28). We did not 

detect any significant interactions in [DOC] or TP across treatments (p=0.66, 0.84 

respectively) or time (p=0.85, 0.068). Both [SO4
2-] and [TN] decreased significantly over 

time (p=0.0002, 0.0004), and did not differ significantly across treatments (p=0.73, 0.39) 

(Figure 3.6; Table B26).  
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Figure 3.5 Scatterplots of water chemistry variables A) aqueous MeHg (log10 

[MeHgTotal]), B) sulfate (log10[SO4
2-]), C) total phosphorus (log10[TP]) and D) total 

nitrogen (TN) over time (days; June-October 2021) collected from harvested (CF1, CF3, 

DRY2) and non-harvested (DRY1AUP, DW1, SN1) catchments in Dryden-Kenora 

region. Models included site as a random effect. 

 

 

 

A) 

B) C) 

D) E) 
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3.5.6. Food source [Hg] across harvested and reference landscapes (2021) 

We observed significantly higher [MeHg] in food sources (FPOM, CPOM, 

biofilm) in harvested than non-harvested landscapes. Specifically, median [MeHg] in 

CPOM, FPOM and biofilm was ~4.5x (p=0.002), ~5.2x (p=0.0003), and ~7.8x 

(p<0.0001) higher, respectively, in harvested streams than reference sites (Table B29).  

When comparisons were made across individual sites, we observed significant differences 

in all food sources (Table 3.3). However, post-hoc comparisons only revealed 

significantly higher [MeHg] in FPOM and biofilm between one harvested (CF3) and one 

non-harvested (DW1) site.  
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Table 3.3 Median [MeHg] (Ñ SD) (ng/g dw) of food sources (CPOM, FPOM, and biofilm) collected from streams in harvested 

and non-harvested watersheds in the Dryden-Kenora region, Northwestern Ontario. p- values denote significance of 

comparisons across sites determined with Kruskal-Wallis tests. Letters denote significant differences determined using Dunnôs 

Test with Bonferroni Correction for multiple comparisons (p<0.025).  

 Harvested Reference Kruskal-Wallis Test 

CF1 CF1B CF3 DRY2 DRY1AUP DW1 SN1 W df p-value 

CPOM 

[MeHg] (ng/g 

dw) 

0.5Ñ0.4 

(n=3) 

0.9Ñ0.6 

(n=3) 

1.1Ñ0.1 

(n=3) 

0.6Ñ0.5 

(n=3) 

0.3Ñ0.2 

(n=3) 

0.1Ñ0.0 

(n=3) 

0.5Ñ0.5 

(n=3) 

12.9 6 0.045 

FPOM 

[MeHg] (ng/g 

dw) 

5.3Ñ1.4ab 

(n=3) 

8.4Ñ4.7ab 

(n=3) 

8.6Ñ4.0a 

(n=3) 

1.8Ñ0.5ab 

(n=3) 

1.4Ñ0.3ab 

(n=3) 

0.3Ñ0.0b 

(n=3) 

1.8Ñ1.0ab 

(n=3) 

17.2 6 0.009 

Biofilm 

[MeHg] 

(ng/g dw) 

5.1Ñ2.3ab 

(n=3) 

19.0Ñ4.4ab 

(n=3) 

22.2Ñ19.5a 

(n=3) 

8.1Ñ3.3ab 

(n=3) 

2.5Ñ0.8ab 

(n=3) 

0.4Ñ0.0b 

(n=3) 

1.9Ñ1.2ab 

(n=3) 

18.1 6 0.006 
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3.5.7. Regional Effects of Harvesting on Consumer [Hg]   

Comparisons of harvested versus non-harvested landscapes revealed significantly 

higher [Hg] in primary and secondary consumers, but not fish, from streams that had 

forestry operations (Figure 3.6; Tables B30-B32).  Mean primary consumer [MeHg] was 

~4x higher in harvested (range: 15.2-281.4 ng/g dw) than non-harvested (range: 3.9-66.4 

ng/g dw) streams (p=0.01). Similarly, mean secondary consumer [MeHg] was ~5x higher 

in harvested streams (range: 75.3-1007.0 ng/g dw) compared to reference streams (range: 

18.2-118.7 ng/g dw) (p=0.01).  Fish [THgsize] did not differ significantly across harvested 

(range: 126.9-1669.3 ng/g dw) and non-harvested streams (range: 103.5-623.8 ng/g dw) 

(p=0.17). 
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Figure 3.6 [MeHg] (ng/g dw) of primary and secondary macroinvertebrate consumers, 

and [THgsize] (ng/g dw) of the top predators Northern Redbelly Dace (CF1, CF1B, CF3, 

DRY2, DRY1AUP, SN1) and White Suckers (DW1) collected from harvested (CF1, 

CF1B, CF3, DRY2) and reference (DRY1AUP, DW1, SN1) streams in Dryden-Kenora 

region of Northwestern Ontario.  P-values represent significant differences in treatment 

(harvested and non-harvested) determined by comparing estimated marginal means 

(EMM) for primary and secondary consumers, and results of analysis of deviance for fish 

[THgsize]. 

3.5.8. Regional Effects of Harvesting on Hg Biomagnification  

There was no difference in TMS between pooled harvested (0.27; range 0.25-0.3) 

and pooled reference (0.29; 0.25-0.33) streams (p=0.10) (Figure 3.7, Table B33). 

However, we observed a significantly higher intercept in pooled harvested reaches 

(p=0.02) (Tables B35-B37).  
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Figure 3.7 Regressions of log10 MeHg or THg (ng/g dw) versus ŭ15N (ă) of food 

sources and all consumers from streams in harvested (CF1, CF1B, CF3, DRY2) and non-

harvested (DRY1AUP, DW1, SN1) watersheds in Dryden-Kenora region, northwestern 

ON. The equation of the line and coefficient of determination are shown in each panel 

(R2adj; p<0.01). 

3.6. Discussion 

3.6.1. Summary  

The objectives of this study were to determine the effects of forest harvesting on Hg 

dynamics in boreal stream food webs 1) temporally through comparisons within streams 

pre-, during, and post-harvest, and 2) regionally by comparing streams across harvested 

and non-harvested landscapes. For the first objective, we saw increases in [DOC], and 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

108 

 

[Hg] in water, some predatory macroinvertebrates, and fish post-harvest at the most 

impacted site (CF3; 78% of its catchment harvested, a stream crossing, and 3 m buffers), 

and an increase in primary consumer [Hg] at the minimally harvested site (CF1; 35% of 

catchment harvested) during harvest only. Yearly differences in the above metrics were 

also observed at some reference sites (SN1 and DW1), although these data tended to 

decrease, rather than increase, over time. While initial differences in TMS at CF1 and 

variations in TMS intercepts of log [Hg] versus ŭ15N of food sources and consumers 

across most sites were observed, these differences disappeared when comparisons were 

made more comparable across years by including only August food sources and common 

fish species. For the second objective, regional comparisons using data collected in one 

year from harvested and reference streams revealed higher [Hg] of all food sources, 

primary and secondary macroinvertebrates, but not fish, and a higher availability of [Hg] 

at the base of food webs (TMS intercepts) in harvested than reference landscapes. From 

May to October, we observed a slower rate of decline in aqueous [MeHgTotal] in streams 

in harvested landscapes and observed similar temporal decreases in [SO4
2-] and [TN] but 

no trend for [DOC] or [TP]. Overall, these results suggest that harvesting can increase 

[Hg] in biotic and abiotic compartments of boreal streams.  

3.6.2. Temporal Effects of Forest Harvesting 

Significant increases in aqueous [MeHgTotal] and [DOC] at the most impacted site 

(CF3) during- and post-harvest were likely driven by the greater soil disturbances and 

area logged, and reduced buffer zone widths used at this site compared with CF1 (Lam et 

al. 2024, Huang et al. 2024). Increases in aqueous [MeHg] in streams in harvested 
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catchments are attributed to higher methylation of Hg in disturbed, wetted soils and 

increased overland flows of particulate- and DOC-bound Hg to these systems 

(Kreutzweiser et al. 2008, Bishop et al. 2009; Ekºlf et al. 2016, Lam et al. 2024).  

Methylmercury export is higher in catchments with more harvesting (Eklºf et al. 2014) 

and this may explain elevated aqueous [MeHg] at CF3 (78% harvested) compared to CF1 

(35% harvested). Further, larger buffer zones, such as those employed at CF1 (~30 m), 

can reduce hydrological connectivity between areas of soil erosion and possible Hg 

methylation hotspots in the catchment (Ekºlf et al. 2016), and were thus likely more 

effective at mitigating Hg risk than the 3 m zone used at CF3 (Huang et al. 2024, Lam et 

al. 2024). Stream crossings by machinery, such as the one observed upstream of CF3, can 

act as methylation hotspots and serve as a significant upstream source of MeHg (Munthe 

and Hultberg 2004). Narrower buffer zones are less effective at minimizing transport of 

DOC from terrestrial environments (Jyvªsjªrvi et al. 2020) and may help explain the two-

fold increase in [DOC] observed at CF3 but not CF1 during and post-harvest. A 

concurrent study found that allochthonous inputs to streams likely increased post-harvest 

and was reflected by high carbon-to-nitrogen ratios in sediments (Huang et al. 2024). 

Further, concurrent studies at CF1 identified a 1) strong positive relationship between 

aqueous MeHg and DOC during harvest (Lam et al. 2024), 2) high rates of methylation in 

stream sediments, and 3) high sediment [MeHg], which indicate that increased 

allochthonous inputs of carbon were influencing the dynamics and bioavailability of 

MeHg at this site (Huang et al. 2024; Lam et al. 2024).   
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The elevated [MeHg] or [THg] in some predatory macroinvertebrates and fish at 

CF3 post-harvest supports results from other studies (Willacker et al. 2019, Negrazis et al. 

2022; Charbonneau et al. 2022) (but see de Wit et al 2014), and is likely explained by 

increases in [MeHg] of sediment and water (Lam et al. 2024, Huang et al. 2024). Higher 

consumer [Hg] was also observed in harvested landscapes with increased management 

intensity (Negrazis et al. 2022), no buffer zones (Willacker et al., 2019), higher aqueous 

[MeHg] (Charbonneau et al. 2022; but see Willacker et al., 2019 and de Wit et al., 2024), 

and elevated inputs of DOC from harvesting (Garcia and Carignan 2005, Garcia et al. 

2007). Our findings contrast with the only other study to our knowledge that examined 

consumer [Hg] before and after harvest, as they observed a decrease in macroinvertebrate 

[MeHg] post-harvest that was attributed to greater algal growth from increased nitrogen 

inputs and subsequent biodilution of MeHg in this food source for macroinvertebrates. 

Our studies may differ due to differences in 1) characteristics of study areas, and as such, 

2) energetic pathways in streams, and 3) harvesting effects on resource availability.  For 

example, the previous study occurred in low-order boreal streams in Fennoscandia that 

were heavily bordered by coniferous trees with little deciduous inputs, and detrital 

components of stream food webs were derived from mosses (de Wit et al. 2014). 

Conversely, streams herein are bordered by riparian alders whose leaves collect and 

decompose within, serving as important food sources to resident stream communities. As 

such, it is likely that energetic pathways between the two studies differ, as autochthony 

may be more important to streams within de Wit et al. (2014) and may be the dominant 

route of consumer exposure to MeHg in that study. However, organisms herein are likely 
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exposed to MeHg through heterotrophic pathways, as algae was likely not as important of 

a food source as evidenced by the lack of scrapers observed across most sites in Chapter 

2. As such, differences between these studies are likely due to increased OM delivery 

herein, and differences in resource availability and importance. While de Wit et al. (2014) 

observed an increase in algal biomass in the harvested stream following harvest, we 

observed a bacterial bloom at CF3, but this did not lead to biodilution as evidenced by no 

differences in pre- and post-harvest biofilm [MeHg], and higher [Hg] in some consumers 

post-harvest. This may have been because the bloom 1) acted as site of methylation 

(Leclerc et al. 2021) which may have countered effects of bloom dilution (Ward et al. 

2010), and 2) may not have been a major food source to consumers due to lower 

palpability (McInerney et al. 2023), and/or 3) its consumption caused lower growth rates 

(Wellnitz et al. 1994).  

We may have observed higher [Hg] in some secondary consumers post-harvest 

only, and fish during and post-harvest at CF3, but not primary consumers due to 

differences in lifespans. Indeed, fish and odonates have longer lifespans than univoltine 

primary consumers, and bioaccumulate Hg over extended periods of time (Orihel et al. 

2008). We observed higher [MeHg] in odonates after harvest, but not during, as levels 

may reflect the increases in [MeHg] in water and sediment during harvest, and continued 

exposure afterwards. While we didnôt see any increases in [MeHg] of univoltine primary 

consumers, we did see a 2-fold increase in a univoltine predatory trichoptera (Ptilostomis) 

(Roush 1979), which may also suggest elevated bioaccumulation from higher 

environmental [MeHg] post-harvest. Differences in fish [THgsize] at CF3 may also be 
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explained by differences in species sampled pre- (Pearl Dace) and during and post-harvest 

(Northern Redbelly Dace), as species can vary in prey preferences, growth rates, and 

physiology which affects their [Hg] (Ward et al. 2010). 

TMS differed pre- and post-harvest at CF1 only and revealed significantly lower 

rates of biomagnification post-harvest compared to pre- and during harvest, but this was 

likely influenced by a small number of species with intermediate [Hg] collected in 2019. 

Indeed, post-harvest, we were able to more efficiently sample CF1 for fish and 

macroinvertebrate consumers due to lower water levels, resulting in the inclusion of more 

organisms at intermediate [Hg] and a gentler slope in 2021. Similarly, Willacker et al. 

(2019) observed lower biomagnification rates in streams without buffers compared to 

those with buffers and reference sites, but this was attributed to a decline in lower trophic 

level organisms (i.e., shredders) in the stream without buffers rather than differences in 

biomagnification. As consumer [Hg] varied little across years at CF1, differences in TMS 

were likely driven by the number of individuals and species included in the model rather 

than effects of harvest on Hg biomagnification, While other studies have found lower 

biomagnification rates in harvested landscapes, these differences were attributed to higher 

amounts of [MeHg] at the base of the food webs in impacted catchments (Negrazis et al. 

2022) which was not observed at CF1. The lack of significant differences in TMS across 

years at this site when comparisons included only common fish species and August food 

sources further supports no temporal effects of harvest on Hg biomagnification rates 

herein.  
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At CF3, inputs of Hg at the base of the food web, indicated by a higher TMS 

intercept, were significantly higher post-harvest compared to pre-harvest when models 

included all food sources. Post-harvest, Hg may have been more bioavailable due to 

higher [MeHg] in sediments and water observed at this site (Huang et al. 2024; Lam et al. 

204). As such, it was surprising that there were no differences in TMS across years, as 

higher [MeHg] in sediments and water can be related to lower biomagnification rates 

(DeForest et al. 2007, Jardine et al. 2013, Sinclair et al. 2024) and has been previously 

observed in extensively harvested landscapes (Negrazis et al. 2022). The lack of 

differences in TMS intercepts when September food sources were excluded suggests that 

incorporating additional food sources in models can exert additional leverage on TMS 

regressions.  

3.6.3. Regional Effects of Forest Harvesting 

Differences in the rate of decline of water [MeHgTotal] over time between 

harvested and non-harvested landscapes likely account for the elevated [MeHg] observed 

in food sources from harvested streams. It is possible that the slower decrease in 

[MeHgTotal] observed in harvested streams herein led to a longer Hg availability. Indeed, 

studies have found that aqueous [Hg] can remain elevated 3-4 years post-harvest (Porvari 

et al. 2003, Skyllberg et al. 2009) (but see Allan et al. 2009, Lam et al. 2024). Elevated 

[MeHg] in biofilms from harvested streams are likely explained by their uptake of 

aqueous MeHg through facilitated transport or passive diffusion (Dranguet et al. 2017), 

which in turn could explain elevated CPOM [MeHg] as they were conditioned by in-

stream biofilms (Negrazis et al. 2022). FPOM was collected from the sediment-water 
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interface which explains its elevated [MeHg] in harvested landscapes as stream sediments 

represent an important site of MeHg methylation (Huang and Mitchell 2023), and 

methylation activities can increase within following harvest (Huang et al. 2024).   

We observed differences in primary and secondary consumer [MeHg], but not fish 

[THgsize] across harvested and non-harvested landscapes. Higher [MeHg] in harvested 

landscapes can be attributed to their exposure to elevated [MeHg] through diet (Riva-

Murray et al. 2020, Negrazis et al. 2022). Larval forms of macroinvertebrates are mostly 

sessile and therefore are more likely to represent recent in-stream conditions (Haro et al. 

2013) than longer-lived fish that tend to migrate and reflect environmental conditions 

over longer time periods and at greater spatial scales (Orihel et al. 2008). As such, 

macroinvertebrates are more likely to display effects of recent harvest than fish.  

Harvesting did not affect Hg biomagnification rates across harvested and non-

harvested landscapes, but inputs of Hg at the base of stream food webs in harvested 

landscapes were greater (TMS intercepts). While other studies have observed differences 

in TMS across harvested and non-harvested landscapes these differences were not 

observed in all harvested treatments and were dependent on the absence of buffer zones 

(Willacker et al. 2019) or elevated forest management intensity (Negrazis et al. 2022). 

Results suggest that forest harvesting does not affect the rate in which Hg biomagnifies 

but instead increases inputs of Hg to the base of food webs in harvested streams. The 

inability to identify any clear drivers of elevated Hg in harvested landscapes suggests that 

mechanisms are likely site-specific. Although, it is possible that these results are 
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explained by other physiochemical and biological factors that were not measured (Ward 

et al. 2010). 

3.6.4. Management Implications and Conclusion 

Our results and those of Lam et al. (2024) and Huang et al. (2024) suggest that 

harvested landscapes lead to elevated [Hg] in food sources and some consumers, and this 

may be exacerbated by reduced buffer protection, stream crossings, and increased % 

harvest in the watershed. Streams that do not appear on forest management base maps 

such as CF3 are designated low potential sensitivity stream (LPS) segments, and as such, 

may be crossed by machinery and are only given 3 m exclusion zones (OMNR 2010). As 

we observed increased aqueous [MeHgTotal] and [Hg] in some consumers at this site, this 

small buffer zone likely did not offer enough protection against increased Hg risk. 

Furthermore, the greater proportion of harvest that took place at this site (78 %) was 

beyond management recommendations (40-60 %; Archibald et al. 1997, OMNR 2010) to 

minimize environmental impacts. In addition, stream crossings by machinery at CF3 

likely exacerbated the effects caused by increased harvesting and a reduced buffer zone, 

collectively contributing to higher inputs of MeHg from the catchment to this stream 

reach. Sandy soils in the CF region have a reduced ability to retain Hg compared to other 

soil types and are more likely to export Hg bound to DOC during harvest (Lam et al. 

2022, Lam et al. 2024). As such, our results suggest that particularly in sandy soils, 

special care should be given to minimize disturbances to small streams, and adequate 

buffer zones may mitigate Hg risk.  
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This study aimed to determine the (1) temporal and (2) regional effects of forest 

harvest on Hg bioaccumulation and biomagnification in boreal stream food webs. We 

found that forest harvesting regionally increases the availability of [MeHg] at the base of 

stream food webs, which in turn led to higher [MeHg] in macroinvertebrates. 

Comparisons of two harvested sites with differences in the proportion of their watersheds 

harvested, and buffer zones revealed increases in [DOC] and aqueous [MeHg] that likely 

led to higher [Hg] in fish and some predatory insects at the more impacted site (78 % 

harvested) with narrower buffer zones (3 m) only. As such, wider buffer zones, avoiding 

crossing streams with machinery, and reducing harvesting intensity may help mitigate 

effects of forestry on Hg dynamics in streams.  
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Chapter 4: Beaver Reservoirs have Variable Effects on Downstream Hg in Boreal 

Stream Food Webs Across Harvested Watersheds 

Abstract 

Beaver reservoirs and forestry are landscape disturbances that can increase the 

transfer of mercury (Hg) to stream food webs through increased mobilization from forest 

soils, increased methylation within the landscape, and through changes to food web 

structure. Both disturbances are widespread and co-occur throughout Ontarioôs boreal, yet 

their cumulative effects on Hg bioaccumulation have not been studied. We sampled 

upstream and downstream of beaver reservoirs in harvested (n=3) and non-harvested 

(n=3) watersheds in Northwestern Ontario for water, food sources (biofilm, leaves, and 

detritus), macroinvertebrate consumers (herbivorous and predatory), and top predators 

(fishes). When only harvesting effects were considered (upstream of reservoirs), Hg 

concentrations ([Hg]) of water, aquatic food sources and consumers, and 

biomagnification rates were highest in harvested compared to non-harvested watersheds, 

but most of these effects were absent downstream, indicating that effects of beaver 

reservoirs and harvest are not cumulative. In non-harvested landscapes, significantly 

higher biotic [Hg] was observed downstream of one reservoir only, potentially due to 

shifts in consumer diets from terrestrial to aquatic food sources, and higher downstream 

availability of Hg. The most extensively harvested site displayed significant downstream 

decreases in biotic [Hg] and dissolved organic carbon (DOC), while the other two 

harvested sites had either increases in biotic [Hg], or no changes, indicating that 

reservoirs vary in their contribution to Hg transfer, but may buffer the overall effects of 

extensive harvest on downstream Hg dynamics. This work will assist forest managers in 
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incorporating the influence of natural disturbances (beaver impoundments) when 

evaluating and mitigating the risks of forest management impacts on Hg in downstream 

food webs.  

4.1. Introduction 

 Low-order streams are tightly connected to adjacent terrestrial ecosystems as the 

transfer of organic matter (OM) and nutrients from the landscape fuel stream productivity 

and food webs (Lowe and Likens 2005). Disturbances to watersheds can not only disrupt 

key ecosystem processes and alter food web structure (Erdozain et al. 2019) but can also 

introduce contaminants from the landscape to aquatic biota. Boreal forest landscapes have 

a strong capacity for accumulating and storing mercury (Hg) in their soils and foliage 

(Hintelmann et al. 2002, Obrist et al. 2016), and the aquatic environments within them 

can favor the transformation of Hg by anaerobic microbes into the more toxic and 

bioavailable form methylmercury (MeHg) (Kronberg et al. 2016). Natural (i.e., forest 

fires, beaver reservoirs) and anthropogenic (mining, man-made reservoirs, and forestry) 

disturbances to boreal soils and wetted areas can mobilize Hg and MeHg to nearby 

surface waters (Bishop et al. 2009) where it can readily bioaccumulate and biomagnify in 

food webs, leading to toxic levels in top predator fish (Lavoie et al. 2013). Indeed, despite 

reduced emissions of atmospheric Hg, Hg concentrations ([Hg]) remain high in boreal 

fishes (Tang et al. 2013, Gandhi et al. 2014, Rask et al. 2024). As such, there is a need to 

understand whether natural and anthropogenic disturbances to boreal regions may be 

driving sustained, elevated [Hg] in aquatic biota.  
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Beavers (Castor sp.) are ecosystem engineers whose construction of dams is a 

natural disturbance that can have considerable effects on Hg dynamics in boreal streams. 

Reservoir complexes with wetland conditions are formed directly upstream of beaver 

dams by the flooding of upland vegetation, soils, and trees (Westbrook et al. 2006). The 

subsequent vegetation decay increases organic matter inputs and, in turn, leads to anoxic 

conditions that enhance MeHg production and availability within the reservoir and 

downstream. Indeed, significant increases in MeHg concentrations ([MeHg]) in water 

(Driscoll et al. 1998, Roy et al. 2009a, 2009b, Levanoni et al. 2015), and increases in 

periphyton and predacious macroinvertebrates (Painter et al. 2015), have been observed 

downstream of beaver reservoirs. These increases are influenced by reservoir age, as 

older dams export less [MeHg] downstream compared to newer dams (Levanoni et al. 

2015). Reservoirs can further impact water quality parameters known to influence MeHg 

bioavailability. For example, reservoirs can alter downstream dissolved organic carbon 

(DOC) concentrations, an important ligand for MeHg (Ecke et al. 2017, Ļiuldienǟ et al. 

2020, Grudzinski et al. 2022). 

Forest harvesting represents a major and common anthropogenic land disturbance 

in boreal regions and its activities can increase Hg transfer from terrestrial to nearby 

aquatic systems (Eklºf et al. 2016). Logging machinery can cause soil compaction, 

leading to less water permeability and increased exports of nutrients and DOC to aquatic 

systems (Kreutzweiser et al. 2008). Furthermore, the rutting of soils, and reduced canopy 

cover can increase pools of warm water in soils, creating Hg methylation hotspots that 

can increase runoff of MeHg to streams (Bishop et al. 2009, Eklºf et al. 2016). 
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Decomposing logging residuals provide fresh organic carbon (OC) to methylators, further 

increasing MeHg within harvested landscapes (Eklºf et al. 2016). Forestry companies use 

best management practices (BMPs) to reduce environmental impacts to nearby aquatic 

ecosystems. BMPs such as a minimum buffer zone along streams and avoiding harvesting 

in wetted areas were mostly designed to reduce sedimentation and preserve biodiversity 

but may also reduce Hg risk to adjacent nearby aquatic ecosystems (OMNR, 2010, Huang 

et al. 2024). Indeed, reduced Hg bioaccumulation was observed in biota from streams 

with buffer zones compared to those without (Willacker et al. 2019). Similarly, there were 

no increases found in [MeHg] of water and sediment, as well as methylation rates during- 

and post- harvest in streams with 30 m buffer zones compared to sites narrower buffers 

(Huang et al. 2024, Lam et al. 2024a). 

Forest harvesting and beaver dams co-occur across boreal landscapes, and both 

have the potential to influence the uptake and transfer of Hg in stream food webs via 

shifts in food web structure.  Increased nutrient export to streams through both forest 

harvesting activities and beaver reservoir construction, as well as increased temperatures 

due to less canopy cover may increase algal growth and shift consumer reliance to in-

stream production (England and Rosemond 2004, Gºthe et al. 2009), and increased 

primary and secondary productivity within a stream may reduce MeHg exposure through 

bloom dilution and increased growth rates (Ward et al. 2010, de Wit et al. 2014). Both 

disturbances cause increased fluxes of organic matter (OM) downstream (Ecke et al. 

2017, Erdozain et al. 2019), that may shift consumer diets to terrestrial food sources that 

are lower in MeHg than aquatic diets (Jardine et al. 2012). 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

126 

 

To date, few studies have examined how beaver activity affects Hg concentrations 

in aquatic food webs (Painter et al. 2015, 2016), and none have examined the combined 

impacts of these reservoirs with forest harvesting. Our primary objective was to examine 

the effects of beaver reservoirs on Hg bioaccumulation and biomagnification in stream 

food webs in catchments with and without forest harvesting.  To do this, we intensively 

sampled food webs upstream and downstream of beaver reservoirs in harvested and non-

harvested landscapes. We measured [MeHg] and total Hg ([THg]) concentrations, as well 

as stable isotopes of nitrogen (ŭ15N) and carbon (ŭ13C), in basal resources and consumers 

to determine upstream and downstream differences in biotic [Hg], biomagnification rates, 

and diet within and across reservoirs. Further, we examined whether variations in 

upstream and downstream water quality, sediment deposition, and microbial activities 

(leaf litter decomposition) were contributing to differences in biotic [Hg] upstream and 

downstream of reservoirs across all landscapes. We predicted that [Hg] in biota would be 

higher within harvested watersheds and downstream of reservoirs, and that reservoir 

effects on Hg would be potentiated by harvesting.  

4.2. Methods 

4.2.1. Site Selection 

Sites were located near Thunder Bay (TB) and Dryden (DRY), northern Ontario, 

Canada; all six were low-order (1st to 3rd order headwater) streams that had in-channel 

beaver dams and half had watersheds with forest harvesting whereas the other three 

served as non-harvested reference sites (Table 4.1). All reservoirs had recent beaver 

activity and 3 of the 6 dams had recent forest harvest in their watersheds (2015-2019 for 
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TB reservoirs) and (2020-2021 for DRY reservoirs). Visual observations described in 

Levanoni et al. (2015), such as snags in the reservoir, flooded vegetation, dam structure, 

and lodges were used to confirm the colonization status of beaver dams. In all cases, 

beaver dams appeared to be older or recolonized, and it is unlikely that any were pioneer 

(newly created) systems. During harvest, forestry BMPs, such as leaving buffer zones 

along streams, were used (OMNR, 2010). The two Thunder Bay watersheds were 

minimally harvested (10-14%) and received standard minimum of 30 m buffer zones. In 

contrast, the one DRY stream with harvesting did not appear on base maps and therefore 

only received a 3 m buffer zone and was extensively harvested (78%). Further, harvesting 

machinery crossed the stream, and visible machine track rutting resulted in ponded areas 

containing high organic matter directly upstream (Lam et al.2024a).  

The four TB streams are 2nd and 3rd order, part of the Lake Superior watershed, 

and situated within the Ontario Shield Ecozone and Lake Nipigon Region (Crins et al. 

2009).  The underlying geology of the region is characterized by granitic bedrock and 

formations of basalt and other volcanic rocks (Crins et al. 2009). The landscape is 

dominated primarily by mixed (23.5%) and coniferous (23.0%) forests containing black 

spruce (Picea mariana), white spruce (Picea glauca), balsam fir (Abies balsamea), 

trembling aspen (Populus tremuloides), white birch (Betula papyrifera), and jack pine 

(Pinus banksiana) (Crins et al. 2009). Reservoir characteristics were determined using 

drone imagery taken during summer 2021, and landscape characteristics were determined 

using the Ontario Flow Assessment Tool (MNRF Spatial Data Infrastructure 2023; 

OMNRF 2019c; Lam et al. 2024b; Table 4.1). 
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The two streams near Dryden are low-order (1st or 2nd) and are within the Lake 

Wabigoon Ecoregion, which is mostly comprised of gneissic, granitic, and metavolcanic 

Precambrian rock (Crims et al. 2009) and drain into the Nelson River watershed. Forests 

here are hemi boreal, have undergone years of long rotation forest harvesting (Mangal et 

al. 2022) and are primarily composed of jack pine, black spruce, white birch, trembling 

aspen, and eastern white cedar (Thuja occidentalis) (Mangal et al. 2022, Lam et al. 2022). 

The two DRY streams differ in landcover as the harvested stream (DRY Harv 1) is in a 

sandy glaciolacustrine plain and the non-harvested stream (DRY Ref 1) is in an area of 

exposed bedrock.  Both streams were sampled in previous chapters (Chapters 2 and 3) 

and correspond to CF3 (DRY Harv 1) and SN1 (DRY Ref 1). Landscape characteristics 

were derived from the enhanced Forest Resources Inventory (eFRI; species identification 

and coverage accuracy: 90 %) (OMNRF 2006; OMNRF 2019a, b, c) and open geospatial 

data from the Ontario Ministry Natural Resources and Forestry) (summarized in Lam et 

al. 2022).
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Table 4.1 Landscape parameters of watersheds sampled near Thunder Bay and Dryden ON. 

Reservoir % 

harvest 

Total 

watershed 

area (ha) 

Reservoir 

vegetation 

(%) 

Watershed 

flowing 

directly into 

the 

reservoir 

(ha) 

Length 

of main 

channel 

(km) 

Mean 

watershed 

slope (%) 

Conifer 

Tree 

cover 

(%) 

Deciduous 

tree cover 

(%) 

% 

Wetland 

TB Ref 1 0.33 1130.16 10 1.92 7.686 5.682 39.3 41.1 2.8 

TB Ref 2 2.85 593.32 20 147.96 6.103 6.103 23.5 49.3 7.7 

DRY Ref 1* 0.0 224.7 --- --- 3.044 4.4 61 27 12 

TB Harv 1 10.39 1030.92 70 32.36 7.321 8.436 33.4 57.8 1 

TB Harv 2 13.89 715.92 66 25.4 5.407 8.464 32.6 55.8 1.6 

DRY Harv 1* 78.3 71.0 -- --- 0.80 1.7 70 27 0 

*DRY Ref 1 and DRY Harv 1 correspond to SN1 and CF3 Chapters 2 and 3, respectively. 
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4.2.2. Field Sampling 

4.2.2.1. Water Chemistry, Quality, and Sediment Deposition 

Water quality data were collected upstream and downstream of beaver reservoirs 

during two trips (August 16th-29th; September 20th-October 7th, 2021). Triplicate measures 

of pH, dissolved oxygen (DO; %), specific conductance (uS/cm) and temperature (oC) 

were recorded with a YSI multiparameter handheld sonde (Model 85) once during each 

sampling trip. At each site, a spherical densiometer was used to measure forest overstory 

density (% stream cover, Table C1). Stream depth (m) was recorded six times along the 

stream reach on the latter trip.  

Water samples for MeHg analyses were collected from stream reaches above and 

below beaver reservoirs 1-4 times/month from July-October in Dryden, and 5 times total 

from early July-October in Thunder Bay. They were collected using the óclean-hands-

dirty-handsô method in PET or PETG bottles that were triple rinsed with stream water 

(USEPA 1996).  Prior to analysis, all MeHg samples were preserved with 0.5 % trace-

grade hydrochloric acid and stored in the fridge and kept dark. Grab water samples were 

also collected from each stream reach with 1L HDPE bottles and filtered through pre-

weighed 0.7Шɛm glass fiber filters. For determination of anions (chloride, nitrate, sulfate, 

and phosphate), filtered water was stored in 50 ml centrifuge tubes, and in 118.3 ml 

amber glass bottles for determination of DOC concentrations (Lam et al. 2024b, Lam et 

al. 2025). 

Daily stream temperatures were measured upstream and downstream of reservoirs 

using submersible temperature loggers (Onset HOBO data loggers). Loggers were 
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attached to bricks (N=6/reach) and deployed in August 2021 and measured temperatures 

twice per hour for 32-40 days.  Measurements (oC) were used to calculate mean daily 

temperatures and degree days (sum of daily mean temperatures). 

To measure organic sediment deposition upstream and downstream of reservoirs, 

six open 50 ml polypropylene centrifuge tubes were wedged into bricks and placed in 

depositional areas along the sampling reach in August 2021 (as in Kreutzweiser and 

Capell 2001). After 32-40 days, tubes were capped in the stream and preserved with 

formaldehyde until analysis. Four tubes at TB Ref 2 were lost due to animal activity.  

4.2.2.2. Leaf Litter Decomposition  

Leaf litter decomposition rates were measured as a proxy for microbial activities 

as they are influenced by landscape activities such as harvesting (Kreutzweiser et al. 

2008b; Emilson et al. 2017). In August 2021, six fine mesh leaf packs (~3 g of dried alder 

leaves, n=6/reach) were attached to the same bricks as sediment tubes and HOBO loggers 

and were deployed upstream and downstream of reservoirs for 32-40 days. Four leaf 

packs were destroyed by animal activity at TB Ref 2. After incubation, leaf packs were 

stored at -20 oC until analysis.  

4.2.2.3. Food Web Sampling  

Between August 16th-August 29th, 2021, basal food sources were collected, and 

from September 20th-October 7th, 2021, herbivorous macroinvertebrates, predatory 

macroinvertebrates and fishes were collected. Consumers were collected a month after 

their food sources because the isotopic composition of basal food sources varies over time 
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and consumers reflect those changes after days to weeks (Jardine et al. 2014). Terrestrial 

(Coarse Particulate Organic Matter, CPOM; Fine Particulate Organic Matter, FPOM) and 

aquatic (Biofilm) food sources were collected in triplicate from riffles in streams.  

Conditioned alder leaves were collected from in-stream accumulations as CPOM 

samples. Detritus (FPOM) was suctioned off the top 1 cm layer of substrate. In Thunder 

Bay, biofilm samples were scraped off submerged rocks using a toothbrush and rinsed 

into a whirl-pack bag with stream water. In Dryden, due to a lack of common substrate 

types across streams, plastic tiles were suspended in the water column in three locations a 

month prior to sampling in August and then scraped for biofilm. All samples were stored 

with icepacks in a cooler and kept in the dark until they could be frozen at -20 oC.    

Macroinvertebrates representing different functional feeding groups (FFGs) were 

collected using a kick-and-sweep technique with a standard 500Шɛm D-Net or picked from 

rocks, coarsely live-sorted and then kept on ice until frozen. Small-bodied fish were 

collected using backpack electrofishing and euthanized using percussive stunning 

(OMNRF Licenses to Collect Fish for Scientific Purposes No. 1099374 and No. 1098235, 

McMaster AUP-19-08-21). Fish species varied among sites and included Blacknose Dace 

(Rhinichthys atratulus), Lake Chub (Couesius plumbeus), Brook Stickleback (Culea 

inconstans), Northern Redbelly Dace (Chrosomus eos), Central Mudminnow (Umbra 

limi), and Finescale Dace (Chrosomus neogaesus). Fish were weighed and measured for 

total length (cm) and wet mass (g) and were stored in the dark in a cooler until they could 

be frozen at -20 oC.   
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4.3. Laboratory Analyses 

4.3.1. Water MeHg, Anions, and DOC concentrations 

Analyses of water total MeHg [MeHgTotal] and other chemistry variables were 

conducted at the University of Toronto Scarborough, ON, as per (Lam et al. 2024a, 

2024b, Lam et al. 2025). Briefly water [MeHgTotal] were steam distilled, and analyses 

were conducted through aqueous phase ethylation and gas chromatography separation 

with speciated isotope dilution mass spectrometry. Blanks and sample duplicates were 

included every 12 samples for MeHg analyses and are summarized in Lam et al. 2024b; 

Lam et al. (2025).  The detection limit for [MeHgtotal] analyzed for DRY reservoirs was 

0.02 ng/L, and the relative percent difference of duplicates was 7 Ñ 7 % (Lam et al. 2025). 

For TB reservoirs, the method detection limit for [MeHgtotal] was 0.03 ng/L and the 

relative percent difference of duplicates was 2.8 Ñ 2.5 % (Lam et al. 2024b). DOC 

concentrations were analysed following EPA Method 415.1 (USEPA, 1974) using a 

Shimadzu TOC analyzer, and nitrate ([NO3-]), sulfate ([SO4
2-]) and chloride ([Cl-]) 

concentrations were analysed using a Metrohm 930 Compact ion chromatograph 

following EPA Method 300.1 (USEPA 1997). 

4.3.2. Sediment Deposition Lab Analysis 

At the Great Lakes Forestry Centre (NRCan), sediment deposition was determined 

by pouring the contents of each tube through a stack of size fractioned sieves (4 mm, 1 

mm, and 250 Õm) to obtain fine-sediment (1.5 Õm to 250 Õm) and coarse-sediment (250 

Õm to 1mm) fractions. To determine the proportion of inorganic and organic sediment 

mass, fine fractions were vacuum filtered onto pre-ashed and pre-weighed 1.5 Õm GF/C 
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Whatman filters. Coarse and fine fractions were then weighed prior to oven drying at 60 

OC for 2 hours and were again weighed pre- and post-drying in a muffle furnace to 

determine ash-free dry mass (AFDM). To calculate % organic sediment deposition, fine 

and coarse fraction masses were combined and divided by the total initial mass and then 

multiplied by 100.  

4.3.3. Leaf Litter Decomposition Rates 

At the Great Lakes Forestry Centre, leaf material from each leaf pack was dried at 

60oC and weighed to calculate % mass loss. As in Musetta-Lambert et al. (2020), the rate 

of decomposition (kdd) was determined using the equation below, where Mt is the post-

incubation dry leaf mass, M0 is the initial leaf mass, and t it the total degree days (DD) 

over the incubation period.  

Ὧ ÌÎ 
ὓὸ

ὓέ
Ⱦὸ 

4.3.4. Laboratory Analysis of Food Web Samples 

All samples were processed using acid-washed glassware to minimize 

contamination. CPOM samples were partially thawed and rinsed with distilled water to 

remove debris. FPOM samples were thawed and screened through a 1 mm sieve, and then 

invertebrates and inorganics (rocks, sand) were removed under a microscope. Biofilm 

samples were processed the same way as FPOM, except they were not sieved. All food 

web samples were stored in acid-washed vials, freeze dried at -80 oC for 72 hours and 

then homogenized with glass rods.  
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Using a dissection scope, macroinvertebrates were identified to genus or family 

using Merritt et al. (2008), Wiggins (1996), and Cummins (2021). In TB streams, FFGs 

included scrapers (Stenonema), collector-gatherers (Leptophlebiidae and 

Ephemerellidae), collector-filterers (Cheumatopsyche, Diplectrona, and Hydropsyche), 

shredders (Hydatophylax), facultative predator and shredder (Ptilostomis), and predators 

(Boyeria and Cordulegaster). In Dryden streams, FFGs included: scrapers (Stenonema 

and Planorbidae), collector-gatherers (Chironomidae and Leptophlebiidae), collector-

filterers (Hydropsyche), shredders (Nemotaulius and Limnephilus), facultative predators 

and shredders (Ptilostomis), and predators (Aeshna). Individuals were pooled into 3 

replicates per site to target a minimum of 20 mg dry mass each (1-115 individuals per 

sample). Invertebrates were then freeze dried for a minimum of 48 hours at -80 oC and 

then homogenized with a glass rod.   

For stable isotope analysis, skinless dorsal muscle was removed from all fish 

collected in Thunder Bay, but whole-body homogenates were used for fish collected in 

Dryden to be consistent with another ongoing study (Figure B1). Whole bodies were 

used for total mercury ([THg]). Whole bodies were freeze-dried for a minimum of 96 

hours, fish muscle was freeze-dried for a minimum of 48 hours at -80 oC and tissues were 

then homogenized with glass rods.   

4.3.5. Stable Isotope Analyses  

Freeze-dried and homogenized basal food sources, pooled invertebrates, and 

individual fish tissues were weighed into tin capsules (1-1.2 mg for animal tissues, and 3-

3.2 mg for plant tissues) and analyzed for carbon (ŭ13C) and nitrogen (ŭ15N) stable 
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isotopes using continuous flow isotope ratio mass spectrometry (CF-IRMS; Stable 

Isotope in Nature Lab, University of New Brunswick, Canada). In-house standards were 

analyzed and included bovine liver standard (BLS) for animal tissue, and corn meal 

standard (CMS) for plant material. The average error for BLS was 0.02 ă for ŭ13C, and 

0.03 ă for ŭ15N of a known value (n=5 runs); the average error for CMS was 0.1 ă for 

ŭ13C, and 0.01 ă for ŭ15N of a known value (n=6 runs).  The mean relative percent 

difference of replicates (every 10th sample) was 0.76 Ñ 1.2% for ŭ13C and 10.7 Ñ 27.4% 

for ŭ15N (n=108). More macroinvertebrate taxa were analyzed for stable isotopes than for 

[MeHg] due to the larger mass requirements for the latter analysis.  

4.3.6. Total Mercury (THg) Analyses  

THg (ng/g dw) in whole fish was analyzed using a Milestone Tri-Cell Direct 

Mercury Analyzer-80 (DMA-80) following the US Environmental Protection Agency (US 

EPA) method 7473 (US EPA, 1998). Blanks, replicate samples, and a standard reference 

material, fish protein, DORM4 (Willie et al. 2012), were used for quality control. The 

mean relative percent difference between replicates (mean Ñ standard deviation) was 5.2 

Ñ 3.4% (n=34 pairs). The percent recovery of DORM4 (mean Ñ standard deviation) was 

98.5 Ñ 4.8% (n=57).    

4.3.7. Methylmercury (MeHg) Analyses of Food Sources and Consumers  

MeHg analyses of all food sources (FPOM, CPOM and Biofilm) and 

macroinvertebrates and a subset of fish (n=2-6/site) were conducted using isotope 

dilution-gas chromatography-inductively coupled plasma mass spectrometry (GC 

ICMPS; Hintelmann and Evans, 1997).  Low mass invertebrate samples were pooled for 
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analyses. To ensure that analyses were comparable among and within reservoirs, one 

family or genus per FFG was targeted for [MeHg] analyses, but if there were not enough 

replicates for analyses a similar taxon from the same FFG was also analyzed (see 

Paragraph C1). Food sources and shredders underwent steam distillation, and MeHg in 

macroinvertebrates (except shredders) and fish was extracted in hot KOH-methanol 

before ethylation by sodium tetrathylborate, accumulation on Tenax traps and 

introduction to the GC-ICPMS system by thermal desorption of traps.  After every 10 

samples, a blank and a certified reference material of marine sediment (IAEA-456; IAEA, 

2017) for food sources or of fish muscle tissue (DORM3; NRC-CNRC, 2007) for 

invertebrates and fish samples were used. For distillations, the method detection limit was 

0.08 ng/g, recoveries of IAEA-456 and DORM3 were 109.8 Ñ 9.8%. (n=19; mean Ñ 

standard deviation) and 94.3 Ñ 12.04% (n=4), respectively, and relative percent 

differences between duplicate samples were 31.7 Ñ 35.2% (n= 5 pairs) for invertebrates 

and 9.0 Ñ 11.3% (n= 24 pairs) for food sources.  For extractions, the method detection 

limits were 12.8 ng/g (invertebrates) and 3.7 ng/g (fish), the mean recoveries of DORM3 

were 88.4 Ñ 6.0% (invertebrates; n=22) and 89.1 Ñ 4.3% (n=6; fish), and the relative 

percent differences of duplicates was 8.9 Ñ 8.3% (n=25 pairs; invertebrates) and 6.1 Ñ 

5.6% (n=6 pairs; fish).  

Fish [THg] and [MeHg] were compared within the subset of fish to determine 

whether [THg] was a reasonable proxy of [MeHg] (Figure C2).  The mean percent (%) 

MeHg of THg across species was 85.5 Ñ 12.0 (n=47) (Table C2) and, as such fish [THg] 

was used in subsequent analyses.  
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4.4. Statistical Analyses 

 Due to low sample sizes for statistical analyses, invertebrates were pooled into 

two groups after consideration of their FFG and ŭ15N values (Figure C1; Paragraph 

C1). Collector-gatherers (Leptophlebiidae, Ephemerellidae, Chironomidae), scrapers 

(Planorbidae, Stenonema) and shredders (Hydatophylax, Nemotaulius and Limnephilus) 

were combined to create an ñherbivore groupò.  A ñpredator groupò consisted of predatory 

Odonata (Aeshna, Boyeria, Cordulegaster), collector-filterers (Cheumatopsyche, 

Diplectrona, Hydropsyche), and facultative predator and shredder (Ptilostomis).   

Tiered analyses were done to assess the effects of harvesting and beaver reservoirs 

on water quality measures, sedimentation, leaf decomposition and Hg bioaccumulation 

and biomagnification as follows. First, comparisons were made between upstream reaches 

only with and without harvesting (harvesting impacts only). Second, comparisons were 

made between downstream reaches only with and without harvesting (reservoirs + 

harvesting impacts). Finally, within-site comparisons were made between upstream and 

downstream reaches to compare reservoir effects among sites with and without harvesting 

in the catchment.  

4.4.1. First (Harvesting Impacts) and Second (Harvesting and Reservoir Impacts) 

Tiered Analyses 

Statistical analyses for first (harvesting impacts only) and second (reservoirs and 

harvesting impacts) tiered analyses were as follows. For both, water chemistry 

parameters, [MeHgTotal], organic sediment deposition (%), leaf litter decomposition rates 

(kdd), and [MeHg] of food sources and of macroinvertebrate consumers were compared 
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across stream reaches using either the Mann-Whitney U Tests using the wilcox.exact() 

function in the exactRankTests package (Hothorn 2001) if data were non-parametric or 

Welchôs t-tests using the t.test() function in R if data were parametric. Assumptions of 

normality were assessed using Shapiro-Wilk tests and QQ plots, and homogeneity of 

variances were assessed using Leveneôs test. All macroinvertebrate herbivores and 

predators were included in the above comparisons, but only Lake Chub were used for fish 

[THg] comparisons as they were present at most sites (4/6 sites). Prior to [THg] analyses, 

differences in Lake Chub total lengths (TL) across sites were assessed for first and second 

tiered analyses using Kruskal-Wallis tests with the kruskal.test() function in base R. As 

TL did not differ upstream or downstream among reservoirs, [THg] was not size adjusted, 

and Welchôs two sample t-tests were used to compare [THg] of fish both upstream and 

downstream.  

Trophic Magnification Slopes (TMS) were compared to determine differences in 

the rates of Hg biomagnification both across upstream (harvesting impacts; first tier) or 

downstream (harvesting and reservoirs impacts; second tier) sites. Linear Mixed Effect 

modeling (LMM) was conducted with log10 transformed Hg concentrations (log10[THg or 

MeHg]) of basal resources, invertebrates, or fish as the dependent variable and their ŭ15N 

as a covariate. Models were conducted using the lmer() function in lme4 (Bates 2015). 

Biofilm samples were excluded from analyses as ŭ15N downstream of some reservoirs 

were similar to values observed in fish, and as such may have exerted high leverage on 

models. Models included an interaction between harvesting status (harvested or non-

harvested) and ŭ15N, with reservoir identity included as a random effect. Significance of 
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effects were assessed with an Analysis of Deviance with Sattherwaiteôs method using the 

anova() function in the lmerTest package (Kuznetsova et al. 2017). If nonsignificant, the 

interactions were removed from the models, and intercepts were compared as they can be 

used as an estimate of [Hg] incorporated at the base of the food web (Lavoie et al. 2013). 

Intercepts were compared using estimated marginal means when the covariate (ŭ15N) is 

set to 0 using the emmeans() function in the emmeans package in R (Lenth 2024).  

4.4.2. Third-Tiered Analyses (Within-Reservoir Comparisons) 

Within-reservoir comparisons of upstream versus downstream were done as 

follows. Wilcoxon signed-rank tests were conducted to determine whether median paired 

water chemistry variables and [MeHgtotal] varied upstream and downstream within 

reservoirs. Downstream and upstream differences in sediment deposition rates (%), leaf 

litter decomposition rates (k), and [MeHg] of basal resources, and macroinvertebrate 

consumers were assessed using Welchôs t-tests or Mann U-Whitney tests. Comparisons of 

consumer [Hg] were mainly conducted with fish and macroinvertebrate FFGs that were 

present in both upstream and downstream sites with sufficient sample sizes (Table C11). 

However, at DRY Harv 1 comparisons had to be made using Northern Redbelly Dace 

caught upstream and Central Mudminnows collected downstream. TL differed 

significantly only for Northern Redbelly Dace at TB Ref 2. As such, for TB Ref 2, [THg] 

was length corrected (hereafter called [THgsize]) using a linear regression with log10THg 

as the dependent variable, log10 TL as a continuous predictor variable, and position in 

relation to reservoir as a fixed effect. Next, least square means (LSM) was calculated for 
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Northern Redbelly Dace at a mean TL of 4.7 cm and compared within this reservoir 

(Tables C3-C4).  

 TMS were calculated using an Analysis of Covariance (ANCOVA) with log10 

transformed [MeHg] and un-adjusted [THg] of basal resources, herbivorous and 

predacious macroinvertebrates, and fish as the dependent variable and their ŭ15N as a 

covariate, and with an interaction between ŭ15N and position in relation to reservoir as a 

fixed effect. Significance of effects were assessed with an Analysis of Variance (Type III). 

If the interaction was non-significant, it was removed from the model and intercepts were 

compared by comparing estimated marginal means when the covariate (ŭ15N) is set to 0 

using the emmeans() function in the emmeans package in R. 

As ŭ13C of consumers may elucidate consumer diet, we compared ŭ13C of all 

consumer groups using Mann U-Whitney or T-tests.  

4.5. Results  

4.5.1. Effects of Forest Harvesting on Boreal Streams 

Few impacts of harvesting were found on water quality, organic sedimentation, 

and leaf litter decomposition in stream reaches upstream of beaver reservoirs (Table 4.2). 

Water chemistry parameters (DOC, SO4
2-, NO3

-, Cl-) did not vary significantly across 

harvested and non-harvested landscapes. Organic sediment deposition and leaf 

decomposition rates were also not impacted by forest harvesting.  

   In contrast, some effects of harvesting were found on Hg measures at the 

upstream sites (Table 4.2). In water, median values of [MeHgTotal] were significantly 
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higher in harvested landscapes. No differences in terrestrial food source [MeHg] (FPOM, 

and CPOM) were observed, but biofilm [MeHg] was significantly higher in harvested 

landscapes. Similarly, all biota (herbivore and predator macroinvertebrates, and Lake 

Chub) had higher [MeHg] or [THg] upstream of reservoirs in harvested landscapes. For 

the pooled TMS, ŭ15N significantly predicted log10 [Hg] of food sources and consumers 

(p<0.001), and there was a significant interaction between ŭ15N and harvesting status 

(p=0.047). The harvested TMS (0.31) was significantly higher than the non-harvested 

TMS (0.28) indicating higher rates of Hg magnification in harvested watersheds (Figure 

C3, Table C5-C7).  
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Table 4.2 Median (range) dissolved organic carbon (DOC), sulfate (SO4
2-), nitrate (NO3), 

chloride (Cl-), water [MeHgtotal], sediment deposition (%organic), leaf litter 

decomposition rates (kdd), and [MeHg] or [THg] of food sources (FPOM, CPOM, and 

Biofilm) and consumers (macroinvertebrate herbivores and predators, and fish species) 

from upstream of beaver reservoirs in harvested (n=3) and non-harvested (n=3) 

landscapes. P values denote significance of comparisons between harvested and non-

harvested reservoirs, with significant differences bolded. 

  Harvested, above 

reservoirs 

Non-harvested, above 

reservoirs 

 

Variable Median n Median n P 

Water Chemistry DOC 

(mg/L) 

18.04 

(10.21-57.04) 

19 12.23 

(7.08-37.10) 

17 0.09 

SO4
2-

(mg/L) 

6.60 

(0.04-37.56 

15 8.76 

(0.25-46.26) 

15 0.25 

NO3
- 

(mg/L) 

2.77 

(0.23-13.26) 

15 3.71 

(0.235-31.71) 

15 0.25 

Cl-(mg/L) 6.82 

(2.05-83.23) 

15 2.76 

(0.57-65.1) 

15 0.27 

Water [MeHg]  

(ng/L) 

[MeHgtotal] 

(ng/L) 

0.39 

(0.13-0.97) 

19 0.14 

(0.07-0.98) 

17 <0.001 

Sediment 

Deposition (%) 

Organic 

(%) 

33.43 

(14.46-73.73) 

17 35.88 

(16.68-52.80) 

13 0.51 

Leaf Litter  

Decomposition (kdd) 

(degree days-1) 

kdd 

(degree 

days-1) 

1.0x10-4 

(0-5.0x10-4) 

18 1.0x10-4 

(0-3.0x10-4) 

14 0.65 

Food sources 

[MeHg] 

(ng/g dw) 

CPOM 0.34 

(0.16-1.3) 

9 0.25 

(0.15-0.63) 

9 0.27 

FPOM 8.49 

(4.47-14.27) 

 

9 7.00 

(1.29-8.16) 

9 0.14 

Biofilm 12.88 

(6.61-49.82) 

9 7.07 

(2.52-8.53) 

9 0.003 

Macroinvertebrates 

[MeHg] 

(ng/g dw) 

Herbivores 75.97 

(4.72-185.38) 

24 37.65 

(2.83-77.10) 

19 0.009 

Predators 376.28 

(109.65-

1007.03) 

21 124.72 

(75.91-205.38) 

24 <0.001 

Fish 

[THg] 

(ng/g dw) 

Lake Chub 696.73 

(518.21-

948.09) 

15 391.73 

(314.97-859.92) 

13 0.04 
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4.5.2. Combined Effects of Forest Harvesting and Beaver Reservoirs on Streams 

Downstream of beaver reservoirs there were no effects of forest harvesting on water 

quality, and organic sediment deposition but we observed effects on leaf litter 

decomposition rates (Table 4.3). Water chemistry parameters (DOC, SO4
2-, NO3

-, Cl-) did 

not vary significantly between harvested and non-harvested landscapes. Similarly, organic 

sediment deposition (%) was not impacted by harvesting activities. Fine mesh leaf litter 

decomposition rates were ~2x lower downstream of reservoirs in harvested landscapes 

(p<0.001). 

We observed some effects of forest harvesting on Hg measures downstream of 

reservoirs (Table 4.3). There were no differences in terrestrial and aquatic food source 

[MeHg], nor did we detect differences in herbivorous macroinvertebrates [MeHg], or fish 

[THg]. However, we did detect significantly higher [MeHg] in predatory 

macroinvertebrates and water in downstream reaches in harvested landscapes. When 

comparing pooled TMS of harvested and non-harvested landscapes, we observed a 

significant positive relationship between log10 [Hg] and ŭ15N (p<0.001) but no significant 

interaction between ŭ15N and harvesting status (p=0.17), indicating similar 

biomagnification of Hg in food webs downstream of reservoirs with or without upstream 

harvesting Tables C5-C6). 
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Table 4.3 Median (range) dissolved organic carbon (DOC), sulfate (SO4
2-), nitrate (NO3), 

chloride (Cl-), water [MeHgtotal], sediment deposition (%organic), leaf litter 

decomposition rates (kdd), and [MeHg] or [THg] of food sources (FPOM, CPOM, and 

Biofilm) and consumers (macroinvertebrate herbivores and predators, and fish species) 

from stream reaches downstream of beaver reservoirs in harvested (n=3) and non-

harvested (n=3) landscapes. p values denote significance of comparisons between 

harvested and non-harvested reservoirs, with significant differences bolded. 

  Harvested, below 

reservoirs 

Non-harvested, 

below reservoirs 

 

Variable Median N Median n p 

Water Chemistry DOC (mg/L) 16.94 

(8.72-43.85) 

19 17.21 

(9.09-32.45) 

17 0.70 

SO4
2-(mg/L) 6.58 

(2.73-18.94) 

18 10.41 

(0.25-29.97) 

17 0.08 

NO3
- (mg/L) 2.71 

(0.225-19.91) 

18 3.28 

(0.225-11.87) 

17 0.74 

Cl-(mg/L) 5.69 

(2.358-21.66) 

18 3.18 

(1.39-85.89) 

17 0.65 

Water [MeHg]  

(ng/L) 

[MeHgtotal] 0.40 

(0.15-1.60) 

18 0.23 

(0.09-0.62) 

17 0.002 

Sediment 

Deposition (%) 

Organic (%) 28.54 

(5.20-34.86) 

15 39.90 

(9.36-64.08) 

14 0.37 

Leaf Litter  

Decomposition (kdd) 

(degree days-1) 

kdd 

(degree 

days-1) 

1.0x10-4 

(0.00-3.0x10-4) 

18 2.0x10-4 

(1x10-4-

1.3x10-3) 

18 <0.001 

Food sources 

[MeHg] 

(ng/g dw) 

CPOM 0.64 

(0.29-1.08) 

9 0.31 

(0.13-1.17) 

9 0.27 

FPOM 6.04 

(1.17-19.97) 

9 9.07 

(0.84-19.49) 

9 0.88 

Biofilm 6.87 

(3.07-27.56) 

9 6.89 

(1.39-21.49) 

9 0.53 

Macroinvertebrates 

[MeHg] 

(ng/g dw) 

Herbivores 73.64 

(8.29-186.24) 

20 25.46 

(0.34-213.20) 

19 0.11 

Predators 280.23 

(64.40-733.77) 

19 131.31 

(58.45-393.59) 

23 0.01 

Fish 

[THg] 

(ng/g dw) 

Lake Chub 893.90 

(623.09-1328.90) 

9 487.82 

(153.47-

2256.65) 

21 0.08 

4.5.3. Effects of Beaver Reservoirs on Boreal Streams in Non-Harvested 

Landscapes 

In non-harvested landscapes, few differences between water chemistry, sediment 

deposition, and leaf litter decomposition were observed from upstream to downstream of 

beaver reservoirs (Table C8-C9).  Most water quality parameters did not vary, except 
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DOC (p=0.039) and organic sediment deposition (%) (p=0.0003) were significantly lower 

downstream at one site (DRY Ref 1).  

As for other endpoints, apart from one site (TB Ref 2), few differences were found 

in abiotic and biotic measures of MeHg and THg upstream and downstream of beaver 

reservoirs in non-harvested landscapes (Table C11; Figure 4.2). Water [MeHgTotal] was 

significantly lower downstream at one site only (DRY Ref 1; p=0.0039, Table C8), and 

[MeHg] of basal food sources (CPOM, FPOM, Biofilm) were similar in the upstream and 

downstream samples. Most comparisons within consumer groups also showed no spatial 

differences in [THg] or [MeHg]; the exceptions were higher Hg levels downstream in all 

taxa at TB Ref 2, and lower [THg] in Lake Chub downstream of one reservoir (TB Ref 

1). Upstream and downstream comparisons of TMS revealed no significant differences 

(Table C13), except for a higher intercept observed downstream of TB Ref 2, and a lower 

intercept observed downstream of DRY Ref 1 (Table 4.4; Figure 4.2).  

For reservoirs in non-harvested landscapes, we observed differences in ŭ13C 

upstream and downstream of reservoirs (Figure 4.3; Table C14). ŭ13C values of both 

herbivorous and predatory macroinvertebrates, and Brook Stickleback (but not Northern 

Redbelly Dace) were lower downstream of one site (TB Ref 2), while we only observed 

lower ŭ13C in Lake Chub downstream of another (TB Ref 1). 
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Figure 4.1 Comparisons of mean [MeHg] ng/g dw (SD) of terrestrial (CPOM, FPOM) 

and aquatic (biofilm) food sources, macroinvertebrate herbivores, macroinvertebrate 

predators, and [THg] or [THgsize] of fish species collected upstream and downstream of 

beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and non-harvested 

landscapes (TB Ref 1, TB Ref 2, DRY Ref 2) across northern Ontario.  Sites falling 

above the 1:1 line have higher [Hg] downstream than sites falling below. Northern 

Redbelly Dace at TB Ref 2 were size standardized at 4.7 cm and are presented as 

[THgsize]. 
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Figure 4.2 Regressions of log10 [MeHg] or [THg] (ng/g dw) versus 15‏N of basal food 

sources, macroinvertebrate herbivores, macroinvertebrate predators, and fish collected 

upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY 

Harv 1) and non-harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay 

and Dryden, ON. The equation of the line and coefficient of determination are shown in 

each panel (R2; p<0.01). 
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Table 4.4 ANOVA to test for differences in intercepts of regressions of log Hg (MeHg or 

THg (fish only)) versus 15‏N in stream food webs upstream and downstream of beaver 

reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and non-harvested (TB Ref 

1, TB Ref 2, DRY Ref 1) landscapes. P values are included for main effect terms (15‏N, 

position in relation to dam). Significant p values are bolded with pink shading indicating 

significantly higher intercepts downstream, and blue indicating significantly lower 

intercepts downstream. In all reservoirs 15‏N was a significant predictor of log Hg 

p<0.001). 

  Main effects  

Beaver Dam  15‏N  Position in 

relation to 

reservoir  

TB Ref 1  <0.001  0.97 

TB Ref 2  <0.001  <0.001  

DRY Ref 1  <0.001  0.02 

TB Harv 1  <0.001  0.04 

TB Harv 2  <0.001  0.04 

DRY Harv 1  <0.001  <0.0001  
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Figure 4.3 Comparisons of mean 13‏C (ă, SD) of  macroinvertebrate herbivores, 

macroinvertebrate predators, and fish species collected upstream and downstream of 

beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and non-harvested 

landscapes (TB Ref 1, TB Ref 2, DRY Ref 1) across northern Ontario. Consumers falling 

below the 1:1 line are more enriched upstream than those downstream. Stars indicate 

significant differences in 13‏C of consumers upstream and downstream of reservoirs 

(p<0.05).  
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4.5.4. Effects of Beaver Reservoirs in Harvested Landscapes 

In harvested landscapes, we observed few differences between most water 

chemistry variables and leaf litter decomposition rates from upstream to downstream of 

reservoirs (Tables C8-C9). Most water chemistry parameters did not differ, except for 

DOC, which was lower downstream at one reservoir (DRY Harv 1, p=0.0039). Also, at 

one of three reservoirs (TB Harv 1), we observed significantly lower organic sediment 

deposition downstream (p=0.0006).   

Some differences were found in biotic measures of MeHg and THg upstream and 

downstream of beaver reservoirs in harvested landscapes (Figure 4.1; Table C11), but 

not aqueous [MeHgtotal] (Table C8). Basal food source [MeHg] (CPOM, FPOM, and 

Biofilm) did not differ significantly upstream and downstream of any reservoir. While we 

observed no differences in biotic [MeHg] and [THg] at one site (TB Harv 2), most 

consumer [Hg] (predatory macroinvertebrates, and Blacknose Dace) at TB Harv 1 were 

significantly elevated downstream of the reservoir. Conversely, we observed significantly 

lower biotic [MeHg] and [THg] downstream of the extensively harvested DRY Harv 1 in 

herbivorous macroinvertebrates, predatory macroinvertebrates, and fish (Northern 

Redbelly Dace and Central Mudminnows). Upstream and downstream comparisons of 

TMS revealed no significant differences within harvested reservoirs (Table C13, Figure 

4.2). However, intercepts were higher downstream at TB Harv 1, and lower downstream 

of both DRY Harv 1 and TB Harv 2 (Table 4.4). Within reservoirs, we observed depleted 

consumer ŭ13C values for both predatory macroinvertebrates and fish downstream of one 
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site (DRY Harv 1), and in predatory macroinvertebrates only downstream of TB Harv 1, 

and in Blacknose Dace only upstream of TB Harv 2 (Figure 4.3, Table C14).  

4.6. Discussion 

4.6.1. Summary  

The objective of this study was to quantify the potential cumulative effects of 

forest harvest and beaver reservoirs on Hg dynamics in boreal stream food webs, as both 

disturbances co-occur across the landscape and have known effects on Hg availability in 

aquatic ecosystems. Overall, results suggest that forest harvesting can increase [Hg] in 

boreal streams, but its effects were not augmented by beaver reservoirs. Across harvested 

and non-harvested landscapes, reservoir effects were equivocal as they can increase, 

decrease or have no impact on downstream [Hg]. When considering impacts of forest 

harvesting only, we observed, higher [Hg] in water, all consumers, and aquatic food 

sources (biofilm) and higher rates of Hg biomagnification in streams within harvested 

compared to non-harvested landscapes. When examining the impacts of reservoirs only, 

we observed higher [Hg] in all consumers at only one of three downstream sites, no 

significant differences in biomagnification upstream and downstream of any reservoir, 

and higher inputs of Hg to the base of food webs (TMS intercepts) of two downstream 

sites when compared to upstream. At sites impacted by both forest harvesting and beaver 

reservoirs, we observed few cumulative effects of both stressors on [Hg] (higher [MeHg] 

in predatory macroinvertebrates and in water [MeHgTotal]) and no effects on 

biomagnification rates were found.  However, microbial activities (fine mesh leaf litter 

breakdown rates) were attenuated downstream of reservoirs in harvested landscapes. 
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Upstream and downstream comparisons of [Hg] within harvested landscapes were 

equivocal, with individual sites displaying no differences (TB Harv 2), increases (TB 

Harv 1) and decreases (DRY Harv 1) in consumer [Hg] downstream. Additionally, while 

biomagnification rates did not differ (TMS) inputs of Hg to the base of all food webs 

differed upstream from downstream, with lower (TB Harv 2 and DRY Harv 1) and higher 

intercepts (TB Harv 1) detected downstream.  

4.6.2. Forest Harvesting Effects on Hg in Streams  

Comparisons of upstream harvested and non-harvested landscapes revealed higher 

[MeHgTotal] in harvested streams, as reported in some other studies (Porvari et al. 2003; 

Munthe et al. 2004; Skyllberg et al. 2009; Lam et al. 2024a) but response varied (see 

Allan et al. 2009; Sørensen et al. 2009ab; Eckley et al. 2018). In our study, median water 

[MeHgTotal] was ~2.8x higher in harvested landscapes. Usually, such increases are due to 

increased export of Hg bound to organic matter such as DOC from disturbed soils and 

changes to hydrologic pathways, as well as due to the increased methylation of Hg in 

wetted soils (Kreutzweiser et al. 2008; Bishop et al. 2009; Ekºlf et al. 2016; Lam et al. 

2024a). As harvesting can increase DOC and other nutrients (Lam et al. 2024a, Skyllberg 

et al. 2009; reviewed in Kreutzweiser et al. 2008) and sediment deposition (Erdozain et 

al. 2018) in aquatic systems, it was surprising that we did not detect any significant 

differences in these endpoints. This may be because they often peak within the first few 

years following harvest, although some studies have found longer persistence (reviewed 

in Shah et al. 2022); we sampled streams 1-6 years following harvest potentially missing 

short-term changes in water quality at some sites. However, stream water [MeHg] can 
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remain elevated up to 4 years post-harvest potentially due to new and ongoing 

methylation within the landscape (Skyllberg et al. 2009; Porvari et al. 2003).  It is also 

possible that higher aqueous [MeHg] herein may be explained by increased Hg 

methylation within stream sediments post-harvest (see Huang et al. 2024).  While DOC 

concentrations did not differ across landscapes, the quality of DOM exported to streams 

may have as it can be affected by harvesting activities (Erdozain et al. 2018; but see 

Charbonneau 2022) and may also explain the higher bioavailability of MeHg observed 

herein (Lescord et al. 2018).  

Elevated water [MeHgTotal] in harvested landscapes likely explains higher biofilm 

[MeHg] and biotic [Hg]. Indeed, biofilm and aqueous [MeHg] are often correlated 

(Cleckner et al. 1999; Bell and Scudder 2007; but see Zizek et al. 2011) as [MeHg] in 

water is incorporated into biofilms through facilitated transport or passive diffusion 

(Dranguet et al. 2017). The elevated [MeHg] in biofilm in harvested landscapes herein 

were similar to other studies (Negrazis et al. 2022; Charbonneau et al. 2022) (but see de 

Wit et al. 2014). Forestry can increase in-stream productivity through changes to 

terrestrial export of nutrients (Kreutzweiser et al. 2008; de Wit et al. 2014), and canopy 

cover and stream temperatures (reviewed in Moore et al. 2005). Increases in productivity 

can lead to higher algal biomass overall, resulting in the dilution of MeHg in biofilms and 

in a subsequent reduction of the uptake of MeHg in the food web (Pickhardt et al. 2002; 

Ward et al. 2010), as observed in a harvested reach in Scandinavia (de Wit et al. 2014). 

Primary productivity was not measured directly in this study, however, a lack of 

differences in nutrient concentrations across landscapes may indicate that biofilm [MeHg] 
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were not diluted by increases in biofilm biomass in harvested streams. Elevated [Hg] in 

herbivores in these harvested landscapes was likely caused by dietary exposure to 

elevated [MeHg] in biofilm (Jardine et al. 2012; Riva-Murray et al. 2013; Ward et al. 

2010), which ultimately lead to higher [Hg] in predatory macroinvertebrates and fishes. 

While elevated biotic [Hg] has been previously observed in streams without buffer zones 

and in extensively harvested landscapes, a lack of differences between harvested and non-

harvested landscapes has also been observed (Willacker et al. 2019; Negrazis et al. 2022; 

de Wit et al. 2014) indicating that the effects of harvesting on [Hg] are context dependent.  

We observed higher Hg biomagnification (TMS) in stream food webs of harvested 

landscapes, a finding that differs from previous studies (Willacker et al. 2019, Negrazis et 

al. 2022). This was interesting as higher [MeHg] at the base of the food web is often 

associated with lower biomagnification rates (Lavoie et al. 2013) and has been observed 

in an extensively harvested basin compared to reference and intensively managed basins 

in New Brunswick (Negrazis et al. 2022). While previous studies have attributed the 

lower biomagnification rates to higher inputs of terrestrial DOC that reduced Hg 

bioavailability, we did not observe differences in DOC across harvested and non-

harvested landscapes.  Elevated biomagnification rates at harvested sites herein may be 

due to factors we did not measure such as decreases in stream productivity and consumer 

growth rates, and changes in food web structure (Lavoie et al. 2013, Ward et al. 2010) 

caused by harvest. Another study attributed lower biomagnification rate in harvested 

reaches without buffers compared to those with 8 m buffers and reference streams to 

variations in the importance of basal resources to consumer diets instead of differences in 
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Hg biomagnification (Willacker et al. 2019). While we could not compare basal resource 

importance across treatments in our study, our findings may differ as we 1) combined 

streams with differing BMPs in our analyses (ex: 3 m and 30 m buffer zones), and 

because 2) the larger buffer zones employed at our minimally harvested sites (~30 m) 

may have prevented increases in-stream productivity (Burrows et al. 2021) leading to 

more efficient trophic transfer of Hg in harvested landscapes (Ward et al. 2010).  Overall, 

the mechanisms underlying higher Hg biomagnification rates in harvested landscapes 

remain unclear, and more work is needed across a variety of landscapes and management 

practices.  

4.6.3. Reservoir Effects 

In two of the non-harvested landscapes (DRY Ref 1, TB Ref 1), comparisons of 

water [MeHgTotal], biotic [Hg], and TMS upstream and downstream revealed few effects 

of reservoirs, in contrast to other studies, and this is likely due to characteristics of our 

study systems. At one site only (DRY Ref 1), we observed significant decreases 

downstream in both water [MeHgTotal] and DOC, which suggests that this reservoir may 

be retaining DOC along with bound Hg (Ļiuldienǟ et al. 2020).  Indeed, reservoirs may 

act as Hg sinks, as MeHg produced within reservoirs may bind to the OM in sediments 

and settle within the pond instead of being transported downstream (Lam et al. 2025).   

This may be supported by elevated inputs of Hg observed upstream of DRY Ref 1 (TMS 

Intercept) but not downstream. Additionally, reservoirs had no downstream effects on 

biomagnification rates, which are consistent with another study (Painter et al. 2016). As 

we did not observe an effect of reservoirs on downstream biotic [Hg] at two non-
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harvested streams (TB Ref 1, DRY Ref 1), our results differ from Painter et al. (2015), 

who observed a consistent increase in biotic [MeHg] downstream of reservoirs that was 

sometimes significant (predatory macroinvertebrates). The Rocky Mountain streams in 

Painter et al. (2015) are primarily fueled by periphyton and downstream increases in 

[MeHg] of that food source explains elevated [MeHg] of consumers observed therein. 

[MeHg] of food sources at DRY Ref 1 and TB Ref 1, did not differ significantly and, as 

such, may explain why we observed no changes in consumer [Hg] at those sites. In 

contrast to our results, most studies have observed downstream increases in water [Hg] 

(Painter et al. 2015; Levanoni et al. 2015; Roy et al. 2009ab; but see Lam et al. 2025), but 

the magnitude of these differences are usually lowest in older reservoirs (Roy et al. 

2009ab; Levanoni et al. 2015). Compared to newly built reservoirs, older reservoirs tend 

to export less Hg downstream as they contain less biodegradable carbon for Hg 

methylating bacteria (Levanoni et al. 2015).  Reservoirs in our study are likely older, as 

there is evidence of beaver activity at some sites up to 9 years prior to sampling (Google 

Imagery 2024).   

In contrast to the other non-harvested sites in this study (TB Ref 1, DRY Ref 1), 

we observed consistently higher biotic [Hg] downstream of TB Ref 2. Beaver reservoirs 

can increase the exposure of consumers to elevated [Hg] by increasing the amount of Hg 

incorporated in basal resources (Painter et al. 2015; Painter et al. 2016); we observed a 

non-significant ~1.8x downstream increases in biofilm and FPOM [MeHg] at this site. 

Depleted ŭ13C values of downstream consumers (except Northern Redbelly Dace) 

indicate a higher reliance on food sources depleted in ŭ13C such as biofilm, which are 
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often higher in MeHg (Jardine et al. 2012) and can be a predictor of consumer [Hg] 

(Riva-Murray et al. 2013).  Even so, downstream of this reservoir, median biofilm and 

FPOM [MeHg] were similar indicating that consumption of either resource could have 

led to the elevated [MeHg] in consumers at this site. Ultimately, we were unable to 

distinguish between terrestrial and aquatic contributions to consumer diet due to 

overlapping ŭ13C values of aquatic and terrestrial food sources. Depleted ŭ13C of 

consumers may also be explained by 1) the uptake of isotopically light dissolved 

inorganic carbon (DIC) in downstream biofilms caused by the decay of organic matter in 

reservoirs (reviewed in Larsen et al. 2021), and by 2) consumer reliance on other non-

sampled food sources depleted in ŭ13C such as methanotrophic bacteria that may have 

been supported by downstream exports of methane from the reservoir (Sampson et al. 

2019; Larsen et al. 2021) 

4.6.4. Effects of Forest Harvest and Beaver Reservoirs 

Downstream of reservoirs, we observed fewer effects of harvest (increases in [Hg] 

of water and predatory macroinvertebrates only) compared to upstream where mercury 

biomagnified more rapidly and [Hg] were elevated in most matrices, suggesting that 

effects of reservoirs and harvest are not additive. These results are consistent with the lack 

of upstream to downstream changes in water [MeHgTotal] within harvested streams (see 

below). As harvesting occurred throughout entire reaches and not just upstream, it is 

likely that Hg was transported via run-off (Porvari et al. 2003) similarly to both upstream 

and downstream reaches from adjacent harvested areas, minimizing any reservoir effects. 

The lack of significant differences in 2 out of 3 consumer groups (herbivores and fish) are 
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likely related to reduced bioavailability of aqueous MeHg for uptake into biofilm or 

biomass dilution from excess nutrients in harvested landscapes, though we do not have 

evidence to support these mechanisms. These mechanisms could also explain the lack of 

effects of harvesting on biomagnification rates values downstream of reservoirs, as MeHg 

in most consumer groups at these sites were similar to values at non-harvested sites. 

Ultimately, the lack of consistent reservoir effects on biotic [Hg] may be explained by 

their ability to both trap particulate forms of Hg and export dissolved Hg downstream 

(Painter et al. 2015; Levanoni et al. 2015; Roy et al. 2009a,b; Ļiuldienǟ et al. 2020). This 

is supported by biotic [Hg] both increasing (DRY Harv 1) and decreasing (TB Harv 1) 

downstream of harvested reservoirs. As such, these inconsistencies complicate our ability 

to predict the combined effects of harvesting and reservoirs on Hg dynamics and warrants 

further study. 

 Differences in landscape characteristics may explain site-specific downstream 

responses in [Hg] to reservoirs and/or harvest. Recent work within the same regions (Lam 

et al. 2024b; Lam et al. 2025) has demonstrated that streams within watersheds with 

higher topography and with drier soils containing less organic matter have higher aqueous 

[MeHg] downstream compared to upstream. This is because sites exhibiting those 

characteristics may have lower baseline [MeHg] than watersheds with wetter and more 

organic soils and higher hydrological connectivity, that are therefore more prone to 

disturbances such as beavers or forestry that can increase Hg within their waters (Lam et 

al. 2024b). For example, Lam et al. (2024b) identified TB Ref 2 as a site sensitive to 

reservoir effects, and elevated downstream [Hg] of biota herein support this. TB Ref 1 is 
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also sensitive to reservoir effects, albeit less than TB Ref 2, yet the lack of downstream 

increases in [Hg] in biota or food sources suggest that variables discussed herein related 

to within-stream water chemistry and productivity play an important role in Hg 

bioavailability independently of landscape. DRY Ref 1 has been previously identified as a 

stream with wetter soil conditions (Lam et al. 2022), and as such, less sensitive to 

reservoir effects (Lam et al. 2025) and may explain why we didnôt see an impact of 

reservoirs at that site. However, the presence of harvesting within a landscape may 

complicate these relationships. For example, TB Harv 1 and TB Harv 2 have similar 

watershed characteristics (i.e., wetter soils), and are located within the same area and, as 

such, are similarly sensitive to impacts of reservoirs. However, [Hg] of biota increased 

downstream of TB Harv 1, while no changes at TB Harv 2 were observed. Differing 

responses herein may be caused by differences in harvesting activities at both sites. Drone 

imagery revealed clearcuts bordering both edges of the streamôs buffer zones at TB Harv 

1, while harvest at TB Harv 2 only occurred on one side of the stream. As such, 

harvesting effects on Hg dynamics at TB Harv 1 may have been amplified, and explain 

the greater downstream response of TB Harv 1. However, effects of harvest are likely 

site-specific, as [Hg] were lower downstream at DRY Harv 1, despite its sandy soils (Lam 

et al. 2022), and this may have been caused by an increase in upstream wetted areas on 

the landscape caused by rutting (Lam et al. 2025).  

The upstream to downstream decreases in biotic [Hg] at DRY Harv 1, suggest that 

this reservoir acted as a sink for Hg. The upstream site at this reservoir had greater 

harvesting intensity, more recent harvest, a smaller buffer zone (~ 3 m), a stream crossing 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

161 

 

by machinery, higher DOC which binds Hg (Lam et al. 2024a), and potential Hg 

methylation hotspots (Lam et al. 2024a; Huang et al. 2024). The stream crossing upstream 

likely contained high amounts of Hg bound to organic matter (as in Lam et al. 2024a) and 

likely served as both a source of DOC and a site of Hg methylation upstream (Huang et 

al. 2024) that was not observed downstream. Although not measured, OM retained by the 

reservoir likely influenced downstream Hg availability and transport as evidenced by a 

lower intercept downstream and non-significant decreases in [MeHg] of basal food 

sources (3-7x lower in FPOM and Biofilm respectively).  ŭ13C values of consumers were 

more depleted downstream of this reservoir, which may indicate a shift from terrestrial to 

aquatic food sources downstream, and food source [MeHg] may have been diluted by 

downstream increases in primary productivity, although this was not measured. Overall, 

the lower biotic [Hg] and food source [MeHg] observed downstream at DRY Harv 1 

suggests that the reservoir is buffering impacts of extensive harvest on downstream Hg 

dynamics. Future studies in highly impacted harvested landscapes should measure biotic 

[Hg] upstream, downstream, and within reservoirs to determine whether dams are 

buffering Hg risk to downstream reaches. 

4.6.5. Conclusion: Beavers and Forestry 

We found that the reservoirs created by beaver dams can increase, decrease, or 

have no impact on downstream [Hg] in biota in both harvested and non-harvested 

landscapes. Variations in watershed and environmental and biological characteristics of 

streams likely influence [Hg] in biota downstream of reservoirs in harvested and non-

harvested watersheds. Beaver reservoirs may mitigate elevated [Hg] risk to downstream 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

162 

 

organisms in extensively harvested sites with stream crossings and less protection with 

buffers. Beaver reservoirs provide benefits such as protection against drought and climate 

change (Hood and Bayley, 2008), wildfires (Fairfax and Whittle2020), and extreme 

flooding (Westbrook et al. 2020). Our study provides evidence of another benefit, as 

beaver reservoirs in heavily harvested areas may mitigate [Hg] risk to downstream 

consumers. As such, their presence within a forested landscape may assist forestry 

companies hoping to mitigate environmental disturbances through logging activities.  

Current harvesting guidelines encourage foresters to manage riparian areas near 

beaver ponds for the regeneration of beaver food supply, consequently, the shoreline 

forest of adjacent ponds is cut to establish early successional forests of hardwood or 

mixed wood trees that are better food sources for beavers than older conifers (OMNR 

2010). Harvesting within buffer zones of ponded areas, especially up to the shoreline, 

may increase soil erosion and Hg delivery to adjacent streams. Foresters aim to emulate 

and not exceed effects of natural disturbances (OMNR 2010), and current BMPs in 

ponded systems could lead to higher exports of downstream Hg. While we did not 

observe additive effects of harvest and reservoirs, our results show that both disturbances 

can increase [Hg] downstream within streams, and others demonstrate that these effects 

are likely dependent on site characteristics (Lam et al. 2024b; Lam et al. 2025). Given 

that landscapes with drier soils may be more sensitive to harvesting and beaver 

disturbances (Lam et al. 2024a; Lam et al. 2024b), we recommend that fewer older 

conifers are harvested in riparian areas to minimize Hg risk to stream systems.  
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Chapter 5: General Discussion 

5.1. Thesis Summary  

Forestry is an important industry in Ontarioôs boreal region that can greatly affect 

stream ecosystems. Low-order streams are particularly sensitive to disturbances in their 

watershed, such as forest harvesting, that can influence stream food web dynamics and 

affect the transport and uptake of mercury (Hg) in aquatic biota. The bioaccumulation and 

biomagnification of Hg poses significant risks to fish and fish consumers and, as such, 

there is a need to understand how forest harvesting affects its dynamics in stream food 

webs.  

The objectives of this thesis were to determine the: 1) temporal and regional 

effects of forest harvest on macroinvertebrate communities in boreal headwaters, 2) the 

effects of harvest on Hg dynamics in boreal stream food webs, and 3) the combined 

effects of harvest and beaver dams on Hg dynamics in boreal stream food webs. This 

thesis framed effects of harvesting in a new regional context, focusing on headwater 

stream macroinvertebrate communities, leaf litter breakdown rates and sediment 

deposition within managed forests in the Dryden-Kenora area of Ontario, simultaneously 

generating important baseline data. Additionally, this thesis generated novel findings on 

Hg bioaccumulation and biomagnification in boreal streams across harvested landscapes, 

upstream and downstream of beaver reservoirs, and pre-, during, and post-harvest. 

Ultimately, the overlap of some sites in each chapter allowed for a holistic understanding 

of effects of forestry in boreal streams.  
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5.2. Effects of Harvest on Macroinvertebrate Communities 

Although effects of forest harvest on stream communities and ecological 

processes such as leaf litter breakdown have been well documented in other regions (e.g., 

Brown et al. 1997, Erdozain et al. 2021, Johnson et al. 2022, Barnett et al. 2023), there is 

a paucity of studies from Ontarioôs boreal region, which faces increased industry 

pressures (but see Kreutzweiser et al. 2008, 2010, Musetta-Lambert et al. 2017). To date 

across all regions, effects of harvest can be site-specific and vary in response to the 

amount of harvest within the watershed (Kreutzweiser et al. 2005, Erdozain et al. 2021), 

and types of best management practices (BMPs) employed (Newbold et al. 1980). In 

Canadaôs boreal, impacts of tree removal on macroinvertebrate stream communities and 

leaf litter decomposition rates have varied from no or few effects (e.g., Kreutzweiser et al. 

2010, Musetta-Lambert et al. 2017), to higher macroinvertebrate biomass (e.g., Fuchs et 

al. 2003) and collector-gatherer abundances (e.g., Kreutzweiser et al. 2005), or declines in 

species richness and leaf litter decomposition rates (e.g., Kreutzweiser et al. 2008).  Given 

that harvesting effects may be site-specific, extensive baseline data are required to 

separate impacts from natural variability. Chapter 2 of this thesis addressed the above 

knowledge gaps by examining effects of forestry on macroinvertebrate stream 

communities, leaf litter breakdown rates, and sediment deposition by assessing stream 

ecosystems before, during and one year after harvest (temporal study) and by contrasting 

streams within harvested and non-harvested watersheds (regional study). Temporal 

comparisons identified the greatest impacts at the site with the most % harvest in its 

watershed and narrowest buffer zones and effects were sometimes higher than normal 
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ranges expected for the region. Larger buffers tended to mitigate most effects of harvest 

on stream communities, indicating they provide sufficient protection from harvesting 

impacts in Ontarioôs boreal.   

5.3. Effects of Harvest on [Hg] of Biota and Biomagnification 

For the past decade, there has been concern that harvesting activities can increase 

Hg bioavailability in boreal lakes and streams (Bishop et al. 2009), yet most studies have 

focused on abiotic compartments such as water and sediments (Porvari et al. 2003, Allan 

et al. 2009, Eklºf et al. 2012, Braaten and de Wit 2016, Huang et al. 2024, Lam et al. 

2024a), with few on biota (Garcia and Carignan 2000, 2005, Desrosiers et al. 2006, 

Garcia et al. 2007, de Wit et al. 2014, Wu et al. 2018, Charbonneau et al. 2022). 

Furthermore, biotic research on harvesting effects on Hg has largely focused on lentic 

systems (Garcia and Carignan 2000, 2005, Desrosiers et al. 2006, Garcia et al. 2007, Wu 

et al. 2018), with only two studies, to my knowledge, on lotic systems (de Wit et al. 2014, 

Charbonneau et al. 2022).  

This thesis provides novel information on the bioavailability and bioaccumulation 

of Hg in understudied boreal stream food webs across harvested and non-harvested 

regions (Chapter 3 and 4). To date, effects of harvest on [Hg] of stream biota in boreal 

regions are equivocal with studies reporting higher [Hg] in harvested landscapes 

(Charbonneau et al. 2022) or no differences (de Wit et al. 2014). In this thesis, [Hg] of 

biota were generally higher in harvested compared to non-harvested landscapes due to 

elevated [Hg] in food sources (biofilm only in Chapter 4). Further aqueous [Hg] were 

elevated in harvested landscapes (Chapter 4), or concentrations remained high 
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throughout the study compared to non-harvested landscapes (Chapter 3).  Other studies 

have observed increased aqueous [Hg] in streams in harvested landscapes (e.g., Porvari et 

al. 2003; Lam et al. 2024a), and our results suggest that this can be incorporated into 

basal food sources, such as biofilms, with primary consumers exposed through diet. 

Elevated [Hg] in higher trophic level organisms such as predatory macroinvertebrates 

(Chapter 3 and 4) and fish (Chapter 4 only) suggests that increased [Hg] of exposed 

consumers at lower trophic levels (i.e primary consumers) will also increase [Hg] at 

higher trophic level organisms.  

Chapter 4 is the first study, to my knowledge, documenting higher [Hg] 

biomagnification rates in harvested streams in boreal landscapes, and potentially other 

regions. In other studies, biomagnification rates in streams within harvested landscapes 

either did not differ from or were lower than references (Willacker et al. 2019, Negrazis et 

al. 2022; Chapter 3). As such, this work provides evidence that forest harvesting in 

watersheds may increase Hg biomagnification resulting in higher levels in fish, with 

potential health concerns for wildlife and fish consumers. However, mechanisms of 

elevated Hg biomagnification herein are unclear due to the inability to identify 

contributing environmental drivers. We recommend that future studies extend research to 

multiple sites of differing harvesting intensities, and model effects of harvest with other 

variables known to affect [Hg] in streams such as landscape variables and measures of 

productivity.    

Pre- and post- harvest comparisons of [Hg] dynamics in stream food webs 

(Chapter 3) have only been documented in one other study, to my knowledge (de Wit et 
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al. 2014), and results therein differed. de Wit et al. (2014) observed decreases in 

consumer [Hg] in a Fennoscandian stream post-harvest likely due to biodilution. Streams 

within our post-harvest comparisons displayed 1) no post-harvest changes (CF1) at a site 

with standard buffer widths and less % catchment harvested, and 2) elevated [Hg] in some 

biota post-harvest at the most intensively managed site with narrower buffers (CF3), 

likely caused by increases in [DOC] and aqueous [Hg]. Findings in this study 

complement two concurrent studies that observed elevated [Hg] in water, sediments, and 

higher inputs of allochthonous DOC bound to Hg at CF3 (Huang et al. 2024, Lam et al. 

2024a). As such, this thesis provides evidence that Hg mobilized by harvesting activities 

and transported to streams, is bioavailable to consumers within and can lead to higher 

[Hg] post-harvest. Collectively the three datasets provide a holistic view on the fate of Hg 

within harvested streams and their food webs.  

5.4. Beaver Reservoirs and Forest Harvesting Effects are Not Additive 

 Beaver reservoirs and forest harvesting co-occur across Ontarioôs boreal and 

individually can increase [Hg] of water and biota in stream ecosystems. Indeed, elevated 

[Hg] in water (e.g., Skyllberg et al. 2009; Lam et al. 2024) and biota (Negrazis et al. 

2022; Charbonneau et al. 2022) have been documented in harvested landscapes. 

Similarly, elevated [Hg] in water (Roy et al. 2009a, 2009b; Lam et al. 2024b) and biota 

(Painter et al. 2015) have been observed downstream of beaver reservoirs, but effects are 

dependent on reservoir age (Levanoni et al. 2015). When examined together, their effects 

on water [Hg] were not additive, and the presence of harvest adjacent to impounded 

streams lead to lower [Hg] downstream compared to upstream (Lam et al. 2025).  
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Chapter 4 assessed whether effects of forest harvesting and beaver impoundments were 

cumulative by comparing [Hg] in water, food sources, macroinvertebrates and fish 

upstream and downstream of beaver reservoirs and across harvested and non-harvested 

landscapes in the Dryden-Kenora and Thunder Bay regions of Northwestern Ontario.  

Prior to this thesis, no studies examined combined effects of forest harvest and 

beaver impoundments on Hg bioaccumulation and biomagnification in stream food webs 

(Chapter 4). Our research suggests that effects of harvest and reservoirs were not 

additive, and that in heavily disturbed landscapes, beaver reservoirs may serve as Hg 

sinks protecting downstream systems from elevated [Hg] upstream. While there are no 

studies, to my knowledge, on [Hg] of biota within beaver reservoirs, studies on 

experimental reservoirs indicate high Hg methylation rates within reservoirs and 

subsequently high biotic [Hg] (Hall et al. 1998, 2005). As such, future studies should 

investigate the role beaver reservoirs may play as sink systems by quantifying Hg 

dynamics within them.  

5.5. Mitigating Risk to Boreal Streams 

Results from this thesis were used to evaluate the effectiveness of buffer zones in 

mitigating impacts of forest harvesting on stream systems. Temporal analyses in 

Chapters 2 and 3 revealed that the site (CF3/DRY Harv 1) afforded the narrowest buffers 

and with the greatest amount of harvesting in its watershed (~78%) had significant biotic 

and abiotic changes in response to the harvest. Beyond effects on [Hg] described above, 

stream communities became less diverse, more homogenous, and composed of more 

tolerant taxa. The changes were likely influenced by increased inputs of organic matter 
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(OM) from the adjacent harvested landscape, as evidenced by higher dissolved organic 

concentrations (DOC), and organic sediment deposition rates (Porvari et al. 2003, 

Erdozain et al. 2021, Lam et al. 2024a). In contrast, no such changes were observed at the 

site (CF1) with wider buffer zones and less harvest. Except for CF3/DRY Harv 1, sites 

across chapters had ~30 m buffer zones, yet differences in [Hg] and biomagnification 

rates, and macroinvertebrate community assemblages were identified across harvested 

and non-harvested landscapes (Chapters 2-4). Conversely, we observed no differences in 

diversity metrics, water chemistry, sediment deposition, or leaf litter breakdown rates 

across harvested and non harvested landscapes (Chapters 2-4).  This thesis suggests that 

while effects on macroinvertebrate communities may be reduced by buffers, effects on Hg 

are not (Negrazis et al. 2022)  

5.6. Baseline and Disturbance Data of Boreal Stream Communities and 

[Hg] of Biota, and recovery 

Except for a few studies, there is little information on baseline conditions of Canadian 

boreal headwaters (Kreutzweiser et al. 2005, 2008b, LeCraw and Mackereth 2010, 

Musetta-Lambert et al. 2017, 2020). This thesis provides multi-year baseline data for 

stream communities, leaf litter breakdown rates, water quality and organic sediment 

deposition across sites (Chapter 2), as well as baseline [Hg] of biota in Chapters 3 and 4 

in regions that are underrepresented in the literature. Baseline data are vital in establishing 

reference points for disturbance studies, allowing one to separate natural variability from 

impacts. Indeed, using methods from Arciszewski and Munkittrick (2015), Chapter 2 

established ñnormalò ranges of diversity metrics for macroinvertebrate communities of 
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headwater streams in the Dryden-Kenora region. These data could be applied to future 

ecological assessments and disturbance studies within the region. They may be of further 

use in understanding effects of climatic variability on the above metrics, as data were 

collected in wet (2019) and dry (2020, 2021) years. Further, baseline [Hg] of biota 

downstream of reservoirs in Chapter 4 may provide a reference for managers to compare 

to forestry effects on Hg and ensure that effects of natural disturbances are not exceeded 

during harvesting. 

5.7. Changes in Food Web Structure  

Others have documented changes in basal resource availability and reliance in 

harvested landscapes that can alter stream food webs (Erdozain et al. 2019, Willacker et 

al. 2019, Negrazis et al. 2022), and Hg uptake and trophic transfer. However, due to the 

overlap in stable isotopes of carbon (13‏C) of terrestrial (leaf litter and detritus) and 

aquatic (biofilm) food sources it was impossible to determine basal resource reliance 

using stable isotope mixing models herein. Chapter 4 suggests that more depleted 13‏C 

were associated with higher [MeHg], potentially indicating a higher reliance on aquatic 

food sources (Jardine et al. 2012, Riva-Murray et al. 2013), but this was not consistent 

within harvested landscapes. Within Chapter 3 and Chapter 4 13‏C of some 

macroinvertebrates were more depleted than food sources, suggesting a higher reliance on 

methanotrophic bacteria (Sampson et al. 2019). The use of additional dietary tracers such 

as fatty acids and other stable isotopes such as hydrogen (ŭ2H) may allow for the 

separation of terrestrial, algal, and bacterial food sources in future studies (Hamilton et al. 

2005, Torres-Ruiz et al. 2007, Erdozain et al. 2021, Negrazis et al. 2022). Heterotrophic 
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bacteria are dependent on terrestrial OM, and as such, forestry may increase their growth 

in streams. Distinguishing bacterial and algal signals may further elucidate harvesting 

impacts on streams. As such, the use of these diet tracers in future studies is 

recommended.  

5.8. Forest Management Recommendations 

Across all Chapters (2,3,4) effects of harvest were most prevalent at CF3/DRY 

Harv1, likely due to greater forest harvesting intensity and narrower buffer widths. As 

such, the following BMPs have been proposed by Lam et al. (2024c) and are also 

recommended herein:  

1) Minimizing the extent of harvest within a watershed (do not exceed 

suggested threshold of 40-60% harvest of watershed). This may reduce soil 

disturbance within a landscape and subsequently reduce the export of Hg from the 

landscape to nearby streams, and its uptake in stream food webs.  

2) Designating protection areas around intermittent and ephemeral streams, 

mapped streams, and areas of hydrologic connectivity. This may reduce effects 

on stream macroinvertebrate communities by reducing increased OM inputs to 

streams from terrestrial landscapes. Subsequently, this will also reduce Hg risk to 

stream food webs.  

3) Avoid stream crossings, including those over intermittent and ephemeral 

streams. The stream crossing upstream of CF3/DRY Harv 1 likely served as site 

of Hg methylation (Huang et al 2024) and source of OM downstream. This may 
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have contributed to elevated [Hg] post-harvest in some biota at CF3/DRY Harv 1 

(Chapter 3).  

4) Minimize harvest within riparian areas adjacent to beaver ponds.  Current 

BMPS encourage foresters to harvest older conifers within buffer zones (riparian 

areas) near reservoirs to regenerate beaver food supply. As beavers may increase 

[Hg] of biota downstream of reservoirs (Chapter 4), it is recommended that 

harvesting is reduced within these areas, to minimize Hg risk to nearby streams.  
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Appendix A: Supplementary Information for Chapter 2  

 

Figure A1. Correlations between water chemistry measurements collected from 2 

harvested (A) CF3 and B) CF1) and 2 non-harvested (C) SN1 and D) DW1) streams in 

harvested landscapes. Note that conductivity (Cond.uS.cm) was removed from analyses at 

CF3 due to high collinearity.

 

A) CF3 B) CF1 

C) SN1 

 
D) DW1 
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Figure A2. Principal component analyses (PCAs) of all water chemistry parameters 

measured in streams in the Dryden-Kenora region of Northwestern Ontario pre-(2019), 

during (2020) and post-(2021) harvest in harvested (A) CF3 and B) CF1) and non-

harvested (C) SN1 and D) DW1) landscapes. Convex hulls represent the spread of the 

data for each year (2019-green, 2020-orange, 2021-purple). 
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Table A1: PCA results CF3: Table of loadings of the principal components obtained in the analysis. Bolded variables (in black) 

contributed significantly to their PC axes (>0.4) with eigen values <1 (bolded in red).  

Variable  PC1  PC2  PC3  PC4  PC5  PC6  PC7  PC8  

DO (mg/L)  -0.446 0.32 -0.011 0.071 -0.463 -0.153 -0.626 -0.250 

pH 0.12 -0.388 -0.321 -0.767 0.008 -0.187 -0.329 0.010 

DOC (mg/L)  0.549 -0.013 0.203 0.042 0.101 0.375 -0.309 -0.639 

TSS (mg/L) 0.419 0.339 -0.015 0.179 0.347 -0.694 -0.242 0.125 

Cl (mg/L) 0.274 0.314 -0.624 -0.023 -0.420 -0.078 0.416 -0.283 

SO4  -0.273 -0.552 -0.141 0.330 0.167 -0.408 0.139 -0.527 

TN (mg/L)  0.281 -0.411 -0.346 0.508 -0.272 0.162 -0.344 0.394 

TP (mg/L)  0.278 -0.239 0.571 -0.075 -0.614 -0.347 0.187 0.030 
 

Eigen Value  2.44 1.69 1.10 0.91 0.73 0.47 0.37 0.25 

Proportion 

Explained  

(%)  

30.6 21.2 13.7 11.4 9.2 5.9 4.7 3.1 

Cumulative 

proportion  

(%)  

30.6 51.8 65.6 77.0 86.2 92.2 96.9 100 
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Table A2: PCA results CF1: Table of loadings of the principal components obtained in the analysis. Bolded variables 

contributed significantly (>0.4) to PC axes with eigen values <1 (bolded in red).  

Variable  PC1  PC2  PC3  PC4  PC5  PC6  PC7  PC8  PC9 

DO (mg/L)  -0.413 -0.134 0.069 -0.551 0.083 -0.328 0.467 -0.412 0.036 

pH 0.519 -0.111 -0.253 0.025 -0.223 0.255 0.421 -0.284 0.530 

Cond.uS.cm 0.040 -0.634 -0.115 0.322 -0.032 -0.243 0.440 0.379 -0.286 

DOC (mg/L)  -0.454 0.038 -0.022 0.368 -0.352 0.523 0.186 -0.355 -0.314 

TSS (mg/L) 0.040 0.246 0.546 0.427 -0.362 -0.511 0.107 -0.127 0.194 

Cl (mg/L) -0.244 -0.181 -0.417 -0.166 -0.680 -0.240 -0.373 0.104 0.192 

SO4  -0.027 -0.634 0.207 0.201 0.233 0.009 -0.457 -0.464 0.191 

TN (mg/L)  -0.032 -0.260 0.625 -0.360 -0.281 0.410 0.037 0.374 0.148 

TP (mg/L)  -0.538 0.065 -0.105 0.279 0.303 0.084 0.122 0.314 0.636 

 

Eigen Value  2.48 1.73 1.34 1.08 0.92 0.59 0.44 0.24 0.13 

Proportion 

Explained  

(%)  

27.56 19.23 14.99 12.04 10.25 6.64 4.95 2.74 

 

1.51 

Cumulative 

proportion  

(%)  

27.56 46.83 61.82 73.87 84.12 90.77 95.73 98.48 

 

100.0 
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Table A3: PCA results SN1: Table of loadings of the principal components obtained in the analysis. Bolded variables 

contributed significantly (>0.4) to PC axes with Eigen values <1 (bolded in red.  

Variable  PC1  PC2  PC3  PC4  PC5  PC6  PC7  PC8  PC9 

DO (mg/L)  0.226 -0.425 0.270 -0.145 0.489 0.522 0.223 0.322 0.098 

pH -0.414 0.242 0.121 0.416 -0.170 0.165 0.699 0.196 0.027 

Cond.uS.cm 0.296 0.279 0.519 0.054 0.369 -0.271 0.249 -0.460 -0.280 

DOC (mg/L)  0.171 0.421 -0.436 0.172 0.224 0.562 -0.043 -0.405 0.203 

TSS (mg/L) -0.106 -0.228 -0.566 -0.075 0.472 -0.461 0.395 -0.064 0.122 

Cl (mg/L) 0.249 0.218 -0.097 -0.746 -0.364 0.077 0.430 -0.015 0.011 

SO4  0.393 0.495 0.007 0.115 0.150 -0.277 -0.088 0.601 0.344 

TN (mg/L)  -0.431 0.377 -0.091 -0.309 0.371 0.114 -0.180 0.282 -0.553 

TP (mg/L)  -0.497 0.139 0.338 -0.320 0.175 -0.047 -0.128 -0.192 0.656 

  

Eigen Value  2.32 1.73 1.44 0.99 0.79 0.71 0.52 0.28 0.18 

Proportion 

Explained  

(%)  

25.88 19.30 16.11 11.03 8.85 7.86 5.78 3.14 

 

2.02 

Cumulative 

proportion  

(%)  

25.88 45.18 61.29 72.3 81.11 89.03 94.82 97.97 

 

100 
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Table A4: PCA results DW1: Table of loadings of the principal components obtained in the analysis. Bolded variables 

contributed significantly (>0.4) to PC axes with eigen values <1 (bolded in red).  

Variable  PC1  PC2  PC3  PC4  PC5  PC6  PC7  PC8  PC9 

DO (mg/L)  -0.321 -0.441 0.083 0.222 -0.116 0.768 -0.170 -0.067 -0.098 

pH 0.352 0.470 0.132 -0.186 0.099 0.288 -0.687 -0.086 -0.177 

Cond.uS.cm 0.308 -0.016 -0.388 -0.210 0.628 0.414 0.361 0.021 0.112 

DOC (mg/L)  0.410 0.128 0.399 0.257 -0.170 0.137 0.425 -0.600 -0.050 

TSS (mg/L) 0.276 -0.234 0.659 0.009 0.178 0.023 -0.024 0.485 0.409 

Cl (mg/L) 0.137 -0.466 0.011 -0.740 -0.234 -0.066 -0.103 -0.350 0.154 

SO4  0.431 -0.438 -0.045 0.111 0.037 -0.173 -0.024 0.212 -0.729 

TN (mg/L)  0.341 -0.275 -0.382 0.492 0.002 -0.160 -0.378 -0.212 0.455 

TP (mg/L)  0.336 0.171 -0.287 -0.060 -0.682 0.277 0.183 0.425 0.123 

  

Eigen Value  3.38 1.65 1.34 0.92 0.82 0.43 0.24 0.14 0.03 

Proportion 

Explained  

(%)  

37.6 18.39 14.96 10.30 9.20 4.82 2.69 1.64 

 

0.39 

Cumulative 

proportion  

(%)  

37.6 55.99 70.95 81.24 90.45 95.27 97.97 99.62 

 

100.0 
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Table A5: Mean (Ñ SD), median, interquartile range (IQR) and sample size (n) of water chemistry variables including 

conductivity (uS/cm), dissolved oxygen (mg/L), pH, dissolved organic carbon (mg/L), total suspended solids (mg/L), chloride 

(mg/L), sulfate (mg/L), total phosphorus (mg/L), and total nitrogen collected from streams pre- (2019), during- (2020) and 

post- (2021) harvest at 2 harvested (CF3 and CF1) and 3 reference (CFR1, SN1, DW1) watersheds in the Dryden-Kenora 

region. p- values denote significance of comparisons across years determined using Kruskal-Wallis Tests and T-Tests (CFR1 

only). Table includes the test statistic, either H, U, or t, and degrees of freedom in parentheses. 

 Conductivity (uS/cm) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR n Mean Ñ SD Median IQR n p Test Stat 

CF3 70.3Ñ40.5 62.1 61.3 10 96.1Ñ49.1 107.9 57.1 7 90.5Ñ28.2 99.0 42.0 15 0.26 2.7(2) 

CF1 98.9Ñ31.2 98.5 55.5 10 158.2Ñ38.7 175.2 22.3 8 137.0Ñ42.65 148.0 25.5 11 0.002 12.4(2) 

CFR1 42.3Ñ21.1 38.3 26.1 6 40.0Ñ19.9 45.9 19.2 3 ---- ---- ---  0.87 0.2(4.1) 

SN1 68.2Ñ1.1 7.5 0.8 6 91.4Ñ20.0 6.3 4.5 10 81.4Ñ2.6 6.9 2.1 11 0.27 2.6(2) 

DW1 123.7Ñ4.7 7.9 1.5 7 160.3Ñ2.2 6.3 2.8 10 192.6Ñ1.9 5.1 2.5 7 0.09 4.9(2) 

 Dissolved Oxygen (mg/L) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 7.9Ñ1.6 7.6 2.7 10 6.0Ñ3.6 4.9 5.4 5 5.4Ñ2.0 5.1 2.7 15 0.02 7.4(2) 

CF1 9.5Ñ1.5 8.8 2.8 10 8.7Ñ1.8 8.1 2.3 6 9.1Ñ0.7 9.1 0.8 12 0.34 2.16(2) 

CFR1 3.8Ñ2.8 3.1 3.8 5 7.1Ñ2.0 7.3 2.0 3 --- --- --- --- 0.09 -2.0(5.6) 

SN1 7.6Ñ1.1 7.5 0.8 6 13.7Ñ20 6.3 4.5 10 7.0Ñ2.6 6.9 2.1 11 0.89 0.23(2) 

DW1 8.7Ñ4.7 7.9 1.5 7 7.0Ñ2.2 6.3 2.8 10 5.3Ñ1.9 5.1 2.5 7 0.12 4.1(2) 

 pH 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 6.7Ñ0.5 6.8 0.5 10 6.8Ñ0.6 6.6 0.2 5 7.2Ñ0.3 7.2 0.4 15 0.02 8.1(2) 

CF1 7.0Ñ0.4 6.9 0.5 10 7.2Ñ0.4 7.2 0.6 8 7.7Ñ0.4 7.6 0.5 13 0.002 12.3(2) 

CFR1 5.8Ñ0.5 5.7 0.4 6 7.510.5 7.2 0.4 3 --- --- --- --- 0.02 0 

SN1 6.9Ñ0.3 6.8 0.1 6 7.2Ñ0.4 7.1 0.6 10 7.4Ñ0.4 7.3 0.6 11 0.02 7.45(2) 

DW1 6.8Ñ0.2 6.7 0.4 7 6.9Ñ0.4 6.9 0.4 10 7.4Ñ0.2 7.4 0.3 7 0.002 12.2(2) 

 DOC (mg/L) 

2019 2020 2021 KW or Wilcoxon 
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Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 14.78Ñ4.77 14.72 4.44 10 31.30Ñ18.09 33.52 11.52 6 32.88Ñ11.23 27.83 15.21 15 0.0004 15.6(2) 

CF1 12.33Ñ5.20 11.61 8.43 10 8.16Ñ3.53 7.28 3.69 9 14.21Ñ8.57 12.77 8.26 12 0.08 5.0(2) 

CFR1 26.54Ñ4.84 28.44 3.43 8 18.46Ñ9.31 19.45 10.68 5 --- --- --- --- 0.047 44 

SN1 15.58Ñ7.76 14.19 0.80 8 14.61Ñ1.07 14.77 4.47 10 22.20Ñ5.45 19.15 2.15 11 0.0004 15.7(2) 

DW1 13.79Ñ3.15 13.22 1.50 8 10.07Ñ1.60 10.66 2.82 10 17.49Ñ8.45 13.63 2.55 7 0.003 11.5(2) 

 TSS (mg/L) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 0.38Ñ0.52 0.00 1.00 8 7.28Ñ5.33 6.87 2.20 6 3.74Ñ4.79 2.22 1.58 13 0.006 10.1 (2) 

CF1 6.43Ñ12.11 2.58 3.06 8 8.61Ñ11.19 1.08 14.59 7 3.85Ñ4.26 2.73 3.26 11 0.95 0.08(2) 

CFR1 11.34Ñ19.50 3.25 9.78 6 59.32Ñ88.01 4.08 92.54 5 --- --- --- --- 0.83 16 

SN1 15.27Ñ30.99 2.84 1.94 6 3.92Ñ2.14 3.93 1.25 8 7.17Ñ12.69 3.74 4.26 10 0.87 0.29(2) 

DW1 2.01Ñ1.40 2.05 1.41 8 3.20Ñ1.97 2.88 2.64 9 6.47Ñ8.15 2.73 4.76 7 0.43 1.7(2) 

 Chloride (mg/L) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 0.17Ñ0.06 0.16 0.03 7 0.96Ñ1.57 0.35 0.11 6 1.00Ñ1.02 0.51 1.00 10 0.0006 10.1 (2) 

CF1 0.26Ñ0.17 0.19 0.001 6 0.35Ñ0.17 0.17 0.30 7 0.48Ñ0.41 0.39 0.14 11 0.09 4.9(2) 

CFR1 0.17Ñ0.03 0.17 0.03 5 0.81Ñ1.25 0.37 0.40 6 --- --- --- --- 0.13 6 

SN1 0.23Ñ0.16 0.17 0.006 5 0.37Ñ0.29 0.30 0.43 10 3.43Ñ5.13 1.68 0.23 10 0.0002 17.4(2) 

DW1 0.60Ñ1.01 0.16 0.15 6 0.58Ñ1.07 0.22 0.06 9 10.95Ñ16.26 3.07 8.07 7 0.005 10.8(2) 

 Sulfate (mg/L) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 1.51Ñ0.55 1.49 0.33 7 0.71Ñ0.19 0.71 0.17 6 1.32Ñ0.84 1.02 1.45 10 0.10 4.5(2) 

CF1 2.98Ñ0.77 2.84 0.75 6 2.62Ñ0.88 2.08 1.32 7 14.25Ñ8.25 18.68 15.88 11 0.0008 14.3(2) 

CFR1 0.53Ñ0.48 0.32 0.40 5 1.59Ñ2.11 0.74 1.63 6 --- --- --- --- 0.66 12 

SN1 0.69Ñ0.50 0.48 0.03 5 0.62Ñ0.26 0.54 0.18 10 19.11Ñ8.20 21.16 10.76 10 0.0001 17.5(2) 

DW1 0.50Ñ0.22 0.46 0.36 6 0.34Ñ0.27 0.33 0.11 10 4.86Ñ2.91 3.11 4.37 7 0.0007 14.6(2) 

 TP (mg/L) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 0.004, 0.005 --- --- 2 0.015Ñ0.008 0.017 0.016 7 0.037Ñ0.014 0.034 0.017 12 --- --- 
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CF1 0.003,0.003 --- --- 2 0.004Ñ0.003 0.003 0.001 9 0.007Ñ0.004 0.007 0.003 10 --- --- 

CFR1 0.007 --- --- 1 0.022Ñ0.013 0.019 0.014 6 --- --- --- ---   

SN1 0.06, 0.004 --- --- 2 0.021Ñ0.015 0.016 0.017 10 0.021Ñ0.07 0.024 0.013 8 --- --- 

DW1 0.004 --- ---- 1 0.004Ñ0.001 0.004 0.000 10 0.017Ñ0.014 0.012 0.011 6 --- --- 

 TN (mg/L) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Median IQR N Mean Ñ SD Median IQR n p Test Stat 

CF3 0.481,0.454 --- --- 2 0.681Ñ0.219 0.637 0.211 7 0.678Ñ0.157 0.647 0.132 12 --- --- 

CF1 0.440, 0.427 --- --- 2 0.246Ñ0.072 0.225 0.108 9 0.281Ñ0.104 0.262 0.121 10 --- --- 

CFR1 0.824 --- --- 1 1.110Ñ0.407 0.961 0.403 6 --- --- --- --- --- --- 

SN1 0.571, 0.569 --- --- 2 0.733Ñ0.186 0.723 0.097 10 0.574Ñ0.077 0.561 0.103 8 --- --- 

DW1 0.639 --- --- 1 0.417Ñ0.098 0.436 0.145 10 0.531Ñ0.070 0.539 0.073 6 --- --- 
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Table A6: Pairwise comparisons of water chemistry parameters from Table A5 across 

three years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table 

displays adjusted p-values for each comparison and significant p<0.025 are bolded. 

Site Water 

Chemistry 

Comparison Z 

score 

Adjusted P 

CF3 DO 

 (mg/L) 

2019-2020 1.59 0.16 

2019-2021 2.68 0.01 

2020-2021 0.43 1.00 

pH 2019-2020 0.04 1.00 

2019-2021 -2.5 0.02 

2020-2021 -2.30 0.06 

DOC  

(mg/L) 

2019-2020 -2.71 0.01 

2019-2021 -3.81 0.0002 

2020-2021 -0.32 1.00 

TSS  

(mg/L) 

2019-2020 -3.07 0.0032 

2019-2021 -2.30 0.032 

2020-2021 1.26 0.309 

Cl-  

(mg/L) 

2019-2020 -2.22 0.039 

2019-2021 -3.80 0.002 

2020-2021 -1.23 0.32 

CF1 Cond 

 (uS/cm) 

2019-2020 -3.44 0.0009 

2019-2021 -2.34 0.028 

2020-2021 1.43 0.22 

pH 2019-2020 -0.96 0.50 

2019-2021 -3.40 0.001 

2020-2021 -2.19 0.04 

Sulfate 

 (mg/L) 

2019-2020 0.611 0.811 

2019-2021 -2.655 0.012 

2020-2021 -3.49 0.0007 

SN1 pH 2019-2020 -1.88 0.508 

2019-2021 -2.72 0.01 

2020-2021 -0.93 0.52 

DOC  

(mg/L) 

2019-2020 -0.05 1.00 

2019-2021 -3.28 0.02 

2020-2021 -3.44 0.0009 

Cl-  

(mg/L) 

2019-2020 -0.29 1.00 

2019-2021 -3.29 0.002 

2020-2021 -3.67 0.0004 

SO4
2- 

(mg/L) 

2019-2020 -0.37 1.00 

2019-2021 -3.34 0.001 

2020-2021 -3.65 0.0004 

DW1 pH 2019-2020 -1.21 0.39 
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2019-2021 -3.38 0.001 

2020-2021 -2.55 0.016 

DOC 

 (mg/L) 

2019-2020 2.54 0.016 

2019-2021 -0.63 0.79 

2020-2021 3.11 0.003 

Cl- 

 (mg/L) 

2019-2020 -0.27 1.00 

2019-2021 -2.82 0.007 

2020-2021 -2.92 0.006 

SO4
2- 

(mg/L) 

2019-2020 0.76 0.66 

2019-2021 -2.60 0.014 

2020-2021 -3.74 0.003 
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Table A7: Mean (Ñ SD), median, and sample size (n) of coarse organic sediment deposition rates (g/day), fine organic 

sediment deposition rates (g/day), coarse mesh leaf litter breakdown rates (kdd), and fine mesh leaf litter decomposition rates 

(kdd) collected from streams pre- (2019), during- (2020) and post- (2021) harvest at 2 harvested (CF3 and CF1) and 3 reference 

(CFR1, SN1, DW1) watersheds in the Dryden-Kenora region. p- values denote significance of comparisons across years 

determined using Kruskal-Wallis Tests and T-Tests (CFR1 only). Table includes the test statistic, either H, U, or t, and degrees 

of freedom in parentheses. 

 Coarse Organic Sediment Deposition rates (g/day) 

2019 2020 2021 Test 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 5.3Ĭ10-3Ñ3.7Ĭ10-3 4.2Ĭ10-3 6 1.8Ĭ10-2Ñ7.5Ĭ10-3 1.8Ĭ10-2 6 7.1Ĭ10-3Ñ5.3Ĭ10-3 9.2Ĭ10-3 5 0.02 8.1(2) 

CF1 2.3Ĭ10-2Ñ7.7Ĭ10-3 5.1Ĭ10-3 6 5.5Ĭ10-3Ñ8.7Ĭ10-3 1.5Ĭ10-3 6 5.5Ĭ10-3Ñ8.7Ĭ10-3 9.0Ĭ10-4 6 0.007 9.7(2) 

CFR1 3.3Ĭ10-2Ñ1.1Ĭ10-2 3.3Ĭ10-2 6 2.6Ĭ10-3Ñ1.8Ĭ10-3 3.0Ĭ10-3 3 --- --- --- 0.02 18 

SN1 1.2Ĭ10-2Ñ3.3Ĭ10-3 1.2Ĭ10-2 6 8.7Ĭ10-3Ñ4.8Ĭ10-3 7.8Ĭ10-3 6 1.2Ĭ10-2Ñ4.4Ĭ10-3 1.1Ĭ10-2 6 0.16 3.6(2) 

DW1 3.1Ĭ10-2Ñ1.2Ĭ10-2 3.1Ĭ10-2 6 2.9Ĭ10-2Ñ3.6Ĭ10-3 3.0Ĭ10-3 6 1.4Ĭ10-2Ñ5.2Ĭ10-3 1.4Ĭ10-2 6 0.014 8.5(2) 

 Fine Organic Sediment Deposition rates (g/day) 

2019 2020 2021 Test 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 4.6Ĭ10-3Ñ1.9Ĭ10-3 4.7Ĭ10-3 6 1.4Ĭ10-2Ñ2.5Ĭ10-3 1.4Ĭ10-2 6 1.1Ĭ10-2Ñ7.7Ĭ10-3 1.0Ĭ10-2 5 0.01 9.1(2) 

CF1 1.0Ĭ10-2Ñ3.4Ĭ10-3 1.0Ĭ10-2 6 2.8Ĭ10-3Ñ3.1Ĭ10-3 1.7Ĭ10-3 6 1.7Ĭ10-3Ñ1.1Ĭ10-3 1.3Ĭ10-3 6 0.004 10.9(2) 

CFR1 1.5Ĭ10-2Ñ5.5Ĭ10-3 1.4Ĭ10-2 6 1.6Ĭ10-2Ñ1.2Ĭ10-2 2.2Ĭ10-2 3 ---- ---- --- 0.86 -0.2(2.4) 

SN1 9.3Ĭ10-3Ñ3.1Ĭ10-3 9.1Ĭ10-3 6 1.2Ĭ10-2Ñ5.5Ĭ10-3 1.0Ĭ10-2 6 1.0Ĭ10-2Ñ3.5Ĭ10-3 1.0Ĭ10-2 6 0.69 0.7(2) 

DW1 1.2Ĭ102Ñ3.1Ĭ10-3 1.1Ĭ10-2 6 6.2Ĭ10-3Ñ1.9Ĭ10-3 6.8Ĭ10-3 6 8.2Ĭ10-3Ñ2.1Ĭ10-2 8.8Ĭ10-3 6 0.004 11.0(2) 

 Coarse Leaf Litter Breakdown Rates (kdd) 

2019  2020 2021 Test 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 4.0Ĭ10-4Ñ0.0Ĭ10-4 4.0Ĭ10-4 6 3.0Ĭ10-4Ñ2.0Ĭ10-4 4.0Ĭ10-4 6 3.0Ĭ10-4Ñ1.0Ĭ10-4 2.0Ĭ10-4 6 0.07 5.2(2) 

CF1 8.0Ĭ10-4Ñ1.0Ĭ10-4 8.0Ĭ10-4 6 5.0Ĭ10-4Ñ2.0Ĭ10-4 5.0Ĭ10-4 6 3.0Ĭ10-4Ñ1.0Ĭ10-4 3.0Ĭ10-4 6 0.002 12.7(2) 

CFR1 3.0Ĭ10-4Ñ1.0Ĭ10-4 3.0Ĭ10-4 6 2.0Ĭ10-4Ñ1.0Ĭ10-4 3.0Ĭ10-4 3 --- --- --- 0.68 0.4(0.7) 

SN1 5.0Ĭ10-4Ñ1.0Ĭ10-4 5.0Ĭ10-4 6 5.0Ĭ10-4Ñ1.0Ĭ10-4 5.0Ĭ10-4 6 2.0Ĭ10-4Ñ1.0Ĭ10-4 2.0Ĭ10-4 5 0.007 9.8(2) 

DW1 4.0Ĭ10-4Ñ1.0Ĭ10-4 3.0Ĭ10-4 6 4.0Ĭ10-4Ñ1.0Ĭ10-4 4.0Ĭ10-4 6 2.0Ĭ10-4Ñ1.0Ĭ10-4 2.0Ĭ10-4 6 0.008 9.5(2) 
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 Fine Leaf Litter Breakdown Rates (kdd) 

2019 2020 2021 Test 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 1.0Ĭ10-4Ñ1.0Ĭ10-4 0.0Ĭ10-4 6 1.0Ĭ10-4Ñ1.0Ĭ10-4 0.0Ĭ10-4 6 2.0Ĭ10-4Ñ1.0Ĭ10-4 1.0Ĭ10-4 6 0.17 3.5(2) 

CF1 1.0Ĭ10-4Ñ1.0Ĭ10-4 0.0Ĭ10-4 6 2.0Ĭ10-4Ñ2.0Ĭ10-4 1.0Ĭ10-4 6 2.0Ĭ10-4Ñ2.0Ĭ10-4 2.0Ĭ10-4 6 0.15 3.8(2) 

CFR1 2.0Ĭ10-4Ñ2.0Ĭ10-4 2.0Ĭ10-4 6 0.0Ĭ10-4Ñ1.0Ĭ10-4 0.0Ĭ10-4 6 --- --- --- 0.28 13/5 

SN1 1.0Ĭ10-4Ñ1.0Ĭ10-4 0.0Ĭ10-4 6 1.0Ĭ10-4Ñ2.0Ĭ10-4 1.0Ĭ10-4 6 2.0Ĭ10-4Ñ1.0Ĭ10-4 2.0Ĭ10-4 6 0.13 4.0(2) 

DW1 2.0Ĭ10-4Ñ1.0Ĭ10-4 2.0Ĭ10-4 6 3.0Ĭ10-4Ñ2.0Ĭ10-4 2.0Ĭ10-4 6 1.0Ĭ10-4Ñ1.0Ĭ10-4 1.0Ĭ10-4 6 0.31 2.3(2) 
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Table A8: Pairwise comparisons of fine and coarse organic sediment deposition rates 

(g/day) and fine and coarse leaf litter decomposition rates (kdd) from Table A7 across 

three years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table 

displays adjusted p-values for each comparison and p-values <0.025 are bolded. 

Site Sediment 

Deposition 

Comparison Z score Adjusted 

P 

CF3 Coarse Organic 

Sediment 

Deposition rates 

(g/day) 

2019-2020 -2.68 0.01 

2019-2021 -0.047 0.98 

2020-2021 2.11 0.05 

Fine Organic 

Sediment 

Deposition rates 

(g/day) 

2019-2020 -3.00 0.004 

2019-2021 -1.66 0.14 

2020-2021 1.19 0.35 

CF1 

 

Coarse Organic 

Sediment 

Deposition rates 

(g/day) 

2019-2020 2.48 0.019 

2019-2021 2.87 0.006 

2020-2021 0.37 1.00 

Fine Organic 

Sediment 

Deposition rates 

(g/day) 

2019-2020 2.32 0.029 

2019-2021 3.19 0.0021 

2020-2021 0.86 0.57 

Coarse Leaf Litter 

Breakdown Rates 

(kdd) 

2019-2020 2.25 0.036 

2019-2021 3.51 0.0007 

2020-2021 1.26 0.31 

SN1 Coarse Leaf Litter 

Breakdown Rates 

(kdd) 

2019-2020 0.41 1.00 

2019-2021 2.91 0.005 

2020-2021 2.53 0.017 

DW1 

 

Coarse Organic 

Sediment 

Deposition rates 

(g/day) 

2019-2020 0.16 1.00 

2019-2021 2.60 0.014 

2020-2021 2.44 0.022 

Fine Organic 

Sediment 

Deposition rates 

(g/day) 

2019-2020 3.27 0.002 

2019-2021 2.08 0.055 

2020-2021 -1.19 0.35 

Coarse Leaf Litter 

Breakdown Rates 

(kdd) 

2019-2020 0.11 1.000 

2019-2021 2.73 0.0095 

2020-2021 2.62 0.013 
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Table A9: Mean (Ñ SD), Median, and sample size (n), of diversity metrics (Shannonôs species diversity index (Hô), Pielouôs 

evenness (J), and percentage of sensitive taxa (% EPT) and tolerant taxa (% Chironomidae) from leaf packs pre- (2019), 

during- (2020) and post- (2021) harvest at 2 harvested (CF3 and CF1) and 3 reference (CFR1, SN1, DW1) watersheds in the 

Dryden-Kenora region. p- values denote significance of comparisons across years determined using Kruskal-Wallis Tests and 

T-Tests (CFR1 only). Table includes the test statistic, either H, U, or t, and degrees of freedom in parentheses. 

 Shannonôs Species Diversity Index (Hô) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 1.86Ñ0.41 1.91 6 0.29Ñ0.26 0.23 6 1.39Ñ0.24 1.33 6 0.001 13.0 (2) 

CF1 1.62Ñ0.24 1.57 6 1.61Ñ0.12 1.61 6 1.73Ñ0.18 1.71 6 0.27 2.6(2) 

CFR1 1.31Ñ0.31 1.33 6 1.74Ñ0.20 1.81 3 --- --- --- 0.045 -2.5(6.2) 

SN1 1.54Ñ0.41 1.76 6 1.94Ñ0.18 1.99 6 1.73Ñ0.16 1.75 5 0.09 4.9(2) 

DW1 1.48Ñ0.25 1.48 6 1.58Ñ0.11 1.58 6 1.63Ñ0.29 1.70 6 0.58 1.1(2) 

 Pielouôs Evenness (J) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 0.80Ñ0.11 0.80 6 0.24Ñ0.09 0.21 6 0.71Ñ0.10 0.71 6 0.004 11.1(2) 

CF1 0.75Ñ0.11 0.71 6 0.81Ñ0.07 0.83 6 0.77Ñ0.05 0.77 6 0.52 1.3(2) 

CFR1 0.70Ñ0.11 0.71 6 0.85Ñ0.02 0.85 3 --- --- --- 0.023 -3.1(5.7) 

SN1 0.54Ñ0.10 0.58 6 0.78Ñ0.04 0.77 6 0.70Ñ0.03 0.70 5 0.0008 14.2 (2) 

DW1 0.67Ñ0.07 0.68 6 0.78Ñ0.11 0.75 6 0.80Ñ0.11 0.84 6 0.10 4.5(2) 

  Abundance 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 57Ñ36.0 54 6 151.5Ñ179.3 86 6 73.8Ñ20.7 68 6 0.37 2.0 (2) 

CF1 45.3Ñ17.9 44.5 6 44.2Ñ23.5 34.0 6 65.3Ñ25.4 67.5 6 0.20 3.2(2) 

CFR1 78.2Ñ30.2 74 6 48.3Ñ51.7 21 3 --- --- --- 0.38 13 

SN1 599.8Ñ368.2 544.5 6 95.7Ñ54.5 87.5 6 126.6Ñ41.0 119 5 0.003 11.5 (2) 

DW1 80.7Ñ15.9 85.5 6 50.5Ñ42.2 32.5 6 31.5Ñ14.7 34 6 0.02 7.8(2) 

 Sensitive Taxa (% EPT) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 
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CF3 40.4Ñ15.2 42.5 6 0.0Ñ0.0 0.0 6 8.3Ñ10.8 3.8 6 0.001 13.3(2) 

CF1 14.7Ñ1.8 10.7 6 24.9Ñ8.6 23.7 6 39.0Ñ6.0 39.5 6 0.029 7.1(2) 

CFR1 1.5Ñ1.8 0.9 6 8.1Ñ9.7 5.6 3 --- --- --- 0.35 -1.2(2.1) 

SN1 20.9Ñ14.2 22.8 6 39.4Ñ10.8 37.6 6 33.2Ñ15.0 26.9 5 0.13 4.0(2) 

DW1 68.1Ñ21.9 77.2 6 66.8Ñ13.6 70.9 6 54.8Ñ19 48.8 6 0.33 2.2(2) 

 Tolerant Taxa (% Chironomidae) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 53.5Ñ15.9 53.4 6 96.2Ñ2.4 95.8 6 83.9Ñ15.2 89.0 6 0.003 11.7(2) 

CF1 58.9Ñ18.7 61.5 6 62.0Ñ7.2 60.3 6 49.6Ñ8.4 49.7 6 0.12 4.2(2) 

CFR1 58.4Ñ18.4 58.8 6 29.7Ñ26.5 38.1 3 --- --- --- 0.2 1.7(3.0) 

SN1 75.6Ñ15.4 71.1 6 42.5Ñ15.2 44.5 6 39.6Ñ19.5 44.4 5 0.03 11.1(2) 

DW1 30.7Ñ21.5 21.4 6 30.7Ñ16.0 26.4 6 39.0Ñ15.7 42.9 6 0.41 1.8(2) 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

200 

 

Table A10: Pairwise comparisons of diversity metrics described in Table A9 across three 

years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table displays 

adjusted p-values for each comparison and significant p-values are bolded. 

Site Water Chemistry 

Parameter 

Comparison Z 

score 

Adjusted 

P 

CF3 Shannonôs Species 

Diversity Index 

(Hô) 

2019-2020 3.57 0.0005 

2019-2021 1.30 0.29 

2020-2021 0.011 0.035 

Pielouôs Evenness 

(Jô) 

2019-2020 3.27 0.016 

2019-2021 1.03 0.45 

2020-2021 -2.28 0.03 

% EPT 2019-2020 3.62 0.0004 

2019-2021 2.15 0.047 

2020-2021 -1.47 0.21 

%Chironomidae 2019-2020 -3.41 0.001 

2019-2021 -1.95 0.07 

2020-2021 1.46 0.22 

CF1 % EPT 2019-2020 -1.06 0.43 

2019-2021 -2.68 0.01 

2020-2021 -1.62 0.15 

SN1 Pielouôs Evenness 

(Jô) 

2019-2020 -3.77 0.0002 

2019-2021 -1.79 0.10 

2020-2021 1.79 0.10 

%Chironomidae 2019-2020 2.80 0.0008 

2019-2021 2.91 0.005 

2020-2021 0.23 1.00 

Abundance 2019-2020 3.26 0.0017 

2019-2021 2.39 0.025 

2020-2021 -0.72 0.71 

DW1 Abundance 2019-2020 2.00 0.07 

2019-2021 2.70 0.01 

2020-2021 0.71 0.72 
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Table A11: Mean (Ñ SD), median, and sample size (n), of  % of Functional Feeding Groups including shredders (%), collector-

gatherers (%), collector-filterers (%), and predators (%) collected from leaf packs pre- (2019), during- (2020) and post- (2021) 

harvest at 2 harvested (CF3 and CF1) and 3 reference (CFR1, SN1, DW1) watersheds in the Dryden-Kenora region. p- values 

denote significance of comparisons across years determined using Kruskal-Wallis Tests and T-Tests (CFR1 only). Table 

includes the test statistic, either H, U, or t, and degrees of freedom in parentheses. 

 Shredders (%) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median n Mean Ñ SD Median n p Test Stat 

CF3 19.03Ñ16.1 13.7 6 0.0Ñ0.0 0.0 6 5.1Ñ9.1 0.6 6 0.003 11.4(2) 

CF1 13.5Ñ14.6 10.0 6 20.6Ñ11.8 22.1 6 35.1Ñ4.3 34.0 6 0.03 6.7(2) 

CFR1 3.3Ñ3.1 2.5 6 2.4Ñ3.4 0.9 3 --- --- --- 0.71 0.4(3.7) 

SN1 2.2Ñ1.9 1.7 6 6.8Ñ6.4 4.6 6 2.2Ñ2.5 1.7 5 0.12 4.3(2) 

DW1 6.8Ñ4.2 7.3 6 15.9Ñ14.4 13.9 6 4.1Ñ3.3 3.9 6 0.37 1.9 (2) 

 Collector-Gatherers (%) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median N Mean Ñ SD Median n p Test Stat 

CF3 35.7Ñ13.6 33.6 6 96.3Ñ7.3 99.3 6 42.1Ñ22.9 37.4 6 0.003 11.5 (2) 

CF1 46.1Ñ22.8    53.8 6 38.7Ñ5.8 39.4 6 47.1Ñ5.3 47.1 6 0.17 3.5(2) 

CFR1 58.5Ñ25.4 68.1 6 42.1Ñ16.6 46.3 3 --- --- --- 0.38 13 

SN1 35.5Ñ8.7 31.6 6 52.3Ñ11.0 48.8 6 84.5Ñ3.1 84.9 5 0.002 12.6(2) 

DW1 71.2Ñ12.2 74.7 6 43.6Ñ10.0 46.8 6 58.5Ñ10.3 56.4 6 0.004 10.9(2) 

 Collector-Filterers (%) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median N Mean Ñ SD Median n p Test Stat 

CF3 4.13Ñ2.76 3.8 6 2.5Ñ5.12 0 6 28.0Ñ18.6 29.8 6 0.009 9.3(2) 

CF1 23.3Ñ11.3 23.2 6 0.9Ñ2.2 0 6 4.7Ñ2.5 5.4 6 0.0007 2.52(2) 

CFR1 33.5Ñ24.6 23.2 6 11.7Ñ14.99 6.5 3 --- --- --- 0.26 14 

SN1 56.3Ñ11.4 62.0 6 12.3Ñ9.7 8.5 6 1.8Ñ2.2 1.7 5 0.0001 13.6(2) 

DW1 5.4Ñ4.8 4.5 6 16.7Ñ22.0 5.8 6 5.5Ñ6.0 4.9 6 0.68 0.75(2) 

 Predators (%) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median N Mean Ñ SD Median n p Test Stat 
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CF3 41.1Ñ17.0 41.1 6 1.2Ñ2.3 0.00 6 24.8Ñ9.5 21.3 6 0.0015 12.9(2) 

CF1 16.1Ñ9.7 13.0 6 39.7Ñ12.0 38.3 6 13.2Ñ5.7 13.3 6 0.005 10.3(2) 

CFR1 4.7Ñ3.3 5.2 6 41.6Ñ3.6 42.9 3 --- --- --- 0.023 0 

SN1 5.7Ñ4.5 3.9 6 28.4Ñ9.3 26.6 6 10.8Ñ2.1 10.5 5 0.002 12.7(2) 

DW1 16.6Ñ6.1 16.2 6 23.9Ñ9 23.1 6 29.3Ñ9.4 31.0 6 0.049 6(2) 

 Scrapers (%) 

2019 2020 2021 KW or Wilcoxon 

Mean Ñ SD Median n Mean Ñ SD Median N Mean Ñ SD Median n p Test Stat 

CF3 0.0Ñ0.0 0.0 6 0.0Ñ0.0 0.0 6 0.0Ñ0.0 0.0 6 Na Na 

CF1 0.98Ñ2.4 0.0 6 0.2Ñ0.5 0.0 6 0.0Ñ0.0 0.0 6 0.58 1.1(2) 

CFR1 0.0Ñ0.0 0.0 6 1.6Ñ2.8 0.0 3 --- --- -- 0.33 6 

SN1 0.2Ñ0.4 0.0 6 0.2Ñ0.5 0.0 6 0.4Ñ0.4 0.5 5 0.51 1.3(2) 

DW1 0.0Ñ0.0 0.0 6 0.0Ñ0.0 0.0 6 0.0Ñ0.0 0.0 6 Na Na 
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Table A12: Pairwise comparisons of % of Functional Feeding Groups including 

shredders (%), collector-gatherers (%), collector-filterers (%), and predators (%) across 

three years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table 

displays adjusted p-values for each comparison and significant p-values (p<0.025) are 

bolded. 

Site Functional 

Feeding Group 

(%)  

Compariso

n 

Z 

score 

Adjuste

d P 

CF3 %Shredder 2019-2020 3.35 0.001 

2019-2021 2.02 0.065 

2020-2021 -1.32 0.28 

% Collector-

Gatherers 

2019-2020 -3.06 0.0003 

2019-2021 -1.63 1.000 

2020-2021 2.79 0.008 

% Collector-

Filterers 

2019-2020 1.35 0.26 

2019-2021 -1.69 0.14 

2020-2021 -3.05 0.004 

% Predators 2019-2020 3.53 0.0006 

2019-2021 1.20 0.35 

2020-2021 -2.33 0.03 

CF1 %Shredder 2019-2020 -0.59 0.82 

2019-2021 -2.49 0.019 

2020-2021 -1.89 0.08 

% Collector-

Filterers 

2019-2020 3.77 0.0002 

2019-2021 2.13 0.049 

2020-2021 -1.64 0.15 

% Predators 2019-2020 -2.54 0.016 

2019-2021 0.43 0.99 

2020-2021 2.97 0.004 

DW1 % Collector-

Gatherers 

2019-2020 3.30 0.0015 

2019-2021 1.56 0.17 

2020-2021 -1.73 0.12 

% Predators 2019-2020 -1.46 0.21 

2019-2021 -2.43 0.022 

2020-2021 -0.97 0.49 

SN1 % Collector-

Filterers 

2019-2020 2.17 0.04 

2019-2021 3.63 0.0004 

2020-2021 1.56 0.17 

% Predators 2019-2020 -3.54 0.0006 

2019-2021 -1.32 0.28 

2020-2021 2.06 0.06 
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Table A13: Results of PERMANOVA analysis comparing macroinvertebrate 

communities across years (2019, 2020, and 2021) at harvested (CF3 and CF1) and non-

harvested (DW1 and SN1) streams with degrees of freedom (df), sum of squares (SS), 

mean squares (MS), F-statistic (F), R-squared (R2), and p-value (p). Significant 

differences between years are indicated when p<0.05.  

Site Model 

Parameters 

df SS MS F R p 

CF3 Year 2 0.90 0.45 4.66 0.38 0.001 

Residuals 15 1.45 0.097 0.61 

Total 17 2.36  1.00 

CF1 Year 2 0.51 0.25 2.63 0.26 0.005 

Residuals 15 1.45 0.097 0.74 

Total 17 1.96  1.00 

DW1 Year 2 0.74 0.37 3.04 0.28 0.003 

Residuals 15 1.83 0.12 0.71 

Total 17 2.57  1.00 

SN1 Year 2 1.60 0.80 6.40 0.47 0.001 

Residuals 14 1.75 0.12 0.52 

Total 16 3.36  1.00 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

205 

 

Table A14: Summary of pairwise PERMANOVA results comparing differences in 

macroinvertebrate communities between years (2019, 2020, 2021) at harvested (CF3 and 

CF1) and non-harvested (SN1, DW1) watersheds with F-statistic (F), R-squared (R2), and 

adjusted p-values for each pairwise comparisons). Significant differences between years 

are indicated when adjusted p<0.05.  

Site Pairs F  R2 Adjusted p-

value 

CF3 2019-2020 5.54 0.36 0.02 

2019-2021 5.99 0.37 0.009 

2020-2021 1.58 0.13 0.36 

CF1 2019-2020 2.27 0.18 0.09 

2019-2021 3.50 0.26 0.03 

2020-2021 2.00 0.17 0.30 

SN1 2019-2020 9.85 0.49 0.012 

2019-2021 8.04 0.47 0.009 

2020-2021 1.31 0.12 0.69 

DW1 2019-2020 3.30 0.25 0.045 

2019-2021 5.30 0.35 0.021 

2020-2021 1.15 0.10 1.00 
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Table A15. Results of betadispersion analysis assessing homogeneity of multivariate 

dispersion among years from macroinvertebrate community composition (2019, 2020, 

and 2021) at four sites A) CF3, B) CF1, C) DW1, and D) SN1 based on Bray-Curtis 

dissimilarity. Table includes average distance to centroid for each year, degrees of 

freedom (df), Sum of Squares (SS), Mean Sum of Squares (MS), F-value (F) and p-value 

(p). 

 

Site 

Distances to 

Centroid  

Beta Dispersion of Distance 

Average Distance to 

Centroid 

 df SS Mean S. F p 

CF3 2019 2020 2021 Group 2 0.08 0.04 2.87 0.09 

0.36 0.25 0.17 Residuals 15 0.21 0.01   

CF1 2019 2020 2021 Group 2 0.09 0.005 0.38 0.69 

0.29 0.24 0.26 Residuals 15 0.18 0.01   

SN1 2019 2020 2021 Group 2 0.0007 0.00003 0.036 0.97 

0.31 0.32 0.30 Residuals 15 0.13 0.009   

DW1 2019 2020 2021 Group 2 0.04 0.02 1.97 0.17 

0.24 0.36 0.31 Residuals 15 0.16 0.01   
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Figure A3: Principal coordinate analysis (PCoA) plots showing differences in the 

variability of community composition across years (2019, 2020, and 2021) at four sites 

A) CF3, B) CF1, C) DW1, and D) SN1 based on Bray-Curtis dissimilarity. 

 

A) CF3 B) CF1 

C) DW2 D) SN1 
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Table A16: Results of SIMPER of macroinvertebrate communities compared across three 

years within harvested (CF3 and CF1) and non-harvested (DW1 and SN1) watersheds. 

Table includes cumulative contributions of the most influential species (~70% of the 

dissimilarity matrix) and their associated p-values for significant comparisons of 

macroinvertebrate communities determined using PERMANOVA (Table A15). 

Site Years Species Mea

n 

sd ratio  Mean 

Abundances 

Cumulative 

Sum 

P 

CF3 2019-2020 Chironomidae 0.74 0.26 1.73 28.3 (2019) 

145.3 (2020) 

0.71 0.001 

2019-2021 Chironomidae 0.29 0.20 1.41 28.3 (2019) 

60.3 (2021) 

0.51 0.62 

Leptophlebiidae 0.08 0.05 1.44 11.3 (2019) 

0.17 (2021) 

0.65 0.004 

Lepidostomatidae 0.04 0.05 0.80 3.33 (2019) 

4.83 (2021) 

0.72 0.03 

CF1 2019-2021 Chironomidae 0.17 0.13 1.32 28.8 (2019) 

33.0 (2020) 

0.33 0.585 

Lepidostomatidae 0.10 0.06 1.82 1.5 (2019) 

13.0 (2020) 

0.52 0.006 

Limnephillidae 0.05 0.03 1.75 1.0 (2019) 

6.5 (2020) 

0.61 0.003 

Ceratopogonidae 0.04 0.05 0.96 4.5 (2019) 

0.0(2020) 

0.69 0.102 

Dystiscidae 0.04 0.04 1.08 0.5 (2019) 

4.8 (2020) 

0.77 0.224 

DW1 2019-2020 Leptophlebiidae 0.28 0.18 1.57 47.3 (2019) 

14.5 (2020) 

0.51 0.019 

Chironomidae 0.13 0.14 1.02 24.5 (2019) 

14.5 (2020) 

0.75 0.50 

2019-2021 Leptophlebiidae 0.33 0.18 1.74 47.3 (2019) 

12.3 (2020) 

0.57 0.001 

Chironomidae 0.14 0.15 0.95 24.5 (2019) 

11.8 (2020) 

0.81 0.43 

SN1 2019-2020 Chironomidae 0.56 0.20 2.78 487.0 (2019) 

40.33 (2020) 

0.74 0.001 

2019-2021 Chironomidae 0.52 0.20 2.56 487.0 (2019) 

48.8 (2020) 

0.71 0.003 
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Table A17: Mean (Ñ SD), of water chemistry variables including conductivity (uS/cm), dissolved oxygen (DO) (mg/L), pH, 

dissolved organic carbon (DOC) (mg/L), total suspended solids (TSS) (mg/L), chloride (Cl-) (mg/L), sulfate (SO4
2-) (mg/L), 

total phosphorus (TP) (mg/L), and total nitrogen (TN) collected from 3 harvested (CF3, CF1, DRY2), and 3 reference 

watersheds (DRY1AUP, SN1, DW1) in the Dryden-Kenora region.  

 Site 

Water 

Chemistry 

CF1 CF3 DRY2 DRY1AUP DW1 SN1 

Mean Ñ SD n Mean Ñ SD n Mean Ñ SD n Mean Ñ SD n Mean Ñ SD n Mean Ñ SD n 

DO (mg/L) 9.1 Ñ 0.7 13 5.4 Ñ 2 15 8.8 Ñ 1.7 10 9.8 Ñ 7.3 8 5.3 Ñ 1.9 7 7.0 Ñ 2.6 11 

Cond. (uS/cm) 137 Ñ 42.7 13 90.5 Ñ 28.2 15 325.3 Ñ 90.8 10 179.6 Ñ 31.1 8 192.6 Ñ 63.7 7 81.4 Ñ 34.4 11 

pH 7.7 Ñ 0.4 12 7.2 Ñ 0.3 15 7.7 Ñ 0.6 10 7.6 Ñ 0.2 8 7.4 Ñ 0.2 7 7.4 Ñ 0.4 11 

DOC (mg/L) 14.21Ñ 8.57 12 32.88 Ñ 11.23 15 17.39 Ñ 8.38 11 27.2 Ñ 5.43 9 17.49 Ñ 8.45 7 22.2 Ñ 5.45 11 

TSS (mg/L) 3.85 Ñ4.26 11 3.74 Ñ 4.79 13 22.79 Ñ 19.72 10 5.19 Ñ 6.77 8 6.47 Ñ 8.15 7 7.17 Ñ 12.69 10 

SO4
2- (mg/L) 14.25 Ñ 8.3 11 1.32 Ñ 0.8 10 5.47 Ñ 7.2 10 2.06 Ñ 1.3 8 4.86 Ñ 2.9 7 19.11 Ñ 8.2 10 

Cl- (mg/L) 0.48 Ñ0.4 11 1.0Ñ1.0 10 1.0Ñ0.7 10 0.52Ñ0.8 8 10.95Ñ16.3 7 3.43Ñ5.1 10 

TP (mg/L) 0.007 Ñ 0.004 10 0.037 Ñ 0.014 12 0.06 Ñ 0.073 8 0.036 Ñ 0.013 6 0.017 Ñ 0.014 6 0.021 Ñ 0.007 8 

TN (mg/L) 0.281 Ñ 0.104 10 0.678 Ñ 0.157 12 0.493 Ñ 0.291 8 0.969 Ñ 0.136 6 0.531 Ñ 0.07 6 0.574 Ñ 0.077 8 
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Figure A4. Correlations between water chemistry measurements collected from six 

streams sampled across 3 harvested (CF3, CF1, DRY2) and 3 non-harvested (DRY1AUP, 

SN1, DW1) landscapes.
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Table A18: PCA results all sites (2021): Table of loadings of the principal component obtained in the analysis. Bolded variables 

contributed significantly (>0.4) to PC axes with Eigen values <1.  

Variable  PC1  PC2  PC3  PC4  PC5  PC6  PC7  PC8  PC9 

DO (mg/L)  -0.193 0.068 -0.544 0.557 -0.219 0.481 0.189 0.149 0.116 

Cond.uS.cm -0.169 0.577 0.156 -0.064 -0.393 -0.290 -0.061 0.521 0.311 

pH -0.397 0.138 -0.494 0.008 0.109 -0.398 -0.510 -0.379 0.079 

DOC (mg/L)  0.515 -0.104 -0.169 -0.232 -0.063 0.328 -0.517 0.076 0.507 

TSS (mg/L) 0.054 0.631 0.081 -0.055 0.251 0.444 -0.304 -0.021 -0.487 

Cl (mg/L) 0.008 -0.089 0.496 0.732 0.186 -0.073 -0.383 0.005 0.153 

SO4  -0.411 -0.251 -0.062 -0.188 0.591 0.119 -0.085 0.593 0.080 

TN (mg/L)  0.317 0.395 -0.142 0.113 0.578 -0.177 0.417 -0.126 0.394 

TP (mg/L)  0.489 -0.087 -0.361 0.212 0.024 -0.413 -0.117 0.434 -0.453 

  

Eigen Value  2.31 1.76 1.22 1.05 0.90 0.61 0.55 0.37 0.22 

Proportion 

Explained  

(%)  

25.7 19.6 13.6 11.7 10.0 6.80 6.1 4.1 

 

2.5 

Cumulative 

proportion  

(%)  

25.7 45.3 58.9 70.6 80.6 87.3 93.4 97.5 

100 
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Figure A5: Principal Component Analysis (PCA) of water chemistry variables collected 

across harvested (CF1, CF3, DRY2) and non-harvested (DRY1AUP, SN1, DW1) 

watersheds.  
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Table A19: Output of linear mixed effect models (LMM) of water chemistry parameters 

compared across harvested and non-harvested landscapes including dissolved oxygen 

(mg/L), conductivity (uS/cm), pH, dissolved organic carbon (DOC, mg/L), total 

suspended solids (TSS, mg/L), chloride (Cl-, mg/L), sulfate (SO4
2-, mg/L), total 

phosphorus (TP, mg/L) and total nitrogen (TN, mg/L). Models included Time (days since 

first sample collection) as a covariate and site as a random effect. Beta, Standard Error, 

df, and t ratios are derived from REML model summary output. t-statistics, and p-values 

were computed using a Wald t-distribution.  

Model  Model 

Parameter 

Beta 

(ɓ) 

SE df t-statistic 

(df) 

p-value 

Log Dissolved Oxygen 

(mg/L) 

Intercept 1.88 0.178 5.34 10.56 <0.0001 

Treatment -0.10 0.236 4.11 -0.45 0.67 

Time 0.0017 0.011 56.60 1.43 0.16 

Conductivity 

(uS/cm)  

Intercept 190.9 57.34 4.18 3.33 0.027 

Treatment -33.9 80.26 4.01 -0.42 0.69 

Time -0.12 0.16 57.10 -0.76 0.44 

pH Intercept 7.67 0.16 5.90 47.93 <0.0001 

Treatment -0.067 0.20 4.33 -0.32 0.76 

Time -0.003 0.0011 56.86 -2.61 0.011 

Log DOC (mg/L) Intercept 2.89 0.23 4.69 12.42 <0.0001 

Treatment 0.15 0.31 4.11 0.47 0.66 

Time 0.0002 0.001 58.3 0.19 0.85 

Log+1(Total 

Suspended Solids 

(mg/L)) 

Intercept 1.44 0.40 4.96 3.56 0.016 

Treatment -2.36 0.54 4.13 -0.43 0.68 

Time 0.007 0.0028 52.25 2.48 0.016 

Log Cl- (mg/L) Intercept -0.95 0.66 4.23 -1.43 0.221 

Treatment 0.53 0.94 4.26 0.56 0.601 

Time 0.0099 0.0027 47.97 3.65 0.0006 

Treatment*Time 0.0084 0.0039 47.98 2.12 0.038 

Log [SO4
2-] (mg/L) Intercept 1.65 0.68 4.16 2.4 0.07 

Treatment 0.34 0.96 4.01 0.36 0.73 

Time -0.008 0.02 49.04 -3.99 0.0002 

Log [TP] (mg/L) Intercept -4.16 0.48 4.56 -8.59 0.005 

Treatment 0.13 0.66 4.08 0.20 0.84 

Time 0.006 0.033 43.17 1.87 0.068 

[TN] (mg/L) Intercept 0.61 0.13 4.432 4.69 0.007 

Treatment 0.17 0.18 4.008 0.94 0.39 

Time -0.0003 0.0008 43.09 -3.81 0.0004 
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Table A20: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing water chemistry parameters 

including dissolved oxygen (mg/L), conductivity (uS/cm), pH, dissolved organic carbon (DOC, mg/L), total suspended solids 

(TSS, mg/L), chloride (Cl-, mg/L), sulfate (SO4
2-, mg/L), total phosphorus (TP, mg/L), and total nitrogen (TN, mg/L) across 

harvested and non-harvested landscapes. Models included Time (days since first sample collection) as a covariate  

Model  Model 

Parameter 

SS Mean 

Squared 

Numerator 

df 

Denominator 

df 

F statistic p-value 

Log Dissolved Oxygen (mg/L) Treatment 0.028 0.028 1 4.11 0.20 0.68 

Time 0.288 0.288 1 56.6 2.04 0.16 

Conductivity 

(uS/cm) 

Treatment 465.37 465.37 1 4.02 0.17 0.69 

Time 1534.77 1534.77 1 57.11 0.58 0.45 

pH Treatment 0.014 0.014 1 4.33 0.10 0.76 

Time 0.91 0.91 1 56.86 6.84 0.011 

Log DOC (mg/L) Treatment 0.034 0.034 1 4.11 0.21 0.66 

Time 0.006 0.006 1 58.3 0.036 0.85 

Log+1(Total Suspended Solids 

(mg/L)) 

Treatment 0.12 0.13 1 4.13 0.18 0.67 

Time 4.20 4.20 1 52.25 6.19 0.016 

Log Cl- (mg/L) Treatment 0.11 0.11 1 4.26 0.32 0.60 

Time 16.92 16.92 1 47.99 50.62 <0.001 

Treatment*Time 1.51 1.51 1 47.99 4.52 0.038 

Log [SO4
2-] (mg/L) Treatment 0.048 0.048 1 4.01 0.13 0.74 

Time 6.16 6.16 1 49.04 15.98 0.0002 

Log [TP] (mg/L) Treatment 0.10 0.10 1 4.08 0.04 0.85 

Time 1.05 1.05 1 43.2 3.55 0.066 

[TN] (mg/L) Treatment 0.017 0.017 1 4.01 0.89 0.39 

Time 0.28 0.28 1 43.09 14.49 0.0004 
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Figure A6: Temporal trends in A) pH, B) Log-transformed Chloride concentrations (Log 

[Cl-]), C) log-transformed Sulfate (Log [SO4
2-]), and D) Total Nitrogen ([TN]) collected 

from streams in harvested (CF3, CF1, DRY2) and non-harvested (DRY1AUP, SN1, 

DW1) landscapes. There was a significant interaction between Time and Log [Cl-] across 

harvested and non-significant landscapes (p=0.038). Sulfate (Log [SO4
2-]) (p=0.0002) and 

TN([TN]) (p=0.0004) declined significantly over time in both harvested and non-

harvested landscapes. 
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Table A21: Output of linear mixed effect models (LMM) of coarse mesh leaf litter breakdown rates (kdd), fine mesh leaf litter 

breakdown rates (kdd), coarse organic sediment deposition rates (g/day) and fine organic sediment deposition rates (g/day) 

compared across harvested and non-harvested landscapes. Models included Time (days since first sample collection) as a 

covariate, and site as a random effect. Beta, Standard Error, df, and t ratios are derived from REML model summary output. t-

statistics, and p-values were computed using a Wald t-distribution. 

Model  Model 

Parameter 

Beta 

(ɓ) 

SE df t-statistic  p-value 

Coarse Leaf Litter 

Breakdown Rates (kdd) 

Intercept 2.4Ĭ10-4 4.7Ĭ10-5 3.9 5.02 0.007 

Treatment -2.7Ĭ10-5 6.8Ĭ10-5 4.0 -0.39 0.71 

Square Root (Fine Leaf 

Litter Breakdown 

Rates (kdd)) 

Intercept 0.011 0.002 4.00 4.48 0.011 

Treatment 0.002 0.003 4.00 0.66 0.55 

Log (Coarse Organic 

Sediment Deposition 

Rates (g/day)) 

Intercept -5.27 0.91 4.02 -5.78 0.004 

Treatment -0.005 1.28 4.01 -0.039 0.97 

Log (Fine Organic 

Sediment Deposition 

Rates (g/day)) 

Intercept -5.43 0.47 4.01 -11.49 0.0003 

Treatment 0.33 0.68 3.99 0.49 0.65 
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Table A22: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing coarse mesh leaf litter 

breakdown rates (kdd), fine mesh leaf litter breakdown rates (kdd), coarse organic sediment deposition rates (g/day) and fine 

organic sediment deposition rates (g/day) across streams in harvested and non-harvested landscapes. 

Model  Model 

Parameter 

SS Mean Squared Numerator 

df 

Denominator 

df 

F statistic p-value 

Coarse Leaf 

Litter Breakdown 

Rates (kdd) 

Treatment 9.2Ĭ10-10 9.2Ĭ10-10 1 4.04 0.16 0.71 

Sqrt Fine Leaf 

Litter Breakdown 

Rates (kdd) 

Treatment 8.9Ĭ10-6 8.9Ĭ10-6 1 4 0.433 0.55 

Log (Coarse 

Organic Sediment 

Deposition Rates 

(g/day)) 

Treatment 0.001 0.001 1 4.01 0.0015 0.97 

Log (Fine 

Organic Sediment 

Deposition Rates 

(g/day)) 

Treatment 0.056 0.056 1 3.99 0.24 0.65 
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Table A23: Mean (Ñ SD) and sample size (n) of coarse mesh leaf litter breakdown rates 

(Kdd) and fine mesh leaf litter breakdown rates (Kdd) collected from 3 harvested (CF3, 

CF1, DRY2) and 3 reference (DRY1AUP, SN1, DW1) watersheds in the Dryden-Kenora 

region. 

 Coarse Leaf Litter 

Breakdown Rates 

(K dd) 

Fine Leaf Litter 

Breakdown Rates 

(K dd) 

Site Treatment Degree Days 

(DD) 

Mean Ñ SD n MeanÑ SD n 

CF1 Harvested 295 ± 8 3e-04 ± 1e-04 6 3e-04 ± 2e-04 6 

CF3 Harvested 444 ± 4 3e-04 ± 1e-04 6 3e-04 ± 1e-04 6 

DRY1AUP Reference 433 ± 10 3e-04 ± 1e-04 6 3e-04 ± 1e-04 6 

DRY2 Harvested 421 ± 2 1e-04 ± 1e-04 6 1e-04 ± 1e-04 6 

DW1 Reference 530 ± 1 2e-04 ± 1e-04 6 2e-04 ± 1e-04 6 

SN1 Reference 607 ± 3 2e-04 ± 1e-04 5 2e-04 ± 1e-04 6 
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Table A24: Mean (Ñ SD) and sample size (n) of sediment deposition metrics including 

coarse organic sediment deposition rates (g/day) and fine organic sediment deposition 

rates (g/day) collected from 3 harvested (CF3, CF1, DRY2) and 3 reference (DRY1AUP, 

SN1, DW1) watersheds in the Dryden-Kenora region. 

Site Treatment Coarse Organic 

Sediment 

Deposition Rates 

(g/day) 

Fine Organic 

Sediment 

Deposition Rates 

(g/day) 

n 

CF1 Harvested 1.6e-03 ± 1.6e-03 1.7e-03 ± 1.1e-03 6 

CF3 Harvested 7.1e-03 ± 5.3e-03 1.1e-02 ± 7.7e-03 5 

DRY1AUP Reference 9.0e-04 ± 8.0e-04 3.4e-03 ± 2.1e-03 6 

DRY2 Harvested 4.8e-02 ± 6.9e-02 6.7e-03 ± 2.5e-03 6 

DW1 Reference 1.4e-02 ± 5.2e-03 8.2e-03 ± 2.1e-03 6 

SN1 Reference 1.2e-02 ± 4.4e-03 1.0e-02 ± 3.5e-03 6 
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Table A25: Mean (Ñ SD) of diversity metrics (Shannonôs species diversity index (Hô), Pielouôs evenness (J), abundances, % 

sensitive taxa (Ephemeroptera, Plecoptera, Trichoptera, %EPT), tolerant taxa (%Chironomidae) and % of different functional 

feeding groups (FFG; shredders, collector-gatherers, collector-filterers, predators, scrapers) collected from leaf packs (n= 

6/site) deployed in 3 harvested (CF3, CF1, DRY2) and 3 non-harvested (DRY1AUP, SN1, DW1) watersheds in the Dryden-

Kenora region. 

 Harvested Non-Harvested 

CF3 

(n=6) 

CF1 

(n=6) 

DRY2 

(n=6) 

DRY1AUP 

(n=6) 

SN1 

(n=5) 

DW1 

(n=6) 

Mean Ñ 

SD 

Mean Ñ 

SD 

Mean Ñ 

 SD 

Mean Ñ 

SD 

Mean Ñ 

SD 

Mean Ñ SD 

Diversity Metrics 

Diversity (Hô) 1.4Ñ0.2 1.7Ñ0.2 1.3Ñ0.4 1.6Ñ0.4 1.8Ñ0.1 1.6Ñ0.3 

Evenness (Jô) 0.7Ñ0.1 0.8Ñ0.1 0.5Ñ0.2 0.8Ñ0.1 0.7Ñ0.0 0.8Ñ0.1 

Abundance 73.8Ñ20.7 65.3Ñ25.4 197.2Ñ100.0 112.3Ñ58.0 126.6Ñ41 31.5Ñ14.7 

EPT (%) 8.3Ñ10.8 39.0Ñ6.0 75.0Ñ12.4 29.8Ñ17.3 33.2Ñ15.0 54.8Ñ19.0 

% Chironomidae 83.9Ñ15.2 49.6Ñ8.4 12.8Ñ11.8 32.1Ñ14.0 39.6Ñ19.5 39.0Ñ15.7 

 % Functional Feeding Group (FFG) 

%Shredders 5.1Ñ9.1 35.1Ñ4.3 1.8Ñ1.5 2.6Ñ2.7 2.4Ñ2.5 4.1Ñ3.3 

%Collector-Gatherers 69.5Ñ18.5 51.5Ñ6.8 84.7Ñ5.2 66.0Ñ17.5 72.0Ñ10.7 58.9Ñ9.8 

%Collector-Filterers 28Ñ18.6 4.7Ñ2.5 0.98Ñ1.1 11.4Ñ12.4 1.8Ñ2.2 5.5Ñ6.0 

%Predators 24.8Ñ9.5 13.2Ñ5.7 9.5Ñ3.7 16.5Ñ9.9 10.8Ñ2.1 29.3Ñ9.4 

% Scrapers 0.0Ñ0.0 0.3Ñ0.7 3.5Ñ1.9 2.5Ñ2.1 14.6Ñ11.8 0.0Ñ0.0 
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Table A26: Output of linear mixed effect models (LMM) comparing diversity metrics (Shannonôs species diversity index (Hô), 

Pielouôs evenness (J), abundances, % sensitive taxa (Ephemeroptera, Plecoptera, Trichoptera, %EPT), tolerant taxa 

(%Chironomidae) and % of different functional feeding groups (FFG; shredders, collector-gatherers, collector-filterers, 

predators, scrapers) collected from leaf packs (n= 6/site) deployed in 3 harvested (CF3, CF1, DRY2) and 3 non-harvested 

(DRY1AUP, SN1, DW1) watersheds in the Dryden-Kenora region. Models included Site as a random effect. Standard Error, 

95% confidence intervals, R2 conditional and R2 marginal are derived from REML model summary output. Standard 95% 

confidence intervals (CIs), t-statistics, and p-values were computed using a Wald t-distribution.   

 Model Random Effects (Site) 

Model Model Parameter Beta 

(ɓ) 

SE t-value df p-value Site 

Variance 

Site St. 

deviation 

Residual 

Variance 

Residual 

St. 

deviation 

Arcsine sqrt 

(%EPT) 

 

Intercept 0.65 0.18 3.57 3.99 0.02 0.09 0.31 0.033 0.18 

Treatment 0.014 0.26 0.05 0.25 0.96 

Arcsine sqrt 

(%Chironomidae) 

 

Intercept 0.77 0.18 4.39 3.99 0.011 0.089 0.29 0.03 0.17 

Treatment -0.12 0.25 -0.50 4.01 0.64 

Arcsine sqrt 

(%Shredder) 

 

Intercept 0.04 0.12 2.52 3.99 0.065 0.040 0.200 0.013 0.11 

Treatment 0.013 0.17 -0.93 4.01 0.41 

Arcsine sqrt 

(%Predator) 

 

Intercept 0.39 0.065 6.06 3.96 0.003 0.011 0.11 0.009 0.009 

Treatment 0.41 0.093 0.44 3.99 0.68 

Arcsine sqrt (% 

Collector-Gatherer) 

Intercept 0.89 0.13 6.83 3.98 0.002 0.04 0.21 0.02 0.14 

Treatment -0.11 0.18 0.59 4.02 0.58 

Arcsine sqrt (% 

Collector-Filterers) 

Intercept 0.27 0.10 2.67 3.98 0.056 0.03 0.16 0.03 0.17 

Treatment -0.08 0.14 -0.59 4.02 0.58 

Arcsine sqrt (% 

Scraper) 

Intercept 0.012 0.021 0.58 3.99 0.59 0.0010 0.033 0.0015 0.039 

Treatment 0.046 0.03 1.53 4.04 0.20 

Shannonôs Diversity 

Index (Hô) 

Intercept 1.45 0.11 13.48 3.95 <0.001 0.02 0.14 0.084 0.29 

Treatment 0.21 0.15 1.36 4.05 0.24 
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Pielouôs Evenness 

(J) 

Intercept 0.66 0.06 10.84 3.98 0.0004 0.009 0.009 0.009 0.009 

Treatment 0.08 0.08 1.03 4.02 0.36 
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Table A27: Output of generalized linear mixed effect models (GLMM) for abundance of macroinvertebrates collected from 

leaf packs (n=6/site) deployed post- (2021) harvest at 3 harvested (CF3, CF1, DRY2), and 3 reference (SN1, DW1, 

DRY1AUP) watersheds. Model included Site as a random effect.  

Model Random Effect 

Model Model Structure Model Parameter Beta 

(ɓ) 

SE Z Value p-value Var. STD 

Abundance Poisson family (logit 

link) 

Intercept 4.6 0.32 14.1 <0.001 0.31 0.56 

Treatment -0.25 0.46 -0.54 0.58 
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Table A28: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing diversity metrics (Shannonôs 

species diversity index (Hô), Pielouôs evenness (J), abundances, % sensitive taxa (Ephemeroptera, Plecoptera, Trichoptera, 

%EPT), tolerant taxa (%Chironomidae) and % of different functional feeding groups (FFG; shredders, collector-gatherers, 

collector-filterers, predators, scrapers) collected from leaf packs (n= 6/site) deployed in 3 harvested (CF3, CF1, DRY2) and 3 

non-harvested (DRY1AUP, SN1, DW1) watersheds in the Dryden-Kenora region. 

Model  Model 

Parameter 

SS Mean 

Squared 

Numerator 

df 

Denominator 

df 

F statistic p-value 

Arcsine sqrt (%EPT) Treatment 0.00009 0.00009 1 4.01 0.003 0.96 

Arcsine sqrt (%Chironomidae) Treatment 0.007 0.007 1 4.01 0.25 0.64 

Arcsine sqrt (%Shredder) Treatment 0.011 0.011 1 4.01 0.86 0.41 

Arcsine sqrt (%Predator) Treatment 0.002 0.002 1 3.99 0.19 0.68 

Arcsine sqrt (% Collector-Gatherer) Treatment 0.008  0.007 1 4.00 0.35 0.58 

Arcsine sqrt (% Collector-Filterers) Treatment 0.01 0.01 1 4.02 0.34 0.59 

Arcsine sqrt (% Scraper) Treatment 0.004 0.004 1 4.05 2.34 0.19 

Shannonôs Diversity Index (Hô) Treatment 0.1549   0.15 1 4.05 1.8 0.24 

Pielouôs Evenness (J) Treatment 0.01 0.01 1 4.02 1.06 0.36 
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Table A29: Results of PERMANOVA analysis comparing macroinvertebrate community 

assemblages across harvested (CF3, CF1, DRY2) and non-harvested (DW1, DRY1AUP, 

SN1) watersheds with degrees of freedom (df), sum of squares (SS), mean squares (MS), 

F-statistic (F), R-squared (R2), and p-value (p). Significant differences between years are 

indicated when p<0.05.  

Model 

Parameters 

df SS F R p 

Treatment 1 1.13 5.59 0.14 0.001 

Residuals 33 6.71 0.85 

Total 34 7.85 1.00 

.
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Figure A7 Principal coordinate analysis (PCoA) showing differences in the variability of 

community composition across streams in harvested and non-harvested landscapes based 

on Bray-Curtis dissimilarities.  
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Table A30: Results of SIMPER analysis of macroinvertebrate communities compared 

across streams in harvested (H) and non-harvested (NH) watersheds. Table includes the 

cumulative contributions of the most influential species (~70% of the dissimilarity 

matrix) and their associated p-values determined using PERMANOVA. 

Comparison Species Avaerage sd ratio  Average 

Abundances 

Cumulative 

Sum 

P 

Harvested 

& Non-

harvested 

Chironomidae 0.18 0.16 1.13 37.9 (H) 

32.1 (NH) 

0.26 0.042 

Caenidae 0.16 0.23 0.71 46.7 (H) 

3.1 (NH) 

0.49 0.063 

Leptophlebiidae 0.11 0.09 1.33 4.8 (H) 

23.8 (NH) 

0.65 0.002 

Lepidostomatidae 0.04 0.06 0.75 6.67 (H) 

0.47 (NH) 

0.71 0.002 
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Table A31: Results of Envfit comparing macroinvertebrate community composition 

across streams in harvested and non-harvested watersheds with all environmental 

variables.  

Variable Type Variable NMDS1 NMDS2 R2 P 

Vectors COD (g/day) 0.958 0.284 0.139 0.067 

FOD (g/day) 0.961 -0.274 0.030 0.614 

DO (mg/L) 0.844 -0.535 0.0502 0.442 

DOC (mg/L) -0.239 -0.970 0.581 0.001 

TSS (mg/L) 0.990 0.117 0.38 0.001 

Cl (mg/L) 0.357 0.933 0.182 0.037 

SO4 (mg/L) 0.153 0.988 0.016 0.065 

TP (mg/L) 0.655 -0.755 0.396 0.002 

TN (mg/L) 0.219 -0.975 0.603 0.001 

Factors 

(Centroids for 

Treatment) 

Harvested -0.197 0.063 0.097 0.036 
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Table A32: Mean ± standard deviation (SD) of diversity metrics (Shannonôs diversity index (Hô), Pielouôs evenness (J), % 

Ephemeroptera, Plecoptera, Trichoptera (%EPT), % Tolerant Taxa (% Chironomidae), and % Shredder) sampled from leaf 

packs deployed in 12 sites (3 harvested and 3 non-harvested) across 4 regions (DE, CF, SN, DW) sampled from 2019-2021. 

Reference sites herein were used to establish ñnormal rangesò in Figure 3.8.  

Site Year N Shannonôs 

Diversity (Hô) 

Pielouôs 

Evenness (J) 

Shredder (%) EPT (%) Chironomidae 

(%) 

Treatment Region 

CF1  2019 6 1.625 ± 0.239 0.746 ± 0.111 13.5 ± 14.6 14.7 ± 16.8 58.9 ± 18.7 Reference CF  

2020 6 1.609 ± 0.124 0.808 ± 0.073 20.6 ± 11.8 24.9 ± 8.6 62 ± 7.2 Harvested 

2021 6 1.728 ± 0.184 0.774 ± 0.049 35 ± 4.3 39 ± 6 49.6 ± 8.4 Harvested 

CF3 2019 6 1.862 ± 0.413 0.802 ± 0.113 19 ± 16.1 40.4 ± 15.2 53.5 ± 15.9 Reference 

2020 6 0.286 ± 0.258 N/A 0 ± 0 0 ± 0 96.2 ± 2.4 Harvested 

2021 6 1.388 ± 0.244 0.712 ± 0.1 5.1 ± 9.1 8.3 ± 10.8 83.8 ± 15.2 Harvested 

CFR1 2019 6 1.311 ± 0.313 0.704 ± 0.109 3.3 ± 3.1 1.5 ± 1.8 58.4 ± 18.4 Reference 

2020 3 1.741 ± 0.2 0.847 ± 0.022 2.4 ± 3.4 8.1 ± 9.7 29.7 ± 26.5 Reference 

DE1 2019 6 1.906 ± 0.34 0.727 ± 0.142 11.2 ± 5.1 32.3 ± 12.2 59.5 ± 15.6 Reference DE  

2020 6 1.795 ± 0.233 0.689 ± 0.047 3.8 ± 1.5 47 ± 16.6 48.3 ± 13.5 Reference 

DE2 2019 5 1.398 ± 0.173 0.654 ± 0.06 15.2 ± 11.8 20.7 ± 9.6 74.9 ± 5.4 Reference 

2020 6 1.543 ± 0.145 0.785 ± 0.051 7.7 ± 8.7 13.7 ± 5.8 81.6 ± 6.7 Reference 

DER2 2019 6 1.337 ± 0.119 0.714 ± 0.09 5.5 ± 4.4 6.2 ± 9.2 80.6 ± 10.2 Reference 

2020 6 1.16 ± 0.524 0.613 ± 0.266 12.1 ± 10.3 2.9 ± 2.8 81.6 ± 11.9 Reference 

DRY1AUP 2021 6 1.59 ± 0.359 0.757 ± 0.068 2.6 ± 2.7 29.8 ± 17.2 32 ± 14 Reference DRY  

DRY2 2021 6 1.25 ± 0.408 0.506 ± 0.159 1.8 ± 1.5 75 ± 12.4 12.8 ± 11.8 Harvested 

DW1  2019 6 1.478 ± 0.25 0.671 ± 0.065 6.8 ± 4.2 68.1 ± 21.9 30.7 ± 21.5 Reference DW 

  2020 6 1.58 ± 0.11 0.78 ± 0.106 15.8 ± 14.4 66.8 ± 13.6 30.7 ± 16 Reference 

2021 6 1.634 ± 0.292 0.805 ± 0.112 4.1 ± 3.3 54.8 ± 19 39 ± 15.7 Reference 

DWR3 2019 6 1.477 ± 0.115 0.715 ± 0.089 1 ± 1 15.9 ± 6.1 55.6 ± 9.5 Reference 
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2020 6 1.396 ± 0.125 0.759 ± 0.117 2 ± 2.4 11.8 ± 8 85 ± 9.2 Reference 

SN1 2019 6 1.542 ± 0.412 0.544 ± 0.1 2.2 ± 1.9 20.9 ± 14.2 75.6 ± 15.4 Reference SN  

2020 6 1.937 ± 0.179 0.781 ± 0.041 6.8 ± 6.4 39.4 ± 10.8 42.5 ± 15.2 Reference 

2021 5 1.774 ± 0.136 0.697 ± 0.028 2.2 ± 2.5 33.2 ± 15 39.6 ± 19.5 Reference 

SN3  2019 6 1.381 ± 0.294 0.651 ± 0.15 0.6 ± 1 2.1 ± 3.6 64 ± 28.6 Reference 

2020 6 1.258 ± 0.471 0.561 ± 0.196 1.5 ± 2.3 8.2 ± 7.4 84.4 ± 16.1 Reference 
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Appendix B: Supplementary Information for Chapter 3 

 

 
Figure B1: Comparison of ŭ13C of whole body and ŭ13C of fillets (muscle tissues) 

of fish collected from 4 different species from 2019-2021. ŭ13C of whole body and 

ŭ13C of fillets were highly correlated in A) Pearl Dace (n=19, t=17.2, df=17, 

p<0.0001, R=0.97), B) Northern Redbelly Dace (n=5, t=14.8, df=3, p<0.001, 

R=0.99), C) White Suckers (n=5, t=10.2, df=3, p=0.002, R=0.99), and D) Mottled 

Sculpin (n=5, t=12.3, df=3, p=0.001).



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

232 

 

Paragraph B1: Prior to statistical analyses and due to low sample sizes, invertebrates 

were pooled into two groups, primary and secondary consumers, using FFGs 

presented in Merritt et al. (2019), and information from Wiggins (1996), as well as 

consideration of ŭ15N values (see Figure B2).  Primary consumers included collector-

gatherers (Leptophlebiidae, Baetidae, Chironomidae), shredders (Nemotaulius, 

Limnephilus, Lepidostoma, Hydatophylax, Limnephilidae), scrapers (Planorbidae, 

Lymnaeidae, Stenonema), and the collector-filterer (Chimarra). Secondary consumers 

included collector-filterers (Cheumatopsyche and Hydropsyche), facultative predator 

and shredder (Ptilostomis), and odonate predators (Aeshna, Cordulegaster, 

Somatochlora, Leucorrhinia, Libellulidae, Epitheca).  Ptilostomis were grouped with 

predacious taxa as later instars are often predacious and organisms in this study had 

chironomid head capsules in their gut contents (personal observation). Gastropoda 

taxa (Lymnaeidae and Planorbidae) were classified as scraper taxa and primary 

consumers. Finally, Hydropsychidae taxa (Hydropsyche and Cheumatopsyche) were 

classified as predacious taxa despite their status as collector-filterers as they are 

known to consume other invertebrates while Chimarra are not (Benke & Wallace, 

1980; 1997; Wiggins, 1996; Merrit & Cummins, 2019). Some Limnephilidae and 

Limnephilus taxa had much higher ŭ15N values than other shredders (Nemotaulius and 

Hydatophylax), and as such may have relied on food sources other than CPOM. 

Wiggins (1996) and Merritt et al. (2019) report a wide variety of feeding strategies for 

this group, and as such they were included with primary consumers.  
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Figure B2. A) ŭ15N values of consumers collected from CF1, CF3, DW1, SN1 and 

CFR1, pre-(2019), during-(2020), and post (2021)-harvest. B) ŭ15N values of 

consumers collected across harvested (CF1, CF1B, CF3, DRY2) and non-harvested 

(DRY1AUP, DW1, SN1) streams in 2021. The dotted line represents the separation of 

primary and secondary consumers in this study.  
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Figure B3: A) Significant positive relationships observed between THg (ng/g dw) and 

MeHg (ng/g dw) in A) Northern Redbelly Dace (n=13), B) Pearl Dace (n=9), and C) 

Brook Stickleback (n=8) collected from 7 streams in the Dryden-Kenora region of 

Northwestern Ontario. 
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Table B1: The mean percentage methylmercury (MeHg) of total mercury (THg) 

concentrations (%MeHg of THg) and range in parentheses of Central Mudminnows 

(MM), Pearl Dace (PD), Northern Redbelly Dace (NRD), Brook Stickleback (BS), 

Blacknose Shiner (BNS), and Finescale Dace (FSD) collected from 2019-2021 from 

seven streams in the Dryden-Kenora Region.  

Stream Species 
% MeHg of 

THg 
n 

CF1 

 

MM 86.5 1 

NRD 85.6, 99.0 2 

PD 
86.2 

(81.9-91.6) 
4 

CF1B 

BS 92.3 1 

MM 84.4 1 

NRD 94.7 1 

PD 85.2 1 

CFR1 

BNS 135.0 1 

BS 
84.4 

(69.7-97.9) 
3 

PD (69.5-78.9) 2 

CF3 
NRD 

84.8 

(75.1-88.5) 
4 

PD (85.3-96.4) 2 

DRY2 

BS 77.5 1 

MM 98.3 1 

NRD 84.6 1 

DRY1AUP 

BS 97.4 1 

MM 93.5 1 

NRD 77.4 1 

SN1 

BNS (90.7-91.0) 2 

BS 75.3-81.9 3 

FSD 84.0 1 

NRD 
87.4 

(72.8-114.8) 
4 

DW1 WS 77 1 
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Table B2: Summary statistics of comparisons of mean methylmercury concentrations ([MeHg] ng/g dw) (ÑSD) of terrestrial 

(Fine Particulate Organic Matter, FPOM, and Coarse Particulate Organic Matter, CPOM) and aquatic food sources (biofilm) 

collected in-stream from 2 harvested (CF1 and CF3) and 3 non-harvested (CFR1, SN1, DW1) watersheds in August (Aug.) and 

September/October (Sept/Oct) in 2019 and 2020. Comparisons were made with t-tests or Mann U-Whitney tests, and test 

statistics refer to t ratios for t-tests, and U for Mann U- Whitney tests, df refers to degrees of freedom and p refers to 

significance at an alpha of 0.05.  

Site Food 

source 

2019 Test 2020 Test 

Aug Sept/Oct Test 

Statistic 

(df) 

p Aug. Sept/Oct Test 

Statistic 

(df) 

p 

CF3 FPOM 7.4 Ñ3.1 (3) 6.4Ñ1.0 (3) 0.5 (2.4) 0.64 2.9 Ñ0.4 (3) 4.1Ñ0.8 (3) -2.4 (2.9) 0.09 

Biofilm 24.6, 33.4 (2) 9.8Ñ 6.5 (3) --- --- 8.9Ñ3.0 (3) 25.9Ñ26.1 

(3) 

-1.1 (2.1) 0.37 

CPOM --- 1.1 (1) --- --- 0.6 Ñ0.4 (3) 1.0Ñ0.5 (3) -1.4 (3.9) 0.23 

CF1 FPOM 2.1 Ñ0.7 (3) 1.2Ñ0.7 (3) 1.6 (4.0) 0.19 2.7 Ñ0.9 (3) 2.3Ñ0.4 (3) 0.6 (2.8) 0.67 

Biofilm 6.3 Ñ4.1 (3) 3.9Ñ1.7 (3) 0.9 (2.7) 0.43 3.8 Ñ1.1 (3) 8.0Ñ5.7 (3) 1 0.2 

CPOM 0.3 Ñ0.1 (3) 0.4Ñ0.1 (3) -1.0 (3.9) 0.36 0.2 Ñ0.9 (3) 0.3Ñ0.1 (3) -1.1 (2.8) 0.36 

CFR1 FPOM 4.4, 5.2 2.6Ñ1.3 (3) --- --- 3.1 Ñ2.1 (3) 2.0Ñ0.2 (3) 0.9 (2.1) 0.45 

Biofilm 5.3, 6.0 2.6Ñ1.3 (3) --- --- 3.7 Ñ0.6 (3) 4.9Ñ1.8 (3) -1.0 (2.4) 0.38 

CPOM 0.2, 0.2 0.3Ñ0.1 (3) --- --- 0.4 Ñ0.1 (3) 0.1Ñ0.1 (3) 5.1 (3.9) 0.007 

SN1 FPOM 4.9Ñ1.5 (3) 2.1Ñ0.9 (3) 2.8 (3.2) 0.06 1.6 Ñ0.2 (3) 1.0Ñ0.4 (3) 2.8 (2.6) 0.08 

Biofilm 6.3 Ñ1.9 (3) 3.1Ñ0.9 (3) 2.7 (2.9) 0.08 4.6 Ñ2.3 (3) 1.8Ñ0.9 (3) 2.0 (2.6) 0.15 

CPOM 0.3, 0.46 0.2Ñ0.1 (3) --- --- 0.3 Ñ0.2 (3) 0.5Ñ0.3 (3) -1.0 (3.2) 0.38 

DW1 FPOM 0.7 Ñ0.2 (3) 1.1Ñ0.4 (3) -1.7 (3.5) 0.16 0.4 Ñ0.1 (3) 0.4Ñ0.1 (3) -0.7 (3.9) 0.51 

Biofilm 3.5 Ñ1.3 (3) 2.7Ñ0.3 (3) 1.0 (2.2) 0.40 1.2 Ñ0.3 (3) 1.3Ñ0.3 (3) -0.3 (3.9) 0.78 

CPOM 0.2Ñ0.1 (3) 0.2Ñ0.0(3) 0.7 (2.1) 0.53 0.2 Ñ0.1 (3) 0.2Ñ0.1 (3) 0.05 (3.3) 0.96 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

237 

 

Table B3: Summary statistics of comparisons of ŭ15N (ă) (ÑSD) of terrestrial (Fine Particulate Organic Matter, FPOM, and 

Coarse Particulate Organic Matter, CPOM) and aquatic food sources (biofilm) collected in-stream from 2 harvested (CF1 and 

CF3) and 3 non-harvested (CFR1, SN1, DW1) watersheds in August (Aug.) and September/October (Sept/Oct) in 2019 and 

2020. Comparisons were made with t-tests or Mann U-Whitney tests, and test statistics refer to t ratios for t-tests, and U for 

Mann U- Whitney tests, df refers to degrees of freedom and p refers to significance at an alpha of 0.05. 

Site Food 

source 

2019 Test 2020 Test 

Aug Sept/Oct Test 

Statistic 

(df) 

p Aug. Sept/Oct Test 

Statistic 

(df) 

p 

CF3 FPOM 0.8 Ñ0.4 (3) 1.9Ñ1.0 (3) -1.9 (2.5) 0.17 1.3 Ñ0.3 (3) 1.6Ñ0.8 (3) 0.5 (2.8) 0.64 

Biofilm 2.0 Ñ0.4 (3) 1.3Ñ0.2 (3) 2.8 (2.6) 0.08 0.7 Ñ0.4 (3) 0.4Ñ0.9 (3) -0.6 (2.4) 0.58 

CPOM -1.6 (1) -1.6 (1) --- --- -1.7 Ñ0.1 (3) -1.7Ñ0.2 

(3) 

0.0 (3.2) 1 

CF1 FPOM 0.6 Ñ0.6 (3) 0.3Ñ0.5 (3) 0.7 (3.8) 0.51 0.6 Ñ0.3 (3) 0.2Ñ0.3 (3) 2.3 (4) 0.08 

Biofilm 1.6 Ñ0.7 (3) -0.9Ñ0.6 (3) 4.6 (3.7) 0.01 1.7 Ñ1.3 (3) 0.1Ñ1.7 (3) 1.6 (4) 0.19 

CPOM -1.7 Ñ0.1 (3) -1.4Ñ0.2 (3) 0 0.1 -2.1 Ñ0.3 (3) -1.9Ñ0.1 

(3) 

3 0.6 

CFR1 FPOM 2.3, 1.8 (2) 2.0Ñ0.4 (3) --- --- 1.7 Ñ0.6 (3) 1.9Ñ0.6 (3) -0.4 (3.9) 0.70 

Biofilm 2.0, 3.3 (2) 1.7Ñ0.2 (3) --- --- 2.1 Ñ0.5(3) 2.4Ñ0.8 (3) -0.6 (3.6) 0.57 

CPOM -1.0, -1.6 (2) -1.1Ñ0.1 (3) --- --- -1.4 Ñ0.3 (3) -1.4Ñ0.6 

(3) 

0.2 (2.9) 0.88 

SN1 FPOM 1.8 Ñ0.4 (3) 1.5Ñ0.2 (3) 7.5  0.3 1.4 Ñ0.9 (3) 1.2Ñ0.4 (3) 0.4 (2.6) 0.71 

Biofilm 3.7Ñ0.9 (3) 2.8Ñ1.4 (3) 0.9 (3.3) 0.41 3.3 Ñ0.3 (3) 2.7Ñ0.3 (3) 2.4 (3.8) 0.08 

CPOM -1.9, 0.8 (2) -1.3Ñ0.3 (3) --- --- -1.5 Ñ0.2 (3) -1.2Ñ0.4 

(3) 

1 0.2 

DW1 FPOM 1.0Ñ0.3 (3) 2.1Ñ2.3 (3) -0.8 (2.1) 0.49 0.9Ñ0.7 (3) 1.1Ñ1.0 (3) -0.3 (3.7) 0.79 

Biofilm 1.7Ñ0.1 (3) 1.2Ñ1.3 (3) 0.7 (2.0) 0.57 1.7Ñ0.3 (3) 1.6Ñ0.3 (3) 0.6 (3.9) 0.60 

CPOM -1.8Ñ0.2 (3) -1.4Ñ0.2 (3) -2.2 (4.0) 0.09 -2.0Ñ0.2 (3) -2.0Ñ0.2 

(3) 

0 1 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

238 

 

Table B4: Mean Total Length (TL) cm (Ñ SD) of fish species (Sp.) (Pearl Dace PD, Northern Redbelly Dace NRD, Brook 

Stickleback BS, Mottled Sculpin MS, and White Suckers WS) collected pre- (2019), during- (2020) and post- (2021) harvest 

from streams in 2 harvested (CF3 and CF1), and 3 reference watersheds (CFR1, SN1, DW1) in the Dryden-Kenora region. 

Differences in TL were assessed using Kruskal-Wallis tests, or T-tests (CFR1 Only). 

 

 2019 2020 2021 Comparison 

TL (cm) Sp. TL (cm) Sp. TL (cm) Sp. Test Test 

Statistic 

DF p-

value 

CF3 3.0Ñ0.4 

(n=10) 

PD 3.6Ñ0.5 

(n=10) 

NRD 5.2Ñ1.4 

(n=10) 

NRD KW Test 19.8 2 <0.001 

CF1 3.4Ñ0.3 

(n=4) 

PD 6.1Ñ1.5 

(n=3) 

PD 5.4Ñ2.0 

(n=15) 

PD KW Test 8.0  2 0.018 

CFR1 4.0Ñ0.7 

(n=9) 

BS 3.9Ñ0.5 

(n=10) 

BS --- --- T-Test 0.46  14.2 0.65 

SN1 4.3Ñ0.3 

(n=4) 

NRD 4.9Ñ1.0 

(n=10) 

NRD 5.0Ñ1.0 

(n=13) 

NRD KW Test 3.5  2 0.17 

DW1 7.7Ñ0.3 

(n=2) 

MS --- --- 8.5Ñ0.4 

(n=5) 

WS --- --- --- --- 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

239 

 

Table B5: Mean total length (TL) (Ñ SD) (cm) of fish species (Sp.) of Northern Redbelly Dace NRD (all sites) and White 

Suckers WS (DW1 only) collected across streams in harvested (CF3, CF1, CF1B, DRY2) and non-harvested (DRY1AUP, SN1, 

DW1) watersheds in the Dryden-Kenora region. Differences in TL were assessed using Kruskal-Wallis tests.  

Harvested Non-harvested Kruskal-Wallis Test 

CF1 

TL (cm) 

CF1B 

TL (cm) 

CF3 

TL (cm) 

DRY2 

TL (cm) 

DRY1AUP 

TL (cm) 

DW1 

TL (cm) 

SN1 

TL (cm) 

H df p-value 

4.0Ñ0.5a 

(n=10) 

5.5Ñ1.7ab 

(n=11) 

5.2Ñ1.4ab 

(n=10) 

5.1Ñ0.7ab 

(n=10) 

5.0Ñ1.1ab 

(n=9) 

8.5Ñ0.4b 

(n=5) 

5.3Ñ1.0ab 

(n=13) 

21.9 6 0.001 
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Table B6: Mean (Ñ SD), median, interquartile range (IQR), and sample size (n), of water MeHg ([MeHgTotal]) and dissolved 

organic carbon (DOC, mg/L) collected pre- (2019), during- (2020) and post- (2021) from streams in 2 harvested (CF3 and 

CF1), and 3 non-harvested (CFR1, SN1, DW1) landscapes in the Dryden-Kenora region. p- values denote significance of 

comparisons across years determined using Kruskal-Wallis Tests and T-Tests (CFR1 only). Table includes the test statistic, 

either H, U, or t, and degrees of freedom in parentheses. 

 Water [MeHgTotal] (ng/g L) 

2019 2020 2021 KW or 

Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Medi

an 

IQR n Mean Ñ SD Median IQR n p Test 

Stat 

CF3 0.26 Ñ 0.08 0.25 0.12 10 1.21 Ñ 1.05 0.75 1.32 7 0.96 Ñ 0.57 0.82 0.30 15 0.0003 16.2 

CF1 0.07 Ñ 0.03 0.06 0.03 10 0.09 Ñ 0.03 0.09 0.04 9 0.07 Ñ 0.04 0.05 0.06 12 0.25 2.7 

CFR1 0.27 Ñ 0.07 0.24 0.10 9 0.23 Ñ 0.17 0.19 0.09 6 --- --- --- --- 0.22* 38* 

SN1 0.44 Ñ 0.32 0.37 0.11 8 0.14 Ñ 0.09 0.12 0.09 10 0.20 Ñ 0.08 0.19 0.12 11 0.03 6.1 

DW1 0.08 Ñ 0.04 0.08 0.06 8 0.05 Ñ 0.02 0.04 0.02 10 0.04 Ñ 0.02 0.04 0.01 7 0.22 3.01 

 Dissolved Organic Carbon (DOC mg/L) 

2019 2020 2021 KW or 

Wilcoxon 

Mean Ñ SD Median IQR n Mean Ñ SD Medi

an 

IQR n Mean Ñ SD Median IQR n p Test 

Stat 

CF3 14.78 Ñ 4.77 14.72 4.44 10 31.30 Ñ 

11.52 

33.52 11.52 7 32.88 Ñ 

11.23 

27.83 15.21 15 0.0004 15.55 

CF1 12.33 Ñ 5.20 11.61 8.43 10 8.16 Ñ 3.52 7.28 3.60 9 14.21 Ñ 8.57 12.77 8.26 12 0.08 5.04 

CFR1 26.54 Ñ 4.84 28.44 8.43 9 18.46 Ñ 9.31 19.45 10.68 9 --- --- --- --- 0.047* 44* 

SN1 15.58 Ñ 7.76 14.19 3.25 8 14.61 Ñ 1.07 14.77 1.61 10 22.20 Ñ 5.45 19.15 6.89 11 0.0004 15.64 

DW1 13.79 Ñ 3.15 13.21 3.41 8 10.07 Ñ 1.62 10.66 1.62 10 17.49 Ñ 8.45 13.63 6.34 7 0.003 11.48 
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Table B7: Pairwise comparisons of MeHg ([MeHgTotal]) and dissolved organic carbon (DOC, mg/L) from Table B6 across 

three years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table displays adjusted p-values for each 

comparison and significant p-values are bolded 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site Water Chemistry 

Parameter 

Comparison Z 

score 

Adjusted 

P 

CF3 [MeHgTotal] 

(ng/L) 

2019-2020 -2.91 0.005 

2019-2021 -3.85 0.002 

2020-2021 -0.34 1.00 

DOC (mg/L) 2019-2020 -2.71 0.01 

2019-2021 -3.81 0.0002 

2020-2021 -0.32 1.00 

SN1 [MeHgTotal] 

(ng/L) 

2019-2020 2.43 0.022 

2019-2021 2.14 0.047 

2020-2021 -0.299 1.00 

DOC (mg/L) 2019-2020 -0.050 1.00 

2019-2021 -3.28 0.0015 

2020-2021 -3.44 0.009 
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Table B8: Pairwise comparisons of [MeHg] of terrestrial (CPOM and FPOM) and aquatic (biofilm) food sources from Table 

3.2 across three years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table displays adjusted p-values for 

each comparison and significant p-values are bolded.  

Site Food Source 

(MeHg ng/g dw) 

Comparison Z score Adjusted p  

CF3 FPOM 

 

2019-2020 2.71 0.01* 

2019-2021 -0.21 1.00 

2020-2021 -2.42 0.02* 

CF1 FPOM 

 

2019-2020 -1.61 0.15 

2019-2021 -3.03 0.004* 

2020-2021 -1.71 0.12 

DW1 

 

Biofilm 2019-2020 2.32 0.03 

2019-2021 3.32 0.0013* 

2020-2021 1.42 0.23 

FPOM 2019-2020 2.52 0.017* 

2019-2021 2.74 0.009* 

2020-2021 0.68 0.73 
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Table B9: Mean [MeHg] (Ñ SD), median, interquartile range (IQR), and sample size (n) of primary, and secondary consumers 

collected pre- (2019), during- (2020) and post- (2021) harvest from streams in 2 harvested (CF3 and CF1), and 3 non-harvested 

(CFR1, SN1, DW1) landscapes in the Dryden-Kenora region. p- values denote significance of comparisons across years 

determined using Kruskal-Wallis Tests and T-Tests (CFR1 only). Table includes the test statistic, either H, U, or t, and degrees 

of freedom in parentheses. 

 Primary Consumers 

2019 

MeHg (ng/g dw) 

2020 

MeHg (ng/g dw) 

2021 

MeHg (ng/g dw) 

Statistics 

Mean (ÑSD) Med IQR n Mean (ÑSD) Med. IQR n Mean (ÑSD) Med. IQR n p Test Stat 

(df) 

CF3 159.2Ñ63.2 146.6 52.2 5 77.1Ñ19.0 68.5 17.5 3 103.7Ñ47.6 115.3 60.3 7 0.09 4.9 (2) 

CF1 22.7Ñ7.1 19.1 6.4 3 44.8Ñ13.0 37.9 11.6 3 32.3Ñ16.7 29.1 11.8 10 0.04 6.4 (2) 

CFR1 60.7Ñ4.2 60.2 4.2 3 54.7Ñ32.5 42.7 54.6 7 --- --- --- --- 0.65 0.5 (6.5) 

SN1 42.2Ñ25.6 42.4 11.3 5 31.2Ñ17.6 28.4 8.3 6 17.2Ñ10.2 21.9 21.0 9 0.02 8.1 (2) 

DW1 43.7Ñ4.8 43.5 4.8 3 49.9Ñ12.7 35.1 36.4 6 12.7Ñ0.9 12.3 0.9 3 0.04 6.6 (2) 

 Secondary Consumers 

2019 

MeHg (ng/g dw) 

2020 

MeHg (ng/g dw) 

2021 

MeHg (ng/g dw) 

Statistics 

Mean (ÑSD) Med IQR n Mean (ÑSD) Med. IQR n Mean (ÑSD) Med. IQR n p Test Stat 

(df) 

CF3 286.6Ñ74.4 263.0 124.2 6 254.4Ñ30.2 252.8 47.6 7 485.2Ñ269.9 429.2 434.4 13 0.24 2.8 (2) 

CF1 110.3 110.3 0.0 1 152.1 152.1 0.0 1 127.2Ñ19.6 136.7 17.8 3 --- -- 

CFR1 86.7Ñ23.7 83.8 16.1 5 102.6Ñ23.8 109.0 33.3 7 --- --- --- --- 0.28 -1.1 (10) 

SN1 146.3Ñ75.7 134.0 75.7 11 98.1Ñ41.6 94.1 35.8 17 72.9Ñ 25.7 70.9 33.6 18 0.003 11.6 (2) 

DW1 54.0Ñ21.7 48.0 13.6 8 56.1Ñ22.3 56.2 26.2 11 38.7Ñ21.8 27.6 29.8 10 0.13 4.0(2) 
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Table B10: Pairwise comparisons of primary and secondary consumers methylmercury concentrations [MeHg] (ng/g dw) from 

Table B9 across three years (2019, 2020, 2021) using Dunnôs test with Bonferroni corrections. Table displays adjusted p-values 

for each comparison and significant p-values are bolded.  

 

 

 

 

 

 

 

 

 

 

 

 

Site Consumer 

(MeHg ng/g 

dw) 

Comparison Z 

score 

p Adjusted P 

CF1 Primary 2019-2020 -2.48 0.006 0.02* 

2019-2021 -1.20 0.11 0.34 

2020-2021 1.88 0.03 0.09 

 

 

SN1 

 

Primary 2019-2020 0.60 0.27 0.81 

2019-2021 2.59 0.004 0.01* 

2020-2021 2.04 0.02 0.06 

Secondary 2019-2020 1.84 0.03 0.09 

2019-2021 3.39 0.003 0.001* 

2020-2021 1.73 0.04 0.12 

DW1 Primary 

Consumers 

2019-2020 5.88 0.27 0.83 

2019-2021 2.37 0.03 0.026 

2020-2021 2.15 0.02 0.046 
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Table B11. Primary and Secondary consumers included in [MeHg] analyses for temporal comparisons within 2 harvested (CF1 

and CF3) and 3 non-harvested (CFR1, SN1, DW1) watersheds in the Dryden-Kenora region of Northwestern Ontario. Note: 

HYDA=Hydatophylax, NEM=Nemotaulius, LIM =Limnephillidae, LEP=Lepidostoma, LEPT= Leptophlebiidae, 

CHI=Chimarra, CHIRO=Chironomidae, STE= Stenonema, PLAN=Planorbidae, HYD= Hydropsyche, CHEU= 

Cheumatopsyche, PTIL = Ptilostomis, AESH=Aeshna, CORD= Cordulegaster, SOM= Somatochlora, LEU= Leucorrhinia, 

EPI= Epitheca.  

Site Primary Consumers Secondary Consumers 

CF3 2019: LIM (4), LEPT (1) 

2020: CHIRO (3) 

2021: LIM (3), PLAN (2), CHIRO 

(2) 

2019: AESH (1), CORD (1), SOM (1), 

PTIL (3) 

2020: AESH (2), LEU (2), PIL (3) 

2021: AESH (5), LEU (3), SOM (2), 

PTIL (3) 

CF1 2019: LIM (3) 

2020: LIM (2), LEP (2) 

2021:  LIM (3), LEP (3), BAE (1), 

HYDA (3) 

2019: PTIL (1) 

2020: PTIL (1) 

2021: PTIL (3) 

CFR1 2019: PLAN (3) 

2020: NEM (1), PLAN (3), LYM 

(3) 

2019: AESH (1), PTIL (2), SOM (1), 

LEU (1) 

2020: AESH (2), LIB (1), LEU (1), SOM 

(1), EPI (1), PTIL (1) 

SN1 2019: LEPT (3), NEMO (1), STEN 

(1) 

2020: LEPT (3), NEMO (1), STEN 

(2) 

2021: LEPT (3), NEMO (3), STEN 

(3) 

2019: AESH (1), CHEU (2), CORD (1), 

HYD (3), PTIL (3), SOM (1) 

2020: AESH (3), AGRI (1), CORD (3), 

CHEU (1), HYD (3), PTIL (3), SOM (3) 

2021: AESH (3), CHEU (3), CORD (3), 

HYD (3), PTIL (3), SOM (3) 

DW1 2019: LEPT (3), CHI (1) 

2020: LEPT (3), CHI (2), PLAN 

(1) 

2021: LEPT (3) 

2019: SOM (1), PTIL (3), CORD (2), 

HYD (1), CHEU (1) 

2020: AESH (1), CHEU (3), CORD (3), 

HYD (3), PTIL (2) 

2021: CHEU (3), CORD (4), HYD (3) 
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Table B12: Mean  [THg] (Ñ SD) of fish species (Sp.) (Pearl Dace PD, Northern Redbelly Dace NRD, Brook Stickleback BS, 

Mottled Sculpin MS, and White Suckers WS) collected pre- (2019), during- (2020) and post- (2021) harvest from streams in 2 

harvested (CF3 and CF1), and 3 reference watersheds (CFR1, SN1, DW1) in the Dryden-Kenora region.  

 2019 2020 2021 

 THg 

 (ng/g dw) 

n Sp. THg  

(ng/g dw) 

n Sp. THg  

(ng/g dw) 

n Sp. 

Harvested 

CF3 316.3Ñ81.1 10 PD 506.4Ñ44.7 10 NRD 880.7Ñ364.5 10 NR

D 

CF1 1008.6Ñ409.5 4 PD 867.8Ñ302.1 3 PD 758.5Ñ398.4 15 PD 

Reference 

CFR1 160.9Ñ29.3 9 BS 182.0Ñ62.5 10 BS --- --- --- 

SN1 567.6Ñ49.5 4 NRD 458.3Ñ135.5 10 NRD 405.0Ñ151.4 13 NR

D 

DW1 84.8Ñ10.8 2 MS --- --- --- 53.8Ñ10.7 5 WS 
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Table B13: Summary of Analysis of Covariance (ANCOVA) comparing log10 total mercury ([THg]) of Pearl Dace (PD; 2019) 

and Northern Redbelly Dace (2020 and 2021; NRD) collected pre-(2019), during (2020) and post-(2021) harvest at CF3 to 

allow for size adjustment of [THg]. Summary of Analysis of Covariance (ANCOVA) comparing log10 total mercury ([THg]) of 

Pearl Dace (PD) and collected pre-(2019), during (2020) and post-(2021) harvest at CF1 to allow for size adjustment of [THg].  

Site Species Response Parameter SS df F p 

CF3 PD (2019) 

NRD 

(2020, 

2021) 

Log10 
[Hg] 

Intercept 0.905 1 65.42 <0.001 

Log 10 (TL) 0.0288 1 2.085 0.161 

Year 0.0521 2 1.883 0.173 

Log10*Year 0.096 2 3.47 0.047 

Residual 0.332 24   

CF1 PD Log10 
[THg] 

Log 10 (TL) 0.080 1 2.053 0.16 

Year 0.14 2 1.79 0.19 

Residual 0.71 18   
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Table B14: Calculated least square means (LSM) for Pearl Dace (PD; 2019) and Northern Redbelly Dace (NRD; 2020-2021) 

collected pre-(2019), during (2020) and post-(2021) harvest at CF3 size adjusted [THgsize] to a common total length (TL) of 4.0 

cm. Calculated least square means (LSM) for Pearl Dace (PD) collected pre-(2019), during (2020) and post-(2021) harvest at 

CF1 size adjusted [THgsize] to a common total length (TL) of 5.2 cm. 

CF3 

LSM of NRD and PD [THg] ng/g dw size adjusted at 

4.0cm 

Comparison of LSM of [THg] (ng/g dw) of NRD and PD 

size adjusted at 4.0cm 

Year LSM SE df Lower 

CL 

Upper 

CL 

Contrast Estimate SE t (df) p 

2019 225 52.5 24 139 364 2019-2020 -0.355 0.114 -3.12 0.012 

2020 509 60.4 24 399 650 2019-2021 -0.449 0.114 -3.94 0.002 

2021 632 75.4 24 494 494 2020-2021 -0.09 -0.09 -1.28 0.41 

CF1 

LSM of NRD and PD [THg] ng/g dw size adjusted at 

5.2cm 

Comparison of LSM of [THg] (ng/g dw) of PD size 

adjusted at 5.2cm 

Year LSM SE df Lower 

CL 

Upper 

CL 

Contrast Estimate SE t (df) p 

2019 1174 318.4 18 664 2075 2019-2020 0.178 0.17 1.02 0.57 

2020 778 208.9 18 443 1368 2019-2021 0.237 0.13 1.86 0.17 

2021 679 80.2 18 530 871 2020-2021 0.059 0.13 0.46 0.88 
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Table B15: Across years comparison of mean [THg] (Ñ SD) of fish species (Sp.) of Brook Stickleback BS, and Northern 

Redbelly Dace collected from non-harvested (SN1, CFR1) watersheds in the Dryden-Kenora region from 2019-2021. P- values 

denote significance of comparisons across years determined with exact t-tests, and Kruskal-Wallis Tests.  

 2019 2020 2021 Comparison 

THg (ng/g) Sp. THg (ng/g) Sp. THg (ng/g) Sp. Test Test 

Statistic 

p-value 

CFR1 160.9Ñ29.3 

(n=9) 

BS 182.0Ñ62.5 

(n=10) 

BS --- --- T-test 38 0.60 

SN1 567.6Ñ49.5 

(n=4) 

NRD 458.3Ñ135.5 

(n=10) 

NRD 405.0Ñ151.4 

(n=13) 

NRD KW Test 6.97 0.03 
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Table B16: Pairwise comparisons of total mercury ([THg]) (ng/g dw) of Northern 

Redbelly Dace collected at SN1 from Table B15 across three years (2019, 2020, 2021) 

using Dunnôs test with Bonferroni corrections. Table displays adjusted p-values for each 

comparison and significant p-values are bolded. 

Site Consumers Comparison Z score Adjusted P 

SN1 Northern 

Redbelly 

Dace 

2019-2020 1.62 0.16 

2019-2021 2.60 0.01 

2020-2021 1.26 0.31 
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Table B17: Summary statistics of Analysis of covariance (ANCOVA) (Type 3) comparing Trophic Biomagnification Slopes 

(TMS) of MeHg (ng/g dw) of food sources, and macroinvertebrate consumers and non-size adjusted THg (ng/g dw) of fish 

present all years collected pre- (2019), during (2020) and post-(2021) harvest at harvested (CF1 and CF3) and non-harvested 

(CFR1, SN1, DW1) sites. [Hg] of food sources and consumers are log10 transformed. Model Parameters include ŭ15N (ă) as a 

covariate, Year as a categorical variable and an interaction between Year and ŭ15N (ă). Table includes sum of squares (SS), 

degrees of freedom, F-statistic (F), and p-value (p). CPOM was omitted from CF3 model due to low sample size in 2019, and 

fish were omitted from DW1 model as they were not collected in 2020.  

Site Parameters SS df F p Species included in model 

Harvested 

CF3 Intercept 6.05 1 37.23 <0.001 2019: BIO (5), FPOM (6), LIM (4), LEPT (1), AESH (1), CORD (1), SOM 

(1), PTIL (3), PD (10) 

2020: BIO (6), FPOM (6), CHIRO (3), AESH (3), LEU (2), PTIL (3), NRD 

(10) 

2021: BIO (3), FPOM (3), CHIRO (2), PLAN (2), LIM (3), PTIL (3), AESH 

(5), LEU (3), SOM (3), NRD (10) 

ŭ15N 11.05 1 67.96 <0.001 

Year 1.64 2 5.06 0.008 

ŭ15N *Year 0.81 2 2.50 0.08 

Residuals 15.28 94   

CF1 Intercept 3.11 1 19.85 <0.001 2019: BIO (6), FPOM (6), CPOM (6), LIM (3), PD (4), BS (1), PTIL (1) 

2020: BIO (6), FPOM (6), CPOM (6), LIM (2), LEP (1), PTIL (1), BS (4), 

MM (15), NRD (2), PD (3) 

2021: BIO (3), FPOM (3), CPOM (3), LIM (3), LEP (3), HYDA (3), BAE (1), 

PTIL (3), NRD (18), PD (15), BS (5), MM (2), NRD (18) 

ŭ15N 32.44 1 206.68 <0.001 

Year 3.97 2 12.66 <0.001 

ŭ15N *Year 3.60 2 11.47 <0.001 

Residuals 20.72 132   

Reference 

CFR1 Intercept 0.052 1 0.26 0.60 2019: BIO (5), FPOM (5), CPOM (5), PLAN (3), PTIL (2), AESH (1), SOM 

(1), LEU (1), BS (9), PD (10) 

2020: BIO (6), FPOM (6), CPOM (6), LYM (3), PLAN (3), NEM (1), LIB (1), 

LEU (1), PTIL (1), SOM (1), EPI (1), AESH (2), BNS (10), BS (10) 

ŭ15N 34.15 1 174.20 <0.001 

Year 0.001 1 0.0089 0.92 

ŭ15N *Year 0.002 1 0.303 0.58 

Residuals 17.64 90   

SN1 Intercept 0.043 1 0.36 0.54 2019: BIO (6), FPOM (6), CPOM (5), LEPT (3), NEM (1), STEN (1), PTIL 

(3), HYD (3), CHEU (2), SOM (1) CORD (1), AESH (1), PD (10), NRD (4), 

BS (9) 
ŭ15N 59.70 1 508.15 <0.001 

Year 0.77 2 3.30 0.038 

ŭ15N *Year 0.32 2 1.36 0.25 

Residuals 22.55 192   
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2020: BIO (6), FPOM (6), CPOM (6), NEM (1), LEPT (3), STEN (2), PTIL 

(3), HYD (3), CHEU (1), SOM (3), AESH (3), AGRI (1), CORD (3), NRD 

(10), PD (1), BNS (11), BS (1) 

2021: BIO (3), FPOM (3), CPOM (3), STEN (3), NEM (3), LEPT (3), HYD 

(3), CHEU (3), PTIL (3), SOM (3), CORD (3), AESH (3), BS (10), BNS (10), 

FSD (10), NRD (13) 

DW1 Intercept 0.11 1 0.48 0.48 2019: BIO (6), FPOM (6), CPOM (6), LEPT (3), PTIL (3), CHI (1), CHEU 

(1), HYD (1), CORD (2), SOM (1) 

2020: BIO (6), FPOM (6), CPOM (6), LEPT (3), PTIL (1), CHI (2), PLAN 

(1), HYD (3), CHEU (3), AESH (1), CORD (3) 

2021: BIO (3), FPOM (3), CPOM (3), LEPT (3), HYD (3), CORD (4), CHEU 

(3) 

ŭ15N 20.32 1 88.08 <0.001 

Year 0.63 2 1.36 0.26 

ŭ15N *Year 0.47 2 1.03 0.36 

Residuals 18.45 80   

Notes BIO=Biofilm, CPOM= Coarse Particulate Organic Matter, FPOM= Fine Particulate Organic Matter, 

HYDA=Hydatophylax, NEM=Nemotaulius, LIM =Limnephillidae, LEP=Lepidostoma, LEPT= Leptophlebiidae, 

CHI=Chimarra, CHIRO=Chironomidae, STE= Stenonema, PLAN=Planorbidae, HYD= Hydropsyche, CHEU= 

Cheumatopsyche, PTIL = Ptilostomis, AESH=Aeshna, CORD= Cordulegaster, SOM= Somatochlora, LEU= Leucorrhinia, 

EPI= Epitheca, NRD= Northern Redbelly Dace, BS=Brook Stickleback, FSD= Finescale Dace, BNS= Blacknose Shiner, 

MM=Central Mudminnow, PD=Pearl Dace. 
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Table B18: Output of emtrends() comparisons of TMS at CF1 when all samples are 

included in analyses (see Table B17) 

Year D15N 

Trend 

SE df Lower CL Upper CL 

2019 0.36 0.0248 132 0.308 0.406 

2020 0.32 0.014 132 0.289 0.345 

2021 0.24 0.014 132 0.213 0.269 
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Table B19: Output of emtrends() pairwise comparisons of TMS between years for CF1 

when all samples are considered (see Table B18).  

Contrast Estimate SE df T ratio P value 

2019-2020 0.039 0.029 132 1.39 0.34 

2019-2021 0.115 0.029 132 4.05 0.0003 

2020-2021 0.07 0.019 132 3.80 0.0006 
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Table B20: Summary statistics of Analysis of covariance (ANOVA) comparing the 

relationship between log10 transformed [MeHg] (ng/g dw) of food sources, primary 

consumers, and un-adjusted [THg] (ng/g dw) of fish and their ŭ15N (ă) pre-(2019), 

during (2020), and post-harvest (2021) at harvested (CF1, CF3) and non-harvested 

(CFR1, SN1, DW1) watersheds. Model Parameters include ŭ15N (ă) as a covariate, Year 

as a categorical variable and an interaction between Year and ŭ15N (ă). Table includes 

sum of squares (SS), degrees of freedom, F-statistic (F), and p-value (p). CPOM was 

omitted from CF3 model due to low sample size in 2019, and fish were omitted from 

DW1 model as they were not collected in 2020. 

 

 

 

 

 

Site Parameters SS df F p 

CF3 ŭ15N 39.84 1 237.5 <0.001 

Year 1.36 2 4.06 0.02 

Residuals 16.10 96   

CFR1 ŭ15N 75.24 1 386.8 <0.001 

Year 0.17 1 0.91 0.34 

Residuals 17.70 91   

SN1 ŭ15N 178.36 1 1512.41 <0.001 

Year 0.67 2 2.87 0.058 

Residuals 22.87 194   

DW1 ŭ15N 71.73 1 310.68 <0.001 

Year 2.54 2 5.50 0.0057 

Residuals 18.92 82   
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Table B21: Comparison of intercepts of linear models of log10[Hg] of food sources, 

primary consumers, secondary consumers and fishes, and their ŭ15N (ă) collected across 

three years (2019, 2020, 2021) at DW1 and at CF3 determined using estimated marginal 

means (EMM) with ŭ15N set to 0 (see Table B20).  

Site Contrast Estimate SE df t-ratio p-value 

CF3 2019-2020 -0.023 0.103 96 -0.228 0.97 

2019-2021 -0.257 0.100 96 -2.569 0.031 

2020-2021 -0.233 0.101 96 -2.319 0.057 

DW1 2019-2020 0.310 0.123 82 2.52 0.035 

2019-2021 0.433 0.138 82 3.13 0.007 

2020-2021 0.124 0.131 82 0.94 0.61 
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Table B22: Summary statistics of Analysis of covariance (ANCOVA) (Type 3) comparing Trophic Biomagnification Slopes 

(TMS) of MeHg (ng/g dw) of all food sources collected in August, macroinvertebrate consumers and non-size adjusted THg 

(ng/g dw) of fish collected pre- (2019), during (2020) and post-(2021) harvest at harvested (CF1 and CF3) and non-harvested 

(CFR1, SN1, DW1) sites. [Hg] of food sources and consumers are log10 transformed. Model parameters include ŭ15N (ă) as a 

covariate, Year as a categorical variable and an interaction between Year and ŭ15N (ă). Table includes sum of squares (SS), 

degrees of freedom, F-statistic (F), and p-value (p). CPOM was omitted from CF3 model due to low sample size in 2019, and 

fish were omitted from DW1 model as they were not collected in 2020.  

Site Parameters SS df F p Species included in model 

Harvested 

CF3 Intercept 7.77 1 52.91 <0.001 2019: BIO (2), FPOM (3), LIM (4), LEPT (1), AESH (1), CORD (1), SOM (1), 

PTIL (3), PD (10) 

2020: BIO (3), FPOM (3), CHIRO (3), AESH (3), LEU (2), PTIL (3), NRD 

(10) 

2021: BIO (3), FPOM (3), CHIRO (2), PLAN (2), LIM (3), PTIL (3), AESH 

(5), LEU (3), SOM (3), NRD (10) 

ŭ15N 5.43 1 36.96 <0.001 

Year 0.91 2 3.12 0.049 

ŭ15N *Year 0.63 2 2.14 0.12 

Residuals 12.04    

CF1 Intercept 2.12 1 9.10 0.004 2019: BIO (3), FPOM (3), CPOM (3), LIM (3), PTIL (1), PD (4) 

2020: BIO (3), FPOM (3), CPOM (6), LIM (2), LEP (1), PTIL (1), PD (3) 

2021: BIO (3), FPOM (3), CPOM (3), LIM (3), LEP (3), HYDA (3), BAE (1), 

PTIL (3), PD (15) 

ŭ15N 22.39 1 95.75 <0.001 

Year 2.36 2 5.06 0.009 

ŭ15N *Year 1.28 2 2.75 0.07 

Residuals 14.96 64   

Reference 

CFR1 Intercept 1.12 1 5.46 0.022 2019: BIO (2), FPOM (2), CPOM (2), PLAN (3), PTIL (2), AESH (1), SOM 

(1), LEU (1), BS (9) 

2020: BIO (3), FPOM (3), CPOM (3), LYM (3), PLAN (3), NEM (1), LIB (1), 

LEU (1), PTIL (1), SOM (1), EPI (1), AESH (2), BS (10) 

ŭ15N 13.04 1 63.43 <0.001 

Year 0.0094 1 0.045 0.83 

ŭ15N *Year 0.222 1 1.079 0.30 

Residuals 10.69 52   

SN1 Intercept 0.0012 1 0.013 0.90 2019: BIO (3), FPOM (3), CPOM (2), LEPT (3), NEM (1), STEN (1), PTIL 

(3), HYD (3), CHEU (2), SOM (1) CORD (1), AESH (1), NRD (4),  ŭ15N 20.65 1 235.00 <0.001 

Year 0.06 2 0.34 0.71 

ŭ15N *Year 0.037 2 0.21 0.80 
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Residuals 10.81 123   2020: BIO (6), FPOM (6), CPOM (6), NEM (1), LEPT (3), STEN (2), PTIL 

(3), HYD (3), CHEU (1), SOM (3), AESH (3), AGRI (1), CORD (3), NRD 

(10) 

2021: BIO (3), FPOM (3), CPOM (3), STEN (3), NEM (3), LEPT (3), HYD 

(3), CHEU (3), PTIL (3), SOM (3), CORD (3), AESH (3), NRD (13) 

DW1 Intercept 0.060 1 0.30 0.58 2019: BIO (3), FPOM (3), CPOM (3), LEPT (3), PTIL (3), CHI (1), CHEU (1), 

HYD (1), CORD (2), SOM (1) 

2020: BIO (3), FPOM (3), CPOM (3), LEPT (3), PTIL (1), CHI (2), PLAN (1), 

HYD (3), CHEU (3), AESH (1), CORD (3) 

2021: BIO (3), FPOM (3), CPOM (3), LEPT (3), HYD (3), CORD (4), CHEU 

(3) 

ŭ15N 16.73 1 85.21 <0.001 

Year 0.40 2 1.04 0.35 

ŭ15N *Year 1.16 2 2.97 0.058 

Residuals 12.17 62   

BIO=Biofilm, CPOM= Coarse Particulate Organic Matter, FPOM= Fine Particulate Organic Matter, HYDA=Hydatophylax, 

NEM=Nemotaulius, LIM =Limnephillidae, LEP=Lepidostoma, LEPT= Leptophlebiidae, CHI=Chimarra, 

CHIRO=Chironomidae, STE= Stenonema, PLAN=Planorbidae, HYD= Hydropsyche, CHEU= Cheumatopsyche, PTIL = 

Ptilostomis, AESH=Aeshna, CORD= Cordulegaster, SOM= Somatochlora, LEU= Leucorrhinia, EPI= Epitheca, NRD= 

Northern Redbelly Dace, BS=Brook Stickleback, PD= Pearl Dace.
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Figure B4: Regressions of log10 MeHg or THg (ng/g dw) versus d15N of basal food 

sources and all consumers collected pre-(2019), during-(2020), and post- (2021) harvest -

from harvested (CF3 and CF1) and non-harvested (CFR1, SN1, DW1) watersheds in the 

Dryden-Kenora region, ON. Models include food sources collected in August only. 

Equation of the lines and coefficient of determination are shown in each panel (R2adj; 

p<0.01).
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Table B23: Summary statistics of Analysis of covariance (ANOVA) comparing the 

relationship between log10 transformed [MeHg] (ng/g dw) of food sources, primary 

consumers, and un-adjusted total mercury [THg] (ng/g dw) of fish and their ŭ15N (ă) 

compared pre-(2019), during (2020), and post-harvest (2021) at harvested (CF1, CF3) and 

non-harvested (CFR1, SN1, DW1) sites. Models include only food sources collected in 

August.  Model Parameters include ŭ15N (ă) as a covariate, Year as a categorical variable 

and an interaction between Year and ŭ15N (ă). Table includes Sum of Squares (SS), 

degrees of freedom, F statistic (F), and p-value (p). CPOM was omitted from CF3 model 

due to low sample size in 2019, and fish were omitted from DW1 model as they were not 

collected in 2020.  

Site Parameters SS df F p 

Harvested 

CF3 ŭ15N 27.77 1 183.99 <0.001 

Year 0.60 2 1.99 0.14 

Residuals 12.67 84   

CF1 ŭ15N 72.68 1 295.12 <0.001 

Year 1.29 2 2.62 0.08 

Residuals 16.25 66   

Reference 

CFR1 ŭ15N 32.66 1 158.67 <0.001 

Year 0.28 1 1.36 0.24 

Residuals 10.91 53   

SN1 ŭ15N 99.13 1 1143.46 <0.001 

Year 0.25 2 1.47 0.23 

Residuals 10.84 125   

DW1 ŭ15N 55.85 1 267.8 <0.001 

Year 3.80 2 9.17 <0.001 

Residuals 13.34 64   
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Table B24: Comparison of intercepts of linear models of log10[Hg] of food sources, 

primary consumers, secondary consumers and fishes, and their ŭ15N (ă) collected across 

three years (2019, 2020, 2021) at DW1 determined using estimated marginal means 

(EMM) with ŭ15N set to 0 (see Table B23).  

Site Contrast Estimate SE df t-ratio p-value 

DW1 2019-2020 0.431 0.140 64 3.08 0.008 

2019-2021 0.594 0.142 64 4.17 0.0003 

2020-2021 0.163 0.133 64 1.22 0.44 
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Table B25: Output of linear mixed effect models (LMM) water chemistry parameters including [MeHgTotal], [DOC], [SO42-], 

[TP] and [TN] compared across harvested and non-harvested watersheds in the Dryden-Kenora region, ON. Models included 

Time (days since first sample collection) as a covariate, and site as a random effect. Beta, standard error, df, and t ratios are 

derived from REML model summary output. t-statistics, and p-values were computed using a Wald t-distribution.  

Model  Model 

Parameter 

Beta 

(ɓ) 

SE df t-statistic 

(df) 

p-value 

Log10 Water 

[MeHgTotal] 

(ng/L) 

Intercept -1.63 0.68 4.16 -2.3 0.07 

Treatment -0.26 0.97 4.18 -0.27 0.80 

Time -0.002 0.018 55.01 -1.39 0.16 

Treatment*Time -0.006 0.027 55.04 -2.17 0.03 

Log10 DOC (mg/L) Intercept 2.89 0.23 4.69 12.42 <0.0001 

Treatment 0.15 0.31 4.11 0.47 0.66 

Time 0.0002 0.001 58.3 0.19 0.85 

Log10 [SO4] (mg/L) Intercept 1.65 0.68 4.16 2.4 0.07 

Treatment 0.34 0.96 4.01 0.36 0.73 

Time -0.008 0.02 49.04 -3.99 0.0002 

Log10 [TP] (mg/L) Intercept -4.16 0.48 4.56 -8.59 0.005 

Treatment 0.13 0.66 4.08 0.20 0.84 

Time 0.006 0.033 43.17 1.87 0.068 

[TN] (mg/L) Intercept 0.61 0.13 4.432 4.69 0.007 

Treatment 0.17 0.18 4.008 0.94 0.39 

Time -0.0003 0.0008 43.09 -3.81 0.0004 
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Table B26: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing water chemistry parameters 

including [MeHgTotal], [DOC], [SO4
2-], [TP] and [TN] across harvested and non-harvested watersheds in the Dryden-Kenora 

region, ON. Site was included in models as a random effect.   

Model  Model 

Parameter 

SS Mean 

Square

d 

Numerator 

df 

Denominator 

df 

F statistic p-value 

Log10 Water 

[MeHgTotal] 

(ng/L) 

Treatment 0.014 0.014 1 4.18 0.07 0.80 

Time 3.26 3.26 1 55.042 16.34 0.16 

Treatment*Time 0.94 0.94 1 55.042 4.72 0.03 

Log10 DOC (mg/L) Treatment 0.034 0.034 1 4.11 0.21 0.66 

Time 0.0057 0.0057 1 58.30 0.03 0.85 

Log10 [SO4
2-] (mg/L) Treatment 0.049 0.049 1 4.01 0.12 0.73 

Time 6.16 6.16 1 49.04 15.97 0.0002 

Log10 [TP] (mg/L) Treatment 0.012 0.012 1 4.08 0.04 0.84 

Time 1.048 1.048 1 43.17 3.49 0.068 

[TN] (mg/L) Treatment 0.017 0.017 1 4.009 0.89 0.39 

Time 0.28 0.28 1 43.09 14.49 0.0004 
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Table B27: Output of emtrends() comparisons of slopes of [MeHgTotal] vs. time (days) 

across harvested and non-harvested (reference) watersheds (see Table B26).  

Treatment Time Trend SE df Lower CL Upper CL 

Harvested -0.002 0.002 55 -0.006 0.001 

Reference -0.008 0.002 55 -0.012 -0.004 
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Table B28: Output of emtrends() pairwise comparisons of slopes of [MeHgTotal] vs. time 

(days) across harvested and non-harvested (reference) watersheds (see Table B26). 

Contrast Estimate SE df T ratio p.value 

Harvested- 

Reference 

0.006 0.0027 55 2.17 0.03 
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Figure B5: Boxplots of water chemistry parameters including A) dissolved organic 

carbon (DOC) (mg/L), B) sulfate (SO4
2-) (mg/L), C) total phosphate (TP) (mg/L) and D) 

total nitrogen (TN) (mg/L) collected from 6 streams across harvested (purple) and non-

harvested (green) landscapes in the Dryden-Kenora region of Northwestern ON.  

 

A) B) 

C) D) 
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Figure B6 Boxplots of aqueous [MeHgTotal] collected from 6 streams across harvested 

(purple) and non-harvested (green) landscapes in the Dryden-Kenora region of 

Northwestern ON.  
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Table B29: Summary statistics of comparisons of [MeHg] concentrations (Ñ SD) (ng/g dw) CPOM, FPOM, and Biofilm 

collected across harvested (CF3, CF1, CF1B, DRY2) and non-harvested (DRY1AUP, SN1, DW1) watersheds in the Dryden-

Kenora region. Differences in [MeHg] were assessed using Kruskal-Wallis tests 

 Harvested  Reference Mann U-Whitney Tests 

Mean (ÑSD) Med IQR n Mean (ÑSD) Med. IQR n p Test Stat (W) 

CPOM  

[MeHg] (ng/g dw) 

0.94Ñ0.44 0.95 0.57 12 0.37Ñ0.35 0.20 0.34 9 0.002 94 

FPOM 

[MeHg] (ng/g dw) 

6.03Ñ3.94 5.68 3.00 12 1.17Ñ0.84 1.12 1.38 9 0.0003 101 

Biofilm 

[MeHg] (ng/g dw) 

15.30Ñ13.33 12.49 12.62 12 1.72Ñ1.19 1.49 2.01 9 <0.0001 105 
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Table B30: Output of linear mixed effect models (LMM) of log-transformed [MeHg] of primary and secondary consumers, 

and [THgsize] of fish compared across harvested and non-harvested watersheds in the Dryden-Kenora region. Models included 

site as a random effect.  Beta, standard error, R2 conditional and R2 marginal are derived from REML model summary output. 

Standard 95% confidence intervals (CIs), t-statistics, and p-values were computed using a Wald t-distribution.  

Model  Model 

Parameter 

Beta 

(ɓ) 

SE t-statistic 

(df) 

p-value R2 

Conditional 

R2  

Marginal  

Primary Consumer  

(log10 MeHg ng/g dw) 

Intercept 1.78 0.11 16.4 (55) <0.001 0.58 0.41 

Reference -0.60 0.17 -3.54 (55) 0.013 

Secondary Consumer  

(log10 MeHg ng/g dw) 

Intercept 2.35 0.10 22.75 (87) <0.001 0.77 0.57 

Reference -0.64 0.16 4.15 (87) 0.01 

Fish log10 [THgsize] Intercept 2.63 0.11 4.97 <0.001 0.66 0.18 

Reference -0.26 0.17 5.05 0.18 
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Table B31: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing log10 [MeHg] of primary and 

secondary consumers, and Fish [THgsize] across harvested and non-harvested watersheds in the Dryden-Kenora region. Site was 

included in model as a random effect.   

Model Parameters Sum of 

Squares 

Mean 

Squared 

Numerator 

degrees of 

freedom 

Denominator 

Degrees of 

Freedom 

F value p 

Primary consumer log10 MeHg 

(ng/g dw) 

Treatment 1.089 1.089 1 5.59 12.53 0.01 

Secondary consumer log10 

MeHg 

(ng/g dw) 

Treatment 0.72 0.72 1 4.67 17.21 0.01 

Fish [THgsize] 

(ng/g dw) 

Treatment 0.07 0.07 1 5.05 2.43 0.17 

 

Table B32: Comparisons of estimated marginal means of log10 [MeHg] (ng/g dw) of primary consumer and secondary 

consumers collected across harvested and non-harvested watersheds in the Dryden-Kenora region. 

Model  EMM  SE df Lower 

CL 

Upper 

CL 

estimate T 

ratio  

p. 

Primary consumer log10 

MeHg 

(ng/g dw) 

Harvested 1.78 4.6 1.5 2.1 0.60 3.5 0.02 

Reference 1.17 5.3 0.8 1.5 

Secondary consumer 

log10 MeHg 

(ng/g dw) 

Harvested 2.35 5.1 2.09 2.61 0.65 4.1 0.01 

Reference 1.71 4.7 1.40 2.01 
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Table B33: Output of linear mixed effect models (LMM) for Trophic Biomagnification Slopes (TMS) including all species 

and food sources compared across harvested and non-harvested watersheds in the Dryden-Kenora region of Ontario. The 

model included an interaction between ŭ15N and Treatment. Site was included in the model as a random effect.  Beta, Standard 

Error, 95% confidence intervals, R2 conditional and R2 marginal are derived from REML model summary output. Standard 

95% confidence intervals (CIs), t-statistics, and p-values were computed using a Wald t-distribution.  

Model  Model Parameter Beta 

(ɓ) 

SE 95% CI Std. 

ɓ 

95% CI for 

Std. ɓ 

t-statistic (df) p-value R2 

Cond. 

R2  

Mar . 

log10H

g 

(ng/g) 

Intercept 0.88 0.16 [0.56, 1.19] -- --- 5.48 (370) <0.001 0.87 0.77 

ŭ15N 0.26 0.008 [0.25, 0.28] 0.86 [0.80, 0.92] 30.31 (370) <0.001 

Reference -0.87 0.24 [-1.35, -0.40] -0.83 [-1.34, -0.32] -3.56 (370) <0.001 

ŭ15N*Treatment 0.02 0.01 [-0.004, 0.05] 0.08 [-0.01, 0.16] 1.64 (370) 0.10 

 

Table B34: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing log10 [Hg] of food sources and 

consumers and their ŭ15N across harvested and non-harvested watersheds in the Dryden-Kenora region of Ontario. Site was 

included in the model as a random effect. 

Model Parameters Sum of 

Squares 

Mean 

Squared 

Numerator 

degrees of 

freedom 

Denominator 

Degrees of 

Freedom 

F value p 

log10Hg 

(ng/g) 

ŭ15N 216.84 216.84 1 369.34 1710.8 <0.0001 

Treatment 1.60 1.60 1 5.79 12.66 0.012 

ŭ15N*Treatment 0.33 0.33 1 369.34 2.67 0.10 
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Table B35: Output of linear mixed effect models (LMM) to compare intercepts of Trophic Biomagnification Slopes (TMS) 

including all species across harvested and non-harvested watersheds in the Dryden-Kenora region. Site was included in the 

model as a random effect. Beta, Standard Error, 95% confidence intervals, R2 conditional and R2 marginal are derived from 

REML model summary output. Standard 95% confidence intervals (CIs), t-statistics, and p-values were computed using a 

Wald t-distribution.  

Model  Model Parameter Beta 

(ɓ) 

SE 95% CI Std. ɓ 95% CI for 

Std. ɓ 

t-statistic 

(df) 

p-value R2 

Cond. 

R2  

Mar  

log10H

g 

(ng/g) 

Intercept 0.83 0.16 [0.52, 1.15] -- --- 5.2 (371) <0.001 0.87 0.76 

ŭ15N 0.27 0.006 [0.26, 0.29] 0.89 [0.85, 0.93] 41.46 (371) <0.001 

Reference -0.77 0.24 [-1.24, -0.29] -0.84 [-1.35, -0.32] -3.19 (371) 0.002 

 

Table B36: Summary of Type III Analysis of Variance using Sattherthwaiteôs method comparing the relationship between log10 
[Hg] of food sources and consumers and their ŭ15N across harvested and non-harvested watersheds in the Dryden-Kenora 

Region. Site was included in the model as a random effect. 

Model Parameters Sum of 

Squares 

Mean 

Squared 

Numerator 

degrees of 

freedom 

Denominator 

Degrees of 

Freedom 

F value p 

log10Hg 

(ng/g) 

ŭ15N 218.76 218.76 1 370.2 1719.0 <0.0001 

Treatment 1.29 1.29 1 5.01 10.14 0.024 
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Table B37: Comparison of intercepts of linear models of log10[Hg] of food sources, primary consumers, secondary consumers 

and fishes, and their ŭ15N (ă) collected across harvested and non-harvested landscapes determined using estimated marginal 

means (EMM) with ŭ15N set to 0 (see Table B36).  

Model Contrast Estimate SE df t-ratio p-value 

log10Hg 

(ng/g) 

Harvested-

Reference 

0.77 0.24 5 3.18 0.02 
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Appendix C: Supplementary Information for Chapter 4 

Table C1.  Average (Ñ standard deviation) Dissolved Oxygen (% DO), Specific 

conductance (uS/cm; SPC), pH, Temperature (oC) and stream cover (%), measured three 

times in August and September 2021, in stream reaches upstream and downstream of 

beaver reservoirs. Stream depth (cm) was measured in six places along the reach in 

September only.  

Month   Site DO (%) SPC (uS/cm) pH T (oC) Cover (%) Depth 

(cm) 

August  TB Ref 1 

Upstream 81.9 ± 10.1 92.1 ± 1.5 7.15 ± 0.03 25.0 ± 0.6 39 ± 43 --- 

Downstream 68.3 ± 1.4 88.9 ± 0.78 7.07 ± 0.03 18.6 ± 0.9 94 ± 6 --- 

TB Ref 2 

Upstream 58.5 ± 7.9 74.33 ± 5.9 6.94 ± 0.23 19.6 ± 3.0 93 ± 8 --- 

Downstream 64.6 ± 5.0 72.9 ± 1.7 7.01 ± 0.08 19.1 ± 0.5 84 ± 13 --- 

DRY Ref 1 

Upstream 64.1 ± 7.2 84.7 ± 6.3 6.83 ±0.007 17.2 ± 1.1 19 ± 15 --- 

Downstream 75.7 ± 7.6 122.9 ± 2.4 7.4±0.19 14.3 ± 0.6 36 ± 3 --- 

TB Harv 1 

Upstream 62.5 ± 0.2 76.9 ± 0.9 6.78 ±0.06 19.4 ± 0.2 70 ± 18 --- 

Downstream 69.3 ± 13.1 79.8 ± 0.8 7.17 ±0.03 22.0 ± 0.2 64 ± 31 --- 

TB Harv 2 

Upstream 54.9 ± 2.5 100.4 ± 1.8 6.84 ± 0.007 16.7 ± 0.21 76 ± 5 --- 

Downstream 22.8 ± 8.4 127.0 ± 5.2 6.90 ± 0.02 18.4 ± 1.0 81 ± 8 --- 

DRY Harv 1 

Upstream 41.2 ± 9.2 144.1 ± 12.9 7.04 ± 0.1 14.5 ± 0.2 77 ± 12 --- 

Downstream 15.4 ± 9.6 196.1 ± 24.7 6.75 ± 0.06 16.6 ± 0.4 91 ± 7 --- 

September  TB Ref 1 

Upstream 80.9 ± 7.0 85.2 ± 0.2 6.9±0.1 7.3 ± 0.1 15 ± 15 18 ± 4 

Downstream 82.2 ± 2.0 76.6±0.2 6.9±0.06 10.0 ± 0.5 53 ± 14 19 ± 3 

TB Ref 2 

Upstream 85.8 ± 1.1 62.1 ±0.3 7.03 ± 0.1 14.0 ± 0.1 56 ± 21 45 ± 9 

Downstream 75.2 ± 2.4 63.6 ± 5.0 6.86 ± 0.1 16.7 ±0.3 45 ± 16 18 ± 4 

DRY Ref 1 

Upstream 73.4 ± 5.5 82.9±2.3 7.02 ± 0.1 14.7 ± 1.2 11 ± 12 37 ± 

11 

Downstream 89.2 ± 1.3 94.8±0.8 7.33 ±0.05 12.9 ± 0.1 15 ± 7 29 ± 

12 

TB Harv 1 
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Upstream 85.6 ± 0.21 75.3 ± 0.0 7.08 ± 0.12 12.3 ± 0.1 37 ± 22 30 ± 5 

Downstream 66.3 ± 10.3 71.6 ± 0.2 6.66 ± 0.19 10.6 ± 0.1 20.5 ± 15 26 ± 7 

TB Harv 2 

Upstream 73.0 ± 4.0 72.8±0.2 6.65 ± 0.1 8.7 ± 0.05 34 ± 13 32 ± 3 

Downstream 72.7 ± 3.0 63.6±18.7 6.79 ± 0.03 9.6 ± 0.0 40 ± 12 23 ± 5 

DRY Harv 1 

Upstream 59.7 ± 1.1 91.7 ± 6.4 6.75 ± 0.03 10.2 ± 0.8 48 ± 12 18 ± 7 

Downstream 30.8 ± 9.4 130.1 ± 11.5 6.62 ± 0.07 13.2 ± 0.6 53 ± 11 15 ± 4 

 

.
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Paragraph C1 Rationale behind Predator and Herbivore Groups:  

Collector-gathers (Leptophlebiidae, Ephemerellidae, Chironomidae), scrapers 

(Planorbidae, Stenonema) and shredder taxa (Hydatophylax, Nemotaulius and 

Limnephilus) were combined to create an herbivore group. A predacious taxa group was 

formed with (Boyeria, Aeshna, Cordulegaster, Cheumatopsyche, Diplectrona, 

Hydropsyche and Ptilostomis).  Shredders (Nemotaulius and Hydatophylax) generally had 

the lowest ŭ15N values at most sites, except for Limnephilus taxa collected at DRY Harv 1 

who displayed much higher ŭ15N values. As such, it is possible they rely on food sources 

other than CPOM and may rely on algae. This is consistent with Wiggins (1996) and 

Merritt et al. (2019) who report a wide variety of feeding strategies for this group, and as 

such they were included with herbivores.  

Leptophlebiidae, Ephemerellidae, and Chironomidae are classified as collector-

gatherers (Merritt et al. 2019) or detritivores and usually exhibit generalist feeding 

strategies, and as such were added to the herbivore group. As sample masses of 

Leptophlebiidae were low upstream of DRY Harv 1 and TB Ref 2, Chironomidae (DRY 

Ref 1 only) and Ephemerellidae (TB Ref 2) at those sites were also run for [MeHg] and 

were included in Stable Isotope and MeHg analyses. Planorbiidae were sampled at DRY 

Harv 1 as a substitute taxon for scraper taxon Stenonema as they were not present. 

Planorbid snails are known to have a diet that includes aquatic macrophytes, detritus, 

algae and decaying animal materials but were classified as herbivores their ŭ15N values 

were similar to herbivorous taxa collected from the same site (Limnephilus) and were 

lower than predatory taxa (Aeshna). Stenonema exhibited a wide range in ŭ15N values, 
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with values sometimes similar to predatory taxa from the same sites. Despite this, 

Stenonema were pooled with herbivore taxa for analyses as Merrit et al. (2019) describe 

their functional feeding group as scrapers or collector-gatherers. It is possible that the 

elevated ŭ15N values observed in Stenonema was due to the high ŭ15N values observed in 

biofilm in this study (Table C24), or consumption of zooplankton in biofilm.  

Ptilostomis were pooled with predacious taxa as later instars are often predacious 

(Merritt and Cummins, 2019; Wiggins 1996). Some organisms in this study had 

chironomid head capsules in their gut contents (Lajoie personal observation). Despite this 

lower ŭ15N observed at some sites may be attributed to consumption of plant materials, as 

Ptilostomis are also facultative shredders. Collector-filterers (Hydropsyche, 

Cheumatopsyche, and Diplectrona) were pooled with predacious taxa, as their ŭ15N 

values were similar to odonates from the same sites, and Hydropsychidae taxa are known 

to eat other invertebrates despite their description as collector-filterers (Wiggins, 1996; 

Benke & Wallace, 1997; Merritt & Cummins, 2019).  As sample masses of Hydropsyche 

were low downstream of TB Harv 2 and upstream of TB Ref 2, Cheumatopsyche (TB 

Harv 2 only) and Diplectrona (TB Ref 2) were included in [MeHg] and stable isotope 

analyses at those sites. Odonata taxa (Boyeria, Aeshna, Cordulegaster) were classified as 

predators based on their FFGs (Merritt et al. 2019) and elevated ŭ15N values observed in 

this study. Corduelgaster were analyzed for [MeHg] and stable isotopes upstream of TB 

Harv 2, as Aeshnidae were not present at this site.  
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Figure C1. Boxplots of ŭ15N values of invertebrate genera/families pooled across sites 

used to determine Herbivore and Predatory groups for analyses of [MeHg].   
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Figure C2: A) Significant positive relationship between THg (ng/g dw) and MeHg (ng/g 

dw) in 47 fish (Lake Chub, Blacknose Dace,  Central Mudminnow and Northern Redbelly 

Dace)  collected upstream and downstream of six beaver reservoirs (TB Ref 1, TB Ref 2, 

DRY Ref 1, TB Harv 1, TB Harv 2, DRY Harv 1)in  Northwestern Ontario, B) Significant 

positive relationship between THg and MeHg in 24 Lake Chub collected  upstream and 

downstream of 4 beaver reservoirs (TB Ref 1, TB Ref 2, TB Harv 1, TB Harv 2) in 

Thunder Bay, ON. C) Significant positive relationship between THg and MeHg in 18 

Blacknose dace collected upstream and downstream of 3 beaver reservoirs (TB _Ref_1, 

TB_Harv_1, TB_Harv_2) in Thunder Bay, ON.  
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Table C2: The mean percentage methylmercury (MeHg) of total mercury (THg) 

concentrations (%MeHg of THg) and range in parentheses of Lake Chub (LC), Blacknose 

Dace (BND), Northern Redbelly Dace (NRD), Central Mudminnows (MM) collected 

upstream and downstream of  beaver reservoirs in harvested (TB Harv 1, TB Harv 2, 

DRY Harv 1) and non-harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in 

Northwestern Ontario.  

Reservoir Reach Species % MeHg of THg n 

Harvested 

TB Harv 1 

 

Downstream 

 

BND 
87.9 

(74.6-99.5) 
4 

LC 
89.6 

(85.7-93.3) 
3 

TB Harv 1 

 
Upstream 

BND 
92.3 

(82.5-109.0) 
3 

LC 
78.6 

(72.5-88.1) 
3 

TB Harv 2 

 
Downstream 

BND 
82.9 

(76.0-95.1) 
3 

LC 
79.8 

(69.0-89.6) 
3 

TB Harv 2 Upstream 

BND 
106.8 

(89.1-138.5) 
3 

LC 
75.9 

(73.3-77.5) 
3 

DRY Harv 1 Downstream MM 78.4 1 

DRY Harv 1 Upstream NRD 75.1, 87.7 2 

Reference 

TB Ref 1 Downstream 

BND 
87.8 

(78.6-96.4) 
3 

LC 
82.2 

(77.5-88.5) 
3 

TB Ref 1 Upstream 

BND 69.7, 83.9 2 

LC 
89.6 

(79.3-95.1) 
3 

TB Ref 2 Downstream LC 
88.9 

(71.7, 101.3) 
3 

TB Ref 2 Upstream LC 
79.8 

(70.7-86.7) 
3 

DRY Ref 1 Downstream NRD 82.7 1 

DRY Ref 1 Upstream NRD 79.8 1 
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Table C3: Summary of Analysis of Covariance (ANCOVA) comparing log10 total length 

(TL) of Northern Redbelly Dace (NRD) collected upstream and downstream (Reach) of 

TB Ref 2 to allow for size adjustment of [THg].  

Response Parameter SS df F p 

Log10 

[Hg] 

Log 10 (TL) 0.005 1 0.05 0.822 

Reach 0.14 1 13.5 0.002 

Residual 0.17 16   
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Table C4: Calculated least square means (LSM) for Northern Redbelly Dace collected upstream and downstream of TB Ref 2 

size adjusted [THgsize] to a common total length (TL) of 4.7 cm. Post-hoc contrasts tests revealed significantly higher [THgsize] 

downstream of reservoir.  

 

 

 

 

LSM of NRD size adjusted at 4.7 cm Comparison of LSM of NRD size adjusted at 4.7 cm 

Reach LSM SE df Lower 

CL 

Upper 

CL 

Contrast Estimate SE t (df) p 

Downstream 2.81 0.05 16 2.72 2.91 Downstream-

Upstream 

0.247 0.06 3.7 (16) 0.02 

Upstream 2.56 0.04 16 2.48 2.65 
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Table C5: To assess differences in TMS across harvested landscapes and non-harvested landscapes upstream (Model 1) and 

downstream (Model 2) of reservoirs, linear mixed effects models (LMMs) were used, with interactions between ŭ15N and 

log10[Hg] to determine whether TMS differed across treatments, and site was included as a random effect.  Output of LMMs 

for TMS includes all species. Beta (ɓ), Standard Error (SE) are derived from Restricted Estimate Maximum Likelihood 

(REML) model summary output. Degrees of freedom (df) t-value, and p-values were computed using Satterthwaiteôs method. 

P-values for significant parameters are bolded. Output of random effect variances (Site), standard deviation (Std. Dev), number 

of observations (# obvs), number of groups (# groups), and intraclass correlation coefficient (ICC) are included.  

Main effects Random Effects 

Model 1: Comparisons across harvested and non-harvested watersheds made upstream of reservoirs (Harvesting effects only) 

log10 Hg 

(ng/g dw)  

Model Parameter Beta 

(ɓ) 

SE df t-

value 

p-value Random 

effects 

Variance STD # Obvs #  

Groups 

ICC 

Intercept 0.82 0.13 5.48 6.50 <0.001 Site 0.04 0.19 244 6 0.22 

ŭ15N 0.31 0.01 236.69 27.9 <0.0001 Residual 0.13 0.36 

Non-harvested -0.47 0.18 5.89 -2.59 0.043       

ŭ15N*non-harvested -0.03 0.02 -1.998 -1.99 0.046       

Model 2: Comparisons across harvested and non-harvested watersheds made downstream of reservoirs (Harvesting and Reservoir effects) 

log10 Hg 

(ng/g dw)  

Intercept 0.63 0.11 7.4 5.4 <0.01 Site 0.03 0.16 242 6 0.15 

ŭ15N 0.30 0.012 237.1 24.5 <0.0001 Residual 0.79 0.39 

Non-harvested -0.11 0.16 7.23 -0.65 0.54       

ŭ15N*non-harvested -0.02 0.02 236.3 -1.4 0.17       
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Table C6: Analysis of Deviance (Type III) with Sattherwaitheôs method of linear effects 

models (Model 1 and Model 2) to predict TMS across harvested and non-harvested 

landscapes upstream (Model 1) and downstream (Model 2) of beaver reservoirs. p values 

for significant parameters are bolded.  

Response Model Parameter Sum of 

Squares 

df Denominator 

df 

F-value p-value 

Model 1: Comparisons across harvested and non-harvested watersheds made upstream 

of reservoirs (Harvesting effects only) 

Log10 [Hg] 

(ng/g dw) 

D15N 194.6 1 237.96 1502.36 <0.0001 

Treatment 0.86 1 5.89 6.60 0.043 

D15N*Treatment 0.52 1 237.96 3.98 0.046 

Model 2: Comparisons across harvested and non-harvested watersheds made upstream 

of reservoirs (Harvesting and Reservoir effects) 

Log10 [Hg] 

(ng/g dw) 

D15N 189.7 1 236.3 1272.2 <0.0001 

Treatment 0.062 1 7.23 0.42 0.53 

D15N*Treatment 0.28 1 236.3 1.89 0.16 

 

Table C7: Summary of slopes calculated from Model 1 and Model. 

Model  Harvested 

Slope 

Non-harvested 

Slope 

Model 1 0.31 0.28 

Model 2 0.30 0.28 
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Figure C3: Comparisons across harvested and non-harvested watersheds made upstream 

of reservoirs (Harvesting effects only). Regression model of linear mixed effect model 

(Model 1) displaying marginal effects of significant interaction (d15N*Treatment) 

(p=0.046). TMS of harvested landscapes (0.31) was significantly higher than slope of 

non-harvested landscapes (0.28). 
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Table C8: Summary of water chemistry parameters analyses using Wilcoxon Signed 

Rank Exact Tests of Dissolved Organic Carbon (DOC), Sulfate (SO4
2-) Nitrate (NO3

-), 

and Chloride (Cl-), and total water MeHg concentrations [MeHgTotal] measured upstream 

and downstream of reservoirs in harvested and non-harvested watersheds (median is 

bolded, and ranges are in parentheses). Significant p-values are bolded. p-values with * 

indicate that tied ranks were removed from analyses. Collection dates with missing values 

are excluded.  

 Variable Reach n Median and 

Range 

V p 

TB Ref 1 

 

 

 

 

 

 

 

Water 

Chemistry 

Dissolved 

Organic 

Carbon 

(DOC) 

(mg/L) 

Downstream 5 12.07 

(9.090-12.800) 

5 0.063 

Upstream 5 11.36 

(7.075-12.230) 

Sulfate 

[SO42] 

(mg/L) 

Downstream 5 15.652 

(7.040-29.974) 

15 0.063 

Upstream 5 18.617 

(15.688-46.264) 

Nitrate 

[NO3-] 

(mg/L) 

Downstream 5 3.379 

(0.225-11.595) 

11 0.44 

Upstream 5 6.98 

(0.225-31.714) 

Chloride 

[Cl-](mg/L) 

Downstream 5 64.433 

(33.453-85.889) 

8 1 

Upstream 5 61.410 

(36.069-65.097) 

Water 

[MeHgTotal] 

(ng/L) 

 

[MeHgTotal] 

(ng/L) 

Downstream 5 0.291 

(0.094-0.621) 

3 0.31 

Upstream 5 0.117 

(0.081-0.186) 

TB Ref 2 

 

 

 

 

 

 

 

Water 

Chemistry 

Dissolved 

Organic 

Carbon 

(DOC) 

(mg/L) 

Downstream 4 15.835 

(14.57-17.21) 

0 0.13 

Upstream 4 11.195 

(9.756-11.630) 

Sulfate 

[SO42] 

(mg/L) 

Downstream 5 4.843 

(0.250-5.827) 

10 0.13* 

Upstream 5 7.158 

(0.250-8.757) 

Downstream 5 3.836 12 0.31 
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Nitrate 

[NO3-] 

(mg/L) 

(3.037-4.742) 

Upstream 5 6.846 

(0.572-9.159) 

Chloride 

[Cl-](mg/L) 

Downstream 5 2.811 

(1.754-18.111) 

4 0.44 

Upstream 5 2.679 

(0.572-2.849) 

Water 

[MeHgTotal] 

(ng/L) 

 

[MeHgTotal] 

(ng/L) 

Downstream 5 0.259 

(0.196-0.523) 

5 0.63 

Upstream 5 0.102 

(0.067-0.975) 

DRY Ref 1 

 

 

 

 

 

 

 

Water 

Chemistry 

Dissolved 

Organic 

Carbon 

(DOC) 

(mg/L) 

Downstream 8 22.39 

(17.21-32.45) 

33 0.039 

Upstream 8 23.94 

(20.13-37.10) 

Sulfate 

[SO42] 

(mg/L) 

Downstream 5 15.293 

(10.405-25.556) 

0 0.062 

Upstream 5 7.471 

(3.497-13.644) 

Nitrate 

[NO3-] 

(mg/L) 

Downstream 5 1.392 

(1.289-11.871) 

3 0.31 

Upstream 5 1.326 

(0.700-3.685) 

Chloride 

[Cl-](mg/L) 

Downstream 5 1.686 

(1.612-17.904) 

6 0.81 

Upstream 5 1.392 

(1.215-27.036) 

Water 

[MeHgTotal] 

(ng/L) 

 

[MeHgTotal] 

(ng/L) 

Downstream 7 0.152 

(0.094-0.262) 

27 0.031 

Upstream 7 0.152 

(0.137-0.463) 

TB Harv 1 

 

 

 

 

 

 

 

Water 

Chemistry 

Dissolved 

Organic 

Carbon 

(DOC) 

(mg/L) 

Downstream 5 15.24 

(8.72-16.94) 

8 1 

Upstream 5 14.44 

(11.10-15.53) 

Sulfate 

[SO42] 

(mg/L) 

Downstream 5 6.771 

(5.440-14.260) 

8 1 

Upstream 5 6.855 

(0.041-37.555) 
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Nitrate 

[NO3-] 

(mg/L) 

Downstream 5 3.242 

(0.225-4.842) 

10 0.13* 

Upstream 5 0.225 

(0.225-0.918) 

Chloride 

[Cl-](mg/L) 

Downstream 5 4.354 

(2.843-21.655) 

10 0.63 

Upstream 5 6.510 

(2.045-83.234) 

Water 

[MeHgTotal] 

(ng/L) 

 

[MeHgTotal] 

(ng/L) 

Downstream 5 0.374 

(0.149-0.659) 

0 0.25* 

Upstream 5 0.187 

(0.132-0.272) 

TB Harv 2 

 

 

 

 

 

 

 

Water 

Chemistry 

Dissolved 

Organic 

Carbon 

(DOC) 

(mg/L) 

Downstream 5 13.33 

(9.935-19.520) 

7 1 

Upstream 5 12.83 

(10.21-18.04) 

Sulfate 

[SO42] 

(mg/L) 

Downstream 5 6.394 

(5.440-18.937) 

9 0.81 

Upstream 5 6.602 

(6.113-18.997) 

Nitrate 

[NO3-] 

(mg/L) 

Downstream 5 13.265 

(3.749-19.911) 

0 0.062 

Upstream 5 2.784 

(0.225-7.636) 

Chloride 

[Cl-](mg/L) 

Downstream 5 6.010 

(2.707-7.604) 

11 0.44 

Upstream 5 7.077 

(6.302-73.568) 

Water 

[MeHgTotal] 

(ng/L) 

 

[MeHgTotal] 

(ng/L) 

Downstream 5 0.348 

(0.209-0.671) 

12 0.31 

Upstream 5 0.387 

(0.184-0.872) 

DRY Harv 1 

 

 

 

 

 

 

 

Dissolved 

Organic 

Carbon 

(DOC) 

(mg/L) 

Downstream 9 30.39 

(16.83-43.85) 

45 0.0039 

Upstream 9 36.92 

(22.84-57.04) 

Sulfate 

[SO42] 

(mg/L) 

Downstream 5 3.118 

(4.209-8.491) 

12 0.31 

Upstream 5 5.712 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

ΞΥΦ 
 

Water 

Chemistry 

(2.731-8.368) 

Nitrate 

[NO3] 

(mg/L) 

Downstream 5 3.242 

(0.225-4.842) 

0 0.13* 

Upstream 5 0.225 

(0.225-0.918) 

Chloride 

[Cl-](mg/L) 

Downstream 5 16.545 

(2.927-19.255) 

9 0.81 

Upstream 5 17.469 

(3.491-35.036) 

Water 

[MeHgTotal] 

(ng/L) 

 

[MeHgTotal] 

(ng/L) 

Downstream 8 0.581 

(0.259-1.600) 

21 0.74 

Upstream 8 0.771 

(0.386-0.966) 
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Table C9: Summary of organic sediment deposition (%) and rates of leaf litter 

decomposition (kdd) in harvested and non-harvested watersheds (median is bolded, and 

ranges are in parentheses). Mann U-Whitney (if non-parametric) or t-tests (if parametric) 

were used to compare parameters upstream and downstream. If a t-test was used, the t-

ratio and the degrees of freedom (df) (in parentheses are) are provided; if a Mann U-

Whitney test was used, the U statistic is provided.  Significant p-values are bolded.  

Variable Reach n Median and Range Test Test 

Statistic 

P 

TB Ref 1 

Organic  

Sediment 

Deposition 

(%) 

Downstream 4 49.03 

(43.84-64.08) 

t-test 2.5(3.9) 0.066 

Upstream 5 37.11 

(35.87-45.45) 

Fine  

Mesh 

Breakdown 

(kdd, degree 

days-1) 

Downstream 6 2.0 x 10-4 

(0.0 x 10-4-   2.0 x 10-4) 

Mann 

U-

Whitney 

27 0.20 

Upstream 6 1.5 x 10-4 

(0.0 ï 3.0 x 10-4) 

TB Ref 2 

Organic  

Sediment 

Deposition 

(%) 

Downstream 4 40.84 

(39.69-41.62) 

n/a n/a n/a 

Upstream 2 52.04-52.80 

Fine Mesh 

Breakdown 

(kdd, degree 

days-1) 

Downstream 6 2.5 x 10-4 

(1.0 x 10-4- 1.3 x 10-3) 

n/a n/a n/a 

Upstream 2 3.0 x 10-4 ï 3.0 x 10-4 

DRY Ref 1 

Organic 

Sediment 

Deposition 

(%) 

Downstream 6 10.36 

(9.36-12.52) 

t-test -7.2 (6.3) 

 

0.0003 

Upstream 6 20.93 

(16.68-25.65) 

Fine Mesh 

Breakdown 

(kdd, degree 

days-1) 

 

Downstream 6 2.0x 10-4 

(1.0 x 10-4- 4.0 x 10-4) 

t-test 0.53(9.7) 

 

0.61 

Upstream 6 1.5 x 10-4 

(1.0 x 10-4- 3.0 x 10-4) 

TB Harv 1 

Organic 

Sediment 

Deposition 

(%) 

Downstream 3 28.02 

(27.27-28.89) 

t-test -6.3 (6.4) 0.0006 

Upstream 6 36.33 

(32.43-39.32) 

Fine Mesh 

Breakdown 

Downstream 6 1.0 x 10-4 

(1.0 x 10-4- 2.0 x 10-4) 

Mann 

U-

Whitney 

7.5 0.11 

Upstream 6 2.5 x 10-4 
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(kdd, degree 

days-1) 

(1.0 x 10-5 ï 5.0 x 10-4) 

TB Harv 2 

Organic 

Sediment 

Deposition 

(%) 

Downstream 6 32.56 

(29.27-34.86) 

t-test -1.3 (5.1) 0.26 

Upstream 6 35.45 

(28.63-73.73) 

Fine Mesh 

Breakdown 

(kdd, degree 

days-1) 

 

Downstream 6 1.0 x 10-4 

(1.0 x 10-4- 2.0 x 10-4) 

Mann 

U-

Whitney 

20 1 

Upstream 6 1.0 x 10-4 

(0.0 x 10-4 ï 2.0 x 10-4) 

DRY Harv 1 

Organic 

Sediment 

Deposition 

(%) 

Downstream 6 18.58 

(5.20-28.54) 

Mann 

U-

Whitney 

16 0.93 

Upstream 5 15.57 

(14.46-20.11) 

Fine Mesh 

Breakdown 

(kdd, degree 

days-1) 

 

Downstream 6 1.0x 10-4 

(0 - 3.0 x 10-4) 

t-test -0.9(9.9) 0.41 

Upstream 6 1.2 x 10-4 

(7.0 x 10-5 ï 2.7 x 10-4) 
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Table C10:  Deployment and removal dates and number of days deployed for sediment 

collectors and fine mesh leaf packs.  

Reach  Deployment Date  Removal Date  Days 

Deployed  

TB Ref 1 

Upstream  August 20, 2021 September 23, 2021 33  

Downstream  August 20, 2021 September 22, 2021 32  

TB Ref 2 

Upstream  August 18, 2021  September 21, 2021  33  

Downstream  August 18, 2021  September 20, 2021  32  

DRY Ref 1 

Upstream  August 26, 2021  October 6, 2021  40  

Downstream  August 26, 2021  October 7, 2021  41  

TB Harv 1 

Upstream  August 22, 2021  September 24, 2021  32  

Downstream  August 16, 2021  September 25, 2021  39  

TB Harv 2 

Upstream  August 16, 2021  September 27, 2021  41  

Downstream  August 22, 2021  September 26, 2021  34  

DRY Harv1 

Upstream  August 23, 2021  September 29, 2021  36  

Downstream  August 25, 2021  September 30, 2021  35  

 

 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

ΞΦΟ 
 

Table C11: Summary of analyses comparing [MeHg] of food sources (Coarse Particulate 

Organic Matter (CPOM), Fine Particulate Organic Matter, (FPOM), and biofilm), 

predatory and herbivorous macroinvertebrates, and [THg] of fishes including Lake Chub, 

Blacknose Dace, Northern Redbelly Dace, Brook Stickleback and Fine Scale Dace 

upstream and downstream of harvested and non-harvested watersheds (median is 

bolded, and ranges are in parentheses). Mann U-Whitney (if non-parametric) or t-tests (if 

parametric) were used to compare parameters upstream and downstream. If a t-test was 

used, the t-ratio and the df (in parentheses are) are provided; if a Mann U-Whitney test 

was used, the U statistic is provided.  Significant p-values are bolded. Invertebrate 

consumers included in analyses are as follows:  HYDA=Hydatophylax, 

NEM=Nemotaulius, LIM=Limnephillidae, LEPT= Leptophlebiidae, EPH= 

Ephemerellidae, CHI=Chironomidae, STE= Stenonema, PLAN=Planorbidae, HYD= 

Hydropsyche, CHE= Cheumatopsyche, DIP=Diplectrona, PTI = Ptilostomis, BOY= 

Boyeria, CORD= Cordulegaster. 

Comparison Reach n Median and 

Range 

Test Test 

Stat 

P Macro. 

Consumer

s 

TB Ref 1 

Lake Chub 

[THg] (ng/g dw) 

Down 10 195.6 

(153.5-354.0) 

Mann U-

Whitney 

4 0.0001 n/a 

Up 10 387.8 

(315.0-726.5) 

n/a 

Blacknose Dace 

[THg] (ng/g dw) 

Down 7 374.5 

(270.1-794.5) 

Mann U-

Whitney 

36 0.96 n/a 

Up 10 387.6 

(335.9-503.3) 

n/a 

Macroinvertebrate 

Predators 

[MeHg] (ng/g dw) 

Down 8 152.1 

(90.0-338.5) 

t-test 1.1 

(11.02) 

0.31 BOY (3), 

HYD (3), 

PTIL (2) 

Up 7 132.4 

(80.3-205.3) 

BOY (3), 

HYD (3), 

PTIL (1) 

Macroinvertebrate 

Herbivores 

[MeHg] (ng/g dw) 

Down 3 42.2 

(41.4-44.5) 

Mann U-

Whitney 

-2.6 (2.1) 0.1 STEN (3) 

Up 3 53.4 

(51.9-70.5) 

STEN (3) 

CPOM [MeHg] 

(ng/g dw) 

Down 3 0.19 

(0.13-0.23) 

t-test -1.1(2.4) 0.37 n/a 

Ups 3 0.18 

(0.19-0.22) 

n/a 

FPOM [MeHg] 

(ng/g dw) 

Down 3 8.3 

(6.6-9.3) 

t-test 0.7 (2.8) 0.52 n/a 

Up 3 7.6 

(6.9-8.2) 

n/a 

Biofilm [MeHg] 

(ng/g dw) 

Down 3 8.3 

(5.0-12.2) 

t-test 0.3 (2.2) 0.78 n/a 
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Up 3 7.9 

(7.1-8.5) 

n/a 

TB Ref 2 

Northern Redbelly 

Dace [THgadjusted] 

(ng/g dw)* 

Down 9 644.5 

(450.2-985.9) 

 

ANCOVA 13.5(1) 

 

0.02 n/a 

 

Up 10 350.2 

(287.5-574.4) 

Brook Stickleback 

[THg] 

Down 10 892.4 

(732.6-1280.5) 

Mann U-

Whitney 

100 <0.0001 n/a 

 

Up 10 318.9 

(210.4-406.0) 

Macroinvertebrate 

Predators 

[MeHg] (ng/g dw) 

Down 6 350.6 

(320.7-393.6) 

t-test 13.3(9.7) <0.0001 BOY (3), 

HYD (3) 

Up 6 159.3 

(122.1-181.1) 

BOY (3), 

DIP (3) 

Macroinvertebrate 

Herbivores 

[MeHg] (ng/g dw) 

Down 4 206.4 

(96.0-213.2) 

Mann U-

Whitney 

24 0.009 STEN (3), 

LEPT (1) 

Up 6 47.0 

(34.4-78.0) 

EPH (3), 

STEN (3) 

CPOM [MeHg] 

(ng/g dw) 

Down 3 0.65 

(0.31-0.84) 

t-test 1.1(3.8) 0.34 n/a 

Up 3 0.27 

(0.25-0.63) 

FPOM [MeHg] 

(ng/g dw) 

Down 3 14.2 

(9.3-19.5) 

t-test 2.3 (2.0) 0.14 n/a 

Up 3 7.7 

(7.0-7.8) 

Biofilm [MeHg] 

(ng/g dw) 

Down 3 15.4 

(6.9-21.5) 

t-test 1.9 (2.1) 0.20 n/a 

Up 3 6.9 

(5.7-7.3) 

DRY Ref 1 

Finescale Dace 

[THg] (ng/g dw) 

Down 10 403.8 

(294.7-891.6) 

t-test -1.5 (9.7) 0.17 n/a 

Up 7 584.8 

(166.6-758.3) 

n/a 

Northern Redbelly 

Dace [THg] (ng/g 

dw) 

Down 13 366.6 

(198.5-831.1) 

Mann U-

Whitney 

70 

 

0.95 n/a 

Up 11 405.2 

(206.8-759.0) 

n/a 

Macroinvertebrate 

Predators 

[MeHg] (ng/g dw) 

Down 9 86.6 

(58.5-118.7) 

t-test -1.5 (9.7) 0.09 AESH (3), 

HYD (3), 

PTIL (3) 

Up 9 101.2 

(75.9-142.0 

AESH (3), 

HYD (3), 

PTIL (3) 

Macroinvertebrate 

Herbivores 

[MeHg] (ng/g dw) 

Down 9 21.9 

(3.9-28.2) 

Mann U-

Whitney 

21 0.09 LEPT (3), 

STEN (3), 

NEMO (3) 
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Up 9 29.5 

(5.11-65.7) 

LEPT (3), 

STEN (3), 

NEMO (3) 

CPOM [MeHg] 

(ng/g dw) 

Down 3 0.48 

(0.19-1.17) 

t-test 0.98 

(2.8) 

0.40 n/a 

 

Up 3 0.17 

(0.15-0.57) 

FPOM [MeHg] 

(ng/g dw) 

Down 3 1.7 

(0.8-2.8) 

t-test -0.7 (2.8) 0.53 n/a 

 

Up 3 1.7 

(1.3-5.2) 

Biofilm [MeHg] 

(ng/g dw) 

Down 3 1.9 

(1.4-3.7) 

t-test -1.2 (2.8) 0.33 n/a 

 

Up 3 3.1 

(2.5-7.4) 

TB Harv 1 

Blacknose Dace 

[THg] (ng/g dw) 

Down 10 1437.7 

(722.6-1989.1) 

t-test 2.6 

(13.7) 

0.02 n/a 

 

Up 10 1034.8 

(538.4-1271.1) 

Macroinvertebrate 

Predators 

[MeHg] (ng/g dw) 

Down 6 524.3 

(369.8-733.8) 

Mann U-

Whitney 

35 0.004 BOY (3), 

HYD (3) 

Up 6 225.1 

(109.7-376.3) 

BOY (3), 

HYD (3) 

Macroinvertebrate 

Herbivores 

[MeHg] (ng/g dw) 

Down 9 123.4 

(10.0-186.2) 

Mann U- 

Whitney 

63 0.05 STEN (3), 

HYDA (3), 

LEPT (3) 

Up 9 68.9 

(4.7-89.1) 

STEN (3), 

HYDA (3), 

LEPT (3) 

CPOM [MeHg] 

(ng/g dw) 

Down 3 0.7 

(0.5-1.1) 

t-test 2.4 (2.6) 0.11 n/a 

 

Up 3 0.3 

(0.2-0.4) 

FPOM [MeHg] 

(ng/g dw) 

Down 3 18.6 

(9.4-20.00) 

t-test 2.2 (2.1) 0.15 n/a 

 

Up 3 8.5 

(7.6-9.8) 

Biofilm [MeHg] 

(ng/g dw) 

Down 3 17.2 

(12.9-27.5) 

t-test 1.99 

(2.5) 

0.16 n/a 

 

Up 3 9.6 

(7.9-12.9) 

TB Harv 2 

Lake Chub 

[THg] (ng/g dw) 

Down 6 826.2 

(623.1-1328.9) 

t-test 2.0 (8.2) 0.07 n/a 

Up 5 551.6 

(518.2-862.8) 

n/a 

Blacknose Dace 

[THg] (ng/g dw) 

Down 10 1388.3 

(710.0-1777,5) 

t-test 0.1 

(15.9) 

0.90 n/a 

Up 10 1330.5 

(469.4-2116.6) 

n/a 
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Macroinvertebrate 

Predators 

[MeHg] (ng/g dw) 

Down 7 227.26 

(145.2-535.02) 

Mann U-

Whitney 

16 0.53 BOY (3), 

HYD (1), 

CHEU (3) 

Up 6 359.1 

(333.0-501.4) 

CORD (3), 

HYD (3) 

Macroinvertebrate 

Herbivores 

[MeHg] (ng/g dw) 

Down 6 73.3 

(8.29-131.23) 

t-test -0.47(23) 0.64 STEN (3), 

LEPT (1), 

HYDA (2) 

Up 8 86.5 

(7.31-185.4) 

STEN (2), 

LEPT (3), 

HYDA (3) 

CPOM [MeHg] 

(ng/g dw) 

Down 3 0.6 

(0.3-0.9) 

t-test 1.9 (2.3) 0.18 n/a 

Up 3 0.3 

(0.2-0.3) 

FPOM [MeHg] 

(ng/g dw) 

Down 3 6.04 

(4.8-12.1) 

t-test -0.7 (3.7) 0.52 n/a 

Up 3 12.0 

(4.5-14.3) 

Biofilm [MeHg] 

(ng/g dw) 

Down 3 6.9 

(5.9-16.3) 

t-test -0.4 

(3.98) 

0.71 n/a 

Up 3 10.5 

(6.6-17.3) 

DRY Harv 1 

Northern Redbelly 

Dace and Central 

Mudminnow 

[THg] (ng/g dw) 

Down 7 269.7 

(203.2-319.2) 

Mann U-

Whitney 

0 0.0001 n/a 

Up 10 987.9 

(384.7-1474.9) 

n/a 

Macroinvertebrate 

Predators 

[MeHg] (ng/g dw) 

Down 6 120.3 

(64.4-290.3) 

Mann U-

Whitney 

0 0.0007 AESH (3), 

PTIL (3) 

Up 8 573.7 

(400.9-1007.0) 

AESH (5), 

PTIL (3) 

Macroinvertebrate 

Herbivores 

[MeHg] (ng/g dw) 

Down 5 40.56 

(30.9-92.5) 

t-test -2.3 (9.5) 0.045 PLAN (3), 

LEPT (1), 

LIM (1) 

Up 7 115.3 

(38.9-167.9) 

PLAN (2), 

LIM (3), 

CHIRO (2) 

CPOM [MeHg] 

(ng/g dw) 

Down 3 0.45 

(0.3-0.95) 

t-test -2.7 (2.6) 0.08 n/a 

Up 3 1.1 

(1.0-1.3) 

FPOM [MeHg] 

(ng/g dw) 

Down 3 2.15 

(1.2-3.2) 

t-test -2.7(2.3) 0.10 n/a 

Up 3 6.43 

(6.1-13.2) 

Biofilm [MeHg] 

(ng/g dw) 

Down 3 3.2 

(3.1-3.9) 

t-test 

 

-2.5 (2.0) 0.13 n/a 

Up 3 22.2 

(15.9-49.8) 

*Northern Redbelly Dace at TB Ref 2 were size adjusted (see Tables C3 and C4) 
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Table C12: Taxa included in within-reservoir comparisons of Trophic Biomagnification 

Slopes (TMS) and Intercepts. Note: CPOM= Coarse Particulate Organic Matter, FPOM= 

Fine Particulate Organic Matter, HYDA=Hydatophylax, NEM=Nemotaulius, 

LIM =Limnephillidae, LEPT= Leptophlebiidae, EPH= Ephemerellidae, 

CHI=Chironomidae, STE= Stenonema, PLAN=Planorbidae, HYD= Hydropsyche, CHE= 

Cheumatopsyche, DIP=Diplectrona, PTI = Ptilostomis, BOY= Boyeria, CORD= 

Cordulegaster, SOM= Somatochlora, LEU= Leucorrhinia, NRD= Northern Redbelly 

Dace, LC= Lake Chub, BND= Blacknose Dace, BS=Brook Stickleback, FSD= Finescale 

Dace, BNS= Blacknose Shiner, MM=Central Mudminnow.   
Site Reach Taxa included in regressions (n) 

TB Ref 1  Upstream  CPOM (3), FPOM (3), STE (3), HYD (3), PTIL (1), BOY (3), LC (10), 

BND (10) 

Downstream  CPOM (3), FPOM (3), HYDA (2), LEPT (1), HYD (3), PTI (2), LC 

(10), BND (7)  

TB Ref 2  Upstream  CPOM (3), FPOM (3), HYDA (1), EPH (3), DIP (3), PTI (2), NRD 

(10), BS (10)  

Downstream  CPOM (3), FPOM (3), LEPT (1), HYD (3), NRD (9), BS (10)  

DRY Ref 1  Upstream  CPOM (3), FPOM (3), NEM (3), LEPT (3), STEN (3), HYD (3), PTI 

(3), AES (3), SOM (1), NRD (11) FSD (7)  

Downstream  CPOM (3), FPOM (3), NEM (3), LEPT (3), STEN (3), HYD (3), CHE 

(3), PTI (3), NRD (13), FSD (10) 

TB Harv 1  Upstream  CPOM (3), FPOM (3), HYDA (3), LEPT (3), STE (3), HYD (3), BOY 

(3), BND (10)  

Downstream  CPOM (3), FPOM (3), HYDA (3), LEPT (3), STE (3), HYD (3), BOY 

(3), BND (10) 

TB Harv 2  Upstream  CPOM (3), FPOM (3), HYDA (3), LEPT (3), STE (3), HYD (3), PTI 

(1), BOY (3), LC (5), BND (9)  

Downstream  CPOM (3), FPOM (3), HYDA (3), LEPT (3), STE (3), HYD (1), CHE 

(3), PTI (1), CORD, (3), LC (6), BND (10)  

DRY Harv 1  Upstream  CPOM (3), FPOM (3), LIM (3), CHI (2), PLAN (2), PTI (3), AES (5), 

NRD (10)  

Downstream  CPOM (3), FPOM (3), LIM (1), LEPT (2), PLAN (3), PTI (3), AES 

(3), MM (7)  
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Table C13: ANCOVA analysis to test for differences in the trophic transfer of Hg (MeHg 

or THg (fish only)) upstream and downstream of six Beaver dams in harvested (TB Harv 

1, TB Harv 2, Dry Harv 1) and non-harvested (TB Ref 1, TB Ref 2, Dry Ref 1) 

landscapes. P values are included for main effect terms (15‏N, position in relation to dam) 

and an interaction term (15‏N*Position in Relation to dam). Significant p values are 

bolded.   

  Main effects  

Beaver Dam  15‏N  Position in 

Relation to 

reservoir  

 15N*Position‏

in Relation to 

reservoir  

TB Ref 1  <0.001  0.28  0.23 

TB Ref 2  <0.001  <0.001  0.54 

DRY Ref 1  <0.001  0.51  0.55 

TB Harv 1  <0.001  0.009  0.08  

TB Harv 2  <0.001  0.16  0.77  

DRY Harv 1  <0.001  <0.0001  0.14  
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Table C14: Summary of analyses comparing stable isotopes of Carbon (13‏C) (ă) of 

predatory and herbivorous macroinvertebrates, and of fishes including Lake Chub, 

Blacknose Dace, Northern Redbelly Dace, Brook Stickleback and Fine Scale Dace 

sampled upstream and downstream of harvested and non-harvested watersheds (median 

is bolded, and ranges are in parentheses). Mann U-Whitney (if non-parametric) or t-tests 

(if parametric) were used to compare parameters upstream and downstream. If a t-test was 

used, the t-ratio and the degrees of freedom (df) (in parentheses are) are provided; if a 

Mann U-Whitney test was used, the U statistic is provided.  Significant p-values are 

bolded. Invertebrate consumers included in analyses are as follows:  

HYDA=Hydatophylax, NEM=Nemotaulius, LIM=Limnephillidae, LEPT= 

Leptophlebiidae, EPH= Ephemerellidae, CHI=Chironomidae, STE= Stenonema, 

PLAN=Planorbidae, HYD= Hydropsyche, CHE= Cheumatopsyche, DIP=Diplectrona, 

PTI = Ptilostomis, BOY= Boyeria, CORD= Cordulegaster 

Comparison Reach n 13‏C Median 
and Range 

Test Test 

Stat. 

P Macro. 

Consumers 

TB Ref 1 

Lake Chub 

 13C (ă)‏

 

Down 10 -27.3 

(-28.8 -(-26.5)) 

t-test 4.3 (16.2) 0.0005 n/a 

 

Up 10 -28.9 

(-30.4 - (-27.8)) 

Blacknose Dace 

 13C (ă)‏

 

Down 7 -28.5 

(-32.0 - (-26.0)) 

t-test 0.63 (8.2) 0.54 n/a 

 

Up 10 -29.5 

(-30.4 - (-27.7)) 

Macroinvertebra

te Predators 

 13C (ă)‏

Down 9 -30.3 

(-32.3 - (-28.8)) 

t-test -0.21 (15.7) 0.84 BOY (3), 

HYD (3), 

PTIL (3) 

Up 9 -30.6 

(-31.4 - (-28.2)) 

BOY (3), 

HYD (3), 

PTIL (3) 

Macroinvertebra

te Herbivores 

 13C (ă)‏

Down 6 -31.5 

(-33.2 - (-30.0)) 

Mann U-

Whitney 

14.5 0.97 STEN (3), 

LEP (2) 

Up 5 -31.5 

(-32.1 - (-30.6)) 

STEN (3), 

LEP (3), 

TB Ref 2 

Northern 

Redbelly Dace 

 13C (ă)‏ 

Down 9 -30.9 

(-32.4 - (-28.8)) 

t-test 1.1 (12.8) 0.31 n/a 

Up 10 -31.4 

(-32.3 - (-29.8)) 

Brook 

Stickleback 

 13C (ă)‏

Down 10 -32.3 

(-34.2-(-30.4)) 

t-test -2.3 (15.1) 0.034 n/a 

Up 10 -30.5 

(-33.5-(-28.4)) 

Macroinvertebra

te Predators 

Down 6 -33.1 

(-34.1 - (-32.7)) 

t-test -8.8 (12.9) <0.0001 BOY (3), 

HYD (3) 
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 13C (ă) Up 9 -30.0‏

(-33.1 - (-30.0)) 

BOY (3), 

HYD (3), 

DIP (3) 

Macroinvertebra

te Herbivores 

 13C (ă)‏

Down 6 -36.1 

(-37.0 - (-34.5)) 

t-test -10.9 (10.3) <0.0001 LEPT (3), 

STEN (3) 

Up 8 -30.2 

(-32.0 - (-29.0)) 

LEPT (2), 

STEN (3), 

EPH (3) 

DRY Ref 1 

Finescale Dace 

 13C (ă)‏

Down 10 -29.2 

(-30.2 - (-27.6)) 

t-test 0.77 (11.2) 0.46 n/a 

Up 7 -29.5 

(-30.8 - (-28.0)) 

Northern 

Redbelly Dace 

 13C (ă)‏

Down 13 -29.5 

(-30.9 - (-28.1)) 

t-test 0.7 (13.5) 0.50 n/a 

Up 11 -29.2 

(-32.7 - (-27.7)) 

Macroinvertebra

te Predators 

 13C (ă)‏

Down 9 -29.8 

(-31.4 - (-27.8)) 

t-test 2.1 (15.0) 0.058 BOY (3), 

PTIL (3), 

HYD (3) 

Up 9 -30.8 

(-33.8 - (-29.1)) 

BOY (3), 

PTIL (3), 

HYD (3) 

Macroinvertebra

te Herbivores 

 13C (ă)‏

Down 9 -29.8 

(-31.1 - (-28.8)) 

Mann U-

Whitney 

60.5 0.08 LEPT (3), 

STEN (3), 

NEMO (3) 

Up 9 -32.6 

(-29.8 - (-32.6)) 

LEPT (3), 

STEN (3), 

NEMO (3) 

TB Harv 1 

Blacknose Dace 

 13C (ă)‏

Down 10 -31.8 

(-39.9 - (-29.2)) 

t-test -0.33 (16.8) 0.74 n/a 

Up 10 -31.2 

(-35.4 - (-

28.27)) 

Macroinvertebra

te Predators 

 13C (ă)‏

Down 6 -37.9 

(-39.9 - (-36.1)) 

Mann U-

Whitney 

0 0.002 BOY (3), 

HYD (3) 

Up 6 -32.3 

(-33.0 - (-31.6)) 

BOY (3), 

HYD (3) 

Macroinvertebra

te Herbivores 

 13C (ă)‏

Down 9 -37.7 

(-38.6 - (-28.9)) 

Mann U-

Whitney 

21 0.09 LEPT (3), 

STEN (3), 

HYDA (3) 

Up 9 -30.9 

(-31.4 - (-28.4)) 

LEPT (3), 

STEN (3), 

HYDA (3) 

TB Harv 2 

Lake Chub 

 13C (ă)‏

Down 6 -29.7 

(-32.1- (-28.3)) 

t-test 0.7 (8.95) 0.51 n/a 

Up 5 -30.6 

(-31.8- (-28.8)) 

Blacknose Dace Down 10 -30.0 

(-35.7- (-28.1)) 

t-test -2.6 (14.2) 0.02 n/a 
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 13C (ă) Up 10 -33.8‏ 

(- 35.0- (-30.2)) 

Macroinvertebra

te Predators 

 13C (ă)‏

Down 10 -34.0 

(-37.7- (-28.8)) 

t-test -1.0 (12.6) 0.33 CORD (3), 

HYD (3), 

CHEU (3), 

PTIL(1) 

Up 9 -35.5 

(- 37.5- (-28.8)) 

CORD (3), 

HYD (3), 

PTIL (3) 

Macroinvertebra

te Herbivores 

 13C (ă)‏

Down 8 -33.4 

(-37.7 - (-28.8)) 

t-test -0.33 (16.7) 0.74 LEPT (3), 

STEN (3), 

HYDA (2) 

Up 9 -35.5 

(-37.5 - (-28.8)) 

LEPT (3), 

STEN (3), 

HYDA (3) 

DRY Harv 1 

Northern 

Redbelly Dace 

and Central 

Mudminnow 

 13C (ă)‏ 

Down 7 -36.3 

(-37 - (-36)) 

Mann U-

Whitney 

W=0 <0.001 n/a 

Up 10 -33.0 

(-36.3- (-32.3)) 

Macroinvertebra

te Predators 

 13C (ă)‏

Down 6 -37.7 

(-38.5 - (-36.3)) 

t-test -5.2 (11.3) 0.0002 AESH (3), 

PTIL (3) 

Up 8 -35.3 

(-37.0 - (-34.2)) 

AESH (5), 

PTIL (3) 

Macroinvertebra

te Herbivores 

 13C (ă)‏

Down 5 -36.8 

(-38.2 - (-31.2)) 

Mann U-

Whitney 

21 0.25 LEPT (2), 

PLAN (3), 

LIM (1) 

Up 7 -33.1 

(-37.7 - (-31.0)) 

LEPT (3), 

PLAN (2), 

LIM (3), 

CHIRO (3) 
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Table C15: Average (ÑSD) MeHg concentrations (ng/g dw) of food sources including 

Coarse Particulate Organic Matter (CPOM), Fine Particulate Organic Matter (FPOM), 

and Biofilm collected upstream and downstream of beaver reservoirs in harvested (TB 

Harv 1, TB Harv 2, DRY Harv 1) and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) 

watersheds in Thunder Bay and Dryden, ON. 

 Food Sources 
 

CPOM  

(MeHg ng/g dw)  

FPOM  

(MeHg ng/g dw)  

Biofilm   

(MeHg ng/g dw)  

TB Ref 1 

Upstream  0.3±0.17   

(n=3)  

7.62±0.68  

(n=3)  

7.84±0.73   

(n=3)  

Downstream  0.18±0.05  

 (n=3)  

8.32±1.51  

(n=3)  

8.5±3.65   

(n=3)  

TB Ref 2 

Upstream  0.38±0.21  

 (n=3)  

7.51±0.44   

(n=3)  

6.66±0.84  

(n=3)  

Downstream  0.6±0.27   

(n=3)  

14.31±5.12   

(n=3)  

14.6±7.33  

(n=3)  

DRY Ref 1 

Upstream  0.3±0.24   

(n=3)  

2.72±2.13   

(n=3)  

4.32±2.65  

(n=3)  

Downstream  0.61±0.5  

 (n=3)  

1.78±0.97   

(n=3)  

2.33±1.2  

(n=3)  

TB Harv 1 

Upstream  0.31±0.12   
(n=3)  

8.65±1.09  
(n=3)  

10.12±2.53  
(n=3)  

Downstream  0.76±0.31   

(n=3)  

15.99±5.76  

(n=3)  

19.25±7.52  

(n=3)  

TB Harv 2 

Upstream  0.26±0.09  

 (n=3)  

10.25±5.13  

(n=3)  

11.47±5.42   

(n=3)  

Downstream  0.6±0.3  

 (n=3)  

7.66±3.91  

(n=3)  

9.66± 5.73   

(n=3)  

DRY Harv 1 

Upstream  1.15±0.14  

(n=3)  

8.58±3.99  

(n=3)  

29.32±18.03   

(n=3)  

Downstream  0.57±0.34   

(n=3)  

2.17±1.02  

(n=3)  

3.38±0.36 

(n=3)  
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Table C16: Average (ÑSD) MeHg concentrations (ng/g dw) of herbivorous taxa including Shredders (Hydatophylax, 

Nemotaulius), multiple functional feeding groups (Limnephilus), Collector-gatherers (Leptophlebiidae, Ephemerellidae, 

Chironomidae), and scrapers (Stenonema, Planorbidae)collected upstream and downstream of beaver reservoirs in harvested 

(TB Harv 1, TB Harv 2, DRY Harv 1) and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and 

Dryden, ON. HYDA=Hydatophylax, NEM=Nemotaulius, LIM=Limnephillidae, LEPT= Leptophlebiidae, EPH= 

Ephemerellidae, CHI=Chironomidae, STE= Stenonema, PLAN=Planorbidae,  

 Shredders Collector-Gatherer Scrapers 

Reservoir HYDA  

MeHg  

(ng/g dw)  

NEMO  

MeHg  

(ng/g dw)  

LIM  

MeHg 

 (ng/g dw)  

LEPT  

MeHg  

(ng/g dw)  

EPH 

MeHg  

(ng/g dw) 

CHIRO  

 MeHg 

(ng/g dw) 

STEN 

MeHg  

(ng/g dw) 

PLAN 

MeHg 

(ng/g dw) 

TB Ref 1 

Up           58.60±10.32 

(n=3) 

 

Down  0.34, 0.82 

(n=2)  

    48.08  

(n=1) 

  42.78±1.56 

(n=3) 

 

TB Ref 2 

Up  2.83  

(n=1)  

     35.96±1.63  

(n=3) 

 66.45Ñ10.92  

(n=3) 

 

Down        95.96 

(n=1) 

  208.68Ñ6.15  

(n=3) 

 

DRY Ref 1 

Up    6.1±1.16   

(n=3)  

  27.47±3.98 

(n=3) 

  
56.36±9.63 

(n=3) 

 

Down    3.91±0.03  

(n=3)  

  21.42±0.99 

(n=3) 

  26.21±1.78 

(n=3) 

 

TB Harv 1 

Up  5.57±1.46   

(n=3)  

    76.59±10.98 

(n=3) 

  72.54±6.23 

(n=3) 

 

Down  17.48±6.5   

(n=3)  

    116.26Ñ16.49 

(n=3) 

  180.05±6.37 

(n=3) 
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TB Harv 2 

Up 10.1±2.43  

(n=3)  

    92.28±10.01  

(n=3)  

  125.77, 185.38 

(n=2) 

 

Down  8.29, 11.61 

(n=2)  

    131.23 

(n=1) 

  76.3±7.59 

(n=3) 

 

DRY Harv 1 

Up     114.16±15.7 

  

(n=3)  

  38.9, 43.57 

(n=2) 

 132.85, 167.95 

(n=2) 

Down     39.8   

(n=1)  

92.5 

(n=1) 

   46.62±19.52  

(n=3)  
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Table C17: Average (ÑSD) MeHg concentrations (ng/g dw) of predacious taxa including collector-filterers (Hydropsyche, 

Cheumatopsyche, Diplectrona), predatory odonata (Aeshna, Boyeria, Cordulegaster) and Facultative predator and Shredder 

(Ptilostomis) collected upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and 

non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and Dryden, ON. 

 Collector-Filterers Predatory Odonata Facultative 

Predator/ 

Shredder 

Reservoir HYD 

MeHg  

(ng/g dw)  

CHEU 

MeHg  

(ng/g dw)  

DIP 

MeHg  

(ng/g dw)  

BOY 

(MeHg  

ng/g dw)  

AESH 

MeHg  

(ng/g dw) 

CORD 

 MeHg  

(ng/g dw) 

PTIL  

MeHg  

(ng/g dw) 

TB Ref 1 

Upstream  121.18±15.23  

(n=3)  

  186.83±23.67  

(n=3)  

  80.3  

(n=1)  

Downstream  131.39 ± 37.61  

(n=3)  

  268.01±73.61  

(n=3)  

  113.70, 131.31 

(n=2) 

TB Ref 2 

Upstream    137.03±13.54 

(n=3)  

175.31±5.56  

(n=3)  

  100.0, 102.85 

(n=2)  

Downstream  329.39±11.3  

(n=3)  

  373.44 ± 17.99  

(n=3)  

    

DRY Ref 1 

Upstream  102.7±2.8 

(n=3)  

   115.38±23.44 

(n=3) 

 102.52±32.60 

(n=3 

Downstream  79.07±6.71  

(n=3)  

   107.88±11.28 

(n=3) 

 78.90±30.67 

(n=3 

TB Harv 1 

Upstream  117.0±8.07  

(n=3)  

  353.31±26.35  

(n=3)  

   

Downstream  394.82 ±33.6  

(n=3)  

  681.9 ± 60.48  

(n=3)  

   

TB Harv 2 
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Upstream  364.77±16.88  

(n=3)  

    394.91±92.6  

(n=3)  

346.39  

(n=1)  

Downstream  227.26  

(n=1)  

173.13±32.82  

(n=3)  

 500.39±34.93  

(n=3)  

   

DRY Harv 1 

Upstream        745.28±234.1 

(n=5)  

 453.16Ñ36.62  

(n=3)  

Downstream        218.4 ± 59.21  

(n=3)  

 72.35±7.16   

(n=3)  
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Table C18: Average (ÑSD) THg concentrations (ng/g dw) of fish species including Blacknose Dace (BND), Lake Chub (LC), 

Brook Stickleback (BS), Northern Redbelly Dace (NRD), Central Mudminnow (MM), and Finescale Dace (FSD) collected 

upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and non harvested (TB Ref 1, 

TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and Dryden, ON. 

  Blacknose Dace 

(BND) 

THg (ng/g dw)  

Lake Chub  

(LC)  

THg (ng/g dw)  

Brook 

Stickleback  

(BS) 

THg (ng/g dw)  

Northern 

Redbelly 

Dace (NRD) 

THg (ng/g dw)  

Central 

Mudminnow

  

(MM)  

THg (ng/g 

dw)  

Finescale Dace  

(FSD) 

THg (ng/g dw)  

TB Ref 1 

Upstream  399.99±64.19  

(n=10) 

436.25±133.82 

(n=10)  

320.8±63.54 

(n=9)  

533.87±163.75 

(n=3)  

    

Downstream  449.65±190.89 

(n=7)  

224.88±73.23  

(n=10) 

358.07, 478.31 

(n=2) 

837.69  

(n=1) 

    

TB Ref 2 

Upstream    707.56±165.89 

(n=3)  

307.93±59.99  

(n=10) 

379.0±93.56  

(n=10) 

    

Downstream    1011.98±452.08 

(n=11)  

971.71±222.36 

(n=10)  

656.69±171.13 

(n=9)  

    

DRY Ref 1 

Upstream      98.15±24.55  

(n=3) 

369.09±174.64  

(n=11) 

  609.43±254.24 

(n=10)  

Downstream      224.09±93.05 

(n=10)  

405.03±151.36 

(n=13)  

  445.53± 169.84 

(n=7)  

TB Harv 1 

Upstream  1024.68±205.32 

(n=10)  

719.01±92.43 

(n=10)  

        

Downstream  1382.05±387.24 1068.03±224.66 1405.19±348.41       
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(n=10)  (n=3)  (n=6)  

TB Harv 2 

Upstream  1342.77±479.48 

(n=10)  

620.18±145.3 

(n=5)  

        

Downstream  1364.18±328.88 

(n=10)  

864.35±248.63 

(n=6)  

        

DRY Harv 1 

Upstream         880.66 ± 364.55 

(n=10)  

    

Downstream          268.97±36.62 

(n=7)  
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Table C19: Average (ÑSD) ŭ13C (ă) of food sources including Coarse Particulate 

Organic Matter (CPOM), Fine Particulate Organic Matter (FPOM), and Biofilm collected 

upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY 

Harv 1) and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay 

and Dryden, ON. 

 Food Sources 
 

CPOM  

ŭ13C (ă) 

FPOM  

ŭ13C (ă) 

Biofilm   

ŭ13C (ă) 

TB Ref 1 

Upstream  -28.9±0.7 

(n=3)  

-28.7±0.2 

(n=3)  

-29.2±0.6 

(n=3)  

Downstream  -29.6±1.2 

(n=3)  

-29.7±0.2 

(n=3)  

-31.2±0.5 

(n=3)  

TB Ref 2 

Upstream  -29.1±0.3 

(n=3)  

-28.8±0.3 

(n=3)  

-28.9±0.5 

(n=3)  

Downstream  -30.9±0.6 

(n=3)  

-30.1±0.6 

(n=3)  

-30.7±1.3 

(n=3)  

DRY Ref 1 

Upstream  -28.5±0.7 

(n=3)  

-29.4±0.5 

(n=3)  

-30.1±0.7 

(n=3)  

Downstream  -29.5±0.3 

(n=3)  

-28.4±0.7 

(n=3)  

-28.5±0.7 

(n=3)  

TB Harv 1 

Upstream  -29.1±0.9 
(n=3)  

-29.0±0.1 
(n=3)  

-30.5±1.0 
(n=3)  

Downstream  -29.8±0.3 

(n=3)  

-30.0±0.3 

(n=3)  

-33.1±2.4 

(n=3)  

TB Harv 2 

Upstream  -29.1±0.2 

(n=3)  

-29.3±0.4 

(n=3)  

-32.4±1.3 

(n=3)  

Downstream  -29.8±0.6 

(n=3)  

-28.6±1.0 

(n=3)  

-30.4±1.1 

(n=3)  

DRY Harv 1 

Upstream  -29.1±1.3 

(n=3)  

-28.9±0.7 

(n=3)  

-32.5±0.7 

(n=3)  

Downstream  -29.4±0.7 

(n=3)  

-29.1±0.3 

(n=3)  

-31.0±1.5 

(n=3)  

 



Ph.D. ï Celine M.E. Lajoie   McMaster University, Department of Biology 

ΟΝΜ 
 

Table C20: Average (ÑSD) ŭ13C  (ă) of herbivorous taxa including Shredders 

(Hydatophylax, Nemotaulius, Limnephilus), Collector-gatherers (Leptophlebiidae, 

Ephemerellidae, Chironomidae), and scrapers (Stenonema, Planorbidae)collected 

upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY 

Harv 1) and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay 

and Dryden, ON. HYDA=Hydatophylax, NEM=Nemotaulius, LIM=Limnephillidae, 

LEPT= Leptophlebiidae, EPH= Ephemerellidae, CHI=Chironomidae, STE= Stenonema, 

PLAN=Planorbidae 

 Shredders Collector-Gatherer Scrapers 

Reservoir HYDA  

ŭ13C 

 (ă) 

NEMO 

ŭ13C 

 (ă) 

LIM  

ŭ13C  

(ă) 

LEPT 

ŭ13C 

 (ă)  

EPH 

ŭ13C  

(ă) 

Chiro 

ŭ13C  

(ă) 

STEN 

ŭ13C  

(ă) 

PLAN 

ŭ13C  

(ă) 

TB Ref 1 

Upstream     -31.0, -30.6 

(n=2) 

  -31.8±0.3 

(n=3) 

 

Downstream  -29.2±0.5 

(n=3) 

  -30.3±0.3 

(n=3) 

  -32.6±0.5 

(n=3) 

 

TB Ref 2 

Upstream  -28.9, -28.7 

(n=2) 

  -29.2, -29.0 

(n=2) 

-30.0±0.4 

(n=3) 

 -31.1±0.8 

(n=3) 

 

Downstream     -35.1±0.6 

(n=3) 

  -36.8±0.2 

(n=3) 

 

DRY Ref 1 

Upstream   -29.0±0.2 

(n=3) 

 -32.9±0.6 

(n=3) 

  -34.7±0.5 

(n=3) 

 

Downstream   -29.2±0.4 

(n=3) 

 -29.9±0.1 

(n=3) 

  -30.7±0.4 

(n=3) 

 

TB Harv 1 

Upstream  -29.0±0.8 

(n=3) 

  -31.0±0.3 

(n=3) 

  -31.3±0.2 

(n=3) 

 

Downstream  -29.0±0.2 

(n=3) 

  -38.5±0.2 

(n=3) 

  -37.9±0.5 

(n=3) 

 

TB Harv 2 

Upstream  -29.5±0.4 

(n=3) 

  -35.6±0.3 

(n=3) 

  -36.4±1.0 

(n=3) 

 

Downstream  -29.7, -28.8 

(n=2) 

  -37.3±0.6 

(n=3) 

  -33.8±0.3 

(n=3) 

 

DRY Harv 1 

Upstream      -31.2±0.2 

(n=3) 

-37.6±0.1 

(n=3) 

 -32.7±0.6 

(n=3) 

 -34.9, -33.1 

(n=2) 

Downstream      -31.2 

(n=1) 

-36.8, -36.4 

(n=2) 

   -37.4±0.8 

(n=3) 
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Table C21: Average (ÑSD) ŭ13C (ă) of predacious taxa including collector-filterers 

(Hydropsyche, Cheumatopsyche, Diplectrona), predatory odonata (Aeshna, Boyeria, 

Cordulegaster) and Facultative predator and Shredder (Ptilostomis) collected upstream 

and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) 

and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and 

Dryden, ON., HYD= Hydropsyche, CHE= Cheumatopsyche, DIP=Diplectrona, PTI = 

Ptilostomis, BOY= Boyeria, CORD= Cordulegaster 

 Collector-Filterers Predatory Odonata Facultative 

Predator 

/Shredder 

Reservoir HYD 

ŭ13C  

(ă)  

CHEU 

ŭ13C 

 (ă) 

DIP 

ŭ13C 

 (ă)  

BOY 

ŭ13C  

(ă) 

AESH 

ŭ13C  

(ă) 

CORD 

ŭ13C ( 

ă) 

PTIL  

ŭ13C 

 (ă) 

TB Ref 1 

Upstream  -30.8±0.4 

(n=3) 

  -30.9±0.7 

(n=3) 

  -29.3±1.2 

(n=3) 

Downstream  -30.3±0.6 

(n=3) 

  -31.6±1.1 

(n=3) 

  -29.4±0.7 

(n=3) 

TB Ref 2 

Upstream  -30.7±0.8 

(n=3) 

 -29.2±0.4 

(n=3) 

-30.3±0.6 

(n=3) 

  -32.9±1.6 

(n=3) 

Downstream  -33.7±0.5 

(n=3) 

  -32.9±0.2 

(n=3) 

   

DRY Ref 1 

Upstream  -33.4±0.4 

(n=3) 

   -30.9±0.7 

(n=3) 

 -29.7±0.6 

(n=3) 

Downstream  -31.3±0.1 

(n=3) 

   -29.8±0.1 

(n=3) 

 -28.4±0.7 

(n=3) 

TB Harv 1 

Upstream  -32.5±0.5 

(n=3) 

  -32.1±0.6 

(n=3) 

   

Downstream  -39.6±0.3 

(n=3) 

  -36.4±0.2 

(n=3) 

   

TB Harv 2 

Upstream  -36.1±0.4 

(n=3) 

    -33.3±0.4 

(n=3) 

-33.4±0.5 

(n=3) 

Downstream  -34.2±0.4 

(n=3) 

-40.3±0.9 

(n=3) 

 -33.9±0.3 

(n=3) 

  -30.1 

(n=1) 

DRY Harv 1 

Upstream        -35.2±1.1 

(n=5) 

 -35.2±0.5 

(n=3) 

Downstream        -38.1±0.7 

(n=3) 

 -37.2±0.9 

(n=3) 
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Table C22: Average (ÑSD) ŭ13C  (ă) of fish species including Blacknose Dace (BND), 

Lake Chub (LC), Brook Stickleback (BS), Northern Redbelly Dace (NRD), Central 

Mudminnow (MM), and Finescale Dace (FSD) collected upstream and downstream of 

beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and non harvested 

(TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and Dryden, ON. 

  BND 

ŭ13C  

(ă) 

LC 

ŭ13C 

 (ă) 

BS 

ŭ13C  

(ă)  

NRD 

ŭ13C  

(ă) 

MM  

ŭ13C  

(ă)  

FSD 

ŭ13C  

(ă) 

TB Ref 1 

Upstream  -29.3±1.0 

(n=10) 

-28.9±0.9 

(n=10) 

-28.1±1.2 

(n=9) 

-29.8±0.5 

(n=3) 

    

Downstream  -28.8±1.9 

(n=7) 

-27.4±0.6 

(n=3) 

-28.6, -30.8 

(n=2) 

-30.0 

(n=1) 

    

TB Ref 2 

Upstream    -30.3±0.6 

(n=3) 

-30.8±1.7 

(n=10) 

-31.3±0.7 

(n=10) 

    

Downstream    -30.6±0.8 

(n=11) 

-32.2±1.1 

(n=10) 

-30.8±1.2 

(n=9) 

    

DRY Ref 1 

Upstream      -28.6±1.4 

(n=3) 

-29.9±1.6 

(n=11) 

 -29.1±0.9 

(n=10) 

Downstream      -29.1±1.5 

(n=10) 

-29.5±0.8 

(n=13) 

 -29.5±1.1 

(n=7) 

TB Harv 1 

Upstream  -31.6±1.9 

(n=10) 

-30.0±0.9 

(n=10) 

       

Downstream  -31.9±1.4 

(n=10) 

-29.4±0.3 

(n=3) 

-34.9±1.6 

(n=6) 

      

TB Harv 2 

Upstream  -33.3±1.4 

(n=10) 

-30.5±1.3 

(n=5) 

        

Downstream  -31.0±2.5 

(n=10) 

-30.0±1.5 

(n=6) 

        

DRY Harv 1 

Upstream         -33.0±1.7 

(n=10) 

   

Downstream         -36.4±0.4 

(n=7) 
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Table C23: Average (ÑSD) ŭ15N (ă) of food sources including Coarse Particulate 

Organic Matter (CPOM), Fine Particulate Organic Matter (FPOM), and Biofilm collected 

upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY 

Harv 1) and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay 

and Dryden, ON. 

 Food Sources 
 

CPOM  

ŭ15N (ă) 

FPOM  

ŭ15N (ă) 

Biofilm   

ŭ15N (ă) 

TB Ref 1 

Upstream  -1.6±0.3 

(n=3) 

2.2±0.2 

(n=3) 

2.5±0.3 

(n=3) 

Downstream  -1.9±0.1 

(n=3) 

1.5±0.5 

(n=3) 

6.6±0.5 

(n=3) 

TB Ref 2 

Upstream  -1.6±0.3 

(n=3) 

2.7±0.3 

(n=3) 

3.1±0.5 

(n=3) 

Downstream  -1.9±0.1 

(n=3) 

1.1±0.2 

(n=3) 

7.8±2.3 

(n=3) 

DRY Ref 1 

Upstream  -2.2±0.4 

(n=3) 

0.8±0.4 

(n=3) 

0.6±0.6 

(n=3) 

Downstream  -1.9±0.1 

(n=3) 

1.5±0.2 

(n=3) 

1.4±0.7 

(n=3) 

TB Harv 1 

Upstream  -2.3±0.4 
(n=3) 

2.2±0.0 
(n=3) 

3.9±0.2 
(n=3) 

Downstream  -1.8±0.2 

(n=3) 

1.7±0.2 

(n=3) 

6.1±1.2 

(n=3) 

TB Harv 2 

Upstream  -2.1±0.1 

(n=3) 

1.3±0.4 

(n=3) 

2.1±0.6 

(n=3) 

Downstream  -2.0±0.2 

(n=3) 

2.3±1.7 

(n=3) 

8.9±1.3 

(n=3) 

DRY Harv 1 

Upstream  -2.0±0.2 

(n=3) 

0.1±0.5 

(n=3) 

1.6±0.3 

(n=3) 

Downstream  -1.4±0.2 

(n=3) 

1.0±0.6 

(n=3) 

1.9±0.8 

(n=3) 
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Table C24: Average (ÑSD) ŭ15N (ă)  of herbivorous taxa including Shredders 

(Hydatophylax, Nemotaulius, Limnephilus), Collector-gatherers (Leptophlebiidae, 

Ephemerellidae, Chironomidae), and scrapers (Stenonema, Planorbidae)collected 

upstream and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY 

Harv 1) and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay 

and Dryden, ON. HYDA=Hydatophylax, NEM=Nemotaulius, LIM=Limnephillidae, 

LEPT= Leptophlebiidae, EPH= Ephemerellidae, CHI=Chironomidae, STE= Stenonema, 

PLAN=Planorbidae 

 Shredders Collector-Gatherer Scrapers 

Reach HYDA  

ŭ15N (ă)  

NEMO  

(ŭ15N (ă) 

LIM  

ŭ15N (ă) 

LEP 

ŭ15N (ă) 

EPH 

ŭ15N 

 (ă) 

CHIRO  

ŭ15N 

 (ă) 

STEN 

ŭ15N  

(ă) 

PLAN 

ŭ15N  

(ă) 

TB Ref 1 

Upstream     4.3, 4.4 

(n=2) 

  5.2±0.2 

(n=3) 

 

Downstream  -0.1±0.5 

(n=3) 

  4.2±0.1 

(n=3) 

  5.7±0.2 

(n=3) 

 

TB Ref 2 

Upstream  -0.5, 0.9 

(n=2) 

  4.8, 5.2 

(n=2) 

3.8±0.2 

(n=3) 

 6.2±0.3 

(n=3) 

 

Downstream     2.3±0.3 

(n=3) 

  2.0±0.1 

(n=3) 

 

DRY Ref 1 

Upstream   2.7±0.2 

(n=3) 

 2.1±0.4 

(n=3) 

  3.4±0.1 

(n=3) 

 

Downstream   1.8±0.1 

(n=3) 

 3.2±0.1 

(n=3) 

  3.8±0.1 

(n=3) 

 

TB Harv 1 

Upstream  0.3±1.1 

(n=3) 

  2.8±0.2 

(n=3) 

  3.9±0.1 

(n=3) 

 

Downstream  0.1±0.3 

(n=3) 

  3.5±0.2 

(n=3) 

  4.0±0.1 

(n=3) 

 

TB Harv 2 

Upstream  0.1±0.2 

(n=3) 

  1.4±0.1 

(n=3) 

  1.6±0.1 

(n=3) 

 

Downstream  0.1, 0.4 

(n=2) 

  1.4±0.6 

(n=3) 

  6.3±0.8 

(n=3) 

 

DRY Harv 1 

Upstream      4.1±1 

(n=3) 

5.5±1.2 

(n=3) 

 2.2±0.4 

(n=3) 

 3.5, 3.9 

(n=2) 

Downstream      4.3 

(n=1) 

2.5, 3.0 

(n=2) 

   4.3±0.8 

(n=3) 
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Table C25: Average (ÑSD) ŭ15N  (ă) of predacious taxa including collector-filterers 

(Hydropsyche, Cheumatopsyche, Diplectrona), predatory odonata (Aeshna, Boyeria, 

Cordulegaster) and Facultative predator and Shredder (Ptilostomis) collected upstream 

and downstream of beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) 

and non harvested (TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and 

Dryden, ON. HYD= Hydropsyche, CHE= Cheumatopsyche, DIP=Diplectrona, PTI = 

Ptilostomis, BOY= Boyeria, CORD= Cordulegaster 

 Collector-Filterers Predatory Odonata Facultative 

Predator/ 

Shredder 

Reach HYD 

ŭ15N  

(ă)  

CHEU 

ŭ15N  

(ă)  

DIP 

ŭ15N  

(ă) 

BOY 

(ŭ15N 

 (ă) 

AESH 

ŭ15N  

(ă) 

CORD 

 ŭ15N 

 (ă) 

PTIL  

ŭ15N  

(ă) 

TB Ref 1 

Upstream  6.0±0.2 

(n=3) 

  5.6±0.4 

(n=3) 

  5.6±0.4 

(n=3) 

Downstream  4.9±0.2 

(n=3) 

  5.2±0.4 

(n=3) 

  5.5±0.2 

(n=3) 

TB Ref 2 

Upstream  5.8±0.9 

(n=3) 

 -5.1±0.4 

(n=3) 

6.4±0.1 

(n=3) 

  5.0±0.4 

(n=3) 

Downstream  4.8±0.2 

(n=3) 

  4.3±0.3 

(n=3) 

   

DRY Ref 1 

Upstream  5.1±0.0 

(n=3) 

   4.4±0.3 

(n=3) 

 3.5±0.2 

(n=3) 

Downstream  5.3±0.1 

(n=3) 

   4.9±0.0 

(n=3) 

 3.4±0.3 

(n=3) 

TB Harv 1 

Upstream  5.0±0.0 

(n=3) 

  4.8±0.4 

(n=3) 

   

Downstream  6.4±0.1 

(n=3) 

  5.6±0.2 

(n=3) 

   

TB Harv 2 

Upstream  4.8±0.3 

(n=3) 

    5.1±0.3 

(n=3) 

3.3±0.6 

(n=3) 

Downstream  6.2±0.5 

(n=3) 

4.8±0.4 

(n=3) 

 7.1±0.5 

(n=3) 

  6.5 

(n=1) 

DRY Harv 1 

Upstream        4.1±1.1 

(n=5) 

 3.2±1.0 

(n=3) 

Downstream        5.1±0.4 

(n=3) 

 3.4±0.9 

(n=3) 
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Table C26: Average (ÑSD) ŭ15N  (ă) of fish species including Blacknose Dace (BND), 

Lake Chub (LC), Brook Stickleback (BS), Northern Redbelly Dace (NRD), Central 

Mudminnow (MM), and Finescale Dace (FSD) collected upstream and downstream of 

beaver reservoirs in harvested (TB Harv 1, TB Harv 2, DRY Harv 1) and non harvested 

(TB Ref 1, TB Ref 2, DRY Ref 1) watersheds in Thunder Bay and Dryden, ON. 

 

 

  

  BND 

ŭ15N  

(ă) 

LC 

ŭ15N 

(ă) 

BS 

ŭ15N 

 (ă) 

NRD 

ŭ15N 

(ă)  

MM  

ŭ15N 

(ă)  

FSD 

ŭ15N 

(ă) 

TB Ref 1 

Upstream  8.0±0.5 

(n=10) 

7.5±0.3 

(n=10) 

9.3±0.3 

(n=9) 

8.0±0.2 

(n=3) 

    

Downstream  8.2±0.9 

(n=7) 

7.2±0.5 

(n=10) 

9.0, 9.1 

(n=2) 

-7.0 

(n=1) 

    

TB Ref 2 

Upstream    8.3±0.1 

(n=3) 

9.8±0.4 

(n=10) 

8.3±0.3 

(n=10) 

    

Downstream    8.0±0.3 

(n=11) 

9.3±0.8 

(n=10) 

7.9±0.3 

(n=9) 

    

DRY Ref 1 

Upstream      6.6±0.5 

(n=3) 

6.3±0.5 

(n=11) 

 6.8±0.7 

(n=10) 

Downstream      7.7±0.8 

(n=10) 

6.7±0.6 

(n=13) 

 6.8±0.8 

(n=7) 

TB Harv 1 

Upstream  7.3±0.5 

(n=10) 

7.2±0.4 

(n=10) 

       

Downstream  7.8±0.3 

(n=10) 

7.6±0.7 

(n=10) 

9.6±0.3 

(n=6) 

      

TB Harv 2 

Upstream  7.6±0.1 

(n=10) 

7.5±0.5 

(n=10) 

        

Downstream  7.6±0.1 

(n=10) 

7.2±0.3 

(n=10) 

        

DRY Harv 1 

Upstream         6.8±0.4 

(n=10) 

   

Downstream         6.0±0.9 

(n=7) 
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¶ 2019 CCFFR Early Career Award ($250) 

¶ 2018 CCFFR Clemens-Rigler Travel Award ($440) 

¶ 2017 CCFFR Clemens-Rigler Travel Award ($225) 

¶ 2017 University of Windsor Faculty of Science Student Travel Fund ($500) 

¶ 2015 Ontario Graduate Scholarship ($15,000) 

PROFESSIONAL EXPERIENCE 

PhD Candidate | Hamilton, ON, Canada 

McMaster University, Department of Biology (January 2020-Present) 

¶ Studying the effects of forestry on mercury bioaccumulation in harvested 

catchments in northern Ontario under the supervision of Dr. Karen Kidd. 

¶ Conducted a literature review and meta-analysis on environmental factors 

governing mercury concentrations of macroinvertebrates in boreal lakes and 
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rivers (manuscript in-prep).  

¶ Performed various complex statistical analyses of multi-year datasets using R 

statistical software including isotope mixing models (MixSIAR), multivariate 

statistical analyses (PCAs, NMDS), general and generalized linear mixed effect 

models (GLMs and GLMMs). 

¶ Processed food web samples for stable isotope and methyl mercury analyses. 

¶ Analyzed food web samples for methyl mercury concentrations using Inductively 

Coupled Plasma Mass Spectrometry (ICPMS) and a Direct Mercury Analyzer 

(DMA). 

¶ Led field crews of 2-5 people to remote locations in Northwestern Ontario. 

¶ Conducted Microscope identification of aquatic invertebrates. 

¶ Mentored and supervised 2 undergraduate thesis students and 8 undergraduate 

research assistants. 

Graduate Teaching Assistant | Hamilton, ON, Canada 

University of Windsor (January 2020-December 2023) 

¶ Tutorial and laboratory instructor for undergraduate biology students in Evolution (3FF33), 

Ecotoxicology (3ET3), Population Ecology (3SS3), Cellular and Molecular 

Biology (1A03), Biodiversity, Evolution and Humanity (1M03), and Laboratory 

Methods in Life Sciences (3L03). 

 

Lab Assistant | Hamilton, ON, Canada 

McMaster University, Department of Biology (July 2019-December 2019) 

¶ Collected food web samples from remote streams in Northwestern Ontario for 

stable isotope and mercury analyses. 

¶ Collected samples for microbial community assessments of headwater streams. 

Research Associate | Windsor, ON, Canada 

Great Lakes Institute for Environmental Research (GLIER) (September 2018-May 2019) 

¶ Studied Chinook salmon (Oncorhynchus tshawytscha) populations in Lake 

Ontario. 

¶ Collaborated with the Ontario Ministry of Natural Resources (OMNRF) to 

electrofish salmon and collect gametes for stocking purposes and research. 

¶ Conducted laboratory analyses of concentrations of fish egg hormones, lipids, 

and carotenoids.  

 

Biologist I  | Research Assistant | Windsor, ON, Canada 

GLIER | White Lake Fish Culture Station | Chatsworth Fish Culture Station (September 

2017-August 2018) 

¶ Led and designed a research project on differences in egg quality between 

hatchery-reared and wild-origin bloaters (Coregonus hoyi). 
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¶ Administered intraperitoneal and intramuscular hormone injections to promote 

spawning in captive populations of bloater and brown trout (Salmo trutta). 

¶ Established research collaborations with U.S. Fish and Wildlife Services and 

Ryerson University. 

¶ Supervised and trained a field crew of 5 individuals. 

¶ Managed project budgets by purchasing equipment and booking 

accommodations for field crew. 

 

Graduate Researcher | Windsor, ON, Canada 

University of Windsor (September 2015-2017) 

¶ Worked at a private fish farm in British Columbia to conduct experiments and 

collect data. 

¶ Performed various statistical analyses using R and JMP software on complex 

datasets. 

¶ Completed two side projects during my Masterôs (one project published). 

¶ Conducted fish population surveys with OMNRF, U.S. Geological Survey, and 

U.S. Fish and Wildlife Services using various techniques including 

electrofishing, seining, set lining, and trawling. 

¶ Performed crosses and reared Chinook salmon at the Freshwater Restoration 

Ecology Centre (FREC). 

Graduate Teaching Assistant | Windsor, ON, Canada 

University of Windsor (September 2015-2017) 

¶ Taught undergraduate biology students Ecology (03-55-210) and Evolution (03-

55-341) tutorials (30-50 students). 

¶ Redesigned PowerPoint presentations for Ecology tutorials (currently still in 

use). 

¶ Delivered class lecture on my graduate research (200 students). 

 

Environmental Protection Agency Field Crew Technician| Undergraduate 

Researcher | Windsor, ON, Canada 

University of Windsor (January 2014- August 2015) 

¶ Sampled and identified aquatic invertebrates and fish for the EPAôs Coastal 

Wetland Monitoring Program (GLCWMP) and analyzed water quality. 

¶ Managed, organized, and analyzed a large multiyear data set in Microsoft Excel. 

 

CERTIFICATIONS AND COURSES 

¶ Environmental Chemistry-Short Course at Laurentian SETAC (2024) 

¶ Working Effectively with Indigenous Peoples (2023) 

¶ Class 2 Backpack Crew Leader Electrofishing Course (2022) 
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¶ Applications of Stable Isotopes to Aquatic Ecology (2019) 

¶ Ontario Stream Assessment Protocol Training Course- Crew Leader (2019) 

¶ Pleasure Craft Operator Card (2018) 

¶ Royal Ontario Museum three-day workshop on the identification of Ontario 

fishes (2015) 

¶ Royal Ontario Museum two-day workshop on the Identification of Ontario fishes 

at risk (2015) 

¶ Marine Emergency Duties (MED-A3) (2014) 

¶ Principles and Applications of Geographical Information Systems (GIS) (2014) 

 

 


