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Lay abstract:

Forest harvesting is an essential and large part of Canada’s economy, and it is important
to ensure that its impacts on freshwater systems are minimal. Forest management can
increase the amount of the toxic metal mercury entering streams and this can have
harmful effects in top predators, like fish, since mercury concentrates through food webs.
The knowledge lacking is how different harvesting practices change the amount of
mercury in these food webs and whether impacts increase as streams get larger. Of the
three basins | studied, the one with harvesting but little assisted regeneration (moderately
impacted) had the highest mercury levels in water, leaves, and algae. From upstream to
downstream the leaves and biofilm from the moderately impacted basin accumulated less
mercury compared to the least harvested basin. Additionally, mercury concentrated less
through the food web of this basin. The changes in the moderately impacted basin may be
caused by sediments and other materials that transport mercury into the stream and
increase water and food levels, but this high mercury was not being transferred to the
other organisms in the food web. In conclusion, forest management had some effects on
mercury at the base of food webs at a large scale, but patterns through space were

inconsistent.



Abstract

Forests provide a multitude of ecological services and are one of Canada’s most
important natural resources that support a profitable industry, especially in New
Brunswick. The activities associated with harvesting and forest management have
documented ecological impacts such as the increased mobilization of mercury from the
land to adjacent streams. Methylated mercury bioaccumulates and biomagnifies
(concentrates) through food webs and in headwater streams forestry has been shown to
change its accumulation. However, not much is known about the spatial trends of
mercury accumulation and biomagnification through stream food webs and how different
forest management practices affect these trends. To delineate these patterns, food webs
were sampled across a spatial gradient from three basins experiencing different levels of
forest management intensity. At a basin scale, methylmercury concentrations were
greatest in filtered water, food sources, and one invertebrate taxa in a harvested but less
intensively managed basin, likely due to increased inorganic sediments and dissolved
organic carbon also observed. Biomagnification was lower in this same basin, possibly
from inefficient trophic transfer of methylmercury from food sources. Longitudinally this
basin also showed differences in fine particulate organic matter (FPOM) and coarse
particulate organic matter (CPOM) mercury compared to the other basins, likely due to
similar spatial patterns in organic matter. In conclusion, mercury dynamics in stream food
webs were impacted by forestry primarily in water and basal food sources at a basin scale,

but spatial patterns were inconsistent.
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1.0 Introduction
1.1 Forestry in Canada and impacts

Canada is the third most forested country in the world and contains approximately
10% of all forests (Natural Resources Canada et al., 2019; Wulder et al., 2004). This vast
natural resource plays an important role in Canada’s economy and contributes revenue
through recreation and tourism, as well as all the jobs directly and indirectly related to
forest harvesting (Natural Resources Canada et al., 2019; Wulder et al., 2004). Forestry
in Canada is one of the largest sectors in the country’s economy and contributed $25.8
billion dollars in 2018 alone (Natural Resources Canada et al., 2019). In New Brunswick
where this thesis work was done, forestry contributes the most to the economy even
though the industry is smaller than in other provinces (Atlantic Provinces Economic
Council, 2003). In 2018, forestry contributed 4.5% to New Brunswick’s gross domestic
product while in British Columbia it was around 2.9% (Natural Resources Canada et al.,
2019). To ensure a continual supply of lumber while keeping a healthy ecosystem,
informed stewardship is needed to prevent overharvesting, protect forests during climate
change, and maintain biodiversity (Booth et al., 1993). To do this Canada has adopted
stewardship frameworks by attaining third party certifications in sustainable forest
management, which have stringent standards for certification. For instance, certification
by the Sustainable Forestry Initiative (SFI) requires meeting water quality regulations,
protecting riparian areas and wetlands, conducting habitat assessments, assessing the
impacts from forest activities and having a mandate to invest in scientific research

(Sustainable Forestry Initiative, 2015).
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In addition to lumber, forests provide other essential ecological services such as
producing oxygen, minimising erosion, providing habitat for countless biota and carbon
sequestration, as well as water filtration among others (Krieger, 2001; Miura et al., 2015;
Molnar & Kubiszewski, 2012). The brief mention of forest ecosystem services herein and
the standards for certification by the SFI allude to the close connection forests have with
aquatic ecosystems. To highlight the significance of this relationship, water contained in
forested basins, and the filtration that occurs, supplies an estimated 60 million people in
the USA with drinking water (Krieger, 2001). Forested landscapes are closely linked to
aquatic ecosystems as matter and energy flows between them, especially in riparian areas
because of the high surface area interface to adjacent forests (Nakano & Murakami,
2001). For instance, biota in small headwater streams that experience high levels of shade
depend up to 90-99% on allochthonous carbon and nutrient inputs through litterfall that
later become colonized by bacteria and become higher quality food for invertebrates, or
on dissolved organic matter that comes from through-fall or drainage water (Cummins,
1979; Fisher & Likens, 1973). Fragmented litter that is not entirely used by upstream
biota represents the largest organic input from headwater streams and is transported
downstream providing a secondary, terrestrial source of energy (MacDonald & Coe,

2007; Richardson & Danehy, 2007).

Forestry can affect the physical conditions of aquatic systems in many ways.
Reduced canopy cover allows for more light to enter a stream and for more warming of
near-surface ground water, possibly raising water temperatures above those suitable for

aquatic organisms (Erdozain et al., 2018). Less canopy can also change macroinvertebrate
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community composition as more light entering the stream increases in-stream production
and supports a higher number of grazing invertebrates, particularly shortly after
harvesting in headwater streams (Nislow & Lowe, 2006). Autochthonous production is
thought to be an important basal resource for consumers in larger streams (Vannote et al.,
1980) but it is not known whether forestry influences the reliance of stream organisms on
this food source. Alterations in water fluxes occur but depend on the topography and local
climate of the basin, such as slope and mean annual precipitation (Neary, 2017). Forestry
changes the permeability of soils that can lead to greater overland runoff and can result in
changes in stream flow (Neary, 2017). Soil compaction from heavy machinery reduces
soil porosity and limits its ability to absorb water (Moore & Wondzell, 2005). In heavy
rainfalls the soil is saturated quickly and causes greater overland runoff into the
neighbouring streams, increasing storm flow particularly in headwater streams (Adams &
Froehlich, 1984). In areas with high snowfall, exposed areas caused by clear cut can
accelerate snowmelt and result in higher water yield and daily flows during the spring
(Beschta, 1978; Giles-Hansen et al., 2019; Neary, 2017). These hydrological changes can
cause channel destabilization, aquatic habitat damage from streambed scouring (Giles-
Hansen et al., 2019), and pose a safety hazard for people and infrastructure. Additionally,
the shortened snowmelt period can cause water shortages in areas dependant on snowmelt

water supply (Giles-Hansen et al., 2019).

Forest harvesting can also affect the chemical quality of headwater streams. Clear-
cuts can increase the delivery of cations into adjacent streams and the implications of this

exchange is nutrient leaching from the soil, potentially creating less fertile soil, as well as
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altering the water chemistry (Erdozain et al., 2018; Kreutzweiser et al., 2008; Likens et
al., 1969). In addition, forestry increases runoff of sediments and particulates into streams
from road use/construction, poor slope integrity after the death of trees and decay of fine
root networks, or other activities like preparation of planting sites using machines,
particularly if they coincide during periods of high flow (Beschta, 1978; Erdozain et al.,
2018; Neary, 2017). Greater inorganic sediments in streams can reduce leaf
decomposition and use of this carbon source by benthic invertebrates, have physiological
effects on invertebrates like damaging respiratory organs, and alter riffle microhabitats
(Erdozain et al., 2018; lwamoto et al., 1978). For fish, higher fine sediments in tributaries
resulted in decreased survival for eggs and fry in chinook and coho salmon (lwamoto et
al., 1978). Decreases in population biomass have been noted for sculpin and steelhead
salmon when siltation levels were elevated after forest harvesting and road construction
(lwamoto et al., 1978). In addition, terrestrial-borne particulates can be a vector for
contaminants, such as pesticides (Campbell & Doeg, 1989) and mercury (Hg; EkI6f et al.,

2014) into streams.

1.2 Mercury background

Hg is an environmental concern because it is a metal that has increased in the
environment due to human activities and in its bioaccumulative, organic form
methylmercury (MeHg) can accumulate to toxic levels. Global atmospheric Hg levels
have increased from anthropogenic activities like burning of fossil fuels (coal) and mining
(Pirrone et al., 2010). This gaseous Hg can travel long distances to remote ecosystems
before being deposited back on the earth far from where it was originally emitted (Eckley
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et al., 2018). In the atmosphere, inorganic Hg exists in a volatile form, Hg®. When
oxidized, Hg?" is more water soluble and is the dominant form that precipitates down to
earth where it can complex with particulates and persist in the soil (NRC, 2000). When
Hg?* is deposited into aquatic, anoxic environments where sulphur and iron reducing
bacteria are present, the Hg can become methylated and assimilated into food webs

(NRC, 2000).

Disturbances on land from forestry affect the conversion of Hg into MeHg in
terrestrial systems and the mobilization of Hg from soils into adjacent aquatic systems
(Eckley et al., 2018). The changes in soil from site preparation and degradation of tree
residues after harvest can increase leaching of nutrients and stimulate Hg methylation in
soils and this MeHg enters streams and elevates aqueous MeHg levels several years after
clearcutting (Porvari et al., 2003; Skyllberg et al., 2009). Increased production of MeHg
can also occur from soil compaction caused by machines that result in soils becoming
saturated with water, creating anoxic environments where bacteria convert Hg into MeHg
(Bishop et al., 2009). The removal of vegetation during forest harvesting increases
surface run-off and in turn the mobilization of Hg from soils into streams (EKI6f et al.,
2016). In run-off, Hg is found bound to particulates and dissolved organic carbon (DOC;
Eckley et al., 2018). Particulate-bound Hg is a main transporter in large watersheds, such
as the Saint Lawrence River Basin, and enters rivers after high flow events that cause soil
erosion (Grigal, 2002). DOC is also the predominant transporter of total mercury (THQ)
and MeHg because they bind to thiols and sulfides present in DOC (Lavoie et al., 2019).

In many studies there is a positive relationship between DOC concentrations and aqueous
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Hg in freshwater systems (Grigal 2002; Driscoll et al., 1995; Riscassi and Scanlon, 2011;

Watras et al., 1998).

Bioaccumulation occurs when the excretion of MeHg in organisms is less than its
assimilation into tissues. Several factors can change bioaccumulation such as the
concentration of MeHg in the diet and water quality altering bioavailability of MeHg for
uptake. Diet affects bioaccumulation since it is the main contributor of MeHg in aquatic
biota (Hall et al., 1997). Allochthonous food sources tend to have lower MeHg levels than
autochthonous sources and this is reflected in the lower MeHg in shredders
(allochthonous specialists) than scrapers (autochthonous specialists; Willacker et al.,
2019). Bioavailability of MeHg is affected by water quality parameters (DOC, pH,
nutrient inputs) and the interaction with each other (Chaves-Ulloa et al., 2017; Tsui and
Finlay, 2011). Though DOC is a transporter of MeHg to aquatic systems, higher levels of
DOC can also reduce accumulation of MeHg because it has a strong binding affinity to
MeHg under certain conditions. An example is in low productivity, high latitude lakes
along a DOC gradient which showed a significant reduction in MeHg accumulation in
biofilms and primary consumers when MeHg to DOC ratios were low (Chételat et al.,
2018). Acidic conditions affect bioaccumulation by weakening the bond between MeHg
and DOC, leading to increased uptake of MeHg into primary producers (Watras et al.,
1998), or reducing organism growth, leading to greater MeHg in higher-trophic level
organisms (Jardine et al., 2013). Additionally, greater nutrient availability can cause
greater in-stream primary productivity and this can cause biodilution in the primary

producers by distributing the same MeHg across more cells (Walters et al., 2015), or
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faster growth of consumers leading to less MeHg per gram of tissue (Ward et al., 2010).

However, it is not known if the increased nutrient inputs from forestry have this effect.

Mercury also biomagnifies in food webs, meaning the concentration of MeHg
amplifies in higher-trophic-level species compared to the lower trophic levels. Top
predators that sit higher in a food web (greater food web length determined with §°N
values) are at risk of concentrating greater levels of Hg compared to the same top
predator supported by a shorter food web (Cabana et al., 1994). Forestry has been shown
to change decrease food chain length in terrestrial systems (Woodcock et al., 2013),
making it important to investigate whether aquatic food web length changes and if it
affects Hg biomagnification. While the exact mechanisms influencing trophic transfer are
not known, potential factors are biodilution or trophic transfer efficiency (Lavoie et al.,
2013). Biodilution may affect biomagnification if the lower concentrations of MeHg in
primary producers translates into lower relative uptake of MeHg by consumers. More
biomass of high-quality food sources can also stimulate higher growth rates in consumers,
causing biodilution of Hg at higher trophic levels (Poste et al., 2015). In some cases,
higher MeHg in primary producers does not always result in increases in higher-trophic
consumers, potentially because of some limitation on MeHg uptake kinetics (DeForest et
al., 2007). It is important to consider biomagnification of Hg can vary across systems
depending on chemical and geographic factors of the system that can interact and change
how MeHg biomagnifies (Clayden et al., 2014). Few studies have examined the impact

of forestry on Hg biomagnification and bioaccumulation in stream food webs despite the
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considerable evidence that this resource extraction alters pH, carbon sources, nutrients,

and DOC in nearby streams.

1.3 Stable isotopes

Elements can have stable variations (isotopes) that exist in much lower
abundances in nature and include extra neutrons in the nucleus, making them heavier.
These heavier isotopes have different reaction rates and bond strengths that result in
traceable, different amounts of heavier than lighter isotopes in biota and thus can be used
in aquatic ecology to delineate trophic position (nitrogen) and food sources (carbon or
hydrogen) (Ben-David & Flaherty, 2012). The notation for carbon (5'3C), hydrogen
(6°H), and nitrogen (6*°N) is used to describe the ratio of heavy (extra neutron variation)
to light (most common) isotopes in samples to that of a reference material. Trophic
enrichment is the difference in stable isotope ratios between an organism and its diet
(Caut et al., 2009; Fry, 2006). Organisms become more “enriched” if they incorporate
more heavy isotopes and “depleted” if they fractionate against the heavier isotopes and
incorporate the lighter ones instead. The differences in trophic enrichments of 5'C, §°H
and 6N isotopes are used to assess reliance on autochthonous and allochthonous food

sources and trophic position, respectively, in a food web.

Because the trophic enrichment of §*3C is usually low in freshwater systems, it
can be used to trace primary producers in a food web since consumers typically reflect the
same signature (France & Peters, 1997; Post, 2002). Delineating food sources can be done

because §*3C values in terrestrial sources have values consistently around -28%o while
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aquatic sources, like algae, are typically more depleted (more negative; Finlay, 2004).
However, the stream biofilms collected and used to represent autochthonous sources often
do not give a reliable source separation for algae. The §*3C of algae varies considerably
within a stream because biofilms are a matrix of algae, bacteria and fungi, and because
CO- available for photosynthesis is more variable in streams than air (Finlay, 2004;
Jardine et al., 2014a). In this case 5°H isotopes may give better separation between
allochthonous and autochthonous sources supporting the food web. This is because
aquatic plants fractionate against the heavier isotope, becoming very depleted in §°H
while terrestrial plants become more enriched due to the loss of lighter H isotopes during
the evaporation of water from leaves (Doucett et al., 2007). The trophic enrichment for
8°H is considered negligible (Doucett et al., 2007; Solomon et al., 2009), or indiscernible
for 8*3C if lipid correction (adjusting isotope values in fatty tissues because lipids have
depleted 5*3C values compared to bulk tissue) is needed (Jardine et al., 2009). 8N is
used to delineate trophic position because there is typically a clear enrichment in *°N
from basal food sources to primary consumers up to top predators; the most commonly
reported trophic enrichment factor is 3.4%o (Fry, 2006; Post, 2002). However, the trophic
enrichment of §°N can differ in food webs depending on the diet of the consumer, among
other factors, and can range between 1.4-3.4%o if invertebrates, plant matter, or

vertebrates are consumed (McCutchan et al., 2003).

Stable isotope analysis can be used to detect effects of forestry on stream food
webs through changes in macroinvertebrate and fish reliance on autochthonous or

allochthonous primary producers or their relative trophic levels. For example, forestry-
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induced changes in forest cover alter crayfish §*3C signatures away from terrestrial matter
due to less CPOM entering streams (England & Rosemond, 2004). Additionally, models
estimating food source using 8*C found that invertebrates had a higher reliance on
terrestrial material in intensively managed systems because roads were contributing to

higher water-borne terrestrial inputs (Erdozain et al., 2019).

1.5 Cumulative impacts

Streams and rivers are a large, connected system with the downstream continually
receiving inputs from upstream sources and this makes them inherently cumulative (Fritz
et al., 2018). The basic model that outlines the relationship between upstream and
downstream is the river continuum concept (RCC) and it describes spatial hierarchy of
streams by the change in energy dynamics (respiratory vs. productive), invertebrate
communities, and nutrient availability (Vannote et al., 1980). These longitudinal patterns
in reference forested basins can be either sink (materials/energy decrease downstream) or
source (increase downstream) functions. For example, nutrient concentrations in
headwaters typically decrease downstream because of biological uptake (sink) while
sediments increase (source) from multiple stream inputs (Leibowitz et al., 2018). Because
stream networks are so closely linked, disturbances from forestry can also be propagated
spatially and the effects can be dissipative or cumulative compared to the source or sink
function in a reference basin. Drainage area is used as a proxy for stream size in analysis
of longitudinal trends because there is a positive relationship between drainage and
stream size (Downing, 2012). The interactions between drainage area and basin are used
to infer effects of forestry (Figure 1). In a study done at the same time as this thesis,

10
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longitudinal impacts from forestry included cumulative effects on inorganic sediments
and dissipative effects on organic sediments, water temperature, phosphorous, and
nitrogen (Erdozain et al., 2021b). Research from my study will link these downstream
impacts to the spatial dynamics of Hg in biota and address the knowledge gaps about the
impacts of forestry on Hg bioaccumulation, biomagnification and food web structure at
larger spatial scales. One similar, but smaller-scale study using paired catchments, found
aqueous and caddisfly (Hydropsychidae) MeHg was greater at up and midstream sites in
harvested catchments but did not accumulate at downstream sites; however, a cumulative
effect was seen in MeHg biomagnification factors in Hydropsychids (Charbonneau,

2018).

11
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Figure 1: Diagram of the theoretical framework used to interpret longitudinal trends of
mercury concentrations and autochthony (y-axis) between streams and downstream
waters (x-axis) to elucidate cumulative effects. This includes: a) the two main types of
functional connectivity considered in this study, and b) the comparison of longitudinal
trends between a reference (green line) and disturbed (blue line) fluvial system (Erdozain
et al., 2021b).

1.6 Objectives

This thesis addresses knowledge gaps about how forestry affects the

bioaccumulation and biomagnification of MeHg in stream food webs and their structure,
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and whether there are cumulative or dissipative impacts at larger downstream sites. Here |
use three river basins in New Brunswick with different forest management (see below)
and by sampling sites within each basin along a longitudinal gradient to address if : 1)
MeHg in abiotic and biotic samples, MeHg biomagnification, autochthony in
macroinvertebrates and fish, and food web length changes among three basins in New
Brunswick with different forest management intensities; and 2) longitudinal trends in
MeHg in abiotic and biotic samples, MeHg biomagnification, autochthony in

macroinvertebrates and fish, and food web length are affected by forest harvesting.

2.0 Methods
2.1 Study site

Samples were collected from three basins with different forest management in
northern New Brunswick, Canada, management determined by total disturbance in the
basin, which is the sum % of all harvesting methods (partial and clear cut) + regeneration
between 2009-2018 (Figure 2). The region that was most intensively managed (NBI) is
within the Restigouche River watershed and called the Black Brook forestry district; this
district is owned, managed and harvested by J.D. Irving, Ltd. Management includes,
thinning, assisted forest regeneration, and implementing various stand improvement
techniques following guidelines set by the SFI. It is a part of the Central Uplands
ecoregion within the Madawaska ecodistrict in northwestern New Brunswick. This
region’s geology is characterized by non-calcareous Ordovician-Devonian
metasedimentary rocks and the dominant vegetation is mixed hardwood and softwood

forest, with a high proportion of cultivated spruce within the intensive basin since it is a
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preferred tree species in the forestry industry. Approximately 475 to 525 mm of
precipitation falls between late spring and early fall and between 1400-1600 degree days
are above 5°C annually. The extensively managed basin (NBE) is within the Quisibis
River watershed close to the Restigouche River. Extensively managed means that there is
less intervention after cutting as tree stands are left to naturally regenerate, while in the
intensive basin there is assisted regeneration. The extensively managed basin is within the
same ecoregion as the intensively managed basin and has similar geology, vegetation and
local climate. The minimally managed basin (NBR) is within the Charlo River watershed
and has less harvesting compared to the extensive and intensive basins as it is drinking
water source for the local communities. Harvesting trees in the minimal basin must have a
30 m buffer from streambanks if harvesting is less than 1 km from a surface water supply
intake and at least a 15 m buffer if more than a kilometre away. Trees can only be felled
from November 1% to March 31% with no more than 30% of tree stems being removed
every five years. Clearcut of up to 25 hectares is allowed beyond 75 m from streams and
clearcut blocks must be separated by an unharvested, 100 m buffer unless near a property
parcel, and left to regenerate for 10 years (Government of New Brunswick, n.d.). The
minimally managed basin is located in the northeastern part of New Brunswick and is part
of the Northern Uplands ecoregion and touches three ecodistricts (Upsalquitch,
Tetagouche and Tijigog). The geology of this region is primarily Silurian-Devonian
calcareous rocks with volcanic igneous rock intrusions, and the dominant vegetation is
also mixed hardwood and softwood forest. The local climate is similar to the extensive

and intensive basin, but the region has marginally less precipitation and cooler
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temperatures. It was not possible to locate a large enough reference region closer to the
other two basins.

Within each basin 6 sites along the stream were selected that capture a spatial
gradient from upstream to downstream. Due to limited access, not all stream sites flow
into each other (Figure 2). Within the minimal basin one of the flow paths is sites 6, 5, 4,
and 1, another flow path is sites 2, 4 and 1, and lastly site 3 flows into site 1. In the
extensive basin, sites 3 and 2 are along the same flow path and sites 6, 5 and 4 are on a
separate flow path. In the intensive basin sites 3 and 2 are along the same flow path and
sites 6, 5, and 4 are along a separate flow path. All sites numbered with 1 (e.g., NBI1,
NBE1, and NBR1) were the largest of the six stream sites and received water from all 5
of the upstream sites in their respective basin. The area of the catchment of each stream
site was determined using the 20-m provincial digital elevation model. Forest harvesting
variables for each site were determined from GIS layers provided by the province
(extensive and minimal basin) or J.D. Irving (intensive basin). Harvest metrics were
summarized into cumulative area harvested within the last 5 or 10 years for three different
methods of harvesting which included clearcut (>80% tree removal), partial harvest (35-
50% tree removal), and total disturbance (% of site catchment harvested by all methods
plus regeneration). The metrics shown in Table 1 includes % clearcut within the last 10
years, and total disturbance since % clearcut within 10 years was significantly correlated
with % clearcut within 5 years and total disturbance was correlated with partial harvest

within 5 and 10 years and total disturbance within 5 years (Erdozain et al., 2021b). Road
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Figure 2: Map of New Brunswick, Canada showing the position of the three basins and 6
stream sites within each (n=18 sites) (Erdozain et al. 2021b)

and crossing densities were calculated by dividing the length of the roads by the area of
the study catchment and by dividing the number of road crossings by stream length,
respectively, with data that came from road shapefiles provided by GeoNB. Comparing
harvesting variables across the basins, the intensive basin had the greatest amount of total
disturbance, road crossing density and the smallest forest height and % clearcut compared
to the other basins, while the extensive basin had the greatest road density. Measures of

total disturbance, road crossing density, forest height, and clearcut did not differ between

16



M.Sc Thesis — L. Negrazis; McMaster University — Biology

the extensive and minimal basins but the mean value for clearcut and total disturbance
was higher in the extensive basin (Erdozain et al., 2021b).
Table 1: GPS coordinates (UTM 19T zone) and forest harvesting variables for all 18

stream sites from the three basins (minimally (NBR), extensively (NBE) and intensively
(NBI) managed) in New Brunswick (Erdozain et al., 2021b).

Total Crossing  Road

SE;?,?e m X Y Xfégh&ﬁgg disturbance Cleir(():l;/t)(%’ density  density
(%, 10 y) (#/km)  (m/ha)

NBR1 47.94969 -66.40167 167.47 7.35 4.07 0.35 19.91
NBR2 47.86021 -66.57194  33.19 5.54 4.08 0.36 19.47
NBR3 47.91020 -66.51417 51.05 11.46 3.63 0.37 21.35
NBR4 47.86387 -66.54222  73.24 6.82 5.79 0.36 19.99
NBR5 47.85406 -66.55833  28.52 7.76 6.82 0.38 20.37
NBR6 47.81680 -66.58472 12.53 7.25 7.24 0.17 17.02
NBE1 47.36078 -68.07194  233.52 14.14 5.42 0.45 24.10
NBE2 47.41159 -68.07556 85.34 17.76 4.36 0.56 26.88
NBE3 47.43935 -68.06444 9.19 0.00 0.00 0.08 35.82
NBE4 47.36435 -68.04194 93.16 13.77 7.67 0.34 21.65
NBE5 47.39061 -68.01389  67.98 16.58 8.59 0.31 23.06
NBE6 47.41004 -68.02500  18.10 20.75 10.13 0.48 27.29
NBI1 47.43016 -67.83639 163.03 24.28 2.56 0.78 24.27
NBI2 47.45257 -67.87028  20.61 22.33 2.03 0.47 21.33
NBI3 47.48940 -67.90139  11.80 21.66 2.61 0.61 19.08
NBI4 47.46766 -67.90750 102.54 22.48 1.33 0.92 24.85
NBI5 47.49055 -67.95722 62.01 21.41 1.07 0.83 23.34
NBI6 47.55868 -68.00972 0.66 6.39 0.00 0.00 13.02

2.2 Field sampling

2.2.1 Water sampling and preservation

Water samples were collected from all sites in both September and October (n=1-

3/site). A Geotech peristaltic pump and acid-washed polytetrafluoroethylene (PTFE)

tubing were used to collect subsurface water from the middle of the stream in 2018.

Before collecting the sample, the tubing was flushed with stream water. Nexta 47 mm



M.Sc Thesis — L. Negrazis; McMaster University — Biology

single stage Sallivex filter unit that had been acid washed overnight (10-20% HCI) and
then rinsed with distilled water was loaded with a pre-ashed and preweighed 1.2 pm
VWR® glass-fibre filter (GFF) and attached to the pump. To fill the sterile graduated
125 mL square-bottom Nalgene bottles, a "Clean Hands/Dirty Hands" procedure was
used with powder-free nitrile gloves. “Dirty Hands” handled the tubing and filtration unit
and opened the outer bag that contained the sample bottle. “Clean Hands” opened the
inner bag with the sample bottle and held the bottle while and it was filled and examined
the sample for particles. If the water sample contained particles because the filter ripped,
the sample was discarded and the whole procedure was repeated. If the sample was clear
it was sealed in the inner bag by “Clean Hands”, then sealed in the second, outer bag by
“Dirty Hands” and placed in the dark until it could be preserved at the end of the day.
Three replicates of filtrate were taken at one randomly chosen site for each basin. A field
blank consisting of a bottle prefilled with distilled water was opened at the first site on
each day samples were taken and then processed similarly. Water samples were preserved
using a similar "Clean Hands/Dirty Hands" procedure described above and approximately
0.5% of sample volume of 37% OmniTrace HCI was added to each sample. Preserved

water samples were kept cool and dark until analysis.
2.2.2 Filters for seston

After filtered water was collected, water was run through the same filter unit until
water flow slowed considerably as the filter clogged with seston or until 15 L had been
filtered. The volume of water filtered was recorded. The filter was then folded using

precleaned tweezers and the “Clean Hands/Dirty Hands” procedure, put into a petri dish
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and kept with the water sample until it was frozen at the end of the day (n=1-3/site).
Seston mass was calculated by subtracting the freeze dw mass of unused filters from mass

of the filters with seston after they had been freeze dried.

2.2.3 Food sources

Three samples of each food source were taken at each site with one replicate from
each of the upper, middle, and lower part of the reach. To collect biofilm, 3-4 rocks were
randomly selected and the tops scraped with a toothbrush. The slurry was rinsed off the
toothbrush with stream water into Whirl-paks®. A turkey baster was used to collect fine
particulate organic matter (FPOM) from depositional areas of the stream and stored in
Whirl-paks®. Decaying leaves — typically sugar maple or alder— that were snagged on
objects (i.e. branches, logs, boulders) within the stream were collected as coarse
particulate organic matter (CPOM) and stored in Whirl-paks®. All the samples were
stored in a cooler until they could be frozen in a -20°C freezer at the end of the day
(n=3/site).

2.2.4 Benthic macroinvertebrates

In September 2018, aquatic invertebrates were collected by electroshocking riffles
along the study reach and collecting the stunned inverts downstream with drift nets, as
well as by hand for taxa that lived in structures adhered to rocks or found in submerged

leaf litter. Each taxon was sorted to the lowest taxonomic level possible (usually family)

and placed into Whirl-paks® with stream water. The Whirl-paks® were kept in a cooler
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until they could be frozen at -20°C at the end of the day. Additional sampling was done in

October 2018 to collect extra biomass for some taxa.

The ten different taxa targeted represented one of five functional groups: scrapers
(Glossosoma and Heptagenidiae), shredders (Pteronarcys and Tipula), collector gatherers
(Baetidae, Ephemerella/Paraleptophlebia), collector filterers (Hydropsychidae and
Philopodidae), and predators (Sweltsa and Perlodidae/Perlidae). Five of the genera —
Heptagenidiae, Tipulidae, Ephemerella and Paraleptophlebia, Philopodidae — were only
used for stable isotope analyses to determine food web structure, and the other five were

used for both MeHg and stable isotope analyses (n=6-10/taxon/site).

2.2.5 Sculpin collection and preparation

Sculpin were collected by electroshocking in October 2018 and then lethally
sampled using procedures approved by the UNB Animal Care Committee (Animal Use
Protocol 18029). Approximately 20 male and 20 female fish were collected from each site
(except none were found in NBI6). Fish were processed at UNB and then shipped to
McMaster. They were received frozen with heads and internal organs already removed
and of those fish 144 were selected for analysis. In the lab, partially thawed sculpin were
filleted. Skinless fillets for stable isotope analyses were put into acid washed 7 mL vials
that had been pre-weighed and wet weight of the fillet recorded (g). The remaining whole
bodies were placed in acid washed 20 mL vials for Hg analyses. On average, 10 fish per
site were used for analysis, aiming for equal numbers of males and females within a

similar size range at all sites.

20



M.Sc Thesis — L. Negrazis; McMaster University — Biology

2.3 Laboratory
2.3.1 Invertebrate sorting

All invertebrates were sorted to genus except Baetidae, which was sorted to
family to have enough mass for isotope and MeHg analyses. For sorting, small numbers
of invertebrates were thawed in the fridge, and then identified and separated on
precleaned petri dishes in ddH20 using precleaned tweezers. After the genus/family was
determined, they were pooled in scintillation vials and then frozen (n=1-317/taxon) until
analyzed. Samples were sorted to genus or family using morphological features (Merritt

et al., 2008).
2.3.2 CPOM processing

Leaves collected from each site were rinsed with ddH.O water and any
invertebrates were removed. Three replicates of approximately 4-8 leaves were taken at
each site at the upper, lower and middle section of the reach and frozen before being
processed. Before freeze drying, each replicate was stored in acid washed scintillation
vials and after drying, ground with an acid washed glass rod. Nitrile gloves were used to

handle the samples to prevent contamination.

2.3.3 FPOM and biofilm processing

FPOM samples were thawed and then filtered through a precleaned 1 mm sieve
into an acid washed, glass petridish to remove larger particles. The samples were then
examined under a dissecting microscope for invertebrates that were removed using

precleaned tweezers before the sample was processed further. The sample was then
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transferred into a sterile falcon tube using an acid washed, borosilicate pipette. When the
falcon tube was full, it was centrifuged at 7000 gs for 8 minutes to separate out the
FPOM, and the water was removed and discarded. Biofilm samples were processed
similarly to FPOM with the exception that they were not filtered through a 1 mm sieve.

FPOM and biofilm samples were frozen until further processed.

2.3.4 Freeze drying and homogenizing

All samples were freeze dried before being homogenized and subsampled for
stable isotope, MeHg, or THg analysis. CPOM, biofilm, FPOM, seston filters, fish fillets,
and invertebrate samples were freeze dried for 48 hours, while fish carcasses were freeze
dried for 96 hours. All samples, except fish carcasses, were pulverized with an acid
cleaned glass rod in the scintillation vials until they were a fine powder. Fish carcasses
were homogenized using a precleaned Retsch Mixer Mill MM400 ball mill for 2 minutes

at a frequency of 30 hertz.

2.3.5 MeHg analysis

MeHg analyses were completed at the University of Toronto Scarborough using
isotope dilution-gas chromatography-inductively couple plasma mass spectrometry (GC-
ICPMS) (Hintelmann & Evans, 1997). For water, ~39 mL was used in a distillation vessel
but because of the low amount of MeHg in that volume, a second distillation of the same
sample was done and both extracts were combined to improve MeHg detection.
Increasing the total volume of water analyzed per sample to ~80 mL. For seston, whole

filters from the field were used in the distillation after they were freeze dried and
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reweighed (~1.5-20 mg dw of seston). For CPOM and FPOM samples, approximately
200 mg of dry mass was used. Approximately 30-50 mg of dry biofilm was used,
however some replicates did not have enough mass and had to be combined with other
replicates from the same stream to reach a target mass for reliable results. For invertebrate
samples, the target sample mass was between 10-50 mg dw, however not all samples
reached these targets. Low mass samples were still run, but if Me'®Hg recovery was low
the values were not included since the calculated Me?®?Hg values would not be reliable.
Approximately 10-15 mg dw of whole-body fish sample was used for MeHg analysis that
also had been measured for THg (n=19). The subset of fish was ~50/50 males and
females and from a range of sizes. Before analysis, water, seston and food sources
underwent steam distillation and fish and invertebrate samples underwent KOH extraction
in methanol to separate MeHg from the sample matrices (Horvat, Bloom, et al., 1993;
Horvat, Liang, et al., 1993). A known amount of enriched Me!**Hg was added to each
distillation extraction vessel to account for analytical variability via the isotope dilution
approach. The distillates or extracts were then buffered and ethylated with sodium
tetraethylborate in bubblers, where the volatile ethylated MeHg was trapped in Tenax-
filled glass traps. The traps were then thermally desorbed along a stream of argon gas and
species of Hg were separated by gas chromatography and Hg isotopes detected by
ICPMS. For quality control, certified reference materials, duplicates and blanks were run
with every set of samples. Recovery (%) of MeHg spikes or standard reference material
(mean * standard deviation) was 97 + 6% (n = 5) for water, 106 + 6% (n = 6) for seston,

109+ 15% (n = 12) for CPOM/FPOM, 98 * 3% (n = 4) for biofilm, and 83 + 4% (n = 10)
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invertebrates/fish. The differences in duplicates was 7.64% (n = 1 pair) for water, 4 £ 3%
(n =8 pairs) for CPOM/FPOM, 18 + 29% (n = 5 pairs) for biofilm, and 5 £ 3% (n = 15
pairs) for invertebrates/fish. The reference materials used were marine sediment
(IAEA158) for food sources, and dogfish muscle (DORMB3) for invertebrates and fish.
Samples that did not have a reference material (water and seston) used a blank spike, or in
the case reference material ran out (one run of biofilm and one of FPOM) a matrix spike
was added which received 30-200uL 1ppb MeHg stock. There was only one water
replicate since water samples were double distilled leaving not enough sample for a
double distilled duplicate. Seston also had no duplicates since the whole filters were used
at a time. The method detection limits calculated as 3*standard deviation of blanks were
0.006 ng/L for water, 0.021 ng/g for seston, 0.022 ng/g for CPOM/FPOM, 0.11 ng/g for

biofilm, and 4.1 ng/g for invertebrates/fish.
2.3.6 THg analysis

THg (ng/g dw) in whole-body slimy sculpin was analyzed using a Milestone Tri-
Cell Direct Mercury Analyzer-80® (DMA-80) following the method outlined in the US
Environmental Protection Agency (US EPA) method 7473 and with DORM-4 Fish
Protein as the reference material (US EPA, 2007; NRCC, 2012). In this analysis mercury
is quantified using thermal decomposition, gold amalgamation and atomic absorption
spectrophotometry. For QA/QC, method blanks, two liquid standards with known Hg
concentrations (3 ng, 0.3 ng), certified reference material, and a duplicate sample were
run with each 10-15 samples (£20% variability was deemed acceptable for standards or

reference materials). A liquid standard stability check (10 ng MeHg) was also run at the
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start and end of each day. All Hg data for solid samples are expressed on a dry weight
(dw) basis unless otherwise noted. Recovery (%) of reference material (mean + standard
deviation) was 108 + 8% (n=21) and differences in duplicates was 1.2 £ 1.2% (n=14

pairs).

2.3.7 Isotope analysis

Isotopes are expressed in delta (8) notation, which is the ratio between the heavy
and light isotopes of an atom relative to a standard in parts per thousand (%o). The

equation for this calculation is:

5X= (m-l)*looo,

Rstandard

Where X is 2H, 3C, or °N and R is the respective 2H/*H, *C/*?C, *N/**N ratio.

After samples have been processed, freeze-dried, and homogenized, they were
weighed (1.00-1.20 mg of animal tissue and 3.00-3.20 mg of plant tissue) into tin
capsules for C/N analysis and weighed (0.20-0.25 mg) into silver capsules for H analysis.
They were then sent to the Stable Isotope in Nature Laboratory (SINLab, New
Brunswick, Canada) where stable isotope ratios were measured using continuous flow-
isotope ratio mass spectrometry (CF-IRMS). Samples are analyzed for both §'3C and 5'°N
with a Costech 4010 elemental analyzer coupled to Delta®s XP IRMS with Conflo 111
continuous flow. The analysis for §°H is done with a Thermo-Finnigan High-Temperature

Conversion Elemental Analyzer and Delta V Plus IRMS with Conflo IV.
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The stable isotope measurements were normalized to international standards,
which is Vienna Pee Dee Belemenite (VPDE) for carbon and atmospheric air for
nitrogen. Measurements of internal standards indicate a precision of + 0.06%o (SD) in the

C isotope ratios and £ 0.21%o (SD) in the N isotope ratios, on average.

The H results are normalized to the international standard Vienna Standard Mean
Ocean Water (VSMOW). Non-exchangeable 8%H in samples is determined with the
comparative equilibrium approach, which has the samples and two keratin standards
exposed to the local atmosphere for 72 hours before analysis to exchange H atoms
between ambient water and tissue (Wassenaar and Hobson, 2003). Measurements of
internal standards indicated that the precision of the H isotope ratios was + 3.4%o (SD), on

average.

2.4 Statistical analysis

Food web length (FWL) was calculated as the difference between average of the
three primary consumers that had the lowest §*°N and individual sculpin §*°N from that

site.

Mixing models were used to calculate the proportion of algae (autochthony) in the
diet in sculpin and invertebrates from a Bayesian 2-isotope (8%H and §'*C) 2-source
(biofilm and FPOM) mixing model with MixSIAR (Stock and Semmens, 2016). Before
running the mixing models, isotope biplots of the food source and invertebrate data were
made and used to determine which food sources to use. For terrestrial inputs FPOM was

chosen over CPOM as it fell better within the mixing polygon for consumers in 8°N vs
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5°H biplots. Biofilm was originally sampled to represent the autochthonous food source
but its values fell outside of the mixing polygon for the food sources supporting
invertebrates, likely because it is a matrix of algae, bacteria and fungi and because
invertebrates can selectively graze specific components of the biofilm (e.g. algae;
McNeely et al., 2006). Because of these issues, the isotopic values (5°H and §*3C) of
algae were calculated instead. For 8°H, 170%o was subtracted from stream water 5°H
values because primary producers fractionate against ?H by 160-170%. during
photosynthesis (Solomon et al., 2009). No &°H data exists for site NBE6 so 5°H values
were estimated using an average of the site above and below it. 53C values of algae were
calculated from primary consumers if they had 83C values more depleted than biofilm,
which was dominantly the scrapers Eperous and Glossosoma, and calculated by
subtracting a 813C fractionation factor of 0.4 + 1.20%o selected from published data and
backed by a previous caging experiment in Black Brook (Erdozain et al., 2019;
McCutchan et al., 2003) from the 5'3C values for those scrapers. Separate mixing models
were run for primary consumers using taxa as a fixed factor, predatory invertebrates with
taxa as a fixed factor, and sculpin from each site. Before accepting the results of the
mixing models, results from Geman-Rubin and Geweke diagnostic tests were checked to
ensure the posterior distributions of each model had converged. Fractionation factors used
in the models were 0.4 + 1.20%o for 5!3C and an assumed 0%o for 82H. It is common to
correct consumer 52H for the fraction that comes from water in addition to assimilated
(DeNiro & Epstein, 1981; Vander Zanden et al., 2016) but in this case consumers were

not corrected for the contribution of ?H from water because consumers adjusted for body
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water fell outside of isotope mixing polygon. §!°N was not used in the mixing models of
there is such a high variability in trophic fractionation factors. All data analysis was done

in R 4.0.0 (R Core Team 2020).

Response variables (mean Hg and autochthony within taxa collected at each site)
were compared among basins using ANOVA and Tukey post hoc tests for samples that
met the assumption of normality and equal variance. If variance was not equal, sample
means were compared with a Welch one-way test. Kruskal Wallace rank on sums tests
were used if assumptions for normality did not pass followed by pairwise wilcoxon post-

hoc tests (car package).

All water MeHg data were used in the overall basin analysis because there were
no differences between September or October within any of the basins after running two
factor ANOVAs (Hg~Basin*Month; p month and interaction terms=0.11, 0.91).
However, only water data from September (Watersept) were used in the longitudinal

analyses because of significant model interactions between Month, Area and Basin.

Female sculpin were size standardized for THg (hereafter THgsize; N=80) because
sizes of female fish differed among sites (Kruskal-Wallis; p= 0.011) and THg versus
length was significantly related (linear regression; p<0.001). To size-standardize the data,
a simple regression between log THg and fish length was made for each site, then the
amount of mercury for a 66 mm fish was estimated from that model by adding the
intercept to the slope value multiplied by 66. Variability was propagated back into the

THg estimate for each fish by adding the residuals from the original regression. Percent
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MeHg (%MeHg) was calculated by dividing MeHg by THg measured on the same

individuals.

ANCOVA regressions were run using simple linear models and categorical
covariates because sample sizes were too limited to run mixed models with random
effects. ANCOVAS were used to assess the longitudinal trends in the dependant variables
Hg, biomagnification, autochthony, and FWL, as well as relationships between Hg vs
autochthony. For longitudinal trends the equation was “dependant variable
=logio(Drainage Area)*Basin+ logio(Drainage Area)+Basin”, where drainage area is used
in the models to examine the longitudinal trends and the interaction between basin and
drainage area is used to infer cumulative or dissipative effects. ANCOVAS were run to
compare slopes (log Hg vs 8°N) of all sites within each basin and slopes of sites with the
same relative size among basins, and then data were pooled across all sites within a basin
to assess among-basin differences. Equations for these ANCOVAs were “slope=
SN*Basin(or Site)+ §1°N+ Basin(or Site) where 5°N shows whether Hg is related to
relative trophic position and an interaction indicates that slopes vary between basins or
streams. If the interaction term was significant, the slopes of lines were compared using a
Tukey pairwise comparison (Ismeans package). If the interaction term was not significant,
the model was rerun without it for comparisons of intercepts. This was done because the
intercept may represent the baseline MeHg input to the food web (Borga et al., 2012).
Significant differences in intercepts were compared using a Tukey’s test (multcomp
package) to understand whether inputs to the base of the food web differed among

locations: (results shown in Sl file). An ANCOVA using
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logioHg=autochthony*Taxa/Basin+Taxa+Basin was run to determine whether Hg was
related to the amount of algae in the diet and a significant interaction indicated different

relationships between basins or taxa.

3.0 Results
3.1 Patterns in mercury

3.1.1Among-basin differences in mercury

Mercury concentrations in water and food sources varied among sites and showed
some among-basin differences when values from each stream site were combined. MeHg
in water ranged from < DL to 0.15 ng/L and was highest in the extensive basin compared
to the other basins (p<0.005) (Figure 3A). MeHg in biofilm ranged from 1.28 to 13.0
ng/g dw and the overall basin average was greater in the extensive than minimal basin
(p=0.001; Figure 3E). CPOM MeHg ranged from 0.09 to 5.74 ng/g dw across all sites,
and the extensive basin had significantly higher levels of MeHg compared to the intensive
and minimal basins (p<0.05; Figure 3C). FPOM MeHg ranged from 0.074 to 7.74 ng/g
dw and did not differ among basins (p=0.66; Figure 3D). Similarly, the range in seston
MeHg concentrations was 0.196 to 11.0 ng/g dw and did not differ among basins (p=0.26;

Figure 3B).

Although levels of MeHg or THg in the macroinvertebrates and fish showed some
trends among basins, with results tending to be higher for most taxa from the extensive
basin, most comparisons were not statistically significant (exception Hydropsychidae). In

Hydropsychidae, MeHg concentrations ranged from 6.00 to 302 ng/g dw and were greater

30



M.Sc Thesis — L. Negrazis; McMaster University — Biology

in the extensive basin compared to the intensive basin (pairwise wilcoxon test p= 0.026;
Figure 3I). For the scraper, Glossosoma, MeHg concentrations ranged between 4.55 to
133 ng/g dw and the concentrations were highest in the extensive basin compared to the
intensive and minimal basins (p=0.17; Figure 3G). The collector-gatherers Baetidae
(MeHg values between 4.70 to 217 ng/g dw) also showed a similar trend as Glossosoma
where MeHg values in the extensive basin samples tended to be greater than in the other
basins but not significantly different (p=0.16; Figure 3H). Within the shredder
Pteronarcys, MeHg ranged between 13.5 to 86.3 ng/g dw but did not show any clear
trend among basins (p=0.62; Figure 3F). In the predatory invertebrate, Sweltsa, MeHg
ranged between 2.5 to 373 ng/g dw and the extensive basin shows slightly higher MeHg
than the other basins (p=0.27; Figure 3J). THgsize (n=22-30/basin) in sculpin ranged from
228 to 772 ng/g dw did not show any significant differences among basins (p= 0.85;

Figure 3L).

31



M.Sc Thesis — L. Negrazis; McMaster University — Biology

A Filtered water B Seston C CPOM D FPOM
1.000 100 . 10.01 3
b a b b H
= = . = 101
2 2 2
Jo100] ° * — = o ? | B
S o K, o
g | 2, 2 1o 2 =
T o o o
@ 0.0101 B B =
- . . = = =
11 °
00011 i ] 011 __ i i 0.11 ' ' |
NBR NBE NBI NBR NBE NBI NBR NBE NBI NBR NBE NBI
Basin Basin Basin Basin
E Biofilm F Pteronarcys G Glossosoma H Baetidae
a
4 g B o .
£ o bo| 3 z S
o 9100- l\:”100‘ ry g)100‘ — .
g ¢ | == an| 2 —
o [=)) B [=)) T =)
o T b i
[ ° @ . et [
= ] = 101 = 107 = 107
.
NBR NBE NBI NBR NBE NBI NBR NBE NBI NBR NBE NBI
Basin Basin Basin Basin
| Hydropsychidae J Sweltsa L Size Adj. F.
A 1000 1000
b . ®
T D oy ¢ | % —— = T
o 1001 — mm | o 100 4 * = *
S S =)
= . E =
o (=) 4 -
5 T 101 S $
= 107 = =
. .
11 100 1
NBR NBE NBI NBR NBE NBI NBR NBE NBI
Basin Basin Basin

Figure 3: Boxplots showing the difference in MeHg concentrations in abiotic and biotic
samples taken in 2018 from three basins in northern New Brunswick, Canada, with
varying forest management intensity (6 sites/basin). A) Filtered water collected in
September; B) Seston collected while filtering water; C-E) Basal food resources: coarse
particulate organic matter (CPOM), fine particulate organic matter (FPOM) and biofilm;
F-J) Macroinvertebrates: Pteronarcys, Glossosoma, Baetidae, Hydropsychidae, and
Sweltsa; J) THgsize of female sculpin (Size Adj. F.; n=80). Letters denote significant
differences among basins using Tukey's posthoc test or pairwise Wilcoxon test (p<0.05).
Colours represent different basins: green is the minimal basin (NBR); light blue is the
extensive basin (NBE); and dark blue is the intensive basin (NBI).

32



M.Sc Thesis — L. Negrazis; McMaster University — Biology

3.1.2 Longitudinal trends in mercury within and among basins

There were some longitudinal trends in MeHg and THg concentrations within
basins. In the minimal basin, MeHg and THg tended to increase from upstream to
downstream for watersept, CPOM, Pteronarcys and fish (indicated by * in Figure 5;
Figures 4 and 5). This increase was also observed in the intensive basin for five of the ten
groups (biofilm, CPOM, FPOM, Hydropsychidae and Sweltsa) analyzed for MeHg, and a
similar but non-significant trend was also observed for watersept. In contrast, in the
extensive basin the data showed either no trends or insignificant decreases from upstream
to downstream in MeHg in Hydropsychidae, Sweltsa, Pteronarcys, with FPFOM having a

near significant longitudinal decrease in MeHg (p=0.059).

The spatial patterns in MeHg and THg varied significantly among basins for
CPOM, FPOM, and Baetidae (drainage area*basin term; Figure 5). More specifically,
MeHg in CPOM significantly increased downstream similarly in the minimal and
intensive basins, but only the minimal basin differed compared to the extensive basin,
which showed no strong longitudinal trend (Istrends; p=0.034). MeHg in FPOM increased
downstream similarly in the minimal and intensive basins but decreased in the extensive
basin (Istrends; p=0.014 and 0.037). For Baetidae, the slope in the minimal basin was
positive and differed from that of the intensive basin (Istrends p=0.040), which showed an

insignificant longitudinal decrease in MeHg.
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Figure 4: ANCOVA results for abiotic and biotic MeHg or THg (rows) versus logio of
drainage area in the three basins (6 sites within each basin). The table shows p values
from simple linear model (Im) ANOVAs testing the significance of drainage area and
drainage area*basin for the following mixed model: linear model: logio (Hg)=l0og1o
(drainage area)*basin with interactions p<0.05 bolded. The column R? shows multiple R?
values for simple linear regressions. The bar graph shows variance explained by logio
(Hg)=log1o (drainage area) for the simple Im; colours represent basin with green
representing the minimal basin (NBR), light blue the extensive basin (NBE) and dark blue
the intensive basin (NBI); length of the bar matches the R?; direction of bars represents
the sign of the coefficient (+ or — relationship); asterisks denote p<0.05 and daggers
represent values just over the level of significance (p=0.058-0.069).
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Figure 5: Linear relationships between log:io Hg (MeHg or THg) concentrations and logio
drainage area in abiotic and biotic samples taken in 2018 from three basins in northern
New Brunswick, Canada (6 sites/basin) with varying forest management intensities. A)
filtered water collected in September. B) Seston from filtered water. C-E) Three different
food sources: CPOM, FPOM, and biofilm. F-J) Five different taxa of macroinvertebrates:
Pteronarcys, Glossosoma, Baetidae, Hydropsychidae, and Sweltsa. L) THgsize female
sculpin (n=80). Colours represent different basins: light green is the minimal basin
(NBRY); light blue is the extensive basin (NBE); and dark blue is the intensive basin
(NBI). p values on the graphs denote the significance of the relationship between drainage
area and Hg (0=0.05).
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3.2 Mercury biomagnification
3.2.1 Trophic transfer of mercury within basin

Log-transformed mercury concentrations in food sources and biota (THg in fish,
MeHg in all other samples) were significantly related to their 5*°N within all the stream
sites from each basin (Figure 7). Among sites the regression slopes ranged between 0.32-
0.39 in the minimal basin, 0.25-0.30 in the extensive basin, and 0.29-0.38 in the intensive
basin (Figure 7). The amount of variance described by the regression models for streams
within each basin was 86-94% in the minimal, 73-92% in the extensive and 84-97% in the
intensive (NBI16 had no sculpin and was therefore not included in any of the following
analyses) basins. There were no significant interactions between §%°N and stream site,
indicating that slopes did not differ between the stream sites within any of the three basins

(Table 2).

Table 2: ANCOVA analysis to test for differences in the trophic transfer of Hg (MeHg or
THg (fish only)) within three basins in northern New Brunswick, Canada in 2018. p
values are included for the main effect terms, §°N and Site, as well as the interaction
term §°N*Site. Significant p values (p<0.05) are bolded. NBI6 was removed prior to
analysis as no fish were collected at this site. The basins are the intensive (NBI),
extensive (NBE) and minimal (NBR).

Terms
Basin  p 6°N p Site p 6°N:Site
NBR <0.001 0.407 0.772
NBE <0.001 0.237 0.809
NBI <0.001 0.371 0.285
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Figure 6: Logio MeHg (invertebrates and food sources) or THg (fish) versus §*°N within
18 stream food webs from New Brunswick, Canada representing a gradient of harvesting
intensity and increasing drainage area. A) is the minimal basin (NBR), B) is the extensive
basin (NBE) and C) is the intensive basin (NBI), and streams are in order from upstream

to downstream. The equation of the line and the coefficient of determination are shown in
each panel (R?; p<0.001). Shading around the line represents standard error.

3.2.2 Trophic transfer of mercury among basins

The biomagnification of Hg was compared among basins for stream sites with similar,
relative sizes and only one comparison showed differences (Figure 7). The interaction
between basin and §1°N was significant at the second smallest site (p=0.047); the slopes
of the minimal and intensive basins were greater than in the extensive basin, but not

significantly different after a Tukey pairwise test (p=0.074-0.10; Table 3). Although not
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statistically significant, it is interesting to note that, within sites of similar sizes, the slopes
for the minimal basin were highest at the three largest sites (Figure 6). Due to the
presence of the interaction in the second smallest site it was excluded from analyses of

intercepts described in the Supplementary Information Section 5.3.

Data were pooled among sites to assess whether overall Hg biomagnification differed
among basins. The overall slopes were 0.34 in the minimal basin, 0.27 in the extensive
basin, and 0.32 in the intensive basin (Figure 8). The interaction between §°N and basin
was significant (p<0.001) and the slopes in the minimal and intensive basins were
significantly greater than the slope of the extensive basin (Istrends p=0.0001 and p=0.001,

respectively) and not significantly different from each other (p=0.468).

Table 3: P values of variables used in the ANCOVA analysis to test for differences in
the trophic transfer of MeHg, or THg, within sites of similar drainage area and among the
three basins in northern New Brunswick, Canada in 2018. p values are included for the
main effects terms, 6*°N and Site, as well as the interaction term §°N*Site. Significant p
values (p<0.05) are bolded.

Terms
Site Size p 6N p Basin p 6©°N:Basin
smallest* <0.001 0.034 0.065
2"smallest  <0.001 0.199 0.047
34 smallest <0.001 0.009 0.125
4™ smallest  <0.001 0.532 0.614
5" smallest  <0.001 0.283 0.159
largest <0.001 0.227 0.097

*Comparison to the smallest sites in the minimal and extensively managed basins only
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Figure 7:Logio MeHg (invertebrates and food sources) or THg (fish) versus 6N within
three basins food webs from New Brunswick, Canada representing a gradient of
harvesting intensity (R?; p<0.001). Data are pooled from stream sites (6/basin) to make
the one regression line per basin. The equation of the line and coefficient of
determination are shown in each panel. Shading around the slope represents standard
error. The basins in order from minimally (NBR), extensively (NBE) and intensively

managed (NBI).
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3.2.3 Hg trophic transfer vs area

There were no effects of drainage area on the slopes of log Hg vs. §*°N
(ANCOVA, basin*logio(drainage area), p=0.122), indicating that biomagnification slopes
did not differ from upstream to downstream (Figure 8). As a note, the slope values in the
extensive basin showed little among-site variation in values and were consistently lower
than those of the other two basins. When the interaction term was removed from the
model, basin was significant because the slopes of the extensive basin were consistently

lower compared to the intensive and minimal basins (basin p=0.003). The trends and

y=0273+00051x R =0018 p=08
0404 5
y=0404-00438x R°=038 p=027 .
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Basin % NBR = NBE - NBI

Figure 8: Trophic magnification (slope as calculated from the relationship between
logioHg and 8*°N) vs drainage area (km?). Data to generate the regression for each basin
was generated from the slope values calculated from the five or six sites within three
basins experiencing different levels of harvesting intensity in New Brunswick, Canada.
The equation of the line and coefficient of determination are shown in each panel. The
line and equation are colour coded by basin with the minimal (NBR) in green, extensive
in light blue (NBE), and intensive in dark blue (NBI)

40



M.Sc Thesis — L. Negrazis; McMaster University — Biology

analyses should be interpreted with caution as the variance in the model was not well

captured with a linear line and five or six points.

3.4 Autochthony and food web length
3.4.1 Among-basin differences in autochthony of consumers

After pooling mean data for all taxa, analyses
(Autochthony=Basin*Taxon+Basin+Taxon; basin p=0.14, taxon p<0.001) showed that
there were no differences in autochthony among basins (basin*taxon; p=0.80). For taxa
with data from at least 3 sites in 2 basins, among-basin comparisons of site means
indicated that only two predators (Diura and sculpin) had significant differences in mean
autochthony. The Diura from the minimal basin were supported more by algae than those
in the intensive basin (mean autochthony = 0.52 and 0.36 for the minimal and intensive
basins, respectively), while sculpin in the extensive basin had a greater proportion of
algae in their diets compared to those in the minimal basin (mean autochthony = 0.61 and

0.48 for the extensive and minimal basins, respectively; Figure 9).
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Figure 9: Boxplots showing the proportion of algae in diets of benthic invertebrates and
sculpin within three basins in New Brunswick that experience different levels of forest
management. Taxa included are ones that had mean data from at least 3 sites in 2
different basins. Autochthony was calculated using a Bayesian 2-isotope mixing model
(8%H and 8'3C) in MixSIAR and colours represent basin (green is the minimally managed
(NBR), light blue is the extensively managed (NBE) and dark blue is the intensively
managed basin (NBI)). Letters denote differences in mean proportion of autochthony with
Tukey post hoc tests.

3.4.2 Longitudinal trends in autochthony

Within each basin, the longitudinal trends in autochthony were drainage area and
taxon dependant in the minimal and intensive basins but only taxon dependant in the
extensive basin (Table 4). Because the interaction term was not significant, it indicated
that the slopes among taxa did not differ significantly. When taxa were examined
separately the interaction between drainage area and basin was significant for Diura and

sculpin, with autochthony for Diura increasing downstream in the minimal and intensive
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basins and decreasing downstream in the extensive basin. For sculpin, the minimal basin
had the greatest increase in autochthony downstream compared to the intensive and

extensive basins, which both had slopes that were not as steep (Figure 10).

Table 4: P values from the linear regressions between autochthony in benthic
macroinvertebrates/sculpin and drainage area from three basins that experience different
levels of forest management. Data are from ANCOVAs testing the significance of
drainage area in two different models, one within each basin with taxa as a covariate and
one within each taxon and with basin as a main effect. p<0.05 values are bolded.

Within Basin®
Logio Drainage Area  Taxon  Logio Drainage Area*Taxon
Minimal 0.014 <0.001 0.529
Extensive 0.169 <0.001 0.681
Intensive 0.002 <0.001 0.633
Within Taxa?
Logio Drainage Area  Basin  Logio Drainage Area*Basin
Pteronarcys 0.099 0.172  0.133
Glossosoma 0.698 0.268 0.176
Epeorus 0.646 0.838  0.869
Baetidae 0.556 0.944  0.859
Hydropsychidae 0.486 0.854 0.877
Dolophilodes 0.912 0.427 0.476
Sweltsa 0.697 0.960  0.995
Diura 0.001 0.008  0.002
Sculpin <0.001 0.006  0.021

'model: Algae in diet= logio(Drainage Area)*Taxon+ logio(Drainage Area)+Taxon
’model: Algae in diet= logio(Drainage Area)*Basin+ logio(Drainage Area)+Basin
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Figure 10: Linear regressions between mean proportion of autochthony, calculated from
Bayesian 2-isotope mixing model (§°H and §*3C) in MixSIAR, and drainage area of 7
different benthic macroinvertebrate taxa and sculpin that had data from at least three sites
for each of the three basins. Taxa are separated by FFG and given a unique shape and
regression line, and basin is colour coded with the minimal basin in green (NBI),
extensive basin in light blue (NBE), and intensive basin in dark blue (NBI).

3.4.3 Relationships between autochthony and mercury within taxa

Pooling autochthony data from each taxon by basin showed that the minimal and
extensive basins had a significant interaction between taxa and autochthony (p<0.01).

Within taxa, there was a significant increase in Hg concentrations as autochthony
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increased within four (Baetidae, THgsize, Glossosoma and Sweltsa) of the six groups but
only in one of the three basins (indicated by * on Figure 11 bars). Baetidae and THgsize
had higher Hg concentrations with greater autochthony in the minimal basin, whereas
Glossosoma and Sweltsa showed the same relationship, but in the intensive basin. The
relationships in other basins and taxa were either insignificant decreases in Hg

concentrations with autochthony (ex: Hydropsychidae) or no relationship at all.

There were also spatial differences in Baetidae, Glossosoma, and Sweltsa as
indicated by the interaction term (Figure 11). For Baetidae, there was a greater increase in
MeHg with autochthony in the minimal basin compared to both the extensive and
intensive basins (p=0.003-0.007), which showed an insignificant decrease in MeHg with
autochthony or no relationship. For Glossosoma the slope in the intensive basin was
greater compared to the extensive basin (p=0.04), which had an insignificant decrease in
MeHg with autochthony. For Sweltsa the increase in MeHg with autochthony was greater

in the intensive basin than both the extensive and minimal basin (p=0.018-0.02).
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Figure 11: ANCOVA results for Hg in biota (rows) versus autochthony in the three
basins (6 sites within each basin). The table shows p values from simple linear model (Im)
ANCOVA:s testing the significance of autochthony*basin for the following mixed model:
linear model: logio (Hg)= autochthony*basin with interactions p<0.05 bolded. The
column R? shows adjusted R? values for simple linear regressions. The bar graph shows
variance explained by logio (Hg)= autochthony*basin for the simple Im; colours represent
basin (green is the minimal basin (NBR), light blue is the extensive basin (NBE) and dark
blue is the intensive basin (NBI)), length of the bar matches the R?, direction of bars
represents the sian of the coefficient (+ or — relationshin). asterisks denote p<0.05.

3.4.4 Food web length and sculpin Hg

Average FWL was similar within basins and was not different among basins
(p=0.52; NBI=5.06+0.20, NBE=4.99+0.27, NBR=4.67+0.28; Figure 13A). Results from
an ANCOVA showed FWL had no longitudinal relationships (logio(drainage area),
p=0.84) or relationship to basin (basin p=0.49). The interaction term between FWL and
drainage area (p=0.17) was also not significant, indicating that longitudinal relationships
in FWL did not differ among basins, which was not surprising considering the
insignificant relationship of the line and the variability in the 5-6 data points within the
basins (Figure 15B). Similarly, THgsize also showed no relationship to FWL (p=0.48),

basin (p=0.63), or interaction between FWL and basin (p=0.34; Figure 14).
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Figure 12: A) Boxplots showing FWL (8N range (%o)) calculated from the
difference between the average site 3'°N for sculpin and the average site §'°N value for
three primary producers) for three basins that experience different levels of forest
management in northern New Brunswick, Canada. B) Linear regression between FWL
and drainage area. Colours and shapes denote different basins, green and circles for the
minimal basin (NBR), light blue and triangles for the extensive basin (NBE), and dark
blue and squares for the intensive basin (NBI). The equation of the line and coefficient
of determination are shown in the panel.
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Figure 13: Linear regression comparing logioTHg to FWL (8°N range (%o) calculated
from the difference between average 5'°N for sculpin from the average *°N values
from three primary consumers) for three basins that experience different levels of
forest management in northern New Brunswick, Canada. Colours denote different
basins (green for the minimal basin (NBR), light blue for the extensive basin (NBE),
and dark blue for the intensive basin (NBI)). The equation of the line and coefficient
of determination are shown in the panel.

4.0 Discussion
4.1 Basin trends
The extensive basin had the greatest MeHg concentrations in water, CPOM,

biofilm, and Hydropsychidae compared to the minimal and intensive basins, and these
trends may be related to differences in water quality among basins. The extensive basin
had lower conductivity compared to the other two basins, lower nitrates compared to the
minimal basin, and greater phosphorus, inorganic/organic sediments, DOC, and humic,
terrestrial, less aromatic DOM (humification by HIX, origin determined by FI,

aromaticity by SUVA) compared to the other basins (Erdozain et al., 2021b). Lower
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conductivity means fewer cations in the water, causing biofilm membranes to be more
permeable and increase passive uptake of Hg into cells (Daguené et al., 2012; Dranguet et
al., 2017). Even though the extensive basin had the highest phosphorus levels of the three
basins, it had the lowest nitrates/nitrites, which could mean nitrogen was a limiting
nutrient for biofilm growth resulting in less growth dilution (Pickhardt et al., 2002; Tank
& Dodds, 2003). DOC may also explain the higher MeHg levels in the extensive basin
water and biofilm because terrestrial inputs of DOC are linked to increased transport of
MeHg and Hg into aquatic systems (Eckley et al., 2018; Pinheiro, 2000; Zhang et al.,
2016). Higher water MeHg concentrations can lead to higher biofilm MeHg levels, as
aqueous MeHg can cross tissue membranes through facilitated transport or passive
diffusion (Dranguet et al., 2017). While DOM and DOC in terrestrial runoff increases
water MeHg concentrations, it could also play a role attenuating uptake in biota. DOM
that has higher aromaticity is thought to protect against metal toxicity by having a strong
metal binding potential (Al-Reasi et al., 2013; Ravichandran, 2004); even though the
extensive basin DOM had the lowest SUVA (measurement of aromacity) it still may have
had a protective effect. Additionally, DOC concentrations were greatest in the extensive
basin and MeHg levels did not differ in the majority of invertebrates and fish. Limited
incorporation of MeHg at high levels of DOC has been seen in caddisflies (Tsui & Finlay,
2011), chironomids and riparian spiders (Bundschuh & McKie, 2016), and yellow perch
from the Adirondacks (Driscoll et al., 1995). Because Hg in leaves comes dominantly
from foliar uptake, the elevated CPOM MeHg could be due to differences in foliar uptake

across species or atmospheric Hg deposition, but it may also be due to differences in soil
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MeHg (Ericksen et al., 2003; Miller et al., 2005; Yang et al., 2018). These parameters

were not measured and could be done in future studies.

Some of the among-basin patterns in invertebrate MeHg may be due to their
feeding habits. Because MeHg is mainly obtained from the diet, it was surprising that the
elevated MeHg in the extensive basin autochthonous and allochthonous food sources did
not translate into higher MeHg in most invertebrates, particularly the specialists. Despite
being classified as an obligate consumer of terrestrial matter, mixing model results found
that the shredder Pteronarcys relied ~25% on autochthonous sources. Mixing models
were not run with CPOM but Pteronarcys may not be consuming enough terrestrial
CPOM to reflect the higher MeHg in this food source and relying also on FPOM as a
terrestrial food source (Plague et al., 1998). Additionally, Pteronarcys could eat the
bacteria/fungi community colonizing the leaves that may not have the same MeHg levels
as the leaves (Bueler, 1984). Similarly, the scrapers Glossosoma are obligate consumers
of algae but did not reflect among-basin differences in biofilm MeHg likely because they
were selectively eating autotrophic components of biofilm (McNeely et al., 2006) and not
consuming more algae in the extensive basin compared to the other basins. The lack of
among-basin differences may also be due to low sample sizes since Glossosoma MeHg in
the extensive basin did seem to be higher than in the other basins. MeHg in the filterers,
Hydropsychidae, in the extensive basin may have been impacted by the overall higher
inorganic sediments getting caught in their nets, making it more difficult to obtain food

and hindering growth, therefore concentrating MeHg in their tissues.
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The invertebrate MeHg concentrations had a wide range, particularly for
Glossosoma, Hydropsychidae, and Sweltsa, and tended to have higher fold differences
(29, 49 and 148, respectively) among sites than has been observed elsewhere. In another
study conducted in New Brunswick, the fold difference for stream primary consumer
invertebrates spanning different genera and functional feeding groups was 32 while in
predatory inverts it was approximately 5 (Jardine et al., 2013). Scrapers from California
streams (including Glossosoma) had a 12-fold difference in MeHg concentrations, a 4-
fold difference in MeHg concentrations in Hydropsychidae genera, and a 4-fold
difference in MeHg concentrations for predatory invertebrates (Tsui et al., 2009). Most of
the very low MeHg values in this study came from the smallest site in the intensive basin,
which had the smallest drainage area of any site from any of the three basins. This site
also had the highest phosphorous levels and fairly high nitrogen that could have caused
more food source growth and growth dilution in consumers. It has been removed from
some biomagnification analysis herein for its lack of fish and in other analyses because its
smaller drainage area had disproportionately large influence on the results (Erdozain et

al., 2021b).

4.2 Longitudinal trends in the minimal basin

In the minimal basin there was an upstream to downstream increase in MeHg or
THg in water, CPOM, biofilm, Pteronarcys, and sculpin, an increase in autochthony
across all consumers (S1 Table 9) and taxon specific increases in autochthony for sculpin
and Diura. The longitudinal trends in biofilm may be explained by the downstream
dissipation in DOM humification and in nitrates/nitrites. DOM that is less humic has a
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lower affinity to bind MeHg, making it more bioavailable for uptake, and the lower
nitrogen, a limiting nutrient, could result in decreased growth of biofilms and subsequent
higher MeHg concentrations downstream, especially if these sites are receiving more
light, stimulating biofilm growth and increasing demand for nutrients (Ylla et al., 2007).
The downstream increase in sculpin THg could be related to its longitudinal increase in
autochthony as there was a positive relationship between THg and autochthony in this
species, indicating that sculpin at downstream sites were more exposed to THg from
autochthonous sources. Top predators supported by a longer food web (herein FWL) may
have higher Hg than the same species from a shorter underlying food web because the
former are consuming prey higher in Hg and likely growing larger and living longer, both
of which result in greater accumulation of Hg (Ouédraogo et al., 2015). Herein, FWL did
not explain the spatial patterns in THg of sculpin because it did not change with drainage
area; the same trend in FWL with drainage area was also seen in 2017 (Erdozain et al.,
2021b). The spatial patterns for Pteronarcys MeHg were likely related to the increasing
CPOM MeHg, as this is their main food source. The spatial patterns seen in biota from
the minimal basin differ from other basins where Hg in shredders and forage fish
decreased with hydrologic transport distance (Riva-Murray et al., 2011). Finally, the
overall increase in downstream autochthony when all taxa were pooled is consistent with
results from another study done in 2017 in the same system and continues to reflect the

change in food source origin predicted by the RCC (Erdozain et al., 2021b).
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4.3 Contrasting longitudinal trends in the intensive and extensive basins with that of the

minimal basin

Longitudinal trends in the harvested basins differed from patterns observed in the
minimal basin for some measures of Hg and suggests that forest management changed the
dissipative/cumulative patterns. There were significant downstream increases in biofilm,
Hydropsychidae, and Sweltsa MeHg (and near significant increase in Glossosoma) in the
intensive basin that were not seen in the minimal basin. The biofilms may have had more
access to nutrients since there was a dissipative trend in aqueous nitrogen and
phosphorous (suggesting greater uptake) in the intensive basin compared to the minimal
basin (Erdozain et al., 2021b) as well as no change in biofilm quality (Erdozain et al.,
2021a). Growth dilution was likely not seen because scraper abundance also increased in
the intensive basin, causing competition for food sources (Erdozain et al., 2021a). MeHg
in Glossosoma and Sweltsa were significantly related with their increased autochthony so
diet can explain the spatial trends for these taxa and the filter feeding of Hydropsychidae
may have been impacted by the increased inorganic sediments at downstream sites which
would have slowed their growth rates. For the intensive basin, the inorganic sediments
and increased terrestrial DOM inputs were likely driving the differences from what was

seen in the minimal basin.

The extensive basin showed significantly different spatial patterns in CPOM and
FPOM MeHg when compared to the minimal basin. There were no longitudinal changes
in CPOM MeHg in the extensive basin, but all data points were higher compared to the
minimal basin, which could be explained by soil Hg levels, or foliar uptake, but no
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supporting data are available. The decrease in FPOM MeHg to downstream in the
extensive basin could be a result of the high loading of organic sediment in the upstream
sites, which could be terrestrial matter bound with MeHg, and then quickly
degraded/assimilated by biota through space. The dissipative results for Baetidae are
difficult to interpret because there were fewer data points since not all sites had enough
biomass for analysis. However, Charbonneau (2018) found that MeHg in Hydropsychids
was greater in upper and middle reach sites compared to downstream in harvested
catchments and this may be occurring for biota in my study as well. It is possible some
effects of forestry on FPOM MeHg longitudinal trends possibly were not observed
because stream sites were not all along the same flow path to carry the organic matter to

downstream locations (Erdozain et al., 2021b).

Some among-basin differences in the longitudinal trends in autochthony of biota
were observed and suggest that forest harvesting affects food web structure. Unlike in the
minimal basin, there was no longitudinal trend in overall autochthony of taxa in the
extensive basin. This is supported by the lack of trends from upstream to downstream in
nitrogen or phosphorous as nutrients dissipated in the other basins, and no spatial change
in biofilm mass (Erdozain et al., 2021a, 2021b); however autotrophic index also declined
longitudinally in the extensive basin potentially from the higher sediment loads (Erdozain
et al. 2021). The longitudinal patterns in autochthony also differed in individual taxa;
there were dissipative trends in Diura in the extensive basin compared to the minimal
basin, and dissipative trends in sculpin in both the extensive and intensive basins

compared to the minimal basin. The differences in overall and longitudinal patterns in
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autochthony between the extensive and the intensive basin is likely due to the differences
in sediments. The higher sediment loads in the extensive basin at the downstream sites

may have reduced the autochthony of the organisms (Erdozain et al., 2021b).

The lack of congruence between basin and spatial comparisons of isotopes and
mercury in water to biotic samples may be because food sources were collected in
September at the same time as the consumers. Consumers are longer-lived and their
tissues reflect longer time periods whereas biofilms and water show greater temporal
variation, especially for stable isotopes. For instance, sculpin have been seen to be
isotopically out of sync with prey items and biofilms because both can have quick tissue
turnover rates in 5'3C and 3'°N (Jardine et al., 2014). For this reason, the estimation of
autochthony made herein may not be as accurate as it could be since the September
isotope values of food sources may be different from what was assimilated by the biota.
MeHg concentrations in water also show seasonal variation and consumer tissue sampled
in September could be reflecting the aqueous MeHg weeks prior to sampling (Bradley et
al., 2011). Fish were sampled in October so they may have had enough time to assimilate

Hg and isotope values from samples collected in September.

As in this study, drainage area has not been a consistent predictor of autochthony
(Jonsson et al., 2018) and Hg in fish that are in the same ecoregion (Riva-Murray et al.,
2020). Forest harvesting variables (such as canopy openness, forest cover, road
density/crossing, and % clearcut) may be better at explaining trends in biotic Hg than

space at these relatively smaller scales as they are linked to the delivery of terrestrial
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material into streams and the type of basal resources used by invertebrates (Erdozain et

al., 2019, 2021; Jonsson et al., 2018).

4.4 Biomagnification

As in other studies, 5*°N significantly predicted Hg levels and confirmed its
biomagnification within all stream food webs examined herein. An average slope for
stream food webs was 0.24 (Lavoie et al., 2013) compared to 0.32 (all 18 slopes
averaged) from this study and 0.30 from another study in New Brunswick assessing
biomagnification in 21 streams (Jardine et al., 2013). The range in site slope values in this
study (0.25- 0.39) was also comparable to those (0.22-0.39) in Jardine et al. (2013), which
also calculated slopes from MeHg in biofilm and invertebrates and THg in fish. These
values are also within the range reported for other streams across Canada (0.06-0.39)
(Lavoie et al., 2013). Overall, this suggests that the trophic transfer of MeHg within sites

in my study were comparable to those of other systems.

Interestingly, there were no within-basin differences in the biomagnification
slopes from upstream to downstream in this study, suggesting that the size of the lotic
system does not affect the trophic transfer of this metal. This differs to lentic systems that
show Hg biomagnification increases with area and is also related to aqueous phosphorous

(Kidd et al., 2012).

The overall slope values for each basin after pooling sites was significantly lower
in the extensive basin compared to the minimal and intensive basins, and this appears to

be driven by the higher MeHg concentrations in the lower trophic levels (CPOM, biofilm)
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of the extensive basin food webs that were not propagated up to sculpin. Inefficient
trophic transfer of MeHg can start at food sources to primary consumers due to
differences in dietary assimilation efficiencies (Jardine et al., 2013; Reinfelder et al.,
1998). Dampened Hg biomagnification has also been seen in several species of fish when
dietary Hg concentrations were high (DeForest et al., 2007). Overall, forest harvesting
intensity did affect biomagnification among basins and this seemed to be related to
greater uptake of MeHg in primary producers and the inefficient transfer of Hg from
lower to higher trophic levels.
4.5 Sculpin

THg in all sculpin ranged between 133-822 ng/g dw and was converted to wet
weight (ww) to give a range of 33.1-249 ug/kg ww. For female sculpin only it ranged
between 218-822 ng/g dw and was 58.4-249 pg/kg ww. These values compare to sculpin
collected across Ontario that had THg concentrations between 130-740 ng/g dw (Lescord
et al., 2018) and other small-bodied fish collected in New Brunswick with average THQadj
concentrations between ~404-707 ng/g dw across two years of sampling (Reinhart et al.,
2018) compared to the average THgagj in this study of 434 ng/g dw. The Tissue Residue
Guidelines to Protect Wildlife from Mercury Toxicity recommends animals should not
consume fish with mercury concentrations exceeding 33 pg/kg ww and all fish are above
this guideline. This indicates that animals that are sensitive to Hg, like Belted Kingfisher
(Lazorchak et al., 2003) that breed in northern New Brunswick, could be at risk for

mercury poisoning by consuming these fish and feeding their young high mercury fish.
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4.6 Autochthony

Some among-basin differences in autochthony were observed in this study,
suggesting that forest management can change carbon flow in riverine food webs. Diura
had overall higher autochthony in the minimal basin compared to the intensive basin,
which could be explained by the fact that Diura can also be facultative scrapers (Merritt
et al., 2008), however their §*°N values were not similar to scraper values. Diura may
also be consuming taxa, such as Baetidae, Epeorus, or Dolophilodes, that have higher
proportions of algae in their diets in the minimal basin compared to the other basins.
Sculpin had overall higher autochthony in the extensive basin compared to the minimal
basin, but because higher autochthony was not seen in their invertebrate prey the reason

for the overall spatial trends for this fish is unclear.

Mixing model results did not concur completely with similar data from these sites
collected in 2017 (Erdozain et al., 2021b). In 2017, overall basin autochthony was greater
in the minimal and the extensive basins compared to the intensive basin whereas in my
data there were no differences in overall basin autochthony. Also, in 2017, overall
autochthony increased from upstream to downstream in the minimal basin only but in my
study both the minimal and intensive basins increased longitudinally. Longitudinal trends
in autochthony for each taxon within the minimal basin also showed some differences
among years as autochthony increased in Baetis, Ephermerella, and Hydropsychidae in
2017, while only Diura and sculpin increased in 2018. The intensive and extensive basins
showed differences in spatial patterns when compared to the minimal basin in

Heptageniidae and Ephermerella in 2017 but this was not seen in 2018. Sculpin was the
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only taxa that showed the same pattern across years and basins, with autochthony
increasing longitudinally in the minimal basin compared to the intensive and extensive
basins, both of which did not show significant spatial trends. In future studies it may be
better to compare autochthony to harvesting variables rather than space. Autochthony
increases with decreasing forest cover related to logging and differences in autochthony
in filter-feeders and other taxa were better explained by forest management variables than

spatial differences (Erdozain et al., 2021b; Jonsson et al., 2018).

4.7 Limitations/Challenges

My thesis work was part of a larger study assessing the cumulative effects of
forestry on rivers that was designed to assess many abiotic and biotic endpoints across the
three basins (Erdozain et al., 2021a, 2021b). Biomass for invertebrates and biofilm was
limited because this study was designed to include more sites to increase spatial coverage
(n=6 sites/basin) and many sample types at each site, with the trade off there was less
time available to collect each sample type. Difficult access meant not all 6 sites were
along the same flow path but at least 2-3 were hydrologically connected and the most
downstream site in all basins received water from the 5 upstream sites. The minimal basin
was in a different ecoregion because it was the only one that could be found that had
lower harvesting relative to the intensive and extensive basins and was of a similar size.
In the future, follow up studies can be designed to increase sample sites and including
replicate treatment basins while focusing on sampling the indicators that showed spatial

responses in my study.
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4.8 Conclusions

This study examined the cumulative effects of forest management on water and
biotic Hg concentrations, the biomagnification of Hg in stream food webs, and the
reliance of biota on autochthonous food sources. The main findings were that: 1) the
extensive basin had overall higher MeHg concentrations in water, food sources, and
Hydropsychidae; 2) dissipative longitudinal trends for food source MeHg in the extensive
basin; 3) MeHg biomagnification was greatest in the extensive basin but not spatially at
any level; and 4) longitudinal trends in autochthony in sculpin and Diura differed with
harvesting. These results suggest that forest management did affect the cycling of Hg in
these systems, particularly for basal food sources at a basin scale, but that longitudinal
effects were not consistent. Most differences were seen in the extensive than the intensive
basin, implying that greater forest management (tree removal but also pesticide and
fertilizer use for regeneration) does not always mean there will be greater environmental
impacts. Few studies have examined how Hg levels vary from upstream to downstream
and whether this process is affected by forest management. As such, my thesis work
contributes new knowledge that mercury bioaccumulation at the base of the food web was
most affected by forestry and that those effects were not translated to higher trophic
levels. Future studies are recommended to collect more samples in replicate basins to
increase power for analysis and include a true reference basin with no harvesting if
possible. Sampling should focus on indicators that showed spatial differences with
harvesting, such as water, biofilm, CPOM, Hydropsychidae, Baetidae and sculpin.

Collecting abiotic samples such as DOM and DOC would also be useful to see if there is
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a correlation between carbon quality or concentration and biotic MeHg concentrations.
Finally, a comparison of the Hg results to harvesting variables like total harvest and clear
cut would help understand whether these factors better explain spatial trends than

drainage area.
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5.0 Supplementary Information

5. 1 Isotope data

5.1.1 Carbon, nitrogen, and hydrogen data

Table 5: Average isotopes values for biota and food sources for each stream site and

number of replicates per sample

dt3C 3N 3°H
Basin Site Sample mean + sd mean + sd mean + sd n
Extensive ~ NBE1 Agnetia -25.5 6.4 -229.5 1
NBE1 Baetidae -25.6 4.3 -241.8 1
NBE1 Biofilm -30.2 25 -246.3 1
NBE1 Ceratopsyche -27.0 55 -236.6 1
NBE1 CPOM -29.2 + 0.37 -09 + 026 -1373 =% 428 3
NBE1 Dolophilodes -26.1 5.2 -207.1 1
NBE1 Epeorus -28.0 4.1 -204.1 1
NBE1 FPOM 275 + 034 24 + 091 -126.0 =+ 256 3
NBE1 Glossosoma -27.3 3.7 -224.9 1
NBE1 Isogenoides -25.0 4.5 -206.3 1
NBE1 Paraleptophlebia -25.2 5.7 -182.8 1
NBE1 Pteronarcys -28.1 35 -173.8 1
NBE1 Sculpin -259 + 1.10 85 + 034 -2167 + 1094 10
NBE1 Sweltsa -26.0 6.6 -183.8 1
NBE2 Agnetia -29.1 53 -223.7 1
NBE2 Baetidae -29.6 4.0 -252.5 1
NBE2 Biofilm -32.7 3.3 -246.8 1
NBE2 Ceratopsyche -29.7 4.9 -221.2 1
NBE2 CPOM -293 + 0.58 -05 + 046 -1520 + 1051 3
NBE2 Dolophilodes -28.6 4.6 1
NBE2 Epeorus -32.3 3.3 -214.9 1
NBE2 FPOM -27.8 + 0.36 23 + 040 -1259 =+ 1383 3
NBE2 Glossosoma -28.2 34 -239.5 1
NBE2 Pteronarcys -27.8 2.3 -148.8 1
NBE2 Sculpin -286 + 0.66 78 + 040 -2068 =+ 1224 10
NBE2 Sweltsa -27.8 5.9 -188.8 1
NBE3 Baetidae -31.7 3.7 -243.8 1
NBE3 Biofilm -33.9 3.0 -249.2 1
NBE3 Ceratopsyche -29.0 49 -170.9 1
NBE3 CPOM -299 + 0.83 -1.6 + 051 -1406 =+ 463 3
NBE3 Diura -29.4 6.1 -185.3 1
NBE3 Dolophilodes -28.6 4.4 -169.0 1
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NBE3
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NBE4
NBE4
NBE4
NBE4
NBE4
NBE4
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBES
NBE6
NBE6
NBE6

FPOM
Glossosoma
Heptagenia
Paraleptophlebia
Pteronarcys
Sculpin
Sweltsa
Agnetia
Baetidae
Biofilm
Ceratopsyche
CPOM
Diura
Dolophilodes
Epeorus
FPOM
Glossosoma
Isogenoides
Paraleptophlebia
Pteronarcys
Sculpin
Sweltsa
Agnetia
Baetidae
Biofilm
Ceratopsyche
CPOM
Diura
Dolophilodes
Epeorus
FPOM
Glossosoma
Heptagenia
Macaffertium
Paraleptophlebia
Pteronarcys
Sculpin
Sweltsa
Baetidae
Biofilm
Ceratopsyche

-27.6
-30.0
-29.4
-28.3
-33.5
-28.1
-27.9
-26.8
-28.7
-34.2
-27.5
-29.4
-27.2
-27.4
-31.2
-27.9
-30.8
-27.2
-26.3
-28.5
-27.0
-26.4
-28.2
-29.7
-32.8
-28.6
-28.9
-28.0
-29.2
-32.4
-28.1
-30.5
-26.8
-26.6
-27.0
-29.0
-27.8
-26.8
-32.6
-34.3
-28.7

I+

I+

I+

I+

I+

I+

I+

I+

0.08

0.77

0.53

0.14

0.70

0.34

0.06

0.51
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4.3
4.1
3.0
7.4
6.1
7.4
5.0
3.3
7.5
0.7
7.1
5.8
4.3
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4.4
57
54
4.2
10.6
9.0
6.1
4.5
4.1
53
-0.8
6.7
4.6
4.1
2.2
3.4
4.7
4.0
4.6
2.6
8.1
7.1
54
4.8
5.8

I+

I+

I+

I+

I+

I+

I+

I+

0.20

0.27

0.34

0.31

0.34

0.64

0.74

0.40
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-245.8
-199.0
-166.3
-1935
-193.8
-173.2
-165.7
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-244.3
-208.5
-149.4
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-190.4
-210.7
-119.8
-257.9
-191.9
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-158.9
-200.3
-157.7
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-247.1
-244.8
-200.8
-146.2
-169.5
-185.8
-219.1
-1225
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-209.6
-208.3
-172.0
-151.4
-200.1
-172.3
-228.3
-247.0
-170.0

I+

I+

I+

I+

I+

I+

I+

I+
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7.14
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NBE6 CPOM -294 + 047 -14 £+ 023 -1503 = 897 3
NBE6 Diura -30.2 6.7 -177.5 1
NBE6 Dolophilodes -28.6 4.6 -145.0 1
NBE6 Epeorus -33.9 4.8 -211.2 1
NBE6 FPOM -280 + 0.20 16 + 083 -1234 + 1279 3
NBE6 Glossosoma -30.9 4.2 -236.5 1
NBE6 Paraleptophlebia -28.4 4.4 -151.7 1
NBE6 Pteronarcys -29.3 2.7 -151.3 1
NBE6 Sculpin -290 + 0.75 88 + 024 -2031 + 1040 6
NBE6 Sweltsa -27.9 6.9 -166.2 1
Intensive NBI1 Agnetia -30.6 4.8 -201.1 1
NBI1 Baetidae -31.6 2.8 -240.2 1
NBI1 Biofilm -335 1.1 -248.7 1
NBI1 Ceratopsyche -30.4 4.0 -217.5 1
NBI1 CPOM -286 + 0.60 -12 + 045 -1593 £ 348 3
NBI1 Dolophilodes -28.9 3.7 -186.7 1
NBI1 Epeorus -33.2 2.8 -215.3 1
NBI1 Ephemerella -30.5 19 -200.9 1
NBI1 FPOM -284 + 0.23 16 + 066 -129.7 + 1320 3
NBI1 Glossosoma -325 2.0 -224.0 1
NBI1 Isogenoides -30.2 3.8 -202.9 1
NBI1 Paraleptophlebia -28.8 0.46 4.1 113 -181.2 220 2
NBI1 Pteronarcys -30.7 24 -207.4 1
NBI1 Sculpin -296 + 051 72 + 043 -1981 + 9.48 10
NBI1 Sweltsa -29.0 52 -175.1 1
NBI1 Tipula -30.7 1.0 -173.3 1
NBI2 Baetidae -36.1 34 -229.4 1
NBI2 Biofilm -374 2.1 -247.7 1
NBI2 Ceratopsyche -31.3 4.7 -214.1 1
NBI2 CPOM -29.0 + 051 -1.0 + 039 -1373 £ 292 3
NBI2 Diura -31.1 5.0 -172.2 1
NBI2 Dolophilodes -29.5 3.6 -157.3 1
NBI2 Epeorus -36.3 25 -207.5 1
NBI2 FPOM -27.8 = 0.07 25 + 005 -1159 = 4.40 3
NBI2 Glossosoma -37.0 21 -222.2 1
NBI2 Heptagenia -31.1 2.7 -170.3 1
NBI2 Isogenoides -31.2 4.2 -174.8 1
NBI2 Macaffertium -32.0 2.8 -178.6 1
NBI2 Pteronarcys -28.2 21 -149.5 1
NBI2 Sculpin -312 + 0.69 67 + 053 -2019 + 1251 5
NBI2 Sweltsa -28.9 55 -170.5 1
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NBI3
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NBI3
NBI4
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NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI4
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5
NBI5

Baetidae
Biofilm
Ceratopsyche
CPOM

Diura
Dolophilodes
Ephemerella
FPOM
Glossosoma
Heptagenia

Paraleptophlebia

Sculpin
Sweltsa
Tipula
Baetidae
Biofilm
Ceratopsyche
CPOM
Dolophilodes
Ephemerella
FPOM
Glossosoma
Heptagenia
Isogenoides
Macaffertium
Pteronarcys
Sculpin
Sweltsa
Tipula
Baetidae
Biofilm
Ceratopsyche
CPOM
Dolophilodes
FPOM
Glossosoma
Heptagenia
Isogenoides
Macaffertium
Pteronarcys
Sculpin

-35.0
-38.1
-30.2
-29.6
-30.7
-29.3
-30.9
-28.6
-37.7
-32.2
-29.3
-30.8
-29.3
-28.7
-32.5
-36.7
-30.1
-28.6
-29.4
-29.5
-28.0
-36.3
-30.2
-31.1
-28.4
-30.0
-29.8
-28.5
-29.2
-31.3
-33.9
-30.1
-29.4
-30.0
-28.1
-335
-29.8
-30.3
-29.7
-28.2
-29.0

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.31

0.16

0.84
0.28

0.63

0.31

0.76

0.25

0.28

0.55
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3.6
2.2
4.1
-1.1
58
4.4
21
14
2.2
4.3
4.1
7.3
55
-1.2
2.8
21
3.3
-1.4
3.9
1.8
21
21
2.8
3.6
3.2
13
7.5
53
-0.4
29
2.8
3.9
-1.4
4.6
1.7
2.8
3.7
4.2
3.2
2.1
7.5

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.32

0.27

0.38
0.08

0.14

0.34

0.42

0.22

0.35

0.43

-242.3
-249.5
-162.6
-151.1
-172.5
-146.8
-174.4
-120.1
-232.8
-176.6
-152.2
-179.4
-157.9
-149.0
-260.2
-248.9
-207.1
-158.0
-180.6
-176.7
-127.4
-249.1
-196.9
-218.9
-196.7
-169.9
-197.6
-175.3
-157.6
-272.3
-249.3
-225.2
-150.5
-198.9
-145.0
-254.1
-190.5
-200.9
-229.1
-160.4
-201.6

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

8.05

9.50

11.13
0.59

7.90

13.18

8.75
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NBI5 Sweltsa -27.7 6.4 -172.1 1
NBI6 Biofilm -36.6 0.4 -252.4 1
NBI6 CPOM -28.7 + 0.89 -14 £ 024 -1481 9.24 3
NBI6 Diura -314 3.8 -165.3 1
NBI6 Dolophilodes -29.0 3.2 -172.1 1
NBI6 Epeorus -36.2 04 -2125 1
NBI6 Ephemerella -315 0.4 -151.0 1
NBI6 FPOM -280 + 021 20 + 037 -136.7 % 561 3
NBI6 Glossosoma -34.2 0.9 -188.0 1
NBI6 Parapysche -29.4 2.3 -150.8 1
NBI6 Sweltsa -27.5 4.3 -152.1 1
Minimally  NBR1 Agnetia -29.5 51 -186.9 1
NBR1 Baetidae -33.2 3.0 -267.9 1
NBR1 Biofilm -33.6 3.0 -251.2 1
NBR1 Ceratopsyche -30.2 4.0 -206.9 1
NBR1 CPOM -29.2 + 0.37 -09 + 023 -1594 =+ 262 3
NBR1 Diura -30.0 3.6 -206.8 1
NBR1 Dolophilodes -30.1 3.9 -194.7 1
NBR1 Epeorus -33.1 2.6 -225.6 1
NBR1 FPOM =277 += 0.25 22 + 052 -1221 + 758 3
NBR1 Pteronarcys -30.4 3.0 -215.5 1
NBR1 Sculpin -29.5 1.30 6.9 0.32 -199.8 1073 8
NBR2 Agnetia -33.6 5.0 -187.4 1
NBR2 Biofilm -40.6 1.2 -251.5 1
NBR2 Ceratopsyche -30.8 2.7 -218.6 1
NBR2 CPOM -285 + 0.62 -1.6 + 020 -165.0 = 6.64 3
NBR2 Dolophilodes -32.1 4.4 -195.7 1
NBR2 Epeorus -37.0 15 -205.3 1
NBR2 Ephemerella -31.7 1.8 -203.7 1
NBR2 FPOM -27.8 + 0.07 09 + 032 -1372 =+ 2456 3
NBR2 Glossosoma -40.2 1.2 -205.0 1
NBR2 Heptagenia -31.2 3.0 -170.1 1
NBR2 Paraleptophlebia  -30.7 35 1
NBR2 Pteronarcys -29.4 1.8 -194.5 1
NBR2 Sculpin -319 + 1.26 68 + 058 -1955 =+ 1034 10
NBR2 Sweltsa -28.2 55 -166.8 1
NBR3 Agnetia -32.9 4.4 -205.6 1
NBR3 Baetidae -35.9 2.0 -284.2 1
NBR3 Biofilm -36.4 2.0 -250.0 1
NBR3 Ceratopsyche -32.2 3.3 -217.6 1
NBR3 CPOM -29.3 = 045 -14 £+ 017 -1581 + 2.30 3
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NBR5
NBR5
NBR5
NBRG6
NBRG6
NBRG6
NBRG6
NBRG6
NBRG6
NBRG6
NBRG6
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5.1.2 Isotope biplots (6N vs 62C and 5*N vs §°H)
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Figure 14: Isotope biplots for food webs of each six sites within the three basins showing
either A-C) 8N vs 83C or D-F) 8'°N vs §2H. Basins are ordered with the minimally
managed basin first (NBR), followed by the extensively managed (NBE), then the
intensively managed (NBI). Sites are ordered from most upstream from top left to right.

5.2 THg, MeHg and %MeHg in Sculpin
MeHg in a subset of male and female sculpin (n=5-8/basin) ranged from 167 to

588 ng/g dw and % MeHg ranged from 68% to 85% (Figure 15). MeHg measurements in

sculpin did not show any significant differences among basins (p=0.51-0.90).
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Figure 15: Boxplots showing the differences in different metrics of Hg in slimy sculpin
sampled in 2018 in three basins in northern New Brunswick, Canada with varying forest
management intensity (5-6 sites/basin). A) shows the differences unadjusted female fish
(n=80) among basins. B) shows the difference in MeHg in a subset of sculpin run for
MeHg and THg (n=19). C) shows the difference in %MeHg calculated by dividing
MeHg by THg in the 19 fish. Colours represent different basins, green is the minimal
basin (NBR), light blue is the extensive basin (NBE), and dark blue is the intensive basin
(NBI).
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5.3 Mercury entering the food web by proxy with intercept
5.3.1 Intercept comparison of stream sites within basin

Table 6: Intercepts values for each site (n=18) in order of upstream to downstream
separated by basin calculated from logi0Hg=8'°N+Basin. Sites were located in northern
New Brunswick, Canada in 2018.

Intercepts

Site Minimal Extensive Intensive
upstream 0.0414  0.467 NA

2"d smallest 0.291 0.474 0.272

3 smallest 0.293 0.123 0.321

4" smallest  0.279 0.425 0.184
2" largest  0.139 -0.0025 0.353
downstream 0.223 0.18 0.362

Table 7: Output from the ANCOVA analysis to test for differences in intercept of MeHg,
or THg, within three basins in northern New Brunswick, Canada in 2018 (6 sites/basin). p
values for the terms are included for the main effect terms, 5*°N and Site calculated from

log10Hg=8"N+Site. Significant p values (p<0.05) are bolded.

p 5©°N p Site
Minimal <0.001 0.330
Extensive <0.001 <0.001
Intensive <0.001 0.479

There were significant differences in the intercepts within the extensively
harvested basin, while the minimal and intensive basin intercepts did not differ (Table 7).
In the extensive basin, the second largest stream had an intercept smaller than three of the
four intercepts upstream (the third smallest not being greater) that suggests that more
MeHg is entering the food web in upstream sites than one of the downstream sites

(p=0.009-0.025).
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5.3.2 Intercept values vs drainage area
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Figure 16: Longitudinal comparison of the intercepts generated from a trophic
magnification regression within three basins experiencing different levels of forest
management in northern New Brunswick, Canada. The data for each basin is pooled from
six sites within each respective basin. Equation of the line and coefficient of
determination are shown in each panel. The equation and line are coloured by basin with
the minimal basin in green (NBR), extensive basin in light blue (NBE) and intensive
basin in dark blue (NBI)

A comparison in overall basin trends and changes in intercept longitudinally can
be done by looking at the relationship between intercept and drainage area. An ANCOVA
was run that tested Intercept= log10(Area)*Basin and there was a significant interaction
between area and basin. The extensive and intensive basins were significantly different to
each other with the extensive basin having a significant decrease in intercept value with
increasing area while it was the opposite in the intensive basin. It is important to note that
the R? values for the minimal, extensive and intensive basins (R?>= 0.1, R?>= 0.11, and
R2=0.45, respectively) indicates that less than 50% of the variability is explained by this

model so some caution is needed when interpreting these results.
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5.4 Autochthony

Table 8: ANCOVA for Autochthony= log10(Drainage Area)*Taxon+ log10(Drainage
Area)+Taxon of data pooled from all taxa for basin. P values are included for the
Drainage Area and the interaction between Drainage Area and Taxon, values bolded for
p<0.05.

Within Basin!
Logio Drainage Area  Taxon  Logio Drainage Area*Taxon
Minimal 0.014 <0.001 0.529
Extensive 0.169 <0.001 0.681
Intensive 0.002 <0.001 0.633
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Figure 17: Boxplots showing the dietary contribution of algae (in proportion) to the diets
of 16 different benthic macro invertebrate taxa and sculpin separated into three FFG
categories: shredders/scrapers, collector-gatherer/collector-filterer, and predator from 12
streams within 3 basins that experience different levels of forest management (northern
New Brunswick, Canada). Algal contributions were calculated from a Bayesian 2-isotope
mixing model (§°H and §*3C) with MixSIAR and the line in the middle of the box is the
median algae diet proportion calculated from MixSIAR, the upper and lower hinges
match the upper and lower quartiles of the probability distribution around the diet
proportion and the whiskers are 5" and 95" percentile of the probability distributions.
Green boxes are the minimal basin (NBR), light blue the extensive basin (NBE) and dark
blue the intensive basin (NBI).
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