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Abstract
Individual fish and fish populations can have varied responses to land use activities
from forest operations. Road building, tree removal and silviculture are components of
forest operations and can collectively have cumulative impacts on fish. Natural
confounding factors like parasite outbreaks can also be an additional stressor on fish. Fish
in watersheds with three different forest management regimes (intensive, extensive and
minimal) were evaluated at increasing drainage areas. Brook Trout and Slimy Sculpin
condition and relative density were not different between treatment groups. For Brook
Trout, relative density was more likely related to instream habitat. The ectoparasite
Salmincola edwardsii was observed on several Brook Trout in two watersheds. Higher
parasite intensities were significantly associated with hyperplastic skin lesions on
epidermal tissues. Fish may be resilient to forest operations; however, Brook Trout may
be more susceptible to adverse effects when carrying high parasite loads.
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Chapter 1: General Introduction
1.1 Background Information
1.1.1 Forestry in Canada/New Brunswick
Forests in Canada cover 347 million hectares of land, producing 47 billion cubic
meters of wood products annually (Natural Resources Canada (NRCan), 2017). Canada’s
forest operations are a multi-billion-dollar industry, employing hundreds of thousands of
people across various sectors from coast to coast and contributing over 23 billion dollars
to the nation’s Gross Domestic Product (GDP) (NRCan, 2017). The importance of forests
in Canada for jobs, wood products and non-timber-forest-products (NTFP’s) have resulted
in an increased demand for research in support of improved forest management. Ninety
percent of forested land is publicly owned, so potential forest operations must be
approved by provincial or territorial governments (NRCan, 2017). Public involvement in
land management proposals represents a change in paradigm from the 1980’s where
traditional ‘cut and run’ forestry (Swift, 1983) was replaced by ecosystem-based
management with a focus on environmental stewardship and the recognition of NTFP’s
(Messier et al., 2013) to better conserve and protect ecosystems. Best management
practices (BMP’s) of forest operations evolved to include riparian buffers around streams,
habitat corridors and refuge for terrestrial organisms, and machine-free zones in delicate
ecosystems (i.e., wetlands and riparian areas) (Broadmeadow and Nisbet, 2004; Ice et al.,
2010).
Northern New Brunswick has large forested areas and many forestry operations.
The forest industry is an important employer in the province and contributor to both local
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and provincial economies (NRCan, 2017). New Brunswick is part of the Atlantic Maritime
ecozone, which is divided into three ecoregions (boreal, great lakes and acadian)
characterized by predominantly mixed wood forests. Forest lands are divided among four
separate ownership groups: crown land (public ownership), private woodlots, federal
government lands (i.e., parks and research forests), and industrial freehold, or lands
owned by the private sector (Martin, 2003). Forest operations on Crown land are
described as an “extensive” management regime consisting of both harvest and
silviculture prescriptions. Forest harvesting is predominantly machine-felled clearcutting
of limited cut block size (<1 km2) with buffer zones along several landscape features that
include water courses, important wildlife and other recreational areas, and with
additional guidelines for stream crossings (New Brunswick Department of Natural
Resources - NB DNR, 2014). Silviculture practices include artificial regeneration, herbicide
use, and commercial thinning (NB DNR, 2014). Private woodlots have been traditionally
managed for fuel wood or timber and harvested using selective techniques (Wilson,
2009). J.D. Irving, Limited (JDI) operates one of the most intensively managed forests in
Canada, the Black Brook Forest District (industrial freehold land), comprising 1,890 km2
of privately-owned forest with >600 km2 of softwood plantations and >490 km2 of
selectively-harvested hardwood stands (Etheridge et al., 2006; Amos-Binks et al., 2010).
Most forest harvesting adheres to provincial standards, however, cut blocks may exceed
1 km2 as a result of salvage logging (disease or fire) or a minimum of 10-years between
first and second cuts (NB DNR, 2014). ‘Intensive’ operations on JDI land is defined as 40-
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50 year rotations of softwood plantations with 2-3 commercial thinning’s, herbicide and
pesticide use, as well as protection from fire, e.g., fire suppression (Etheridge et al., 2006).
In recent years there has been a change in management philosophy toward
prescribing selective, shelterwood and variable retention harvests on Crown and
industrial freehold land to emulate natural disturbance regimes (Wilson, 2009). Selective
harvests target specific trees or groups of trees and to improve the stand composition.
Shelterwood harvesting uniformly reduces stand basal area (area occupied with a crosssection of tree trunks and stems at their base) and crown closure to release desired
regeneration species composition (NB DNR, 2014). Variable retention keeps individual
trees or groups of trees to maintain forest species diversity and connectivity to adjacent
cutblocks, by limiting the area harvested to half of the allowable cutblock size (< 0.5 km2;
Harkema and Scott, 2002).

1.1.2 Forest Harvest Effects on Stream Ecosystems
Aquatic ecosystems in forested watersheds are influenced by geological, climatic,
and forest processes that are connected through hydrologic regimes that, in turn,
influence water quality, stream conditions, and food webs (Northcote and Hartman,
2004). Forest harvesting can alter the complex physical, chemical and biological processes
within rivers through tree removal, road construction and maintenance, and ground
disturbance, with the severity and duration of effects determined by the harvest type,
intensity, relative harvest area, road density, soil conditions and proximity of the harvest
to water, among other factors (reviewed in Kreutzweiser et al., 2013; Webster et al.,
2015).
3

Forest operations have been the subject of numerous aquatic impact assessments
and results have shown variable responses to harvest, dependent on location,
topography, climate, among other factors (Northcote and Hartman 2004). Forest
operations can influence instream processes.

both directly and indirectly through

riparian harvesting (Richardson and Danehy, 2007) or changes to hydrologic flow
pathways from upland harvesting and are dependent on geologic and climatic conditions
(Moore and Wondzell, 2005; O’Sullivan et al., 2019). Tree removal creates warmer soil
conditions, facilitating higher levels of microbial activity and nutrient cycling and export
to receiving waters (Kreutzweiser et al., 2013). Increased direct solar radiation and
resultant stream warming may stimulate primary production, nutrient cycling, and
decomposition rates, enhancing benthic macroinvertebrate production and available
forage to higher trophic levels (Kreutzweiser et al., 2008; Kreutzweiser et al., 2013).
However, fine sediment transport and deposition can affect the quantity and species
composition of stream invertebrates (Kreutzweiser et al., 2013; Webster et al., 2015).
These potential changes in benthic communities and instream aquatic conditions may
affect higher trophic levels, e.g., fish (Gomi et al., 2002; Wipfli et al., 2007; Wootton,
2012). Also, harvest practices can influence the quantity and supply of woody debris to
headwaters which may adversely affect flow regimes, bank stability, instream storage
capacity and quantity and quality of aquatic habitat (Bilby and Bisson, 1992). Forestry
BMPs, such as reserves or buffers (i.e., Broadmeadow and Nisbet, 2004), have been
relatively effective in mitigating severe effects on headwater ecosystems (Ice et al., 2010),
however, measurable effects may persist in both local and downstream environments.
4

1.1.3 Headwater Streams and Watershed Management
Headwater streams can drain 70-80% of the total drainage area (Sidle et al., 2000;
Meyer and Wallace, 2001), so their ability to influence downstream aquatic habitats is
important to consider when planning land-use activities (Gomi et al., 2002; Wipfli et al.,
2007). Headwater streams can be seasonal, intermittent or continuous, but are persistent
features on the terrain where surface run-off or groundwater seeps form channelized
paths with distinct banks (Dietrich and Dunne, 1993) and are most simply defined as low
order streams (1st to 3rd; Strahler Method) or catchments under 10 km2 (MacDonald and
Coe, 2007). Drainage area is where precipitation collects and drains to a common outlet
(e.g. streams) via surface or subsurface flow pathways (Moore and Wondzell, 2005).
Headwater streams are dominated by allochthonous inputs of coarse particulate organic
matter (CPOM) that are colonized by fungi, bacteria, and stream invertebrates, which
decompose or break down the organic matter and make it available as fine particulate
organic matter (FPOM; Hynes, 1975; Bisson and Bilby 1998). Stream invertebrates in
headwater streams are generally dominated by the functional group “shredders” and
convert CPOM into FPOM for other stream invertebrates and organisms or is mobilized
and transported downstream to different food webs (Vannote et al., 1980). Terrestrial
invertebrates supplement this energy production during summer months when aquatic
invertebrate production is low (Utz and Hartman, 2007).
A landscape-level study recognizes the link between upstream and downstream
reaches (Fausch et al., 2002), and that observations are an accumulation of watershedscale processes and land-use activities (Allan, 2004; Johnson and Host, 2010). As streams
5

increase in size longitudinally from headwaters to mainstem reaches, allocthonous inputs
become less important to energy production and autochthonous energy increases as the
forest canopy becomes less dense and solar radiation may increase stream temperature
(Moore and Wondzell, 2005) and primary production (Vannote et al., 1980; Wootton,
2012). Stream invertebrate species composition is altered as the need for shredders to
break down organic material is reduced, and the functional group “grazers” begin to
dominate as algae on substrate is increased (Vannote et al., 1980).
Flow regimes, sediment fluxes, organic matter and temperature can potentially be
affected by forest operations in headwater stream and propagated downstream to
mainstem reaches (reviewed in MacDonald and Coe, 2007). The buffering capacity of
large streams through structure, morphology and floodplains, potentially mitigates any
effects of forest harvest to stream flow from headwater streams (Moore and Wondzell,
2005). Debris flows in headwater streams are generally deposited in streams that are
third order or higher or gradients as low as 3% (Benda et al., 2005). Temperature changes
in headwater streams as a result of forest harvest can be mitigated in streams draining
6.7 km2 catchments (Bladon et al., 2017). The largest changes to stream invertebrate
community occurred in small catchments (<5 km2) with > 40% of forested harvested, in a
progressive forest harvest study with catchments up to 23 km2 in size (Reid et al., 2010).
There remains a research need to evaluate the potential downstream effects of forest
operations on stream organisms (De Groot et al., 2007; Wipfli et al., 2007). Streamdwelling fish like Brook Trout (Salvelinus fontinalis) in north eastern, North America,
utilize both headwater and mainstem reaches during distinct life-history periods (Petty et
6

al., 2005; 2012). Watershed-scale management recognizes the potential for downstream
effects and the importance of different habitat types during the life of individual Brook
Trout (Petty et al., 2005).

1.1.4 Cumulative Forest Harvest Effects on Stream Fish
Effects of forest harvesting on stream fish are quite variable and site-specific and
are dependent on many complex processes. Forest harvesting and road building affect
soil compaction rates, solar radiation, flow routing and water quality of receiving waters,
which can degrade fish habitat through increased suspended and deposited sediments
and higher water temperatures (Moring and Lantz, 1975; Waters, 1995). Forest harvest
can increase the volume of water held in a landscape and thus provide more water to
streams (Smerdon et al., 2009). Increased sediment loads can indirectly affect fish
through impacts on prey, by altering invertebrate prey abundance (Everest et al., 1987)
and causing gill abrasion (Waters, 1995). Sediments can also decrease forage detection
(Sweka and Hartman, 2011), infill salmonid spawning gravel, and decrease the quantity
and quality of habitat for fish (Kiffney et al., 2003). Forestry effects on stream
temperatures may affect metabolic rates and foraging efficiencies of stenothermic fish,
and temperatures outside of species thermal tolerance can cause stress, dispersal, and in
severe conditions, mortality (Pépino et al., 2015). However, headwater streams in
temperate North America tend to be nutrient poor, with low prey abundances (Nislow
and Lowe, 2003; Petty et al., 2012), thus increases in stream productivity from forest
operations may benefit populations in low nutrient environments (Boss and Richardson,
2002).
7

Multiple, individual impacts that accumulate in a flowing water ecosystem can
collectively create cumulative impacts and effects on downstream ecosystems. Many
forestry impact assessments on aquatic ecosystems evaluate discrete harvest events and
rarely evaluate successive harvest regimes (Reid et al., 2010). The most severe effects of
forest operations often occur in headwater reaches immediately following harvest (Curry
et al., 2002; Gomi et al., 2002), however, there is the potential for long-term (Tschaplinski
and Pike, 2017) and downstream effects (Gomi et al., 2002; Wipfli et al., 2007), which may
be missed by short-term environmental assessments (De Groot et al., 2007). Streamdwelling fish populations have variable responses to cumulative forest operations in
conjunction with other land-use activities, however, there are different ways to classify
disturbance (e.g. % of watershed harvested or years since harvest event; Nislow and
Lowe, 2003, Scrimgeour et al., 2008), as well as, measures to evaluate fish responses (e.g.
condition, density; Nislow and Lowe, 2003; Hemstad and Newman, 2006; De Groot et al.,
2007; Bateman et al., 2016). Brook Trout density and biomass assessed in a harvested
watershed of New England were negatively related to years since forest harvest (Nislow
and Lowe, 2003). Bull Trout (Salvelinus confluentus) and Slimy Sculpin (Cottus cognatus)
presence in streams of west-central, Alberta, were negatively related to the percent
disturbance of both forest harvest and oil and gas exploration and extraction (Scrimgeour
et al., 2008). Lower quality fish assemblages and aquatic habitats in Minnesota, USA, were
negatively related to forest harvest (0-8 years in age; Hemstad and Newman, 2006).
However other studies have shown trout density and condition were no different pre- or
post-harvest in two Before After Control Impact (BACI) studies in the Pacific Northwest
8

(De Groot et al., 2007; Bateman et al., 2016). Year to year variability of fish and habitat
metrics may limit the observed effects of both anthropogenic and natural disturbance
regimes (Hemstad et al., 2008; Hilderbrand and Kazyak, 2017). Forest harvest can have
variable effects on stream fish depending on (i) climatic variability, (ii) underlying geologic
and geomorphic, (iii) how the disturbance is characterized (i.e. percent harvest, years
since harvest), and (iv) the method for evaluating (i.e. density, presence/absence).

1.1.5 Assessment of Stress Response in Fish
In headwater streams of eastern New Brunswick, Canada, Brook Trout and Slimy
Sculpin can commonly be found together and are known to respond to a range of
environmental stressors, making them suitable species for biomonitoring (Nislow and
Lowe, 2003, Smedley et al., 2011; Gray et al., 2018).
Brook Trout are native to lacustrine and fluvial environments of Eastern North
America and have been used to evaluate the effects of forest operations (Curry et al.,
2002; Nislow and Lowe, 2003). Brook Trout are cold water stenotherms, (thermal
tolerance 10- 19°C; Hartman and Cox, 2008), that inhabit both small headwater streams
and larger mainstem reaches during different periods of their life history (Petty et al.,
2005; 2014). Small headwater streams are important for reproduction and rearing of
juveniles, adults can either remain in their natal streams or migrate to larger more
productive mainstem reaches where growth potential is higher (Petty et al., 2014;
Huntsman et al., 2014). Brook Trout are generalist foragers; however, they select for
energetically higher terrestrial prey when available (Utz and Hartman, 2007). Brook trout
density tends to decrease with stream size, likely due in part to a lack of movement from
9

natal stream reaches (Petty et al., 2005) and decreased or heterogenous habitat quantity
(Huntsman et al., 2014; Petty et al., 2014). Increased temperature regimes, sedimentation
and habitat loss, often a result from forest operations are most likely to influence
salmonid health and populations (Northcote and Hartman, 2004). Year to year and
seasonal differences in Brook Trout densities may confound any observed impact
response, as local populations fluctuate in response to thermal regimes, habitat and
forage availability and potential spawners may move to smaller streams to spawn
(Hilderbrand and Kazyak, 2017).
Slimy Sculpin are native to much of North America, from the central United States
to the Arctic (Scott and Crossman, 1973). They can be used in environmental assessments
because of their high abundance throughout many systems, small home ranges, and lack
of fishing pressure (e.g., Gray and Munkittrick, 2005; Barrett et al., 2015, Gray et al.,
2018). Slimy Sculpin are cold water stenotherms (thermal tolerance 11-19°C; Lyons, 1990,
that inhabit fluvial channels with abundant, unembedded cobble substrate to complete
their life cycle (Haro and Brusven, 1994). Slimy Sculpin feed primarily on benthic
invertebrates within the substrate but can feed on invertebrate drift as well (Van Vliet,
1964). They respond to changes in environmental conditions with changes in energy
storage, which can be evaluated through weight-length relationships (Gray et al., 2018).
Measurements of fish health can be used as biomonitoring tools to assess the
response to anthropogenic stressors (Anderson and Neumann, 1996; Blackwell et al.,
2000). Fish condition (weight-length relationship) is a common measurement of
individual fish health (Gerow et al., 2004; 2005). Decreases in the slope or intercept of
10

weight-length relationships are perceived as decreases in growth as a result of depleted
energy reserves, which may suggest changes in feeding or behaviour in response to an
environmental stressor (Gerow et al., 2004; 2005). Forestry impact assessments
evaluating changes in condition pre- and post-harvest regime of stream-dwelling
salmonids, found no difference between treatment groups (De Groot et al., 2007;
Bateman et al., 2016). Condition measures for small-stream salmonids tend to be quite
variable (Anderson and Neumann, 1996), so density and biomass measures can also be
used (Nislow and Lowe, 2003; Hilderbrand and Kazyak, 2017). Slimy Sculpin condition
measures have been assessed for many industrial activities (e.g., Gray and Munkittrick,
2005; Scrimgeour et al., 2008), however assessments are limited with regards to forest
harvest impacts (Edwards and Cunjak, 2007; Scrimgeour et al., 2008).
Fish population assessments of relative density can also be used to monitor
responses to environmental stressors, as it assumes that degradation of environmental
conditions will result in individuals migrating to more suitable habitat (Everest et al., 1987;
Scrivener and Brownlee, 1989). Density is often favoured over biomass measures as it and
has less year-to-year variability and is less impacted by reproduction or season
(Hilderbrand and Kazyak, 2017). Fish-forestry studies have observed decreases in
salmonid density from excessive sedimentation (Scrivener and Brownlee, 1981) and
increased temperature (Pépino et al., 2015); increases in abundance from increased
productivity (Boss and Richardson, 2002) and growth due to early fry emergence
(Scrivener and Anderson, 1984); or no effect from logging (De Groot et al., 2007, Bateman
et al., 2016). Slimy Sculpin have not been assessed as rigorously in forestry impact
11

assessments, however, their occurrence in industrial landscapes is similar to that of
salmonids, with decreases in occurrence with increased percent of forest harvest and
industrial land-use (Scrimgeour et al., 2008).

1.1.6 Ectoparasitic copepods: Salmincola edwardsii
During preliminary fish community surveys, the ectoparasitic copepod Salmincola
spp. was observed on Brook Trout in both the Restigouche (intensive) and Quisibis
(extensive) watersheds (absent from the Charlo (minimal) watershed). Salmincola spp. is
an ectoparasitic copepod that infects fish in the family Salmonidae, including salmon,
trout, char, whitefish and grayling (Scott and Crossman, 1973) and is endemic to many
watersheds where salmonids are found (Kabata, 1969). Salmincola edwardsii infects the
char family and is seemingly very host-specific, selecting for only Brook Trout in the
presence of other salmonids (Fryer 1981; Conley 1994; Amundsen et al., 1997; Mitro
2016). It is an obligate parasite that completes its entire life cycle (six separate stages;
one free-swimming copepodid, four chalimus stages and one adult stage) on a single host
(Kabata, 1969; Kabata and Cousens, 1973). The free-swimming copepodid is either
encountered in the water column during host swimming or contracted through host gill
ventilation, where they attach to solid subdermal tissue of fin rays, gill filaments, muscle
or bone (Kabata and Cousens, 1973). Rate of development of parasite life stages is
temperature dependent, with higher water temperatures resulting in faster parasite
growth and development (Conley and Curtis, 1993; 1994; Vigil et al., 2016).
Salmincola spp. infection prevalence (% of infected fish per site) and intensity
(number of parasites per infected fish) is similar to many other host-parasite interactions,
12

in that a few fish harbour the majority of parasites and most of the population carries few
or none (Poulin et al., 1991a; Ferguson et al., 2011). S. edwardsii can infect up to 100% of
Brook Trout within a sample population with infection intensity ranging from 1-50+ per
fish (Black, 1982; Mitro, 2016). Mitro and Griffon 2018, surveyed 282 streams in
Wisconsin, USA, between 2013 and 2017 and observed adult female S. edwardsii
copepods in 79% of the streams with prevalence ranging from 0.4 – 100% and 34% of fish
having >= 15 copepods per fish. Intensity has been observed to be influenced by host size,
with larger individuals carrying larger numbers than smaller ones (e.g. Poulin et al., 1991a;
Barndt and Stone, 2003; Hargis et al., 2014)
Salmincola spp. is a “gill louse” by definition, however, in addition to the branchial
cavity attaches to epidermal tissues including the operculum, fin rays and fin bases
(Kabata and Cousens, 1973). Copepods tend to establish on the gills of larger hosts (e.g.
Black, 1982; >300mm fork length), but competition for space can shift their establishment
to external sites (e.g., Kabata and Cousens, 1977). Larger, older trout are expected to
carry more parasites as they have larger surface areas for attachment, ventilate greater
volumes of water, use more habitats (Poulin et al., 1991a) and have had longer time to
acquire infection (Bowen and Stedman 1990; Hargis et al., 2014). Parasites infecting
smaller trout tend to be found in the adipose region at low intensities and in the dorsal
region at higher intensities (Black et al., 1983); however, other external locations are also
common (Kabata and Cousens, 1977; Conley and Curtis, 1993). Kabata and Cousens
(1977) observed 68.8% of parasite attachment on fry occurring on the fins or fin bases,
and 24.9% on epidermal tissues. Gill infection may also depend on the habitat type the
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host is living in, as S. californiensis was found primarily on the gills of salmonids in
lacustrine reservoirs and primarily on their fins in streams within the same watershed
(Monzyk et al., 2015). S. californiensis observed on Sockeye Salmon (Onchorhinchus
nerka) in a lake had 88% gill attachment (Chigbu, 2001) and Rainbow Trout (Oncorhynchus
mykiss) at a trout farm had 83% gill attachment (Sutherland and Wittrock, 1985). Higher
stream velocity might have the potential to flush parasites from the gills and reduce
efficiency of establishment in the branchial cavity (Fasten, 1921; Friend, 1941).
Infections of Salmincola spp. can have both immediate and delayed negative
effects on life history characteristics (Kabata and Cousens, 1973; 1977). Infections may
reduce efficiency of host oxygen uptake, retard growth, reduce fecundity, limit
reproductive success, delay sexual maturity (Gall et al., 1972; Sutherland and Wittrock,
1985; McGladdery and Johnston, 1988) and reduce tolerance to other environmental
stressors (Vaughan and Coble, 1975; Marcogliese, 2001). Infected fish may exhibit
jumping or rubbing behaviour, perceived as an effort to remove parasites from irritated
surfaces (Poulin et al., 1991b). Impaired swimming performance was observed in both
naturally and lab infected Chinook Salmon (Oncorhynchus tshawytscha) with S.
californiensis, where intensity of infection and degree of gill damage was positively
related to reduced swimming ability (Herron et al., 2018). Direct mortality as a result of
Salmincola spp. infections are assumed to be low, however, severe gill damage in times
of oxygen or temperature stress (Kabata and Cousens, 1973) and increased swimming
demands (Herron et al., 2018) may have consequences on individuals. Changes in
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behaviour of infected fish has made them more susceptible to further infection by
Salmincola spp., as observed in laboratory experiments (Poulin et al., 1991b).
Past research in other regions primarily investigated the impacts of the parasite
on fish in laboratory and aquaculture environments (e.g., Conley and Curtis, 1993; 1994)
whereas the potential effects on wild salmonids are not as well studied. Any observations
are noteworthy considering they are potentially pathogenic and may pose additional
stress to cold-water fish in the future (Ruiz et al., 2017).

1.2 Research Significance
1.2.1 Cumulative Forest Harvest Effects on Fish
The effects of forest harvesting on headwater streams has been the focus of many
forestry impact assessments (e.g., Gomi et al., 2002; De Groot et al., 2007; Bateman et
al., 2016); however, cumulative forest harvest over time and space and the downstream
effects of harvesting are not well understood (Gomi et al., 2002; Wipfli et al., 2007; Reid
et al., 2010). Brook Trout of north eastern Canada may require multiple habitat types
found in different sized rivers to complete their life cycle (Petty et al., 2005; 2012), so
evaluating forestry impacts at an increasing drainage areas allows for an examination of
the effects of forest operations at a landscape scale. Slimy Sculpin are effective
biomonitoring species (e.g. Gray et al., 2018), however, have not commonly been used to
evaluate the effects of forest operations. Assessing potential stressors of forest
operations on individual health and populations of both Brook Trout and Slimy Sculpin,
allows for evaluation of fisheries response to different trophic level feeders.
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Evaluating cumulative forest operations recognizes that past and present
disturbances may have potentially additive effects on stream organisms. Observing
differences in operation intensity of industrial free-hold land (intensive), crown land
(extensive) and primarily private woodlots (minimally-managed) at the watershed scale
allows for the assessment of forest operations across broad spatial scales and to evaluate
different forest management types in New Brunswick. Such watershed-scale studies are
necessary to advance our knowledge of forested stream ecology and better understand
the effects of forest operations on stream fish.

1.2.2 Salmincola edwardsii
There is very little primary literature regarding Salmincola edwardsii infections on
Brook Trout in New Brunswick streams (Chiasson, 2018). Research regarding relationships
between wild salmonids and Salmincola spp. has increased in recent years due to
observations of higher parasite prevalence (Mitro, 2016) and new observations of these
parasites in previously undocumented water bodies (e.g., Hargis et al., 2014; Chiasson,
2018). Increased documentation of wild salmonids is important to monitor trends in
parasite prevalence, infection intensity and distribution. Given the potentially pathogenic
effects that Salmincola spp. may have on their hosts, any observations are noteworthy
(Ruiz et al., 2017). This study provides the first assessment in northern New Brunswick of
the host-parasite relationship between Brook Trout and Salmincola edwardsii.

1.3 Objectives and Hypotheses
This research project investigates how fish condition and abundance compares
within different forest harvest regimes (minimal, extensive and intensive), across a
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gradient in drainage areas. The objectives of Chapter 2 were: 1) to assess the variation in
abiotic variables across a gradient in drainage areas between treatments; 2) to evaluate
abundance and body condition (weight-length) of fish across the gradient and between
treatments; and 3) relate relative abundance measures to variability in abiotic variables.
Table 1.1 identifies hypotheses and associated predictions associated with research
question 1.
A secondary research question was formulated to assess the prevalence (number
of infected fish per sample site), intensity (number adult female copepods per infected
fish) and sites of attachment of the ectoparasite Salmincola spp. on Brook Trout in the
same managed landscapes (the parasite was not present on fish in the minimal (Charlo)
watershed). The objectives of Chapter 3 were: 1) to enumerate and characterize the
attachment location of adult female copepods on Brook Trout, 2) to evaluate whether
parasite prevalence or intensity of infestation can be related by landscape variables of
forest harvest and drainage area, and 3) genetically identify the species of parasite. Table
1.1 identifies the hypotheses and predictions associated with research question 2.

1.4 Thesis Structure
This thesis includes a general introduction (Chapter 1), two research project
chapters (Chapters 2 and 3) and one general discussion chapter (Chapter 4). Chapter 2
addresses the following question: How do fish condition and abundance change with
increasing catchment size within different forest harvest regimes (minimal, extensive, and
intensive)? Chapter 3 assesses the prevalence, intensity and health effects of the
ectoparasite Salmincola edwardsii on Brook Trout within the Quisibis (extensive) and
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Restigouche (intensive) watersheds. The two data chapters are written in manuscript
format, and thus there will be repetition in the introduction and methods. Chapter 3 has
been accepted for publication in the Journal of Aquatic Animal Health. The research
project chapters are followed by a general discussion on the management implications of
key results and suggestions for future research.
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Table 3.1 Outline of hypotheses and predictions for both data Chapter 2 and 3.
Chapter
Hypotheses and Predictions
Chapter 2: Downstream
• Forest harvest can increase flow, water
effects of cumulative forest
temperature and sediment and decrease the
operations on fish health and
amount of woody material entering streams,
populations.
among other factors. This can reduce the
quantity and quality of habitat available to fish
and influence local fish densities and health.
o Fish condition and density would be
negatively related to sediment levels,
temperatures, or relative intensity and
percentage of forest harvest within the
watershed.
• Small headwater streams support high
abundances of Brook Trout because of lower
water temperatures and abundant habitat.
Slimy Sculpin are more common in larger,
lower gradient mainstem reaches with cobble
habitat.
o Brook Trout abundance will decrease
along a gradient of drainage areas from
headwaters to larger streams, while
Slimy Sculpin will follow an inverse
trend.
Chapter 3: investigating the
• Large trout have higher surface areas for
prevalence, intensity and
attachment and ventilate more water,
attachment location of an
potentially increasing exposure to parasite
ectoparasite on Brook Trout.
infection.
o The ectoparasite, S. edwardsii, would
have higher prevalence and intensity on
larger trout.
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Chapter 2 – Effects of cumulative forest harvest intensities on fish
health and populations at increasing drainage areas
2.1 Abstract
Effects of forest harvesting on headwater aquatic ecosystems are well studied in
North America, however the cumulative downstream effects are not well understood.
Northern New Brunswick is an area of widespread forest operations, with the potential
for past and present forest management to have effects on receiving waters. The effects
of cumulative disturbances on individual fish health and population measures of post
young-of-the-year Brook Trout (Salvelinus fontinalis) and Slimy Sculpin (Cottus cognatus)
were assessed at increasing drainage areas, in watersheds with varying degrees of forest
harvest intensity (intensive-, extensive-, and minimally-managed; six sites in each
watershed, 18 total). There was no effect of harvest intensity on condition (weight-length
relationship) or relative densities of trout or sculpin (number of fish/m2/100 seconds of
electrofishing) across the gradient of drainage areas; however, relative densities of trout
decreased with increasing catchment size (standard regression coefficient < -0.01) across
all harvest intensities. Brook Trout density was found to decrease with increasing
drainage area (-0.4) and turbidity (-0.5) and increase with higher habitat complexity (0.3).
Slimy Sculpin densities increased with increased stream temperatures (0.2), although not
significantly. These watershed-scale assessments are important for increasing our
understanding of downstream, cumulative effects of forest operations and facilitate
informed decisions around the extent and harvest intensities that impact stream fish.
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2.2 Introduction
Fish-forestry studies have observed decreases in fish abundances as a result of
degraded habitats from excessive sedimentation (Scrivener and Brownlee, 1981),
increased temperature (Curry et al., 2002) and loss of habitat forming structures like large
woody debris (Bilby and Bisson, 1998; Mellina and Hinch, 2009); increases in fish
abundance from increased productivity (Boss and Richardson, 2002) and growth due to
early emergence (Scrivener and Anderson, 1984); or no effects of harvesting on fish
abundance (De Groot et al., 2007, Bateman et al., 2016). Aquatic ecosystems in forested
watersheds are influenced by geological, climatic, and forest processes that are
connected through hydrologic regimes that, in turn, influence water quality, stream
conditions, and food webs (Northcote and Hartman, 2004). Forest harvesting alters the
physical, chemical and biological processes of freshwaters through impacts from tree
removal, road construction and maintenance, and ground disturbance, with the severity
and duration of impacts determined by the harvest type, intensity, relative area, road
density, soil conditions and proximity of the harvest to water (reviewed in Kreutzweiser
et al., 2013; Webster et al., 2015). Forest operations influence instream processes both
directly and indirectly through riparian canopy reduction (Richardson and Danehy, 2007)
or changes to hydrologic flow pathways from upland harvesting (Moore and Wondzell,
2005). Forest harvesting and road building affect soil compaction rates, solar radiation,
flow routing and water quality of receiving waters, which can degrade fish habitat through
increased suspended and deposited sediments (Waters, 1995). Increased direct solar
radiation and resultant stream warming may stimulate primary production, nutrient
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cycling and decomposition rates, enhancing benthic macroinvertebrate production and
available forage to higher trophic levels feeders like fish (e.g., Gomi et al., 2002; Wipfli et
al., 2007).
Headwater streams comprise the majority of the stream network and drainage
area within a watershed (Meyer and Wallace, 2001) and are an important source of
stream flow, sediment, organic matter, and nutrients to downstream aquatic ecosystems
(Gomi et al., 2002, Wipfli et al., 2007). Headwater streams can be seasonal, intermittent
or continuous, but are persistent features on the terrain where surface run-off is
channelized with distinct banks (Dietrich and Dunne 1993). Headwater streams are
dominated by allochthonous inputs of terrestrial invertebrates, coarse particulate organic
matter (CPOM), and functional woody material (Wipfli et al., 2007). Terrestrial
invertebrates are an important food source for salmonids found in small streams,
especially during the summer months when aquatic invertebrate production is relatively
low (Sweka and Hartman, 2008). Specific species of aquatic invertebrates are required to
break down allocthonous materials like tree leaves, needles and other woody materials
(CPOM), which in turn attract other consumers that feed on fine particulate organic
matter (FPOM) and influence stream productivity for high trophic level feeders like fish
(Wallace et al., 1997). Woody material stabilizes stream banks, retains organic and
inorganic matter creating important habitat for fish (Bilby and Bisson, 1998; Mellina and
Hinch, 2009), and can facilitate hyporheic exchanges which can be important for flow and
thermal regimes (Ward et al., 2013). As you move downstream along the river continuum,
the relative importance of allochthonous inputs of organic matter decreases and
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autochthonous energy production increases (Vannote et al., 1980). Increased solar
radiation to the stream channel can stimulate primary production (Wootton, 2012) and a
shift in invertebrate taxa to individuals primarily feed on algae on substrate (Vannote et
al., 1980).
Multiple, individual impacts in a flowing water ecosystem can collectively create
cumulative impacts or effects, many of which may outlast the short duration of many
forestry-impact assessments (De Groot et al., 2007). A landscape-level study recognizes
the link between upstream and downstream reaches (Fausch et al., 2002), and that
observations are an accumulation of watershed-scale processes and land-use activities
(Allan, 2004; Johnson and Host, 2010). The structure and morphology of larger streams
can mitigate increases to peak flow (Moore and Wondzell, 2005), suspended sediments
(Benda et al., 2005), temperature (Bladon et al., 2017) and invertebrate community (Reid
et al., 2010), common effects of forest operations to aquatic ecosystems (Northcote and
Hartman, 2004). Cumulative forestry impacts are difficult to measure as they incorporate
large spatial and temporal scales and deal with a variety of complex terrestrial and aquatic
processes (Reid, 1998).
Effects of forest harvesting on stream fish can be from increased sediment,
temperature levels and peak flows, decreased habitat and alterations to supporting food
webs (Northcote and Hartman, 2004). Increased suspended sediments can cause gill
irritation and abrasion (Waters, 1995), decrease forage detection by visual predators
(Sweka and Hartman, 2011), and decrease the amount of available forage to fish through
scouring (Everest et al., 1987). Deposited sediments can infill salmonid spawning gravel,
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reducing egg-to-fry survival and decrease the quantity and quality of rearing habitat for
juvenile fish (Waters, 1995). Increased stream temperatures may affect metabolic rates
and foraging efficiencies of stenothermic fish (Pépino et al., 2015), and temperatures
outside of species thermal tolerance can cause stress, dispersal, and increase
susceptibility to disease (Beschta et al., 1987). Subsequent increases in fish metabolism
may benefit individual fish in the short term (Wipfli and Gregovich, 2002), however,
increases to stream temperature may negatively affect fish health if available forage does
not meet energetic demands (Pépino et al., 2015). Increased base and peak flows can
displace both fish and fish habitat structures like large woody debris, decreasing the
quantity and quality of suitable habitat (Bilby and Bisson, 1998; Mellina and Hinch, 2009).
Small temperate North American streams tend to be nutrient poor, often having
low prey abundances, thus increases in stream productivity from forest operations may
benefit fish populations in low nutrient environments (Boss and Richardson, 2002).
Stream-dwelling Brook Trout (Salvelinus fontinalis) densities were negatively related to
years since forest harvest in New England Streams (Nislow and Lowe, 2003). Bull Trout
(Salvelinus confluentus) and Slimy Sculpin (Cottus cognatus) presence were negatively
related to the percent disturbance of both forest harvest and oil and gas exploration and
extraction in streams of west-central, Alberta (Scrimgeour et al., 2008). No response of
forest harvesting may be a result of the short duration of many fish forestry impact
assessments (De Groot et al., 2007) or the fact that stream fish and landscapes are
resilient to many types of disturbances (De Groot et al., and Bateman et al., 2016). Finding
comparable results is confounded by the multiple methods used to evaluate both forest
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harvest and individual or population fish health (i.e. density, presence/absence,
community).
In headwater streams of eastern North America, Brook Trout and Slimy Sculpin are
commonly found together and are known to respond to a range of environmental
stressors, making them suitable tools for biomonitoring (Nislow and Lowe, 2003; Smedley
et al., 2011; Gray et al., 2018). Brook Trout are native to lacustrine and fluvial
environments of Eastern North America and have been used to evaluate the effects of
forest operations (Curry et al., 2002; Nislow and Lowe, 2003). Headwater streams are
important for reproduction and rearing of juveniles; adults can either remain in their natal
streams or migrate to larger more productive mainstem reaches where growth potential
is higher (Petty et al., 2014; Huntsman et al., 2014). Stream temperature also tends to
increase in the downstream direction as solar radiation increases (Cassie, 2006), which
can provide favourable foraging conditions for Brook Trout (Petty et al., 2014; Huntsman
et al., 2014), however, thermal stress and increased metabolic demands may mitigate
these benefits (Pépino et al., 2015). Brook Trout density tends to decrease with stream
size, as a result of lack of movement from natal stream reaches and heterogeneity of
habitat type and distribution (Petty et al., 2005; 2014). Watershed-scale management
recognizes the potential for downstream effects and importance of different habitat
types during the life of individual Brook Trout (Petty et al., 2005 ;2014). Slimy Sculpin are
native to much of North America, from the central United States to the Arctic (Scott and
Crossman, 1973). They can be used in environmental assessments because of their high
abundance throughout many systems, small home ranges, and lack of fishing pressure
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(e.g., Gray and Munkittrick, 2005; Barrett et al., 2015, Gray et al., 2018). They respond to
changes in environmental conditions with changes in energy storage, which can be
evaluated through weight-length relationships (Gray et al., 2018).
Fish condition (weight-length relationship) is a common measurement of
individual fish health (Gerow et al., 2004; 2005), as decreases in the slope or intercept of
weight-length relationships are perceived as decreases in growth as a result of depleted
energy reserves, which may suggest changes in feeding or behaviour in response to an
environmental stressor (Gerow et al., 2004; 2005). Condition measures for small-stream
salmonids tend to be quite variable (Anderson and Neumann, 1996), so density and
biomass measures can also be used (Hilderbrand and Kazyak, 2017). Fish population
assessments of relative density can also be used to monitor responses to environmental
stressors, as it assumes that degradation of environmental conditions will result in
individuals migrating to more suitable habitat (Everest et al., 1987; Scrivener and
Brownlee, 1989). Increased temperature regimes, sedimentation and habitat loss, which
can a result from forest operations, are most likely to influence fish health and
populations (Northcote and Hartman, 2004).
Northern New Brunswick has large forested areas and high levels of forestry
operations, which can be divided into four separate ownership groups: crown land,
private woodlot, federal government land (i.e. parks and research forests), and industrial
freehold (Martin, 2003). Forest operations on Crown land are described as “extensive” in
management regime and consist of both harvest and silviculture prescriptions. Private
woodlots have been traditionally managed for fuel wood or small timber stands using
36

selective harvesting techniques (Wilson, 2009). J.D. Irving, Limited (JDI) operates in the
north of NB arguably one of the most intensively-managed forests in Canada (the Black
Brook Forest District - industrial freehold land), comprising 1890 km2 of privately-owned
forest with more than 600 km2 of softwood plantations and over 490 km2 of selectivelyharvested hardwood stands (Etheridge et al., 2006; Amos-Binks et al., 2010). ‘Intensive’
operations on JDI land includes 40-50 year rotations of softwood plantations with 2-3
commercial thinning’s, herbicide and pesticide use, as well as fire protection (Etheridge
et al., 2006). The “minimal” management regime consists of smaller, low density cut
blocks and harvest is predominantly for fuel wood.
This research project evaluates the effects of cumulative forest harvest in
catchments ranging from 1-70 km2, across three management intensities (intensive,
extensive and minimal) with canopy reduction ranging from 0.2-29.9% between 2011 and
2017, on fish density and condition measures. The objectives of the Chapter were: 1) to
assess the variation in abiotic variables across a gradient in drainage areas between
treatments; 2) to evaluate relative density (number of fish/m 2/100 seconds) and body
condition (weight-length) of fish across the gradient and between treatments; and 3)
relate fish density measures to variability in abiotic variables. The most common effects
of forest harvest to streams are increases in temperature, sediment and volume of water
and decreases in the quantity and quality of habitat, although other abiotic and biotic
factors are possible. Brook Trout density is often higher in headwater streams as there is
abundant habitat features and they are often cooler in thermal regime, while Slimy
Sculpin density is often lower in headwater streams as accessibility and habitat availability
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limits dispersion. The prediction is that fish condition and density would be negatively
related to the intensity and percent forest harvest within a watershed. And that Brook
Trout density will decrease with increasing drainage area and the inverse will be true for
Slimy Sculpin.
This project was a small component of a multiyear project examining downstream
effects of cumulative forest harvest on physical, chemical and biological aspects of stream
ecosystems.

2.3 Methods
2.3.1 Watershed Description
This study was conducted in three watersheds of similar sizes (~200 km2; Upper
Restigouche, Upper Quisibis and Charlo rivers) located in predominantly forested
landscapes of northern New Brunswick (Figure 2.1). The Upper Restigouche and part of
the Upper Quisibis (~20%) (hereafter Restigouche and Quisibis, respectively) are on
private industrial freehold land, owned and operated by J.D. Irving, Limited (JDI). The
remaining Quisibis area and Charlo watersheds are situated on provincial Crown land,
with smaller parcels owned by residential landowners.
The tree species found in this region include spruce (Picea spp.), pine (Pinus spp.),
fir (Abies spp.), maple (Acer spp.), beech (Fagus spp.), birch (Betula spp.), and aspen
(Populus spp.). The dominant bedrock geology of the area is deep water clastic (early
Devonian; 416 to 358 million years ago) in the Restigouche and Quisibis and shallow water
clastic (early Silurian; 444 to 412 million years ago) in the Charlo (GeoNB, New Brunswick
Department of Energy and Resource Development). Elevations range from 200 to 312 m
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above sea level (ASL) in the Restigouche, 218 to 326 m ASL in the Quisibis and 99 to 204
m ASL in the Charlo (Table 2.1). Climate is classified as continental in the Restigouche and
Quisibis and maritime in the Charlo, characterized by average air temperatures of 18.0°C
and 17.9°C in July and minimum air temperatures of -12.6°C and -12.6°C in January for
continental and maritime, respectively (Environment Canada 2017). Precipitation falls
primarily as rain between April and October and snow between November and March,
with peak discharge occurring during spring melt and fall rains and low flow events
occurring between August and September (Environment Canada, 2010). These streams
are low-order, small, high-gradient streams that are dominated by Brook Trout (Salvelinus
fontinalis) in headwaters, but downstream Slimy Sculpin (Cottus cognatus) and Brook
Trout are commonly found together. Blacknose Dace (Rhinichthys atratulus), Threespined Stickleback (Gasterosteus aculeatus) and Atlantic Salmon (Salmo salar - only
present in the Restigouche) were also observed at lower frequencies (Table A1).

2.3.2 Study Design and Harvest Treatment
To assess responses of downstream fish populations to cumulative forest
operations, a comparative watershed study design was used, with three treatment levels
based on forest management intensity. The three watersheds were categorized as
intensively-managed (Restigouche), extensively-managed (Quisibis), and minimallymanaged reference (Charlo), and all were similar sized (<250 km2), located at similar
latitudes and had desired levels of forest harvesting for the larger assessment (Hansen et
al. 2013, canopy depletion: intensive = 23.4%, extensive = 25.1% and minimal = 5.7%;
Figure 2.1). Intensity of harvest is not defined by the size of area harvested, but the
39

practices which occur on the land base. Briefly, intensive management consists of 40-50
year rotations of softwood plantations with 2-3 commercial thinning’s, (Etheridge et al.,
2006), extensive management consists of harvest and silviculture prescriptions and
minimal management is few, low density cut blocks. Six sampling sites were randomly
selected in each watershed based on drainage area. Drainage areas were approximately
1, 5, 10, 20, 35 and 70 km2, from small headwater tributaries (1st-2nd order streams) to
larger mainstem (5th order streams) reaches. The larger cumulative effects evaluation had
catchments ranging in size from 1 to 225 km2). Drainage areas that overlapped with the
larger assessment were used (1, 5, 10, 20, 35 and 70 km2) and missing drainage areas
were randomly selected by calculating drainage area in ArcHydro to attain a balanced
study design.
The intensively-managed Black Brook Forest District (industrial freehold land to
JDI) is in the Restigouche (Figure 2.1D); the Quisibis watershed (extensively managed) is
located primarily on provincial Crown land and harvested by JDI and Acadian Timber
Corporation and the northern portion of the watershed resides in the Black Brook Forest
District (Figure 2.1C); and the Charlo watershed is a drinking water source and a lower
percentage of forest harvest and represents the minimally-managed landscape (Figure
2.1B). Forest harvest percentage by treatment was 9.8, 11.9 and 4.1% at the largest
catchment (70 km2) for the intensive, extensive and minimally-managed treatment
groups, respectively (Hansen et al. 2013, years 2011-2017). Various forest harvest
methods are employed across the landscapes (e.g., clear-cut, selective harvest and
variable retention), with the majority of operations using machine felling and yarding to
40

landings for loading and transportation. Variable retention keeps individual trees or
groups of trees to maintain structural diversity and connectivity of the cutblock, by
limiting the harvestable area to half of the cutblock (Harkema and Scott, 2002). Selective
harvests target specific trees or groups of trees and to improve the stand composition.
Shelterwood harvesting uniformly reduces stand basal area and crown closure to release
desired regeneration species composition (NB DNR, 2014). Current forest operations
adhere to provincial management procedures for stream crossings designed to minimize
adverse effects on receiving waters. There are large road networks that are actively
maintained for logging and recreation purposes across all treatment groups, 0.25, 0.27
and 0.22 km/km2 for the intensive, extensive and minimally-managed treatments,
respectively (GeoNB).

2.3.3 Data Collection
2.3.3.1 Fish
Single-pass, open-site backpack electrofishing surveys were conducted in the
summer of 2017 during low flow conditions (July 23-28, 2017). A pulsed direct, current
backpack electrofishing unit (Smith Root LR-24) was used with power output maintained
between 50-60W and effort recorded at each site as the number of seconds of
electrofishing. An estimated 100 m2 area of stream was surveyed, including pool-rifflerun complexes when present and distinct habitat (e.g., debris dams) or geomorphic
breaks (e.g., riffles) were used to delineate the top of the site. A systematic back and forth
transect method was used across the entire wetted channel for a minimum of one poolriffle-run complex to evaluate the local fish community, and fish relative densities were
calculated as number of post-young-of-year fish/m2/100 seconds of electrofishing.
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Captured fish were held in an aerated bucket, anaesthetized using clove oil (0.5 mL/L of
1:10 ethanol to clove oil solution) until equilibrium was lost, and then measured for fork
length (± 1 mm; total length for sculpin) and wet mass (± 0.01 g). All fish were placed in
aerated buckets to recover and then released back to the stream channel within their
capture location. Fish were handled and processed in accordance with UNB Animal Care
Committee protocols (AUP-17035).
2.3.3.2 Fish Habitat Assessment
Fish habitat was assessed following electrofishing surveys. Each sample reach was
subdivided into specific habitat units, either pools, runs or riffles for the length of the
sampled reach (Johnston and Slaney, 1996). Primary units were considered greater than
50% of the channel width, secondary units occupied secondary channels and tertiary units
were located within the main channel area, with less than 50% channel width (Johnston
and Slaney, 1996). The length of each habitat unit within the sample reach was taken
along the thalweg (± 0.05 m). Bankfull width and depth, and wetted width (± 0.01 m) were
measured at a representative cross section in each habitat, and water depths were
measured at three equidistant points across the wetted width (± 0.01 m) for each habitat
unit within the sample reach (Table 2.2). In addition, maximum and crest depth of pools
were measured (nearest 0.01 m), and residual depth (maximum – crest depth) was
calculated (Lisle, 1987). Dominant and subdominant bed material was visually estimated
(sand, silt, gravel, cobble, boulder and bedrock) in each habitat. Large woody debris (LWD)
was considered to be any piece greater than 0.1 m in diameter and 2 m in length within
the stream at bankfull flow conditions (Johnston and Slaney, 1996). An additional stream
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cross section was established at a representative location along the sampled area to
measure depth and velocity at a minimum of five locations. Velocity was measured using
a velocity-head rod after Fonstad et al. (2005) and discharge was calculated from change
in head (velocity), stream depth and width.
2.3.3.3 Physical, Chemical and Biological Instream Metrics
Physical, chemical and biological data were collected at sites prior to electrofishing
surveys. Water temperature, dissolved oxygen, conductivity (YSI Professional Plus;
https://www.ysi.com/proplus),

turbidity

(LaMotte

2020

Turbometer;

http://www.lamotte.com/en/water-wastewater/instrumentation/1970.html)

and

alkalinity (YSI 9500 photometer) were measured in situ at each site using hand-held
meters. Additional grab water samples were collected between 1 August and 15 August
for profiles of nutrients, major ions, metals and total suspended solids; and were analyzed
by the Canadian Forest Service (Sault Ste. Marie ON; Table 2.3).
Temperature loggers (HOBO) were deployed at all study sites in flowing water at
half the water depth, to ensure complete coverage at low flow conditions. To minimize
the effects of heating due to solar radiation and to protect from debris, loggers were
housed in white PVC piping with multiple holes drilled to allow for water exchange.
Temperatures were recorded every hour from 25 June to 23 July, 2017 (28 day period).
Maximum and average temperatures were recorded and degree-days above 15˚C were
calculated for each study site.
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2.3.3.4 Geospatial Landscape Information
The Shuttle Radar Topography Mission Digital Terrain Model (SRTM-DTM) was
used to delineate watersheds (Jarvis et al., 2006). The derived digital elevation model
(DEM) was pre-processed to a 10 m spatial resolution with potential sinks removed, and
the provincial stream network layer, sourced from GeoNB (New Brunswick Department
of Energy and Resource Development), was used to influence the flow network, as
created from the DEM. Upstream sub-watersheds at each study site were delineated
using the ArcHydro extension in ArcGIS version 10.3 (ESRI 2014). For each delineated site,
geospatial landscape variables were overlaid and extracted for each watershed. Variables
extracted included: bedrock geology (percent of lithological units by catchment), soils
(percent of soil layer by catchment), elevation and roads (GeoNB). Global forest change
data was downloaded from earthenginepartners.appspot.com (Hansen et al., 2013), and
was derived from Landsat data at 30 m spatial resolution. The amount of forest cover loss
within each catchment across three separate time periods, 3, 7 and 15 years, quantified
short- to long- term depletion rates (Table 2.1).

2.3.4 Data Analyses
2.3.4.1 Principal Component Analysis
A Principal Components Analysis (PCA) was used to characterize differences
among sites using landscape, water chemistry and fish habitat variables (Table 2.4). All
potential predictor variables were transformed, either log10 (x + 1, where necessary) or
logit (proportion data, adjusted by 0.001 for 0 and 1 values). The PCA was conducted on
standardized variables (PCA of correlation matrix) and was centered and scaled based on
the variable scores (variable-focused scaling). The PCA biplot was visually assessed based
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on relative loadings to select variables that most strongly influenced separation between
sites. Selected variables were examined using correlation analysis and highly correlated
variables (correlation coefficient r > |0.60|) were removed from analysis to reduce
redundancy in multiple regression models. The full model included only uncorrelated
variables and they were selected from the PCA analysis, based on relative loadings that
strongly drove site separation. The full model was compared with the base model
including both drainage area and forest harvest percent (2011-2017), and the
parsimonious model. The parsimonious model was manually selected for by adding and
removing variables from the full model to produce the model with the lowest AICc score.
Model variables and their abbreviations are described in Table 2.4.
2.3.4.2 Fish Condition and Density Analyses
Condition
Brook Trout and Slimy Sculpin were the most common species sampled in these
watersheds and were used to evaluate individual fish health and relative densities (Table
2.5). A length-frequency distribution of fish was constructed for each watershed and
species and young-of-the-year (YOY) fish were separated based on the first antimode of
the distribution. This was done to remove small individuals that may skew results of
condition measures (Blackwell et al., 2000). Only the larger size classes for both species
were used in subsequent data analyses (Post-young-of-year, PYOY).
Condition (weight-length relationship) was assessed across the three treatment
groups using an analysis of covariance (ANCOVA) model. Outliers from both lengths and
weights were removed from analysis, using the Bonferroni p-value of the most extreme
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values. The ANCOVA tested whether the relationship between fish weight and length
differed along a gradient in drainage area and across the intensive-, extensive- and
minimally-managed treatments, using the model: log10 weight = (log10 length) + (log10
drainage area) + treatment + (log10 length * log10 drainage area) + (log10 length *
treatment) + (log10 drainage area * treatment) + (log10 length * log10 drainage area *
treatment). In this model, the interaction terms (log10 length * log10 drainage area), (log10
length * treatment), (log10 drainage area * treatment), (log10 length * log10 drainage area
* treatment) tested for significant differences in regression slopes across fish weight,
drainage areas and treatment (α =0.05). Both terms and interactions in the equation
individually affect log10 weight and p-values indicate their relative influence on the
dependent variable. If the interaction terms were not significant, the reduced model
(without interaction terms) tested whether the treatment, drainage area or length
affected the weight relationship. If the categorical treatment term was not significant, a
common intercept and slope was calculated for the multiple regression model, using
length and drainage area as the independent variables. If the drainage area term was not
significant, a simple linear regression would be tested, using the model log 10 weight =
log10 length. The weight-length relationship was chosen over the more common index
condition factor because of potential bias in statistical analysis (Cone, 1989). A post-hoc
power analysis was conducted in G*Power using an alpha of 0.05 and effect size equal to
a 10% change in the mean from the minimal treatment group (Munkittrick et al., 2009)
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Density
Relative density of BT and SS (# fish/m2/100 sec) was assessed at increasing
drainage areas across the three treatment groups using an ANCOVA model. Relative
densities were compared separately with drainage area by treatment using an ANCOVA,
testing the model: log10 (fish density + 1) = (log10 drainage area) + treatment + (log10
drainage area * treatment). In this model, the interaction term (log10 drainage area *
treatment) tested for differences in slopes of the relationship between density and
drainage areas. If the interaction was not significant, a reduced model (without
interaction term) tested whether the regression intercepts of fish density by drainage
area differed between treatments. If the categorical treatment term was not significant,
a simple linear regression with common intercept and slope was calculated for the model:
log10 (fish density + 1) = log10 drainage area. A post-hoc power analysis was conducted in
G*Power using an alpha of 0.05 and effect size equal to 2x the standard deviation of the
minimal treatment group (Munkittrick et al., 2009)
Prior to ANCOVA and multiple regression analyses, residuals were visually
examined and tested for normality using the Anderson-Darling Test, homoscedasticity
using the Breusch-Pagan Test and for non-constant variance, to evaluate whether
variables met test assumptions. If assumptions were not met, variables were log 10
(variable X + 1 for zero values) transformed to meet or improve test assumptions. All
statistical tests were evaluated using an alpha level of 0.05, in R 3.0.1 (R Core Team 2013).
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2.3.4.3 Relative Densities in Relation to Environment Data
Using the PCA-selected variables, a full model was constructed using the following
predictor variables: drainage area, forest harvest percent (2011-2017), average
temperature (28-day common period), turbidity, conductivity, percent riffles, and
number of pools per 100 m. Percent forest harvest between 2003-2017, 2011-2017 and
2015-2017 were all highly correlated; 2011-2017 was selected for analysis as Alexander
et al. (2003)), observed hydrological responses to forest harvest to return to pre-cut levels
after 7 years. Site RG05 did not have temperature data for the entire 28-day period, so it
was omitted from subsequent analysis. Added-variable plots were examined to visually
assess individual variable effects on relative fish densities, to assess for potential extreme
values driving regressions and to aid in variable selection. The most parsimonious, bestfit model was then created by manually adding and/or removing variables to construct
the model that best described the relative density data. Models were evaluated based on
differences in AICc scores and adjusted R2 values. Variables used in the full, base and bestfit parsimonious Brook Trout models were then applied to Slimy Sculpin relative density
to evaluate similarities between species responses to environmental drivers. In addition,
a separate best-fit parsimonious model was constructed for sculpin from the original
predictor variables of the full model using the above methods.

2.4 Results
2.4.1 Environment and Habitat Data
Stream temperature tended to be warmer in the minimal-treatment sites (mean
14.5 ⁰C) which separated from both the extensive- and intensive-treatment sites (13.2
and 12.5 ⁰C, respectively), and at sites with greater drainage areas (Figure 2.2). Stream
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turbidity was highest in the extensive-treatment sites (mean 2.0 NTU’s) and
comparatively low in the minimal-treatment sites (0.3 NTU’s; Figure 2.2). Large woody
debris pieces, as well as the number of habitat units per 100 m of stream were generally
higher at sites with smaller drainage areas (Figure 2.2).
The first three axes of the PCA analysis using only environmental variables
explained 47.6% of the variation among sites, with 26.0% and 21.6% explained by PCA
axes 1 and 2, respectively (Figure 2.3). Treatment and watershed differences in percent
forest harvest, bedrock geology and water chemistry (i.e., turbidity and conductivity)
resulted in much of the variation along PCA axis 1 and separated the treatment groups
(minimal from both intensive and extensive treatments). The number of primary habitat
units per 100 m and drainage area resulted in much of the variation in PCA axis 2, common
to all treatment groups, and caused the separation between sites.

2.4.2 Fish Condition
Brook Trout, Slimy Sculpin and Three-spined Stickleback were the only species
collected in the summer of 2017 in the three watersheds. Based on the size class
frequencies, 186 Brook Trout ((P-YOY) ≥ 70mm; minimal = 94, extensive = 49, intensive =
43) and 227 Slimy Sculpin (P-YOY ≥ 40mm; minimal = 71, extensive = 101, intensive = 55)
were classified as P-YOY. Six Three-spined Sticklebacks (QU35 = 5, QU70 = 1) were also
collected but removed from subsequent analyses because this species was not found in
all three watersheds. A total of 176 P-YOY Brook Trout had both weight and length
measurements taken (10 outliers removed), with mean (± standard deviation) fork
lengths of 100.7 ± 20.5 mm (n = 91), 102.9 ± 24.4 mm (n = 46), and 102.2 ± 25.2 mm (n =
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38) for the minimal, extensive and intensive treatment groups, respectively. A total of 225
P-YOY Slimy Sculpin had both weight and length measurements taken (two outliers
removed), with mean (± standard deviation) fork lengths of 62.6 ± 9.3 (n = 71), 54.9 ± 13.3
(n = 99) and 54.4 mm ± 11.5 (n = 55), for the minimal, extensive and intensive treatment
groups, respectively.
The ANCOVA of P-YOY Brook Trout condition (weight-length relationship) by
drainage area across treatment groups found no differences in the regression slopes, with
non-significant 3-way interaction (p = 0.69, log10 length * log10 drainage area * treatment)
or 2-way interactions terms (p = 0.80, 0.66, 0.82, for log10 length * treatment, log10 length
* log10 drainage area and treatment * log10 drainage area, respectively). In the reduced
model, there was no significant difference in the intercepts of treatment groups, for trout
length by weight and drainage area (p = 0.58, treatment). In the multiple regression
model, there was no significant effect of log10 drainage area on the model (p = 0.29). The
simple regression equation indicated a significant positive relationship of log10 fork length
on log10 weight, with the equation log10 weight = -11.62945 + 3.03118 * (log10 fork length)
(F

1, 173

= 13630.4, p < 0.001, R2 = 0.990, RMS = 0.005; Figure 2.4). The post-hoc power

analysis on the ANCOVA test used an effect size equal to 0.1 and calculated a power to
detect change of 0.05.
The ANCOVA of P-YOY sculpin condition by drainage area across treatment groups
found no differences in the regression slopes, with non-significant 3-way interaction (p =
0.57, log10 length * log10 drainage area * treatment) or 2-way interactions (p = 0.70, 0.65,
0.66, for log10 length * treatment, log10 length * log10 drainage area, and treatment * log10
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drainage area, respectively). In the reduced model, there was no significant difference in
the intercepts of treatment groups, for sculpin length by weight and drainage area (p =
0.74, treatment). In the multiple regression model, there was no significant effect of log10
drainage area on the model (p = 0.39). The common regression equation indicated a
significant positive relationship of log10 weight with log10 fork length, with an equation
log10 weight = -5.16648 + 3.11212 * (log10 fork length) (F 1, 223 = 10720.2, p < 0.001, R2 =
0.980, RMS < 0.082; Figure 2.5). The post-hoc power analysis on the ANCOVA test, used
an effect size equal to 0.04 calculated a power to detect change of 0.05.

2.4.3 Fish Density
The highest relative density of P-YOY Brook Trout was observed at QU01 (0.047
trout/m2/100sec) and the lowest was at RG35 (0 trout/m2/100sec) (Table 2.5). The
relative trout density was consistently higher in the minimally-managed treatment
watershed compared to the extensive and intensive watersheds (0.02 ± 0.08, 0.02 ± 0.07,
0.01 ± 0.05 trout/m2/100sec, respectively) and decreased with increasing drainage area,
however this relationship was not significant. The highest relative density for P-YOY Slimy
Sculpin was observed at QU05 (0.104 sculpin/m2/100 sec) and the lowest was at RG01
and CH01 (both having 0 sculpin/m2/100 sec). The average relative sculpin density across
all sites was quite variable by treatment, with a slight trend towards higher densities at
larger drainage areas.
The ANCOVA that evaluated trout density by drainage area across treatment
groups found no differences in the regression slopes, with a non-significant 2-way
interaction on the regression slopes (p = 0.17, log10 drainage area * treatment). In the
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reduced model, there was no difference between the intercepts of the treatment groups
for Brook Trout density by drainage area and treatment (p = 0.37, treatment). The
common regression equation indicated a significant negative effect of log10 drainage area
on the density of Brook Trout, with the equation log10 trout density + 1 = 0.034310 0.006850 * (log10 drainage area) (F 1, 16 = 16.19, p < 0.001, R2 = 0.50, RMS < 0.001; Figure
2.6). The post-hoc power analysis on the ANCOVA test used an effect size equal to 0.01
and calculated a power to detect change of 0.05.
The ANCOVA that evaluated sculpin relative density by drainage area across
treatment groups found no differences in the regression slopes, with a non-significant 2way interaction on the regression slopes for relative Slimy Sculpin density (p = 0.28, log10
drainage area * treatment). In the reduced model there was no difference between the
intercepts of the treatment groups for sculpin density by drainage area and treatment (p
= 0.57, treatment). The common regression equation indicated a non-significant, positive
relationship between the density of Slimy Sculpin and log10 drainage area, with the
equation log10 sculpin/m2/100 sec + 1 = 0.007916 + 0.001780 * (log10 drainage area) (F 1,
16

= 0.13, p = 0.72, R2 = 0.008, RMS < 0.001; Figure 2.7). The post-hoc power analysis on

the ANCOVA test used an effect size equal to 0.01 and calculated a power to detect
change of 0.05.

2.4.4 Fish Density in Relation to the Stream Environment
The base model multiple regression (with % total forest harvest (2011-2017) and
drainage area) observed that increases in relative Brook Trout densities were explained
by decreases in drainage area, however, % forest harvest did not contribute significantly
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to this variability (Table 2.6). The full multiple regression model for Brook Trout relative
density tested using all 7 transformed variables extracted from the PCA plot that caused
separation between sites (drainage area, % forest harvest 2011-2017, turbidity, average
stream temperature, percent riffles, pools per 100m and stream conductivity) explained
relative trout densities, with only pools per 100 m and turbidity having significant model
effects. The parsimonious multiple regression produced a highly significant model relating
fish habitat variables to relative Brook Trout densities. Increases in relative Brook Trout
densities were explained by decreases in turbidity (p = 0.003) and drainage area (p =
0.023) and increases in the number of pools per 100 m (p = 0.053).
The measured variables were generally not good predictors of Slimy Sculpin
relative density. The base, full, Brook Trout and parsimonious Sculpin model explained
little variance and only percent riffle and conductivity significantly affected the full model
(Table 2.7). In the parsimonious model, increases in relative Slimy Sculpin densities were
explained separately by increases in stream average temperature or a decrease in the
number of pools per 100 m, although not significantly (p > 0.05).

2.5 Discussion
Overall, differences in condition and relative density of Brook Trout and Slimy
Sculpin were not attributed to either the treatment group or the cumulative amount of
forest harvesting that occurred between 2011 and 2017. The objective of this research
was to evaluate an individual health measure and relative density of two fish species in
three separate watersheds with different forest management intensities (intensive,
extensive and minimal) at increasing drainage areas.
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2.5.1 Environmental Variables
Water chemistry and many geospatial landscape variables (e.g., geology and soils) were
different between the minimal-management sites and both extensive- and intensivemanagement regimes, likely attributable to the large distance between treatments (>100
km). Water chemistry is strongly influenced by the bedrock geology of the watershed
(Nelson et al., 2011) and the dominant geology of the intensive and extensive treatments
was deep water clastic compared to shallow water clastic in the minimally-managed
treatment. Water chemistry caused watershed separation in the PCA, likely due to
different geology, soil and climatic regimes in the minimally-managed treatment. This
treatment had higher alkalinity measures and warmer thermal regimes, which can
improve available forage and promote productivity of nutrient-poor headwater streams,
potentially increasing forage available to stream fish (Boss and Richardson, 2002). Petty
et al. (2005) found that Brook Trout in the Appalachians prefer spawning in small streams
with high amounts of cover and increased alkalinity. CH10 (minimal treatment) was the
only site that recorded average daily temperatures above 18°C (n = 4 days over the 28day period) and this is still well within thermal tolerances of both Brook Trout and Slimy
Sculpin. Watersheds in northern New Brunswick generally experience high water
temperatures and low flows between August and September, so it is possible that
negative effects of forest operations on temperature were not observed as a result of the
timing of sampling. Many fish habitat measures (e.g. pools per 100 m, residual pool depth)
were consistent between treatments and followed the gradient of drainage area. Mean
values of turbidity were elevated in the intensive (1.15 NTU) and extensive (2.00 NTU)
treatment sites compared to the minimally-managed treatment (0.28 NTU). Increases in
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turbidity are a common result of forest operations (e.g., Waters, 1995) and can have
persistent negative effects on stream fish after the initial disturbance (Everest et al., 1987;
Scrivener and Brownlee, 1989).

2.5.2 Brook Trout Condition and Relative Density
There were no among-treatment differences between measures of Brook Trout
condition and relative density at increasing spatial scales in the current study. Condition
of adult Brook Trout responds to alterations in biotic (e.g., forage abundance and energy
storage for reproduction) as well as abiotic (e.g., temperature and flow regimes) factors,
is dependent on the time of sampling (Hafs and Hartman, 2017), and varies along the river
continuum (Vannote et al., 1980). Condition indices tend to be quite variable in small fish,
making it challenging to observe differences in impact assessments (Blackwell et al.,
2000). Before-after-control-impact assessments have failed to observe measurable
changes in salmonid condition with clear-cutting and careful riparian harvest (De Groot
et al., 2007) or up-catchment forest harvesting (Bateman et al., 2016). Brook Trout
generally decrease in density downstream of headwater reaches, and if water quality (i.e.
temperature and turbidity) are within tolerance levels, distribution in larger streams is
largely a function of available habitat (Petty et al., 2005; Huntsman and Petty, 2014). De
Groot et al. (2007) and Bateman et al. (2016) failed to observe changes in the relative
densities of salmonids in either of these forest harvest prescriptions.
Habitat measures were the best predictors of relative Brook Trout densities, as
trout may be relatively resistant to small alterations in instream environmental conditions
and respond more directly to changes in available habitat (Mellina and Hinch, 2009;
55

Smedley et al., 2011). Both the number of pools per 100 m and relative Brook Trout
densities decreased with increasing drainage area is commonly observed in hydrology and
Brook Trout research (Petty et al., 2005; 2014). Headwater streams provide abundant
habitat in the form of large wood, pools and thermal refuge to coldwater fish (Curry et
al., 2002). Pools per 100 m estimated reach complexity, as pools with abundant cover (e.g
LWD and undercut banks) are the preferred habitat of salmonids (Mellina and Hinch,
2009), and riffles and runs are important in transporting invertebrate drift to stream fish
(Wipfli et al., 2007). Suspended sediments, a common result of forest operations (e.g.
Waters, 1995), may affect respiration and forage detection of Brook Trout (Sweka and
Hartman, 2011), however, sediment levels across studied streams were relatively low
(maximum = 5.5 NTU) compared to levels that caused behavioral changes in Brook Trout
(40 NTU; Sweka and Hartman, 2011). Over time, sediments may infill spawning gravel and
decrease the available quantity and quality of habitat in different life history stages
(Kiffney et al., 2003). Drainage area was positively correlated with many fish habitat
measures known to benefit trout densities (e.g., residual pool depth) (Hilderbrand and
Kazyak, 2017), which limited the use of other habitat variables in modelling. The
differences in water chemistry between the minimally-managed treatment and both
extensive- and intensive-treatments, and large spatial scale, likely made it challenging to
associate changes in Brook Trout density to forest harvest percent within each catchment.

2.5.3 Slimy Sculpin Condition and Relative Density
There were no among-treatment differences found between measures of Slimy
Sculpin condition and relative density at increasing spatial scales in the current study.
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Slimy Sculpin are commonly used as indicators of environmental conditions due to their
site fidelity and limited mobility (e.g., Gray et al., 2002). Sculpin, like other fish, may
respond to different environmental conditions by altering energy storage and have been
observed to increase in median size and length with increasing stream size in areas
influenced by agricultural land use (Gray and Munkittrick, 2005); however, no overall
changes in condition were observed herein. Sculpin tended to increase in relative
abundance with increasing drainage areas, as stream gradients decrease; however, this
relationship was non-significant. Although the use of Slimy Sculpin in forestry impact
assessments is limited, the presence of Slimy Sculpin in a west-central Alberta stream
were negatively related to the percent disturbance of forest harvest and oil and gas
activities (Scrimgeour et al., 2008), but these catchments were less than 20 km2 and in
different climatic and geologic areas than those of my study.
The lack of a relationship between many environmental variables and the relative
density of sculpin may be because some sites had few or no sculpin. While the low
abundances observed in headwater streams are more typical of sculpin (Van Vliet, 1964),
the low numbers at sites with larger drainage areas may be a result of barriers to
migration, both natural (e.g., debris dams and falls) and anthropogenic (e.g., culverts), or
a result of site selection. Sites were selected to sample all habitat types (pool-riffle-run)
in an attempt to quantify all species present; however, short riffle and run segments may
not properly account for sculpin habitat. Low abundances in many reaches likely limited
their effectiveness in evaluating differences in forest management intensities at
increasing drainage areas.
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2.5.4 Study Considerations
Brook Trout naturally decrease in density outside of headwater streams, however,
reduced capture efficiency in larger streams (Price and Peterson, 2010) may have
confounded this observation and limited the evaluation of the effects of forest
management intensities. Density measures may be more suitable given the known
variability in condition measures; however, the single sampling period limited potential
year-to-year evaluation or effects on recruitment in response to the elevated levels of
measured turbidity.
As a result of widespread forest harvesting across much of northern New
Brunswick, finding a suitable reference watershed was challenging. The minimallymanaged watershed (Charlo) had low forest harvest percentages over the past decade at
the spatial scale needed for the larger, collaborative project. However, the watershed was
located >100 km east of both the intensive and extensive treatment sites and had
different climatic conditions and bedrock geology. This likely explained the different
thermal regimes and water chemistry in the minimal treatment sites from those of the
intensive and extensive treatment sites. The intensive treatment also extended into the
watershed of the extensive treatment, limiting meaningful comparison between
treatment groups. Intensive forest operations occurring in the upper portion of the
extensive treatment watershed may explain the high levels of measured turbidity at
multiple sites influenced by intensive logging activities.
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2.5.5 General Conclusions
Observing measurable changes in fish health and relative density measures from
forest operations have been difficult in past studies, even with adequate pre- and postharvest monitoring (e.g., De Groot et al., 2007, Bateman et al., 2016). Effects of forest
harvesting on stream fish are quite variable, site-specific, and dependent on many
dynamic watershed scale processes. Most fish-forestry impact assessments evaluate
discrete disturbance events in headwater reaches (e.g. De Groot et al., 2007), whereas
the potential for downstream effects of forest harvesting has been identified as an area
of concern (Wipfli, 2005; De Groot et al., 2007). Headwater streams deliver flow,
temperature, organic material and organisms to downstream reaches and food webs
(Vannote et al., 1980); however, quantifying these potential effects is difficult as they
incorporate many discrete events over large spatial and temporal scales with a variety of
complex aquatic and terrestrial interactions (Reid, 1998). Larger streams may have the
ability to mitigate adverse effects of forest harvesting through there morphology,
structure and flood plains (MacDonald and Coe, 2007).
Evaluating effects of harvesting intensities typically focuses at the level of riparian logging
(e.g. De Groot et al., 2007), however, the effects of landscape-scale differences in
intensities have not been evaluated in aquatic organisms. Brook Trout are quite plastic in
their life history strategies and can easily adapt to alterations in environmental
conditions, which could explain why there was no observed response to treatment or
cumulative forest operations. Slimy Sculpin have not been rigorously evaluated in forestry
impact assessments; however, their presence was negatively related to the percent
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disturbance of both forest harvest and oil and gas exploration in Alberta (Scrimgeour et
al., 2008). It is possible that both Brook Trout and Slimy Sculpin are resilient to this
amount of forest harvesting, as it required >40% of the catchment to be logged to observe
changes in stream invertebrate community (Reid et al., 2010). Observing no effects on
fish health or relative density is common in forestry impact assessments and evaluating
fish at such large spatial scales may potentially mute sources of impacts. However, studies
of this extent are important to increase our understanding of these complex dynamic
systems to more accurately evaluate the total impacts of disturbance events.

2.5.6 Prospects for Future Progress
This comparative watershed study was designed to evaluate the downstream
effects of intensive, extensive and minimal cumulative forest operations on fish health
and density from headwaters to downstream reaches. This research examined the longterm effects of forest management on individual and population measures of stream fish.
These types of projects are uncommon, given the spatial extent and logistical challenges
associated with watershed scale studies. While this research addresses a significant
knowledge gap for land managers regarding impacts of forest operations at a landscape
scale, there remains a need for future research in the area. Forest harvest effects on
aquatic ecosystems are difficult to predict and measure and are made even more
challenging with the use of contemporary forest operations, best management practices
and the harvest of second growth forests. There were measurable differences in thermal
regimes and water chemistry between treatments and this, combined with the large
spatial extent, likely confounded differences between treatments. Overall, site-level fish
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habitat measures were better predictors than landscape-derived measures for trout and
sculpin relative densities.
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SiteID

CH01
CH05
CH10
CH20
CH35
CH70
QU01
QU05
QU10
QU20
QU35
QU70
RG01
RG05
RG10
RG20
RG35
RG70

Treatment

Minimal
Minimal
Minimal
Minimal
Minimal
Minimal
Extensive
Extensive
Extensive
Extensive
Extensive
Extensive
Intensive
Intensive
Intensive
Intensive
Intensive
Intensive

2
3
2
3
4
5
1
2
2
3
4
4
1
2
4
4
4
5

1.4
4.9
9
18.6
32.2
70.4
1.1
4.5
9.7
18.2
30.2
69.2
0.7
5.6
11.9
20.6
34.4
67.6

190.8
174.5
204.4
181.7
117.5
99.2
325.7
255.6
236.9
242.3
263.2
218
311.6
281.3
273.4
208.1
266.2
199.7

Stream
Drainage Elevation
Order
Area (km2) (m ASL)
(Strahler)
3.4
4.4
3.7
2.8
2.8
2.5
3.8
4.7
4.4
3.5
3
2.7
3.3
3.8
3
2.8
3.3
2.8

0
0.2
17.3
6.2
3.2
2.1
29.6
0.5
9.4
3.1
5.5
5
1.8
0
4.5
6.3
3.9
5.9

0.2
0.3
23.4
8.2
6.2
4.1
29.9
5
11.7
14.5
6.5
11.9
3.2
8
7.1
7.8
8.8
9.8

3.4
1.5
28.8
8.3
13.4
12.3
39
10.1
15.4
17.2
9.8
14.7
8.1
31.9
12.8
11.3
18.5
17

Road
2015-2017 2011-2017 2003-2017
Density
Harvest % Harvest % Harvest %
(km/km2)

Table 4.1: Treatment groups, study sites’ stream order, drainage area (calculated using a 10
digital elevation map), elevation above sea level, road density and harvest intensity (% canopy
loss) over three different time scales.
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Site

CH01
CH05
CH10
CH20
CH35
CH70
QU01
QU05
QU10
QU20
QU35
QU70
RG01
RG05
RG10
RG20
RG35
RG70

Treatment

Minimal
Minimal
Minimal
Minimal
Minimal
Minimal
Extensive
Extensive
Extensive
Extensive
Extensive
Extensive
Intensive
Intensive
Intensive
Intensive
Intensive
Intensive

40.3
47
41.1
34.9
21.2
43.3
36.3
29.2
22.3
26.3
26
28.6
72.5
30.1
23.6
22.1
15.9
31.1

81.2
108.1
132.2
119
117.2
287.2
73.7
79.1
96.3
134.1
149.9
205.8
126.4
109.2
102.4
89.7
110.8
226.6

2
1.7
3.1
3.3
5.5
7.3
2.3
3.3
5.3
5.4
5.7
7.1
1.7
3.7
4.3
4.6
6.7
7.3

Reach
Reach
Wetted
Length (m) Area (m2) Width (m)
0.2
0.3
0.3
0.4
0.5
0.2
0.1
0.1
0.2
0.2
0.5
0.3
0.2
0.3
0.2
0.3
0.6
0.5

Average
Residual
Depth (m)
60
60
40
50
50
20
40
10
40
40
60
50
30
10
60
40
30
30

% Pool
Habitat
Fines
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
G
G
G
CO
CO
CO

Dominant
Bed
Material
24.8
25.5
14.6
14.3
9.4
11.5
30.3
24
36
19
15.4
17.5
24.8
13.3
29.7
18.1
25.2
12.9

106.7
76.6
90
63
14.2
18.5
77.1
37.7
166.3
49.4
69.2
17.5
20.7
46.5
122.9
90.7
12.6
38.6

17.8
15.9
21.6
20.5
19.3
20.6
14.2
18
18
20.3
17.3
19.9
10.7
16.8*
17.1
17.9
19.6
18.7

Number of
LWD
Max
Habitat
Pieces / Temper
Units /
100m
ature
100m

Table 2.2: Fish habitat assessment, including the electrofishing sampling reach length and total
area, average reach wetted width, average reach depth, percent pool habitat, dominate bed
type (Fines = <2 mm, Gravel = 2-64 mm, cobble = 64-256 mm, and Boulder = 256-4000 mm),
habitat units (number of distinct habitat units per 100 m; pool, riffle and glide), large woody
debris (pieces/100m), and average temperature (Period = June 25 to July 23). All data were
collected in July 2017.

*temperature data only available for 14 days prior to sampling
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K (ppm)

0.455
0.535
0.416
0.375
0.414
0.421
0.278
0.35
0.303
0.32
0.309
0.326
0.24
0.332
0.323
0.315
0.288
0.262
0.01

Ca (ppm)

45.621
36.597
43.534
38.978
43.905
37.821
7.416
15.962
7.367
5.224
6.201
8.103
7.841
8.744
15.493
16.554
6.765
6.83
0.01

Alk.
(meq/l)

2.387
1.944
2.414
1.997
2.581
2.179
0.518
0.911
0.485
0.396
0.463
0.586
0.502
0.568
0.925
0.983
0.499
0.485
---

Turbidity
(NTU)

0.25
0
0.57
0
0.78
0.05
0.02
0.75
0.38
5.5
2.03
3.33
1.29
0.98
0.27
0.71
2.77
0.87
---

Cond.
(umho/
cm)
234
198.3
240
202
253
220
59.4
95.2
54.4
45.6
52.5
64.5
59.6
63.7
97.5
102.1
56
55.4
---

pH

8.011
8.04
8.105
8.113
8.238
8.137
7.506
7.724
7.491
7.443
7.328
7.608
7.526
7.317
7.776
7.793
7.421
7.484
---

SiteID

CH01
CH05
CH10
CH20
CH35
CH70
QU01
QU05
QU10
QU20
QU35
QU70
RG01
RG05
RG10
RG20
RG35
RG70
Lowest detectible limit

3.849
3.972
4.432
3.538
4.818
3.978
1.649
2.26
1.42
1.518
1.632
1.904
1.623
1.638
2.199
2.113
1.624
1.664
0.005

1.896
3.274
2.25
2.295
1.966
2.027
1.599
1.72
1.581
1.89
1.546
1.792
1.68
1.689
1.741
1.681
1.747
1.745
0.01

Mg (ppm) Na (ppm)

0.025
0.025
0.021
0.019
0.01
0.011
0.02
0.013
0.004
0.032
0.023
0.022
0.013
0.023
0.009
0.013
0.02
0.021
0.01
0.088
0.191
0.074
0.127
0.089
0.128
0.149
0.071
0.089
0.079
0.093
0.054
0.294
0.08
0.106
0.111
0.029
0.08
0.04
0.449
0.893
1.483
1.384
1.169
1.178
0.34
0.301
0.228
0.266
0.324
0.328
0.299
0.38
0.337
0.287
0.44
0.409
0.2

5.22
4.89
4.64
4.41
4.65
5.21
7.75
5.79
5.15
4.09
5.17
4.86
7.87
4.75
6.44
6.35
4.23
5.49
0.25
5.233
4.793
4.556
3.98
4.873
5.031
2.54
2.384
2.181
1.805
1.836
2.254
2.817
2.193
2.397
2.307
2.111
2.336
0.2

NH4
(ppm)

NO2 +
NO3
(ppm)

SiO2
SO4
Cl (ppm)
(ppm)
(ppm)

Table 2.3: Water chemistry collected at each study site (n = 18) during the summer of 2017,
samples were sent to the Canadian Forest Service in Sault Ste. Marie, Ontario.

*Cond.: conductivity, Alk.: alkalinity, Ca: calcium, K: potassium, Mg: magnesium, Na: sodium,
SO4: sulfate, Cl: chlorine, SiO2: silicon dioxide, NO2 + NO3: nitrogen dioxide and nitrate, NH4:
ammonium.
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27.346
25.474
30.425
25.629
32.503
28.015
6.414
11.151
6.04
4.848
5.786
6.791
6.244
7.015
11.245
11.91
5.563
6.031
0.5

0.0009
0.0003
0.0004
0.0004
0.0005
0.0005
0.0038
0.0007
0.0027
0.0071
0.0013
0.0028
0.0075
0.001
0.0008
0.0005
0.0009
0.001
0.001

0.0012
0.0005
0.0013
0.0005
0.002
0.0013
0.0066
0.0038
0.0085
0.0234
0.009
0.012
0.0101
0.0054
0.0043
0.0018
0.0068
0.0055
0.001

TOC (ppm) TIC (ppm) SRP (ppm) TP (ppm)

CH01
1.951
CH05
1.806
CH10
1.936
CH20
1.985
CH35
2.156
CH70
1.79
QU01
1.277
QU05
1.716
QU10
1.735
QU20
3.277
QU35
2.609
QU70
2.868
RG01
0.775
RG05
2.162
RG10
1.501
RG20
1.32
RG35
2.357
RG70
1.579
Lowest detectible
0.4limit

SiteID

0.145
0.218
0.126
0.174
0.134
0.158
0.181
0.118
0.137
0.245
0.229
0.18
0.305
0.192
0.136
0.153
0.13
0.135
0.05

TN (ppm)

0.0169
0.0131
0.0138
0.0107
0.0172
0.0105
0.0074
0.0141
0.0112
0.0913
0.0308
0.0516
0.0051
0.013
0.0132
0.0302
0.0315
0.0115
0.005

Al (ppm)

0.0855
0.0199
0.0712
0.0252
0.045
0.0445
0.071
0.0552
0.04
0.2795
0.1392
0.1516
0.0578
0.099
0.0678
0.0849
0.0893
0.0462
0.005

0.0008
0.0002
0.0009
0.0004
0.0005
0.001
0.0003
0.0002
0.0005
0.002
0.0011
0.0019
0.0007
0.0001
0.0004
0.0006
0.0004
0.0003
0.0005

Fe (ppm) Mn (ppm)

0.037
0.0045
0.0038
0.0026
0.0033
0.0021
0.0058
0.0031
0.0036
0.0056
0.0032
0.0029
0.004
0.0034
0.0034
0.0057
0.0036
0.0024
0.001

Zn
(ppm)

0
0
0
0.0002
0.0002
0
0
0
0
0
0
0
0
0
0
0
0
0
0.0005

Cd
(ppm)

0.0151
0.0047
0.0037
0.004
0.0031
0.0024
0.0033
0.0037
0.0029
0.0028
0.0049
0.0047
0.0039
0.0035
0.0026
0.0033
0.0036
0.0025
0.0005

0.0007
0.0005
0.0004
0.0005
0.0008
0.0006
0.0006
0.0003
0.0007
0.0005
0.0004
0.0005
0.0011
0.0004
0.0002
0.0002
0.0004
0.0008
0.0005

0.0005
0
0.0001
0.0002
0.0001
0.0001
0.0001
0.0001
0.0001
0.0003
0.0001
0.0004
0.0001
0
0.0001
0.0001
0.0001
0.0001
0.0005

Cu
Pb
Ni (ppm)
(ppm)
(ppm)

Table 2.3 con’t: Water chemistry collected at each study site (n = 18) during the summer of
2017, samples were sent to the Canadian Forest Service in Sault Ste. Marie, Ontario.

*TOC.: total organic carbon, T.C.: total inorganic carbon, SRP: sulfur reduction potential, TP:
total phosphorus, TN: total nitrogen, Al: aluminum, Fe: iron, Mn: manganese, Zn: zinc, Cd:
cadmium, Cu: copper, Ni: nickel, Pb: lead.
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Table 2.4: Water chemistry, GIS derived landscape variables, and fish habitat
assessment variables with corresponding units and labels used in the PCA analysis.
Category
Water
Chemistry

Variables

PCA Label

Average and maximum temperature (30days)
Dissolved Oxygen (mg/L)
Conductivity (µS/cm)
Alkalinity (mg/L)
pH
Turbidity (NTU)
Ions: calcium, potassium, , sodium, sulfate,
chlorine, silicon, nitrogen dioxide and nitrate,
ammonium.
Metals: magnesium, aluminum, iron,
manganese, zinc, cadmium, copper, nickel,
lead
Suspended Solids: total organic carbon, total
inorganic carbon, soluble reactive
phosphorus, total phosphorus, total nitrogen

AvgT, MaxT
DO
Cond
Alk
pH
Turb
Ca, K, Na, SO4,
Cl, SiO2, NO2_3,
NH4

Landscape

Drainage Area (km2)
Elevation (mASL)
Forest Harvest Percent (%): 2015-2017, 20112017, 2003-2017
Road Density (length/drainage area)
Average Watershed Slope (degree)

Area
Elv
FH_3yr, FH_7yr,
FH_15yr
RdD
SLD

Fish Habitat

Number of Habitat Units (#/100m)
Number of Primary Units (#/100m)
Number of Pools (#/100m)
Number of Riffles (#/100m)
Habitat Type Percent (%): pool, riffle, glide
Wetted Width and Depth (m)
Bankfull Width and Depth (m)
Wetted Depth-Width Ratio
Average Residual Depth (m)
Number Large Woody Debris Pieces (#/100m)

HU
PU
Pls
Rfs
Pl, Rf, Gl
Wwth, Wdth
BfW, BfD
DwR
RpD
Lwd

Mg, Al, Fe, Mn,
Zn, Cd, Cu, Ni, Pb
TOC, TIC, SRP,
TP, TN
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Site

CH01
CH05
CH10
CH20
CH35
CH70
QU01
QU05
QU10
QU20
QU35
QU70
RG01
RG05
RG10
RG20
RG35
RG70

Treatment

Minimal
Minimal
Minimal
Minimal
Minimal
Minimal
Extensive
Extensive
Extensive
Extensive
Extensive
Extensive
Intensive
Intensive
Intensive
Intensive
Intensive
Intensive

40.3
47
41.1
34.9
21.2
43.3
36.3
29.2
22.3
26.3
26
28.6
72.5
30.1
23.6
22.1
15.9
31.1

81.2
108.1
132.2
119
117.2
287.2
73.7
79.1
96.3
134.1
149.9
205.8
126.4
109.2
102.4
89.7
110.8
226.6

Reach Area
Reach
2
Length (m)
(m )

485
688
691
478
714
730
433
424
584
486
597
647
542
482
432
381
300
399

Fishing
Seconds

14
30
15
13
9
13
15
6
14
7
5
2
12
6
16
4
0
5

107.8 ± 18.2
95.0 ± 22.3
89.6 ± 12.5
105.9 ± 19.5
106.3 ± 17.5
112.2 ± 15.3
99.7 ± 22.7
116.3 ± 15.0
101.6 ± 16.5
99.1 ± 31.9
130.7 ± 23.1
71.5 ± 0.5
85.2 ± 19.7
112.7 ± 18.0
107.8 ± 21.3
99.0 ± 28.0
--132.0 ± 14.9

0.036
0.04
0.016
0.023
0.011
0.006
0.047
0.018
0.025
0.011
0.006
0.002
0.018
0.011
0.036
0.012
0
0.006

Brook Trout
2
Brook Trout
trout/m /
Fork Length
Abundance
100 sec
± 1 SD

0
8
1
25
15
22
10
35
8
6
22
20
0
3
6
4
30
12

--64.1 ± 8.5
71 ± 0.0
59.3 ± 7.4
66.8 ± 8.2
62.6 ± 10.9
55.1 ± 10.9
49.5 ± 10.7
56.5 ± 15.2
75.7 ± 6.5
50.9 ± 8.1
61.7 ± 14.2
--48.3 ± 4.5
51.0 ± 11.8
62.5 ± 8.0
51.6 ± 9.0
61.9 ± 13.8

0
0.011
0.001
0.044
0.018
0.01
0.031
0.104
0.014
0.009
0.025
0.015
0
0.006
0.014
0.012
0.09
0.013

Slimy
Slimy
Sculpin
sculpin/m
Sculpin
Total 2
/ 100 sec
Abundance Length ±
SD

Table 2.5: Single pass electrofishing results from July 2017. Site characteristics reach length and
area and electrofishing seconds, Brook Trout and Slimy Sculpin total abundance, fork and total
length, and catch-per-unit-effort (m2/100 sec) in reaches from catchments with minimum,
extensive, and intensive harvesting treatments. Young-of-year fish were excluded from analysis,
numbers represent post-young-of-year fish for both Brook Trout and Slimy Sculpin.
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0.852
0.47

0.19
0.754

0.035

logit forest harvest (2011-2017)

0.122
0.155
0.152
0.076
0.016
0.011
0.235
0.023
0.053
0.003

1.707
-1.554
1.566
-2.002
2.947
-3.192
1.246
-2.587
2.129
-3.57

0.214
-0.316
0.323
-0.268
0.435
-0.503

logit forest harvest (2011-2017)
log10 average temperature
log10conductivity
logit riffle percent
log10 pools per 100m
log10 turbidity

log10 drainage area
log10 pools per 100m
log10 turbidity

-0.399
0.317
-0.464

0.135

-1.642

-0.301

log10 drainage area

intercept

0.001

-3.89

0.365

p -value

0.934

Std.
Regression t -value
coefficient

-0.711

Terms

log10 drainage area

intercept

Parsimonious intercept

Full

Base

Model Label

17.9

10.72

7.578

FStatistic

0.76

0.81

0.436

Adj. R2

-109.712

-91.623

-105.366

AICc

< 0.001

0.001

0.005

Model p value

Table 2.6: Multiple regression models to predict Brook Trout relative density (CPUE) with all
terms and corresponding coefficients, t-values, p-values, F statistic, R2 values, and AICc scores.
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Parsimonious

Trout Model

Full

Base

Model Label

intercept
log10 average temperature

0.23

-0.274
0.102

log10 pools per 100m
log10 turbidity

-0.669
0.915

-0.842
0.358

-0.361

-0.122

2.502
-2.279
1.103
-1.583
0.356

log10 drainage area

1.116
-1.033
0.324
-0.513
0.123

log10 average temperature
log10 conductivity
logit riffle percent
log10 pools per 100 m
log10 turbidity

-0.977

1.15

-0.269

logit forest harvest (2011-2017)

-0.587
-1.643

intercept

-0.66

0.019

logit forest harvest (2011-2017)

intercept
log10 drainage area

0.248

0.066

log10 drainage area
0.07

0.215

t -value

intercept

Terms

Std.
Regression
coefficient

0.514
0.375

0.415
0.726

0.724

0.271

0.354
0.049
0.034
0.148
0.299

0.73

0.572
0.135

0.945

0.808

0.833

p -value

0.837

0.308

1.205

0.035

F - Statistic

-0.01

-0.149

0.823

-0.137

Adj. R2

-65.395

-58.03

-39.845

-61.069

AICc

0.375

0.819

0.388

0.966

Model p value

Table 2.7: Multiple regression models to predict Slimy Sculpin relative density (CPUE) with all
terms and corresponding coefficients, t-values, p-values, F statistic, R2 values, and AICc scores.
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Figure 2.2: A) Location of the study watersheds in New Brunswick: B) minimal, Charlo, C)
extensive, Quisibis, and D) intensive, Restigouche treatments, showing stream network, forest
harvest (2006-2017) and study sites within each treatment (indicated by shape).
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Figure 2.2: Maximum stream temperature among study sites where different colours represent
the harvest intensities. Recorded from 25 June to 23 July 2017 (± standard deviation).
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Figure 2.3: PCA bi-plot showing the distribution of sites based on log10 environmental
data (water quality, landscape and fish habitat – see Table 2.1, 2.2, 2.3). Sites are
classified as minimal-, extensive- and intensive- management, based on colour and
variable label descriptions are presented in Table 2.4.
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Figure 2.4: Relationship between weight (log10 g) and fork length (log10 mm) with
drainage area (log10 km2) for post-YOY Brook Trout collected from study sites in
extensive- , intensive- and minimally managed treatment groups, classified by shape
and colour (ANCOVA interaction weight: drainage area: treatment; n = 186, p = 0.69)
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Figure 2.5: Relationship between weight (log10 g) and total length (log10 mm) with
drainage area (log10 km2) for post-YOY Slimy Sculpin collected from study sites in
extensive- , intensive- and minimally managed treatment groups, classified by shape
and colour (ANCOVA interaction weight: drainage area: treatment; n = 227, p = 0.57)
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Figure 2.6: Relationship between relative density (fish/m2/100sec) and drainage area
(km2) for post-YOY Brook Trout collected from study sites in extensive- , intensive- and
minimally managed treatment groups, classified by shape and colour (ANCOVA
interaction drainage area: treatment; n = 18, p = 0.85)
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Figure 2.7: Relationship between relative density (fish/m2/100sec) and drainage area
(km2) for post-YOY Slimy Sculpin collected from study sites in extensive- , intensive- and
minimally managed treatment groups, classified by shape and colour (ANCOVA
interaction drainage area: treatment; n = 18, p = 0.51)
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Chapter 3 – Investigating the prevalence, intensity and attachment
location of an ectoparasite on Brook Trout
*This chapter has been published (January 2020) by the Journal of Aquatic Animal
Health.

3.1 Abstract
Parasites can compromise the health and fitness of individual fish, and it is
important to generate baseline information that can be used to document changes in the
abundance and distribution of potentially pathogenic parasites. The ectoparasitic
copepod Salmincola edwardsii was assessed with respect to prevalence (percentage of
infected fish per site), infection intensity (number of parasites per infected fish), and
attachment location on Brook Trout (Salvelinus fontinalis) in northwest New Brunswick,
Canada. Ten sample sites were assessed, with six sites on two streams in the Quisibis River
basin and four sites on three streams in the Restigouche River basin. Parasite species
identity was supported by 100% sequence identity with S. edwardsii in a variable region
within 28S rDNA. The prevalence of fish infected per site ranged from 19.0% to 79.6%,
with an overall prevalence of 48.5 ± 19.1% (mean ± SD) per site. Mean infection intensity
was 1.5 ± 0.9 copepods/fish (range = 1–7), with parasites almost exclusively surrounding
the dorsal fin and/or adipose fin (97.6%). There was no influence of trout age class on
parasite prevalence. Some fish presented with fin erosion at the site of parasite
attachment (12.5%), and 6.2% also presented with hyperplastic skin lesions where no
parasites were observed, that could be misinterpreted as secondary bacterial or fungal
infections. Skin and fin damage were significantly more common when fish were infected
with three or more individual parasites. The pathogenic potential of this parasite makes
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its presence noteworthy as a risk to salmonids that are both recreationally and
ecologically.

3.2 Introduction
Freshwater copepods of the genus Salmincola spp. parasitize salmonid fishes (e.g.,
Kabata, 1969), including salmon, trout, char, whitefish and grayling (Scott and Crossman,
1973). Salmincola edwardsii infects the char family and is seemingly very host-specific,
infecting only Brook Trout (Salvelinus fontinalis) and other Salvelinus spp. in the presence
of other salmonids (Fryer, 1981; Conley, 1994; Amundsen et al., 1997; Mitro, 2016). It is
an obligate parasite that completes its entire life cycle (six separate stages; one
copepodid, four chalimus stages and one adult stage) on a single host (Kabata, 1969;
Kabata and Cousens, 1973). The copepodid is either encountered in the water column
during host swimming or contracted through host gill ventilation, where they attach to
solid subdermal tissue of fin rays, gill filaments, muscle or bone (Kabata and Cousens,
1973). Rate of development of parasite life stages is temperature dependent, with higher
water temperatures resulting in faster parasite growth and development (Conley and
Curtis, 1993; 1994; Vigil et al., 2016). Damage from parasite infection of host body
surfaces is believed to be mostly mechanical (Kabata and Cousens, 1977), although
swimming impairment has been observed (Herron et al., 2018). However, gill infections
may reduce efficiency of host oxygen uptake, retard growth, reduce fecundity, limit
reproductive success, delay sexual maturity (Gall et al., 1972; Sutherland and Wittrock,
1985; McGladdery and Johnston, 1988) and reduce tolerance to other environmental
stressors (Vaughan and Coble, 1975; Marcogliese, 2001).
85

Salmincola spp. infection prevalence (% of infected fish per site) and intensity
(number of parasites per infected fish) is similar to many other host-parasite interactions,
in that it resembles a negative binomial distribution where a few fish harbour the majority
of parasites and most of the population carries few or none (Poulin et al., 1991a; Ferguson
et al., 2011). Salmincola edwardsii parasitizes up to 100% of Brook Trout within a sample
population with infection intensity ranging from 1-97 per fish (Black, 1982; Mitro, 2016).
Fish size, host behaviour and habitat use likely influence prevalence, intensity and
location of parasite attachment (e.g., Poulin et al., 1991a; 1991b; Barndt and Stone,
2003). Salmincola spp. tend to establish on the gills of larger hosts (e.g. Black, 1982; >300
mm fork length), but competition for space can shift their establishment to external sites
on smaller hosts (e.g., Kabata and Cousens, 1977). Larger, older trout are expected to
carry more parasites as they have larger surface areas for attachment, ventilate greater
volumes of water, use more habitats (Poulin et al., 1991a) and have had longer time to
acquire infection (Bowen and Stedman, 1990; Hargis et al., 2014). Parasites infecting
smaller trout tend to be found in the adipose region at low intensities and in the dorsal
region at higher intensities (Black et al., 1983); however, other external locations are also
common (Kabata and Cousens, 1977; Conley and Curtis, 1993). Infection of the gills is also
a function of habitat type, with S. californiensis found primarily on the gills of salmonids
in lacustrine reservoirs and primarily on their fins in streams associated within the same
river basin (Monzyk et al., 2015). Higher stream velocity might flush parasites and reduce
efficiency of establishment in the branchial cavity (Fasten, 1921, Friend, 1941).

86

Brook Trout are not permissive to infection by S. californiensis, which is commonly
studied on North American salmonids (Modin and Veek, 2002). S. edwardsii infects only
Salvelinus spp. (Fryer, 1981; Conley, 1994; Amundsen et al., 1997; Mitro, 2016). S.
edwardsii is distributed mainly in northeastern parts of North America, from Manitoba
east to Nova Scotia and from Pennsylvania north to Labrador (Kabata, 1969, Mitro and
Griffin, 2018), including our study area. Of the 10 species of Salmincola spp. that occur in
Canada, only S. edwardsii is known from Brook Trout (McDonald and Margolis, 1995).
Salmincola on Brook Trout in New Brunswick, Canada are presumptively identified as S.
edwardsii based on host record and parasite distribution, including reports locally
(Frimeth, 1987; Chiasson, 2018).
Research regarding relationships between wild salmonids and Salmincola spp. has
increased in recent years due to observations of higher parasite prevalence (Mitro, 2016)
and due to new observations of these parasites in previously undocumented water bodies
(e.g., Hargis et al., 2014; Chiasson, 2018). Ectoparasites are one of many physiological
stressors that can impact both individuals and populations (Marcogliese, 2001). In the
current study, the prevalence, intensity and location of attachment of S. edwardsii was
examined on stream-dwelling Brook Trout in two watersheds of northern New Brunswick
in 2017. This study provides baseline data on infections in cold-water salmonids at a time
of active climate change.
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3.3 Methods
3.3.1 Site Description
Ten study sites with naturally reproducing populations of Brook Trout in
northwestern New Brunswick, Canada, were selected for parasite investigations (Figure
3.1). Six sites were part of the Quisibis River watershed (QU01-QU06) and four sites were
part of the Restigouche River watershed (RG01-RG04; Figure 3.1). Sites were selected
after parasites were incidentally observed in 2016 in these two watersheds as part of a
larger research study assessing aquatic biological responses to forest harvest intensity.
Parasites were observed on 100% of 18 Brook Trout from two sites on the Quisibis River
and 100% of 15 Brook Trout from two sites on the Quisibis River July 23-28, 2017. The
current study was conducted September 23-October 4, 2017. These sites had drainage
areas ranging from 5.4 km2 to 86.4 km2 (mean 28.8 km2; ArcHydro Toolset ArcMap 10.3)
and stream orders from 2 to 5 (Strahler method; GeoNB, New Brunswick Department of
Energy and Resource Development). Study streams were characterized by low gradient,
predominantly cobble substrate and complex habitats (pool-riffle-run). In situ grab water
samples assessed water chemistry measured at the time of each fish collection was (all
sites; mean ± SD): temperature 9.3 ± 3.0°C, dissolved oxygen 11.4 ± 1.3 mg/L, conductivity
55.9 ± 18.4 µS/cm and pH 7.5 ± 0.3 (YSI Professional Plus; https://www.ysi.com/proplus).

3.3.2 Field Sampling
Parasite prevalence and intensity increases from spring to fall/winter (e.g. Monzyk
et al., 2015; Mitro, 2016), so fall was selected as the sampling period for this study. Singlepass, open-site electrofishing surveys were conducted from September 23 to October 3,
2017 to collect Brook Trout at all sampling sites to quantify Salmincola spp. parasite
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distribution. Fish were handled and processed in accordance with a protocol approved by
the UNB Animal Care Committee (AUP-17035). Captured trout were kept in buckets
containing aerated water until processing. They were anaesthetized in clove oil (0.05 mL/L
of 1:10 clove oil to ethanol solution) and measured for fork length (± 1 mm) and wet
weight (± 0.01 g). The body surface and fins were thoroughly examined for Salmincola
spp. Only female parasites were enumerated as they are larger in body size than both
males and earlier chalimus life stages I-IV (Kabata, 1969), thereby making females easier
to count accurately during gross visual field examination. Although this may slightly
underestimate total prevalence and parasite intensities, the smaller-bodied males cannot
reliably be identified and enumerated on live fish in the field, and inclusion of males was
likely to result in false negatives, sensu Colvin et al. (2015). Attachment location of each
parasite was recorded as being within 1 cm of the dorsal or adipose fin or was recorded
as other. Visual examination for parasites in the branchial and buccal cavities was
completed by carefully reflecting the left and right operculum to open the buccal cavity.
Parasites collected for assessment of molecular compatibility with S. edwardsii
were pulled away from their host and removed by cutting the second parasite maxilla as
close to the fish as possible without damaging host tissue. Parasites were collected from
a maximum of 10 fish at each of the ten sites and were preserved in 95% ethanol. Three
infected fish were lethally sampled to investigate opaque lesions around the site of
parasite attachment. These fish were stored in 10% buffered formalin postmortem and
were sent to the Atlantic Veterinary College (University of Prince Edward Island,
Charlottetown, PEI) for histological examination to describe tissue damage at the site of
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parasitic attachment. Histologic sections were cut at 5 μm and stained with haematoxylin
and eosin (H&E). All other fish were released back to the stream channel within their
capture location following their recovery in buckets (approx. 30 min), containing aerated
stream water.

3.3.3 Data Analysis
Parasite prevalence, intensity, and mean intensity were calculated for each site
(after Bush et al., 1997) based on the presence of adult female S. edwardsii, and we also
recorded their locations of attachment (dorsal fin, adipose fin or other region). River
kilometers between all sites were calculated and used in a correlation analysis, evaluating
separately the absolute value of the difference in the number of parasites and the
absolute value of the difference in parasite prevalence, against the distance between
sites. This was done to evaluate whether connectivity or distance between sites
influenced parasite abundance or prevalence. Differences in parasite prevalence between
age classes of Brook Trout were assessed. Trout were divided into young-of-the-year
(YOY) and post young-of-the-year (postYOY) classes, based on the first antimode of a
length-frequency distribution containing all trout collected in this study. The prevalence
of S. edwardsii (hereafter ‘frequency’ of infected fish for chi-square testing) on each fish
age class (YOY or postYOY) was tabulated into a 2x2 contingency table. Chi-square analysis
of the contingency table with Yates’s continuity correction (Zar, 1999) was used to
evaluate whether different age classes of fish were selected preferentially for parasitism
by S. edwardsii. Two additional chi-square analyses of contingency tables were used to
evaluate whether the presence of skin damage was associated with the presence of a
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parasite infection (2x2 contingency table with Yates’s continuity correction, using all fish
data), and also whether there was an association between the intensity of infection
(infected fish only) and the presence and location of skin damage. Parasite intensity was
divided into four categories (1 parasite, 2 parasites, 3 parasites and 4+ parasites), and skin
damage into three categories (no skin damage, skin damage at the attachment location,
or skin damage elsewhere) for the latter analysis, and a 3x4 contingency table was tested.
An alpha level of 0.05 was used for this statistical test, which was performed in R (version
3.6.0, R Core Team 2013) using the epitools package (version 0.5-10, Aragon 2017).3.3.4
Parasite DNA Sequencing
A 282 nucleotide sequence from Salmincola spp. 28S rDNA was amplified from
five parasites from each of the sample sites (n = 50). Custom forward (5′-GAG TTC AAG
AGT ACG TGA AAC AGT G-3′) and reverse primers (5′-ACG AGC CCG CTT AAA TAC CT-3′)
spanned a 137 bp region of 28S rDNA containing seven nucleotide polymorphisms that
enables S. edwardsii to be distinguished from the closely-related S. californiensis (Ruiz et
al., 2017). Nine samples were used to support parasite identity by DNA sequencing but
one site (RG01) had no viable amplicon following PCR procedure. Complete parasite
specimens were used for DNA extraction using the DNeasy Blood and Tissue kit (Qiagen,
Maryland, USA), following the manufacturer’s protocol. Polymerase chain reaction (PCR)
amplifications used Taq polymerase (NEB, Whitby, ON, Canada) and 50-100 ng DNA
template followed by 35 cycles of 98°C for 30 seconds, 53°C for 30 seconds and 72°C for
60 seconds. Positive (Argulus canadensis) and negative (nuclease-free water) DNA
controls were included for each individual PCR run. Following PCR, amplicon size was
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verified by electrophoresis and remaining amplified DNA was purified for sequencing
using a QIAquick PCR purification kit (Qiagen, Maryland, USA). One specimen from each
site was sequenced using both the forward and the reverse primer (Robarts Research
Institute; London, ON, Canada). Nucleotide sequences were aligned using Multalin
(http://multalin.toulouse.inra.fr) to compare parasites from each site. DNA sequence was
subjected to BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and compared with
Salmincola spp. sequences available from GenBank.

3.4 Results
3.4.1 Prevalence, Intensity and Attachment Location
Four hundred and sixty-two Brook Trout were captured across the ten study sites
(46.2 ± 14.4 [mean ± SD, indiv. per site]; Table 3.1). Parasite prevalence was variable and
site specific, ranging from 19.0% – 79.6% of fish infected (48.5 ± 19.1%). Most sites were
on different tributaries, although sites QU03 and QU04 were both on the mainstem of
the river (Figure 3.1). Distance between sites ranged from 1.03 to 19.62 km, but there did
not appear to be an effect of connectivity or distance between sites on parasite
prevalence. The distance between sites was weakly or uncorrelated with the difference
in the number of infected fish and the differences in parasite prevalence (r = -0.32 and r =
-0.06, respectively). Age class distribution separated 279 YOY from 183 postYOY trout (≥
85 mm; based on the first antimode of the length frequency distribution). Parasite
prevalence was 58.8% for YOY and 41.2% for postYOY trout. Seventy percent of infected
fish had a single adult female parasite attached, 17.6% had two copepods and 7.5% had
greater than three copepods per fish. Median parasite intensity in infected fish was 1 at
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each individual site (and overall) with the exception of site QU03 where median intensity
was 2. 97.6% of parasites were located within 1 cm of the dorsal or adipose fin (n = 164
and 164, respectively; Figure 3.2A), with the other locations being the operculum, caudal
fin, anal fin and pelvic fin (n = 1, 4, 2, 1, respectively). The frequency of infection was not
dependent on fish age class (χ2 = 0.322, df = 1, p= 0.57).

3.4.2 Fish Health and General Observations
The majority of infected fish had little evidence of mechanical damage to their
body surfaces. However, 12.5% of infected and 2.5% of apparently uninfected Brook
Trout had eroded rays on the dorsal fin (n = 30), eroded connective tissues of the adipose
fin (n = 4), or erosion of both fins (n = 1). In extreme cases, the entire dorsal fin ray was
eroded up to the anterior margin and the adipose fin was completely eroded (“not
shown”). Hyperplastic skin lesions were identified as an opaque tissue response
surrounding parasite attachment locations on both the fin rays and body surface (Figures
3.2B, 3.2C). These hyperplastic lesions were observed on 6.2% of infected and 0.8% of
apparently uninfected Brook Trout. Lesions on infected trout occurred at the site of
parasite attachment. There was a significant association between the presence of
infection and skin damage (𝜒2 = 10.131, df = 1, N = 462, p < 0.01). Skin damage was
significantly more common with the presence of parasite infection and significantly less
frequent in the absence of parasite infection. Additionally, there was a significant
association between the intensity of parasite infection and the presence/location of the
observed damage (𝜒2 = 22.63, df = 6, N = 226, p < 0.001; Table 3.2). There was a
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significantly higher frequency of skin damage at the attachment, but only when fish were
infected with 3 or more parasites.

3.4.3 Genetic Identification
Nucleotide sequence for the 235 bp partial 28S rDNA from Salmincola spp.
specimens from the current study showed 100% identity with each other (n = 9). By BLAST
search of the GenBank database S. edwardsii sequences from Ruiz et al. (2017) were the
top hits with 100% identity (GenBank accession numbers: KY113080, KY113081), followed
by 99.3% identity with S. edwardsii sequence deposited by Norwegian researchers
(DQ180346) and 96.5-96.8% identity with S. californiensis from Ruiz et al. (2017);
GenBank accession numbers: KY113082 and KY113083). 28S rDNA sequences of S.
edwardsii from New Brunswick specimens were deposited to GenBank (accession
numbers pending).

3.5 Discussion
Research on Salmincola spp. infection of salmonids has increased in recent years,
but observations of infection on wild Brook Trout remain somewhat limited. Parasite
identity was confirmed based on 100% sequence identity with partial 28S rDNA from
specimens identified morphologically as S. edwardsii (Ruiz et al. 2017). This research
confirmed parasite identity using sequencing, observed similar infection of young-of-theyear and post young-of-the-year trout and adds to the currently limited body of
knowledge of Salmincola edwardsii in wild Brook Trout populations.
Prevalence and intensity of infections were consistent with general host-parasite
dynamics, in that most fish are infected with few or no parasites (Ferguson et al. 2011).
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Alteen (2009) observed mean prevalence of 45% and 50% for Salmincola copepods on
trout collected in estuarine and pond environments, and intensities of only 1.7 and 1.6
copepods per fish, which were similar to this study (mean prevalence 48.5 and intensity
1.5). In contrast, Mitro (2016) observed higher mean intensities of 5.5 copepods peryoung-of-the-year Brook Trout and 16.1 copepods per post young-of-the-year Brook
Trout. In the current study, there was no difference in parasite prevalence between
young-of-the-year and post young-of-the-year trout age classes. This was similar to
observations of prevalence and intensity of Salmincola spp. infection in stream-dwelling
juvenile salmonids based on either age class (Chigbu, 2001) or continuous length
measurements (Black et al., 1983). Prevalence, habitat type and initial infection intensity
are influential factors in determining parasite distribution on a host (Friend, 1941; Monzyk
et al., 2015), but host size is the primary factor thought to influence parasite distribution
on a host (e.g., Poulin et al., 1991a). Habitat data and initial parasite loads were not
assessed in this study and host size was somewhat restricted among our sample
populations (43-219 mm; minimum to maximum fork length). Fish of greater size and age
may be needed to observe age- or size-related differences in prevalence and intensity,
but such larger hosts were rare in the lower order stream habitats that were sampled.
Salmincola edwardsii is described as a gill louse, but adult female parasites were
observed exclusively on external body locations in this study. Gills often are the main
location of attachment (Sandeman and Pippy, 1967; Amundsen et al., 1997; Alteen, 2009;
Mitro and Griffin, 2018; Boone and Quinlan, 2019), and offer protection and a nutritious
food source (Fasten, 1921). Parasites are found primarily on external locations and rarely
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the branchial cavity of smaller fish (e.g., <300 mm; Black, 1982; Black et al., 1983), similar
to our observations and those on S. californiensis (Barndt and Stone, 2003). However,
~75% of parasites were localized to gills during experimental infection of similarly small
fish (Poulin et al., 1991b) so size alone is an insufficient explanation. Reservoirs above
dams promote S. californiensis infection (Herron et al., 2018) and higher parasite
transmission in low flow environments is suggested for other ectoparasites (Barker and
Cone, 2000) and for Salmincola spp. (Monzyk et al., 2015). Differential infection of
branchial cavity/skin is reflected by host environment with 79% of reservoir fish having
branchial cavity infection and 71% of stream fish with skin infections (Monzyk et al.,
2015). However, gill infections by S. edwardsii occur exclusively in some stream
environments (Mitro and Griffin, 2018), although fish size data are lacking. Differential
infection intensities and anatomical locations likely are influenced by a combination of
local adaptations by parasites and seasonal habitat and behavioural shifts among
different age classes of fish (Amundsen et al., 1997). Large fish present a larger surface
for attachment, use more habitat, and use a greater ventilation volume that could
promote higher prevalence and intensity of gill colonization than for small fish (Poulin et
al., 1991a).
Salmincola spp. infections of low intensity are generally not believed to have
serious effects on hosts (Kabata and Cousens, 1977; Amundsen et al., 1997), especially
without gill involvement (Monzyk et al., 2015). However, there is potential for mechanical
damage at the site of parasite attachment, as was found on trout skin in the current study,
particularly when fish were infected by three or more parasites. Low infection intensity
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of S. californiensis on gills can impair swimming and damage is positively correlated with
parasite intensity (Herron et al., 2018). Gill crypting (atrophy of gill filaments) is a common
source of mechanical and physiological damage observed in infected hosts (Kabata and
Cousens, 1977). This feature was not observed in this study as adult female copepods
were not observed in the branchial cavity. Burrowing, which is another potential source
of mechanical damage to the host (e.g. Kabata and Cousens, 1977), was not quantified in
the study, but there was evidence of excessive erosion of flesh posterior to both the
dorsal and adipose region, presumably from female selection of these sites as suitable
locations for bulla attachment (Kamerath et al., 2009). Fish sent for histological
assessment showed two types of lesions at the attachment site, one where the parasite
damaged the fin and skin and one where host tissues responded by producing more
epithelium (hyperplasia) to prevent damage and replace the damaged skin, a presumed
response to parasitism (Conley, 1994). Hyperplastic skin lesions occur on gill lamellae of
salmonids infected by Salmincola spp. (e.g., Kabata and Cousens, 1973; Ruiz et al., 2017)
and on epidermal tissues of infected farm-raised Rainbow Trout (Sutherland and
Wittrock, 1985). Hyperplasia of the epidermis occurs around the location of bulla
attachment and results in enlargement of epithelial cells (Sutherland and Wittrock, 1985).
Parasite feeding can render salmonid skin devoid of mucus and make them more
susceptible to infectious disease agents or other impairments, similar to sea louse
Lepeophtheirus salmonis infection of Atlantic Salmon (Salmo salar) (Llewellyn et al.,
2017). Our observation of eroded fins and lesions in the absence of parasites may be
attributed to past infections, younger parasite life stages being present but not evaluated,
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or a separate stressor altogether. Fin erosion and lesions can form as a result of water
quality issues (e.g. Ingersoll et al., 1990), but all water quality measures were within
normal ranges for salmonids. Regardless of the direct/indirect nature of the etiology,
eroded fins could impair movement of the hosts and limit efficiency of food acquisition
and/or predator avoidance. Furthermore, energy expended for such proliferative tissue
responses (hyperplasia) and immune repair mechanisms can reduce energy stores
available to combat other pathogens, for locomotion, or to meet other requirements for
survival (Barber et al., 2000).
The similar prevalence observed between young-of-the-year and post young-ofthe-year trout may be the most interesting observation drawn from this study. Many
studies show a positive correlation between length/age and prevalence/intensity of
infection (e.g. Poulin et al., 1991a; Hargis et al., 2014). Mark-recapture studies document
maintenance in many, increases in most, but no reduction in S. edwardsii infection
intensity (Boone and Quinlan, 2019). Salmincola longevity is sex-dependent, with males
maturing in a matter of days (Kabata and Cousens, 1973; Poulin et al., 1991b) and dying
shortly after copulation (Meyers, 2019). Females mature in 4-6 weeks, can be fertilized
only once (Kabata and Cousens, 1973), and reportedly die after their second egg clusters
hatch (Meyers, 2019). Prevalence of S. edwardsii on Arctic Charr is reportedly lowest in
the spring and highest during winter, suggesting parasite mortality and clearance of
infection following egg hatch in late winter (Amundsen et al., 1997) with reinfection
possible each year. Copepodid survival can be up to a month at 8 oC (Conley and Curtis,
1993) but decreases with warmer temperatures, suggesting that transmission likely is
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more successful during cold water periods and when fish are more aggregated near the
bottom (Amundsen et al., 1997) where copepodids occur (Poulin et al., 1990). Mitro
(2016) found decreased recruitment in years following high prevalence of S. edwardsii in
combination with high stream temperatures and competition with non-native Brown
Trout. The first year of life has high mortality for trout and additional stressors pose
negative consequences to population stability.
Juvenile Chinook Salmon infected with S. californiensis showed reduced
endurance during a laboratory swim test even at low infection intensities (Herron et al.,
2018). Parasites may also alter host behaviour through increased “substrate rubbing”
(Kabata and Cousens, 1977) and activity levels (Poulin et al., 1991a; 1991b). When
coupled with extra energy expenditures for tissue responses to infection (Barber et al.,
2000), this may have effects detrimental to the health and survival of individual trout.
There is also potential for cumulative effects, with anthropogenic disturbance, habitat
degradation, increased stream temperatures and low flows causing crowding at barriers,
thermal refuges and isolated pools (Mitro, 2016), all potentially increasing parasite
transmission (e.g. Vigil et al., 2016). Higher stream temperatures in the context of climate
change increase rates of parasite development, potentially increasing the number of
generations and overall transmission (Marcogliese, 2001; Vigil et al., 2016). These
impacts, in combination with increased thermal stress in salmonids, may promote
epizootics (Mitro and Griffin, 2018) and reduce their ability to thrive/survive (Vaughan
and Coble, 1975). Having baseline information on prevalence and intensity of parasites
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like S. edwardsii in freshwater systems will aid in monitoring change as systems continue
to warm.
Only adult female parasites were quantified as these are most easily identified in
the field with accuracy and they may cause the most significant host damage, but this
likely underestimates the total number of parasites present per trout. There was no
pathology observed on gills but the absence of branchial attachment that we report could
be misleading because the presence of males and small chalimus life stages was not
evaluated. However, Monzyk et al. (2015) performed both coarse field examinations and
fine-scale laboratory assessments and failed to find parasites attached in the branchial
cavity of small trout.
This research project used 28S rDNA sequencing to support parasite identification,
it provides information on the distribution of parasites on Brook Trout and has shown
that young-of-the-year trout have similar prevalence of S. edwardsii to post young-of-theyear trout. Long-term evaluations of parasite prevalence and intensity could improve our
understanding of how different climatic conditions and year-to-year variability in the
prevalence and intensity of infections affect their population dynamics. Understanding
and mapping current parasite distribution in different watersheds is important for a basic
understanding of Salmincola spp. and of their potential pathogenic impacts on native
salmonid populations across their distribution.
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# trout sampled

46
39
32
35
52
62
47
42
79
28
462

Site ID

QU01

QU02

QU03

QU04

QU05

QU06

RG01

RG02

RG03

RG04

Total

(59-167)
86.0 ± 28.0
(43-219)

102.1 ± 25.1

(58-150)
88.5 ± 28.1
(54-145)
76.5 ± 31.3
(43-175)

87.6 ± 26.0

(65-146)
79.6 ± 14.4
(54-141)
97.3 ± 29.2
(45-169)
76.7 ± 19.6
(56-156)

100.3 ± 25.9

(49-137)
87.7 ± 36.5
(51-219)

82.2 ± 23.9

Fork length
(mm) mean ±
SD (range)

43.50%

27

226

51.50%

78.60%

19.00%

15
22

50.00%

21

66.00%

55.80%

29

31

20.00%

46.90%

71.80%

67.40%

Parasite
prevalence
* (%)

7

15

28

31

# trout
infected

(1-7)
1.5
(1-7)

2

(1-4)
1.4
(1-3)
1.5
(1-3)

1.5

(1-2)
1
(1)
1.6
(1-4)
1.2
(1-4)

1.2

(1-3)
1.9
(1-4)

1.2

(range)

Mean parasite
intensity**

166

164

21

45

9

8

1

1
3
9
12
23

0
5
13

1
16

3

1
3
23
8

17

2
7
24
21

29

0

0

1

1

0

2

9

4

3

16

18

20

4

2

33

18

Dorsal fin Adipose fin Dorsal &
Other***
adipose
only
only

Salmincola edwardsii attachment location(s)

Table 3.2: Summary of Salmincola edwardsii infection of Brook Trout sampled from sites in each
of the Quisibis (QU) and Restigouche (RG) watersheds.

*Prevalence = number of trout infected/number of trout sampled (%), following Bush et al. 1997
**Mean intensity = total number of parasites observed/total number of trout infected, following Bush et
al. 1997
***Operculum, caudal fin, anal fin, or pelvic fin
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Table 3.2: Contingency table for the number of sampled fish infected with parasites with
observations for the location of skin damage relative to the intensity of the parasite infection

No damage
observed

Damage observed at
attachment

Damage observed
elsewhere

Total

1 parasite

139

14

6

159

2 parasites

35

3

1

39

3 parasites

11

6

0

17

4+ parasites

6

5

0

11

191

28

7

226

Total

107

Figure 3.3: (a) Broad geographic location of the two sample watersheds relative to
north-eastern North America; (b) Quisibis (QU) and Restigouche (RG) watershed
boundaries and sample sites; (c) six sample sites within the Quisibis (QU01 - QU06)
watershed; and (d) four sample sites within the Restigouche (RG01 - RG04) watershed.
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Figure 3. 4: The ectoparasite Salmincola edwardsii observed in situ on a Brook Trout
collected from the Quisibis watershed, New Brunswick. Parasites occur predominantly
near the base of the dorsal fin (n=2) and/or the adipose fin (n=3; panel A). A skin lesion
observed grossly on the dorsal fin (B) was processed histologically to confirm
hyperplasia (C). (Photo credits: C. White (A); D. Groman, Atlantic Veterinary College,
UPEI (B, C).
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Chapter 4 – General Discussion
4.1 Stated Objectives
The aim of this research was to investigate multiple stressors on fish health in
northern New Brunswick. Chapter 2 investigated how fish condition and relative
abundance change with increasing catchment size within different forest harvest regimes
(minimal, extensive and intensive). The objectives of Chapter 2 were: 1) to assess the
variation in abiotic variables across a gradient in drainage areas between treatments; 2)
to evaluate abundance and body condition (weight-length) of fish across the gradient and
between treatments; and 3) relate relative abundance measures to variability in abiotic
variables. Chapter 3 investigated the prevalence (number of infected fish per sample site),
intensity (number adult female copepods per infected fish) and sites of attachment of the
ectoparasite Salmincola spp. on Brook Trout in two of the same managed landscapes (not
present in the Charlo watershed). The objectives were: 1) to enumerate and characterize
the attachment location of adult female copepods on Brook Trout, 2) to evaluate whether
parasite prevalence or intensity of infestation can be related by landscape variables of
forest harvest and drainage area, and 3) genetically identify the species of parasite.

4.2 General Conclusions
4.2.1 Cumulative Effects
Within this study, forest harvest activities (intensive, extensive and minimal) had
no measurable effect on either individual fish health (weight-length ratio) or relative
densities of Brook Trout or Slimy Sculpin. The lack of response of individual Brook Trout
health or relative densities to harvest treatments or percent harvest is common, even
with adequate pre- and post-harvest data (Bateman et al., 2016; De Groot et al., 2007).
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Salmonids respond negatively to forest operations from increased thermal regimes (e.g.
Curry et al., 2002; Gomi, et al., 2002), suspended or deposited sediments (Scrivener and
Brownlee, 1982) or alterations to the quantity or quality of habitat (Bilby and Bisson,
1998). In the current study, stream temperatures remained within species tolerance
ranges for the 28 days preceding sampling; however, trout densities tended to be lower
where degree-days were higher, consistent with sites with larger drainage areas.
Turbidity contributed significantly to the parsimonious multiple regression model,
however, given the single sampling event, it is difficult to attribute this fish habitat
degradation to forest operations. Salmonid density measures are commonly associated
with fish habitat measures during evaluations of forest harvest impact assessments (e.g.
De Groot et al., 2007), as salmonids may be relatively resistant to forest operations and
better predicted by habitat quantity (i.e. number of pools per 100 m). Many fish habitat
measures known to be positively related to salmonid densities (e.g. depth-width ratio;
Hilderbrand and Kazyak, 2017) were highly correlated with drainage area, excluding them
from regression analysis. Differences in water chemistry between the minimal treatment
and the intensive and extensive treatments, likely attributable to the geology and
distance between treatments, made it challenging to make accurate comparisons
between treatment groups. Most fish-forestry assessments occur in headwater
catchments (area < 10km2; De Groot et al., 2007; Bateman et al., 2016), so it is possible
that the effects of forest operations were muted by watershed effects at this spatial scale
(reviewed in MacDonald and Coe, 2007).
Sculpin have not been used frequently in aquatic forestry impact assessments
(Gray et al., 2005; Gray and Munkittrick, 2005; Scrimgeour et al., 2008), however, are
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becoming more common in evaluating other impacts (Gray et al., 2005; 2018). Neither
treatment or cumulative forest harvest percent significantly affected Slimy Sculpin
relative densities and multiple regression analysis failed to find any significant predictors
of relative density variability with the measures collected. Forestry impacts assessments
using sculpin have focused on smaller catchment areas (<20km2) and used
presence/absence measures to evaluate (Scrimgeour et al., 2008), so it is possible that
the catchment areas are too large to measure differences or that a response of relative
density is not appropriate.
The application of biological environmental assessments outside of headwater
streams to assess cumulative forestry impacts under different forest harvest intensities
has not been well documented. Forest harvest intensities are typically evaluated by
manipulations to riparian forests in headwater streams (Northcote and Hartman, 2004),
whereas landscape-scale harvest intensity evaluations of multiple impacts have not been
assessed in aquatic environments. The effects of cumulative forest harvest have been
evaluated in benthic stream invertebrate communities up to drainage areas of 25 km2
(Reid et al., 2010), however, the assessment of stream fish up to drainage areas of 70 km2
has not been examined. Cumulative, landscape-scale effects are challenging to detect
(Reid, 1998) and fish may be relatively resilient to these effects at such large drainage
areas.

4.2.2 Salmincola edwardsii
Salmincola edwardsii on Brook Trout in northern New Brunswick were similar to
other ectoparasite-host- relationships, in that few hosts carry the majority of individual
parasites. There was no difference in size class infection prevalence which has been
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observed in previous studies (Poulin et al., 1991), and the location of parasite attachment
was restricted to external body tissues. Attachment location was previously thought to
be size related, with larger hosts having higher likelihood of gill attachment than smaller
hosts (Poulin et al., 1991). However, recent literature has observed this to be more a
function of habitat type, with lotic habitats having higher likelihood of external body
surface attachment, as parasites are flushed more readily from the gills (Friend, 1941;
Monzyk et al., 2015). Hyperplastic skin lesions were more common when hosts were
infected with 3+ copepods, which suggests that even modest infection intensities can
cause physiologic stress to host. Laboratory swim test experiments observed that even
low infection intensities can result in swimming impairment (Herron et al., 2018),
potentially causing more stress to individual fish and populations than previously thought
(Kabata and Cousens, 1977; Amundsen et al., 1997).

4.2.3 Multiple Stressors
Rarely in natural environments is there a single stressor impacting biological
communities. Effects, both positive and negative, are a function of multiple variables
acting on individuals or populations across time and space. This research project began
as an impact assessment of cumulative forest operations, but after the observation of an
ectoparasite on a number of Brook Trout in the studied watersheds, a second research
question was developed. Even though no effect of forest operations were detected on
Brook Trout or Slimy Sculpin, the potential for cumulative effects remain.
Salmincola infections have been observed to decrease recruitment of Brook Trout
populations (Mitro, 2016) and higher stream temperatures in the context of climate
change increase rates of parasite development, potentially increasing the number of
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generations and overall transmission (Marcogliese, 2001; Vigil et al., 2016), while
increasing susceptibility to infection from reduced immune response (Barber et al., 2000).
The extra energy expenditure associated combatting hyperplastic skin lesions and
carrying copepod loads (Barber et al., 2000), may have detrimental effects on health and
survival of individual trout in the short and long term. Impairment to swimming ability
have been observed in laboratory swim-tests with infected Chinook Salmon (Herron et
al., 2018), which can further impact trout health and survival. Temperature increases,
although not observed in this present study, are commonly observed in other forestry
impacts assessments (e.g. Curry et al., 2002; Gomi et al., 2002), and when coupled with
parasite infection could reduce the resiliency of trout to anthropogenic disturbance.
Habitat degradation, increased stream temperatures and low flows causing crowding at
barriers, thermal refuges and isolated pools (Mitro 2016), all potentially increasing
parasite transmission (e.g. Vigil et al., 2016). Forest harvesting best management
practices should continue to mitigate the effects of sedimentation on habitat degradation
and elevated stream temperatures to avoid increasing temperature-related transmission
of parasites and thermal stressors to stream fish.

4.3 Research Implications
This study has assessed multiple stressors to stream fish in northern New
Brunswick, including both cumulative forest harvesting effects on individual health and
populations of stream fish and the host-parasite relationship between S. edwardsii and
Brook Trout. The importance of habitat quantity and quality at multiple spatial scales was
identified as an influential factor in determining Brook Trout relative densities. Brook
Trout require headwater streams for thermal refuge, spawning and rearing, however,
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may utilize larger mainstem rivers for growth, so understanding impacts beyond
commonly studied headwaters is important in the management of all trout life stages in
a watershed. No negative effects of forest operations were observed to stream fish;
however, turbidity was identified as a significant factor in determining Brook Trout
distribution. Increased sediment is a common result of forest operations to aquatic
ecosystems and responsible for habitat reduction in both quantity and quality. Habitat
degradation in combination with potential parasite infections and climate change can
have cumulative impacts to cold water fish. Increased water temperatures are a wellknown detriment to many stream-dwelling fish in North America, although not observed
in this study. High summer temperatures force fish into thermal refuges in headwater
streams or at groundwater outflows. As Brook Trout seek thermal refuge in headwater
streams, they potentially carry parasites into previously uninfected streams and transmit
them to higher densities of stream fish. These cumulative impacts heighten the
importance of managing habitat degradation at multiple spatial scales for the long-term
persistence of stream fish, in the face of many anthropogenic and biological stressors.
Finally, Brook Trout are an important recreational angling species, so adopting better
management strategies to protect habitat at larger spatial scales is vital for the
improvement of individual fish health and local abundances.

4.4 Future Work
Long-term evaluations of cumulative forest operations, as well as parasite
prevalence, intensity and distribution are needed to understand year-to-year variability
among populations and potential impacts of habitat degradation (e.g., elevated turbidity)
on subsequent year classes of fish. To further investigate the effects of forest operations
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on stream fish, implanting PIT (passive integrated transponder) tags could be useful for
comparisons of growth rates between treatments. However, low recapture rates may
limit their application (e.g. Bateman et al., 2016), but could also be used to assess fish
residency in a mark-recapture study. To better evaluate the downstream effects of
cumulative forest harvest and different management intensities, future studies should
focus on increasing the temporal span of projects as a single sampling period may not
adequately represent stream conditions. Closed site electrofishing would increase
capture efficiency of fish in larger streams (Price and Peterson, 2010) and potentially
allow for more meaningful comparisons between treatments. Investigating the effects of
Salmincola spp. on salmonids is limited, so laboratory investigations into host-parasite
behaviours or long-term field evaluations of population recruitment of both fish and
parasites would be useful moving forward.
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CH35
QU20
QU70

Quisibis

Quisibis
Quisibis
Quisibis
Quisibis
Restigouche
Restigouche
Restigouche
RG10
RG20

Restigouche

Restigouche

RG01
RG70

QU10

NBR4
NBR3
NBR2

Charlo
Charlo
Charlo

NBI2

NBI3

NBE5
NBE4
NBE3
NBE2
NBI6
NBI5
NBI4

NBE6

NBR5

Charlo
CH70

NBR6

Site

Charlo

Watershed

19

48

5
22
44
25
32
11
9

30

27
18
28

43

50

58

103

50
28
13
23
0
96
99

26

20
23
42

68

50

# of Brook # of Slimy
Original Site
Trout
Sculpin

89.0 ± 19.0

77.4 ± 24.8

92.2 ± 24.0
93.5 ± 37.4
78.0 ± 23.3
94.2 ± 36.1
64.1 ± 18.2
102.7 ± 36.7
102.7 ± 40.1

79.6 ± 17.2

90.7 ± 28.9
96.3 ± 33.6
79.4 ± 21.2

93.1 ± 34.3

74.0 ±19.3

Trout Avg. Fork
Length ± SD

40.7 ± 16.1

49.2 ± 12.9

54.9 ±15.6
51.6 ± 12.7
51.9 ± 17.5
54.7 ± 15.5
NA
50.8 ± 13.4
51.6 ± 14.0

67.9 ± 17.7

62.3 ± 13.3
59.3 ± 12.4
65.3 14.3

54.7 ± 11.9

56.1 ± 14.0

0.06

0.06

0.01
0.05
0.15
0.05
0.2
0.03
0.01

0.09

0.04
0.03
0.05

0.06

0.07

0.19

0.13

0.12
0.06
0.04
0.05
0
0.26
0.11

0.08

0.03
0.04
0.07

0.1

0.07

Sculpin
Avg. Fork Trout/m2/ Sculpin/m
Length ± 100 sec 2/ 100 sec
SD

Appendix A: Supplementary information for Chapter 2

Table A1: Fish sampling conducted in the Fall of 2016, including abundances of all species, fish
length, and catch-per-unit-effort (CPUE). Original sites were initially selected, but only nine sites
were sampled along with nine others in 2017.

*Site column indicates sites that were evaluated in 2017 that were also evaluated in 2016 for
the larger research project.
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