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Abstract
Demand for water resources and the subsequent proliferation of dams has led to
habitat discontinuity within rivers and a subsequent reduction in freshwater biodiversity,
particularly of anadromous fishes. Fishway installation is one mitigation technique, but
the effectiveness of these structure is often untested. In this thesis, I present a holistic
approach to understanding issues related to fish passage, particularly of rainbow smelt
(Osmerus mordax), on Prince Edward Island (PEI). Using passive integrated transponder
tags and associated stationary antenna arrays, passage assessments at five fishways,
including both nature-like and technical (i.e., pool-and-weir) designs, revealed highly
variable passage among species. Brook trout (Salvelinus fontinalis) passage exceeded
90%, while rainbow smelt passage varied from 0% at a pool-and-weir fishway to slightly
more than 40% at a nature-like fishway. Of note were observations of active spawning
rainbow smelt at nature-like fishways. This observation suggests that nature-like
fishways double both as fish passage structures, but also as viable spawning habitat. Low
attraction at a nature-like bypass channel – and lack of success modifying the river
channel to increase attraction – illustrated the importance of correctly locating fishway
entrances. Given questions about the effect of behaviour on passage success, assessments
of behavioural type were conducted on rainbow smelt with the goal of linking passage
success to individual behaviour. However, despite detecting distinct behavioural
syndromes in rainbow smelt, passage success was unrelated to behavioural type at a full
width, nature-like rock-ramp fishway. This novel approach to studying fish passage
should be applied to other species and fishway designs. Finally, facilitating passage to
freshwater habitats has important implications for the movement of seasonal pulses of
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resources by anadromous fishes. Marine-derived nutrients (MDNs) transported by
migratory rainbow smelt, principally in the form of eggs, were traced into multiple
trophic levels of a PEI river. Strong evidence of MDN incorporation was specifically
found in macroinvertebrates and stream-resident brook trout. Furthermore, this seasonal
pulse of nutrients provided brook trout with access to essential fatty acids that contribute
to whole organism function and health (e.g., robustness of the immune system, cell
membrane fluidity, nervous system development). Additionally, remote camera traps and
field-based observations revealed linkages between anadromous rainbow smelt and
terrestrial environments. Together, these studies illustrate the complex issues associated
with providing habitat connectivity in rivers, including challenges associated with
properly locating fishways, accommodating passage of multiple species, and accounting
for the effect of individual behaviour on passage. The end two chapters of this thesis
further demonstrate the interconnectedness between marine and freshwater ecosystems,
highlighting the importance of maintaining passage not only to improve an individual
species’ reproductive success but also to provide ecosystem services.

3

Acknowledgements
To Sarah, thank you for listening to my sometimes-ceaseless rants and emotional
venting sessions; I know that was not always easy. Thank you for the tough love. Thank
you for the compassion. Thank you for the tireless encouragement along the way.
To Mom and Dad, thank you from the bottom of my heart for all that you’ve done
for me. Thank you for being so willing to offer advice. Thank you for making my visits
home so wonderful and relaxing.
To Stanley, your belly fluff has incredible de-stressing properties. Thank you for
never protesting when I needed a good sniff, and for always being my little buddy. To
Phoebe, your softness is unrivaled. Thank you for letting me man-handle you, even when
you clearly didn’t want to be touched. To Pat, you’re weird, but we like you and you’re a
joy to have around. Thank you for making us laugh; sorry that it often comes at your
expense.
Thanks should also be extended to a number of other people. To MVDH, thank
you for always being supportive. Thanks must also go out to all my lab mates for your
friendship and assistance throughout my program.
I would also like to thank the Biology Department and its faculty, especially
Marva Sweeney-Nixon, for giving me the opportunity to teach three courses during my
program. Thank you to Donna Giberson for all your teaching – and thesis – related
advice. Thanks to you and Kyle, I can never look at a bug the same way again!
A special thank you to Ducks Unlimited Canada who provided critical logistical
and financial support. Without it, this thesis would never have happened. A super special

4

thank you to Jonathan Platts for his immense patience and all the assistance he provided
during our short but busy field seasons.
To PEI, you exceeded all my expectations. I will look back with wonderful
memories of my time spent on your beaches, wandering your forests, snorkeling your
estuaries, and slogging through your rivers.
Funding for this thesis was provided by: an NSERC Industrial Post Graduate
Scholarship, Ducks Unlimited Canada, Irving Oil, the PEI Wildlife Federation, MITACS
Accelerate, and UPEI Internal Research Grants.

5

Co-authorship
Chapter 2. Fishway effectiveness at five fishways in Prince Edward Island, Canada.
S.J. Landsman, N. McLellan, M.R. van den Heuvel. Submitting to Northeastern
Naturalist.
This paper was conceived by SJL, NM, and MRvdH. SJL carried out the analyses
and wrote the manuscript. All co-authors provided edits and comments.

Chapter 3. Non-salmonid vs. salmonid passage at a nature-like and pool-and-weir
fishway in Atlantic Canada with special attention to Rainbow Smelt Osmerus
mordax. S.J. Landsman, N. McLellan, J. Platts, and M.R. van den Heuvel. Published in
Transactions of the American Fisheries Society. In press.
SJL and all co-authors conceived the project. SJL and NM carried out the field
work. SJL performed the analysis with input from MRvdH. SJL wrote the manuscript and
all co-authors provided edits and comments.

Chapter 4. Fishway passage success for migratory rainbow smelt Osmerus mordax is
not dictated by behavioural type. S.J. Landsman, A.D.M. Wilson, S.J. Cooke, and M.R.
van den Heuvel. 2017. River Research and Applications 33: 1257-1267.
SJL, ADMW, and SJC conceived the project. SJL collected the data with initial
training provided by ADMW. SJL performed the analyses with input from ADMW. SJL
wrote the manuscript and all co-authors provided edits and comments.

6

Chapter 5. Assimilation of marine-derived nutrients from anadromous rainbow
smelt in an eastern North American riverine food web: evidence from stable isotope
and fatty acid analysis. S.J. Landsman, K.M. Samways, B. Hayden, M.R. van den
Heuvel. In review at Freshwater Science.
SJL conceived the project with KMS and BH providing input on study design.
SJL collected the data and samples. The Stable Isotopes in Nature Lab was paid to
perform the stable isotope analysis with BH helping interpret the output. Ryerson
University analyzed the fatty acid samples. SJL performed all statistical analyses and
wrote the manuscript. All co-authors provided edits and comments.

Chapter 6. Direct and indirect evidence of multiple taxa consuming marine-derived
nutrients in freshwater ecosystems of Prince Edward Island. S.J. Landsman, K.
Knysh, M.R. van den Heuvel. Submitting to Canadian Field Naturalist.
SJL conceived the project, collected all imagery and samples, and wrote the
manuscript. KK assisted with identification of macroinvertebrates. All co-authors
provided edits and comments.

7

Table of Contents
Abstract ......................................................................................................................... 2
Acknowledgements ........................................................................................................ 4
Co-authorship................................................................................................................ 6
List of Figures .............................................................................................................. 11
List of Tables ............................................................................................................... 15
Chapter 1. General Introduction ................................................................................ 17
Migration ................................................................................................................. 17
Dams and riverine fragmentation ........................................................................... 20
Fishways................................................................................................................... 22
Fishway evaluations................................................................................................. 25
Tracking movements of migratory fishes ............................................................... 29
Animal personality and behavioural syndromes .................................................... 32
Anadromous fishes as ecosystem service providers ............................................... 34
Basic biology of study species .................................................................................. 38
Rainbow smelt ....................................................................................................... 38
Alewife and blueback herring ................................................................................ 39
Brook trout ............................................................................................................ 41
Rainbow smelt and alewife fishway passage trends in Atlantic Canada ............... 42
Thesis goals .............................................................................................................. 44
Chapter 2. Fishway effectiveness at six fishways in Prince Edward Island, Canada 51
Abstract ................................................................................................................... 51
Introduction ............................................................................................................. 52
Methods ................................................................................................................... 55
Fishway locations .................................................................................................. 55
Study Sites ............................................................................................................. 55
Fish capture and tagging ....................................................................................... 58
PIT antennas ......................................................................................................... 59
Analysis ................................................................................................................. 60
Results ...................................................................................................................... 62
Attraction efficiencies ............................................................................................ 62
Passage efficiencies ............................................................................................... 62
Total length vs. lag period and passage duration ................................................... 64
Upstream residency period .................................................................................... 65
Nature-like fishway habitat observations ............................................................... 65
Discussion ................................................................................................................ 66

8

Chapter 3. Non-salmonid vs. salmonid passage at a nature-like and pool-and-weir
fishway in Atlantic Canada with special attention to Rainbow Smelt Osmerus
mordax ......................................................................................................................... 89
Abstract ................................................................................................................... 89
Introduction ............................................................................................................. 90
Methods ................................................................................................................... 93
Study site ............................................................................................................... 93
Water temperature and discharge monitoring ........................................................ 94
Fish capture and tagging ....................................................................................... 95
PIT antennas ......................................................................................................... 96
Fall 2015 site modifications................................................................................... 98
Data analysis ......................................................................................................... 98
Results .................................................................................................................... 103
Fishway performance .......................................................................................... 103
In-stream modification effectiveness .................................................................... 105
Movement to upstream habitats ........................................................................... 105
Discussion .............................................................................................................. 107
Chapter 4. Fishway passage success for migratory rainbow smelt Osmerus mordax is
not dictated by behavioural type .............................................................................. 128
Abstract ................................................................................................................. 128
Introduction ........................................................................................................... 129
Methods ................................................................................................................. 131
Study site and field collections ............................................................................. 131
Experimental tanks .............................................................................................. 132
Objective 1 – Behavioural trials .......................................................................... 132
Objective 2 – Movement through fishway............................................................. 134
Statistical analysis ............................................................................................... 135
Results .................................................................................................................... 137
Behavioural distributions and correlations .......................................................... 137
Behavioural characteristics of successfully ascending fish ................................... 139
Fishway movements ............................................................................................. 139
Discussion .............................................................................................................. 141
Chapter 5. Assimilation of marine-derived nutrients from anadromous rainbow
smelt in an eastern North American riverine food web: evidence from stable isotope
and fatty acid analysis ............................................................................................... 158
Abstract ................................................................................................................. 158
Introduction ........................................................................................................... 159
Methods ................................................................................................................. 163
Study site and time period .................................................................................... 163
Sample Collection .................................................................................................. 165
Stable isotope analysis ......................................................................................... 165
Lipids and fatty acid analysis. .............................................................................. 166

9

Sample Preparation ............................................................................................... 167
Stable isotopes ..................................................................................................... 167
Lipid and fatty acid analysis ................................................................................ 168
Data analysis ....................................................................................................... 169
Results .................................................................................................................... 171
Stable isotope analysis ......................................................................................... 171
Fatty acid analysis ............................................................................................... 173
Discussion .............................................................................................................. 174
Chapter 6. Direct and indirect evidence of multiple taxa consuming marine-derived
nutrients in freshwater ecosystems of Prince Edward Island, Canada ................... 193
Abstract ................................................................................................................. 193
Introduction ........................................................................................................... 193
Methods ................................................................................................................. 194
Results and Discussion .......................................................................................... 195
Chapter 7. General discussion and future research directions................................ 206
References .................................................................................................................. 215

10

List of Figures
Figure 1-1. Types of fish migration including potamodromy (a; e.g., lake sturgeon
[Acipenser fulvescens]), oceanodromy (b; e.g., bluefin tuna [Thunnus thynnus]),
anadromy (c; e.g., coho salmon [Oncorhynchus kisutch]), and catadromy (d; e.g.,
American eel; Anguilla rostrata). “X” symbols represent end points of each migration
type. Migration forms (b) and (c) represent types of diadromy. Note: Not shown is
amphidromy, a special type of diadromy where juveniles move briefly into saltwater
environments prior to reentering freshwater as late-stage juveniles. .......................... 49
Figure 1-2. Schematic of thesis chapters. Progression from Chapter 2-4 follows
increasingly narrow and focused questions. Chapters 5 and 6 step back to address
broader questions related to fish passage. .................................................................. 50
Figure 2-1. Map of Canada with an inset showing the province of Prince Edward Island
and the locations (from west to east) of the Wheatley, Winter, Glenfinnan, Pisquid,
and Head of Hillsborough Rivers. ............................................................................. 81
Figure 2-2. Aerial black-and-white panorama image of the Tuddy MacKinnon dam and
dual fishway complex. The dam is located upper right in the image with the pool-andweir fishway located immediately adjacent to it. Downstream from the dam is the
nature-like bypass channel. Note: shading has been added to help the viewer visualize
the path of the channel. Antennas are indicated by black lines. An additional antenna
was placed above a culvert ~1 km upstream from the dam. The culvert downstream of
the dam/fishway complex also had antennas installed within it, one at the upstream
end in 2014 and two covering the culvert’s entrance and exit in 2016. Brook trout
monitoring did not include downstream culvert antenna coverage as fish could only be
captured above the culvert. Rainbow smelt were tagged ~ 100 m downstream from the
nature-like fishway entrance and immediately below the culvert. .............................. 82
Figure 2-3. An aerial black-and-white panorama image of the Pisquid River nature-like
rock-ramp fishway. Antennas (black lines) and weirs (denoted as single letters) are
shown in the right panel. Note: the antenna at Weir D malfunctioned and was disable
during the study. The dark grey shaded area in the top right corner of the figure
indicates a portion of the former pond. Tagging occurred ~20 m downstream from the
location at the far left edge of the image.................................................................... 83
Figure 2-4. A photograph showing the 4-cell pool-and-weir fishway at Warren’s Pond on
the Head of Hillsborough River. The fishway was retrofitted in the late 2000s by
lengthening it and adding additional resting pools. Antenna positions are indicated by
white rectangles. The approach antenna position is out-of-frame and tagging occurred
~ 75 m downstream of the dam. ................................................................................ 84
Figure 2-5. An illustrated graphic of the dam and fishway at Officer’s Pond on the Winter
River. Antenna locations within the fishway are indicated by white rectangles (A1-A4)
and the approach antenna by a single black line. The alewife tagging location was ~90
m downstream of the approach antenna. Map not to scale ......................................... 85
Figure 2-6. A historical photo (a) of unknown date showing the old grist mill and dam on
the Wheatley River at the present-day location of Rackham’s Pond. A map of the

11

Wheatley River nature-like fishway (b). Black lines indicate antenna positions and
black boxes represent antenna readers. Map not to scale. (Grist mill photo courtesy
Wheatley River Improvement Group) ....................................................................... 86
Figure 2-7. The proportion of rainbow smelt (a; sampled in 2015) and alewife (b) passing
each antenna at a nature-like rock-ramp and pool-and-weir fishway in the Pisquid
River and Winter River, respectively. Note: the antenna at Weir D in Pisquid River
fishway malfunctioned and was disabled during the study. ....................................... 87
Figure 2-8. Top photo (a) shows a school of rainbow smelt swimming above eggs laid
within the Pisquid River nature-like rock-ramp fishway. Bottom image (b) shows a
group of rainbow smelt gathered in a dead-end side channel that filled during a highwater event. The fish were trapped and within days after the image was taken most
were depredated by raccoons (confirmed via camera trap) or presumably died due to
asphyxiation. ............................................................................................................ 88
Figure 3-1. Study site location and schematic showing antenna positions (dashed lines,
top graphic). The downstream antenna at the culvert was not installed in 2014 and the
antenna at the mid-point of the pool-and-weir fishway was only operational in 2014.
............................................................................................................................... 123
Figure 3-2. Between-pool drop heights of the pool-and-weir fishway at the Tuddy
MacKinnon dam. Graphic indicates water at high tide. Note: graphic not-to-scale. . 124
Figure 3-3. Rainbow smelt hover above a mat of eggs within the nature-like bypass
channel (photo: Sean Landsman). ........................................................................... 125
Figure 3-4. Frequency of detections across 24 h periods for rainbow smelt in 2014 (a) and
2016 (b) as well as brook trout in 2015 (c) and 2016 (d). Shaded boxes represent the
nighttime period based on approximate local sunrise/sunset times........................... 126
Figure 3-5. Time-event analysis of brook trout reaching habitats upstream of Tuddy
MacKinnon’s Pond at or above the Tarantum Road culvert. Each segment on the xaxis represents a one-week period. The shaded area represents the 95% confidence
interval and each small vertical hash mark represents a censored fish. The longest
duration of time required to reach the Tarantum Road culvert was 631.3 hours. All fish
beyond this time point were presumed at-large by the end of the monitoring period on
25 July 2016. .......................................................................................................... 127
Figure 4-1. Schematic of the Pisquid River nature-like fishway modified from Clément et
al. (2012). Rock weirs separate each pool (A-E). PIT tag antennas were located at the
top riffle (full passage), below Weir A (approach antenna), and at each weir except
Weir D. Drop heights between each pool range from 0.11-0.26 m with the largest drop
height located at Weir B. The inset photos show a large school of rainbow smelt below
Weir B (top) and a single rainbow smelt attempting to jump through the rapids at Weir
B (bottom; photos courtesy Sean Landsman) .......................................................... 152
Figure 4-2. Diagram (not to scale) of the refuge chamber assembly (a) and the tanks (b)
used to assess latency to emerge from a refuge chamber, activity, and predator
response. The refuge chamber is located in the lower one-third of the tank and each
white line was spaced equidistant (b). Each refuge chamber consisted of two inverted
pots (a). An outer pot acted as the closed door and was lifted after allowing the fish to
acclimate for five minutes. The inner pot contained an opening that the fish could
swim through under its own volition (a). ................................................................. 153

12

Figure 4-3. Behavioural syndrome showing correlations between two behaviours (i.e.,
refuge emergence/exploration and activity) in rainbow smelt. Numbers shown
represent Spearman rho (rs) correlations. Significant relationships denoted by an
asterisk (*). ............................................................................................................. 154
Figure 4-4. Mean ± S.D. latency to emerge from the refuge (a), mean activity (b), and
mean predator response (c) for rainbow smelt sampled below and above the naturelike fishway. Asterisks (*) represent significant differences between groups. Sample
sizes are shown within each bar. ............................................................................. 155
Figure 4-5. PCA biplots of PCs 1, 2, and 3 (66.6% cumulative variation) depicting the
effects of refuge emergence (boldness), water temperature, discharge, length, passage
attempts, and time to first detection on failure or success of male or female rainbow
smelt to pass a nature-like fishway. ......................................................................... 156
Figure 4-6. Mean daily discharge (dashed line) and water temperature (solid line) during
the study period from the first day of detections on 2015 May 12 to the last day on
2015 June 5. ........................................................................................................... 157
Figure 5-1. Map of the study site indicating the downstream and upstream (reference)
sampling sites. The middle arrow in the top image shows the position of the
culvert/beaver dam blockage preventing rainbow smelt from migrating to the upstream
sampling site. The solid black line (top image) denotes the boundary of the Pisquid
River watershed. N.B. = New Brunswick, N.S. = Nova Scotia, P.E.I. = Prince Edward
Island, Que. = Quebec ............................................................................................ 189
Figure 5-2. Time series plots of δ15N (top row) and δ13C (bottom row) values for
periphyton (left column), aquatic macroinvertebrates (middle column) and brook trout
(right column) sampled downstream (circles) and upstream (triangles) at a site
receiving no anadromous rainbow smelt. A horizontal line indicates the stable isotope
signatures of rainbow smelt and the shaded box represents the period of migration and
egg deposition. Data points represent means ± SE, except for aquatic
macroinvertebrates where each point represents a single pooled sample for that
particular sampling date. ......................................................................................... 190
Figure 5-3. Principal components analysis biplot comparing the first and second principal
components consisting of 12 fatty acids. Fatty acids used in the analysis were those
that constituted ≥ 1% of the total fatty acid composition. Brook trout were sampled
from an upstream reference site on the East branch of the Pisquid River and farther
downstream on rainbow smelt spawning grounds. Arrows lengths indicate the relative
influence of fatty acid on the overall variation for a group(s). ................................. 191
Figure 5-4. Estimated Pisquid River discharge during the rainbow smelt migration of
2015. ...................................................................................................................... 192
Figure 6-1. Three photos taken with a high-resolution camera trap show a North
American raccoon (top) and a domestic house cat (bottom) foraging for migratory
rainbow smelt in and along the Pisquid River, Prince Edward Island. The photos were
taken on 23 April 2016 at 0230 hours. Photos: S.J. Landsman. ............................... 200
Figure 6-2. A screenshot from a cell phone video showing an American mink with a
rainbow smelt in its mouth. The photograph has been enhanced to emphasize the
location of the mink. Photo: S. J. Landsman............................................................ 201

13

Figure 6-3. A heavily cropped image from a high-resolution camera trap depicts a
resident passerine, a song sparrow, potentially foraging on rainbow smelt eggs (below
and adjacent to its right foot) deposited on a small branch during a prior high-water
period in the Pisquid River, Prince Edward Island. Live rainbow smelt can also be
seen schooling below the bird (including one protruding its head above the water’s
surface). Photo: S.J. Landsman. .............................................................................. 202
Figure 6-4. Macro photos of Frenesia (a), Limnephilus (b), and Mystacides (c) caddisflies
collected from alewife bodies in the Glenfinnan River, Prince Edward Island. ........ 203
Figure 6-5. Snails (Class Gastropoda) scavenge the carcass of a dead alewife in the
Winter River, Prince Edward Island. Photo: S.J. Landsman. ................................... 204
Figure 6-6. Macro photos showing bottom (a; dead, empty shell) and top (b; live
specimen) views of Radix The specimens were collected from the same Winter River
location as shown in Figure 3, but were collected post hoc on 25 November 2016 for
better images. Dimensions of (a) were shell height 13 mm, aperture height 11 mm, and
aperture width 6 mm. .............................................................................................. 205
Figure 7-1. Approximate migration timing of diadromous species found in Atlantic
Canada. Note: Brook trout are considered partially diadromous; other partially
diadromous species such as rainbow and brown trout found in the region are not
shown. In addition, “gaspereau” is a regional term used to describe both alewife and
blueback herring. .................................................................................................... 214

14

List of Tables
Table 1-1. Migratory category and associated ecosystems at juvenile and adult life stages.
................................................................................................................................. 47
Table 1-2. Summarized passage information for PIT tagged Alewife and Blueback
Herring. Note: the study by Haro et al. (1999) was under experimental conditions
versus natural stream conditions in Franklin et al. (2012) and Andrews (2014).
CAFRC = Conte Anadromous Fish Research Center. The references are as follows: 1
Franklin et al. (2012); 2 Andrews (2014); 3 Haro et al. (1999); and 4 Nau et al. (2017).
................................................................................................................................. 48
Table 2-1. List of between-pool drop heights at both nature-like and pool-and-weir
fishways. Note: the Glenfinnan River nature-like fishway did not have pools, so drop
heights were not calculated. ...................................................................................... 75
Table 2-2. Fish capture information at each site including number captured, mean (± 1
SD) total length, and total length range. .................................................................... 76
Table 2-3. Summary fish passage information including attraction/entrance (i.e.,
“att./ent.”) and passage efficiencies as well as the number of passage attempts, passage
duration, lag period, and upstream residency for each species at each site. Passage
attempts are reported as means ± 1 SD and passage durations, lag periods, and
upstream residency periods as medians. Parentheticals for passage attempts, passage
duration, lag period, and upstream residency indicates ranges. .................................. 77
Table 2-4. Results of Spearman rank correlation tests assessing the effect of total length
on lag period and passage duration at each fishway. Bolded correlation coefficients
indicate significance at p < 0.05. ............................................................................... 79
Table 2-5. Results of general linear models assessing the effects of total length, passage
duration, and number of passage attempts on the upstream residency period for
rainbow smelt and alewife. Bolded coefficients (β) indicate significance at p < 0.05 . 80
Table 3-1. Number tagged including numbers of males and females, total length range,
and average total length of rainbow smelt (2014 and 2016) and Brook Trout (2015 and
2016). M = males, F = females................................................................................ 115
Table 3-2. Attraction and passage efficiencies for the nature-like fishway and pool-andweir fishway located at Tuddy MacKinnon’s Pond. Numbers are expressed as
percentages. Numbers used in calculations are shown in parentheses below each
percentage. Only 2016 passage data are shown for brook trout................................ 116
Table 3-3. Results of the logistic regression analysis examining success or failure of
rainbow smelt to pass a nature-like fishway. Covariates included water temperature,
discharge, total length, sex, tag year and number of passage attempts at the nature-like
fishway. Data were pooled for both years. Bolded estimates indicate significance at P
< 0.05. OR = odds ratio, CI = 95% confidence interval. Brackets for the categorical
variables sex and tag year indicate the reference category. ...................................... 117
Table 3-4. Passage durations by rainbow smelt (2014 and 2016) and brook trout (2015
and 2016) during each year, including mean, median, and range. ............................ 118
Table 3-5. Event-time analysis output assessing the effects of water temperature, total
length, discharge, number of passage attempts at the nature-like fishway and sex on
rainbow smelt passage duration at the nature-like fishway (separated by year). Also

15

shown are event-time analysis results for the effects of water temperature, total length,
and discharge on time taken by brook trout to reach habitats upstream of the pond. HR
= hazard ratio and was calculated by exponentiation of the coefficient (β). ............. 119
Table 4-1. Outputs of intraclass correlation coefficient (ICC) analysis on repeatability of
behaviour within individuals. Bolded ICC values indicate significant repeatability tests
at P < 0.05. ............................................................................................................. 148
Table 4-2. Principal components analysis output including factor loadings, eigenvalue,
proportion of variance, and cumulative proportion of variance explained. ............... 149
Table 4-3. Results of logistic regression analysis for passage success of rainbow smelt at
the Pisquid River nature-like fishway. The output presented is associated with the
most predictive model for each sex. Bolded coefficient values indicate significant
variables. OR = odds ratio....................................................................................... 150
Table 4-4. Results of cumulative link mixed model analysis assessing distance moved in
a nature-like fishway by male and female rainbow smelt. The output presented is
associated with the most predictive model for each sex. Bolded coefficient values
indicate significant variables. OR = odds ratio. ....................................................... 151
Table 5-1. Summary δ13C and δ15N values for each taxa sampled at the downstream site
overlapping with rainbow smelt spawning grounds and the upstream reference site
outside the rainbow smelt spawning grounds. Values are means ± S.E. ................... 184
Table 5-2. 13C and 15N two-way ANOVA outputs for each group of organisms sampled.
The migration variable was separated into pre-, during, and post-rainbow smelt
spawning migration time periods. The location variable included the downstream and
upstream sites. Two-way and three-way interactions are shown where appropriate.
Bolded p-values indicate those that are significant at p < 0.05................................. 185
Table 5-3. Fatty acid profiles for brook trout collected outside and on rainbow smelt
spawning grounds. The fatty acid profile of rainbow smelt is also shown for
comparison. Values are means ± S.E. and represent percentages of total fatty acids.187
Table 6-1. Taxonomic information for the aquatic macroinvertebrates discovered on
Alewife and Rainbow Smelt bodies. ....................................................................... 199

16

Chapter 1. General Introduction
Migration
One of nature’s most incredible spectacles is that of animal migration. Some, such as
the Arctic tern (Sterna paradisaea), make truly astounding annual pole-to-pole
migrations of over 80,000 km (Egevang et al. 2010). Bluefin tuna (Thunnus thynnus)
have been documented feeding on one side of the Atlantic Ocean and spawning on the
other, a movement taking place within a matter of months (Block et al. 2005). The blue
wildebeest (Connochaetes taurinus) migrate across vast grasslands and past a myriad of
predators ranging from Nile crocodiles (Crocodylus niloticus) to African lions (Panthera
leo). Common to each of these migration examples are six key characteristics that
differentiate such movements from other forms of activity such as ranging and station
keeping behaviours (Dingle 2014):
1. Continued, long-duration movement.
2. Directed movement with little turning as often expressed in station keeping or
ranging.
3. Predictable behaviours that signal departure and arrival.
4. Use of external cues to initiate movements out of habitats.
5. Movement stimulated by physiological changes (e.g., circulating reproductive
hormones) as opposed to a lack of resources (e.g., food).
6. Internal energy reserves support movement.
Fish migrations, though present in only an estimated 5.5% of all fishes (1,873
species, Riede 2002; 33,910 species of fish, FishBase 2018), take several different forms.
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Migrations may occur for reproductive purposes, but also to reach refuge habitats or
feeding grounds (Lucas and Baras 2001). Some migrate completely in freshwater (i.e.,
potamodromy), while others only in saltwater (i.e., oceanodromy; Table 1-1; Figure 1-1).
Diadromous fishes, of which there are an estimated 250 species (McDowall 1997),
migrate between saltwater and freshwater environments (Myers 1949); individuals that
begin life in freshwater and grow as adults in saltwater are termed “anadromous” (e.g.,
coho salmon [Oncorhynchus kisutch]) and the opposite life history pattern is termed
“catadromous” (e.g., American eel [Anguilla rostrate]).
In some cases, diadromous fishes may migrate long distances such as up to 1200 km
for sockeye salmon (Oncorhynchus nerka; Hinch et al. 2012), 5000-6000 km for
European eel (Anguilla anguilla; van Ginneken et al. 2005), or up to 4000 km for
American eel (Schmidt 1923). The energy required to complete such long-distance
migrations is high and can lead to death if too much energy is consumed (Glebe and
Leggett 1981a). In general, the mobilization of endogenous energy reserves to fuel longdistance movement is a key element of labeling an organism as migratory (Dingle 1996).
Diadromous fishes face additional physiological challenges as they transition from
freshwater/saltwater to saltwater/freshwater. Changes in circulating hormones (e.g.,
prolactin, cortisol, growth hormone; McKeown 1984; McCormick 2001; Sakamoto and
McCormick 2006) help prepare fish for movement into new environments and the
osmoregulatory systems undergoes a major overhaul when adjusting to changes in
salinity. Examples of the latter include changes to ion permeability at the gill epithelia
(Fry 1971, Folmar and Dickhoff 1980), Na+/K+-ATPase activity driving sodium pumps
(McCormick and Saunders 1987), and ionocyte abundance (Langdon and Thorpe 1985).
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Diadromous fishes en route to spawning grounds must maintain physiological
homeostasis while keeping enough energy in reserve to both reach spawning grounds as
well as complete all spawning activities. Of principal concern is(are) the type(s) of
swimming mode(s) employed during migration. For example, the use of white muscle
during burst swimming (i.e., anaerobic metabolism) is energetically effective (Hochachka
and Somero 1984). As such, to maximize energy use, migratory fish use white muscle
sparingly. Faster swim speeds that recruit white muscle can only be sustained for
relatively short periods of time, whereas recruitment of slow-twitch red muscle is more
energetically efficient, albeit at the cost of speed (Lucas and Baras 2001). If fish
encounter unusually high and persistent flow speeds, then migratory delay may ensue and
with it a reduction in fitness via either outright death or an inability to complete
spawning-related activities.
The evolution of the diadromous migratory strategy in fishes relates to the
fundamental principle of finding a life history strategy that maximizes fitness (Gross
1987; McDowall 1997). In the case of diadromous fishes, fish migrating long distances to
a new habitat must provide a benefit – either through survival or reproductive success –
that outweighs the physiological costs associated with the behaviour (Gross 1987).
During the adult growth phase, either in the ocean (anadromy) or in freshwater
(catadromy), attaining a larger body size often results in higher fecundity (Bagenal 1969;
Blueweiss et al. 1978; see Kamler 2005) and production of larger sized eggs (Chambers
and Leggett 1996). However, this assumes that there is sufficient food for increased
growth. Yet, patterns of productivity between freshwater and saltwater are not uniform
across latitudes. In temperate latitudes, for example, saltwater environments are more
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productive than freshwater and in these regions the incidence of anadromy is greater than
catadromy (Gross et al. 1988); the opposite pattern emerges in tropical latitudes. Indeed,
relative differences in productivity between freshwater and saltwater are thought to drive
the expression of anadromy or catadromy in diadromous fishes (Gross et al. 1988).
Yet, as relatively straightforward as this concept appears, diadromy (and
migrations in general) can be highly plastic at the species level. This is exemplified by
populations of fishes that are partially migratory such as brown trout (Salmo trutta) and
shortnose sturgeon (Acipenser brevirostrum; see Chapman et al. 2012). It is likely that a
host of factors may affect the decision whether or not to migrate, including body size,
physiological tolerance, density-dependence, trade-offs between growth and predation
risk, intraspecific competition for resources, and trophic polymorphism (see Chapman et
al. 2011). Regardless of the mechanism, migrating to a new environment can in many
cases provide a substantial fitness gain.

Dams and riverine fragmentation
Humans have long recognized the utility of dams for storing drinking water or
water for irrigating agricultural fields, controlling floods, and powering hydraulic
technology (Fasol 2002; Bazza 2007; Mays 2008). The oldest recorded example of a
large dam (> 15 m height) dates back to 2650 BCE when the Egyptians constructed the
Sadd el-Kafara (Dam of the Pagans) to facilitate water storage (Mays 2008). As the
human population has grown, so too has the number of dam construction projects. More
recently, greater energy demands and a simultaneous desire by many societies to reduce
greenhouse gas emissions have spurred an expansion in hydropower and large dam
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installations (Zarfl et al. 2014). Today, there are nearly 59,000 large dams estimated
worldwide, including almost 10,000 in North America alone (ICOLD 2017). Dam
numbers peaked in the 1970s, but have plateaued since (Malmqvist and Rundgle 2002).
Yet, the numbers of small dams, those < 10 m in height, are far more numerous than
larger structures. For example, an estimated 2,000,000 small low-head dams are found in
rivers throughout the United States (Fencl et al. 2015).
The construction of dams, either large or small, can impact river systems in
numerous ways. Free-flowing rivers have biotic (e.g., fish and macroinvertebrate species
composition) and abiotic traits (e.g., particle and rock size, temperature) that change
predictably from upstream to downstream reaches (described in the River Continuum
Concept; Vannote et al. 1980). However, erecting a dam within a river can alter many
characteristics both up and downstream of the structure. For example, dams and their
management can change the frequency, duration, timing, and magnitude of flows as well
as the rate at which flows change (i.e., relative to the natural flow regime; Poff et al.
1997). This form of habitat modification has been identified as one of the primary threats
to freshwater biodiversity (Dudgeon et al. 2006). In addition to changes in the natural
flow regime of rivers, dams can also affect species composition, richness, and abundance
(Zwick 1992; Dodd et al. 2003); loss of genetic diversity (Yamamoto et al. 2004);
temperature profiles (Angilletta Jr. et al. 2008); downstream channel characteristics
including channel shape, substrate size, and width (Aadland 2010); natural flood-pulse
events (Junk et al. 1989); and connectivity within river systems (Dynesius and Nilsson
1994; Nilsson et al. 2005). This latter aspect can have profound impacts on the movement
of resources vertically (up and down in the water column), laterally (between aquatic and
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terrestrial ecosystems), and longitudinally (e.g., Newbold et al. 1981; serial discontinuity
concept, Ward and Stanford 1983; Jungwirth 1998).
For fishes, disruptions to longitudinal connectivity can inhibit – or outright
prohibit – access to critical habitats (i.e., habitats required for completion of a particular
life history process or life stage). For example, dam construction has resulted in the loss
of 36% of the American shad’s (Alosa sapidissima) spawning habitat in North America
(Limburg et al. 2003). Similarly, Chinook salmon (Oncorhynchus tshawytscha) spawning
habitat has been reduced by 40% in the Pacific Northwest’s Columbia River (Sheer and
Steel 2006). Several studies have pinpointed dams and the habitat fragmentation they
create as the primary cause of population reductions in multiple species (e.g., Birstein et
al. 1997; Parrish et al. 1998; Sheer and Steel 2006; Mallen-Cooper and Brand 2007). The
commonality among many of these species is that they all migrate to complete at least
one life history stage or behaviour (e.g., refuge-seeking, feeding). The persistent
disruptions to habitat connectivity have led some to speculate that migratory behaviour is
becoming an increasingly rare phenomenon (Wilcove and Wikelski 2008).

Fishways
While the simplest way to reverse problems associated with dams might be to just
remove the dams themselves, in some cases (e.g., due to environmental concerns with
dam removals as well as political, economic, and/or social pressures) this is simply not
practical. Instead, one of the primary mitigation measures used by dam operators and
fisheries managers is to install structures called “fishways” that help fish navigate around
dams (Clay 1995). Indeed, regulations, laws and statutes aimed at protecting fish species
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may require installation of a fishway (Katopodis and Williams 2012). For example, under
Section 20(1) of the Canadian Fisheries Act, the Minister of Fisheries and Oceans can
require that the operator of a dam construct a fishway “to ensure the free passage of fish”
(Fisheries Act 1985).
When faced with this requirement, operators must choose an appropriate design
based on the target fish species and characteristics of the dam (e.g., height). Broadly,
fishways can be grouped into technical (constructed of human-made materials) or naturelike designs (made of natural materials). Technical fishways include what much of the
public refers to as “fish ladders” such as pool-and-weir (the most common fishway type,
Hatry et al. 2014), vertical slot, and Denil designs. These fishways frequently incorporate
baffles to reduce water velocity and create holding pools (Katopodis et al. 2001; Larinier
2002a). Within the baffles are typically openings or notches that permit fish to swim (or
jump) through and into the next pool (Katopodis et al. 2001; Larinier 2002a). In contrast,
nature-like fishways are long, low-sloping structures (≤ 5%, Larinier 2002a; Katopodis
and Williams 2012) that are constructed to mimic natural stream conditions (Katopodis et
al. 2001). Natural materials such as rocks and gravel are installed within the fishway to
create a pool-riffle sequence. In so doing, the fishways themselves can become habitat for
fish and invertebrates (Eberstaller et al. 1998; Parasiewicz et al. 1998; Katopodis et al.
2001; Katopodis and Williams 2012; Gustafsson et al. 2013). Rocks lining the water’s
edge and placed within the fishway act as roughness elements, increasing turbulence but
also creating zones of heterogeneous flows to provide suitable conditions for fishes of
varying swimming abilities to rest and to move upstream (Jungwirth 1996; Eberstaller et
al. 1998; Parasiewicz et al. 1998; Bretón et al. 2007). Overall, nature-like fishways can be
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subdivided into rock ramps (either partial or full stream width) and bypass channels
(Katopodis et al. 2001; Wildman et al. 2003). Full-width rock ramps pass fish completely
within the confines of the river banks (Wildman et al. 2003); partial width structures only
modify a fraction of the existing river channel. Bypass channels are designed with the
express purpose of allowing fish to circumvent a dam and act as natural extensions of the
main river channel (Wildman et al. 2003).
Other factors need to be considered when choosing a design type including but
not limited to, project cost, the maximum allowable footprint, and the target species. For
example, a technical fishway generally costs more to install than a nature-like fishway
(Harris et al. 1998; Parasiewicz et al. 1998), but permits a smaller footprint and can allow
more precise control of design elements. In contrast, volunteer watershed groups can
construct nature-like fishways at a low cost using only hand tools and an excavator
(Steffensen et al. 2013; T. Dupuis, Prince Edward Island Department of Communities,
Land and Development, personal communication). However, while the low slope of
nature-like fishways translates to reduced water velocities that enable passage of a variety
of species and life-stages (Katopodis et al. 2001), achieving a low slope necessitates an
increase in the structure’s overall length. This results in increased physical footprints of
nature-like fishways relative to technical designs. Therefore, nature-like fishways are
often considered most suitable for smaller dams (Katopodis et al. 2001; Steffensen et al.
2013).
In North America, economically important salmonids were traditionally the focus
of fishway installations, particularly technical fishway designs (Katopodis et al. 2001;
Mallen-Cooper and Brand 2007; Castro-Santos et al. 2009; Roscoe and Hinch 2010;

24

Katopodis and Williams 2012). It is estimated that the earliest pool-and-weir fishways
were installed in the 1700s (Clay 1995). These technical designs persisted for several
centuries; it was not until the 1980s and 1990s that fisheries biologists began
experimenting with nature-like fishways (Jungwirth 1996; Schmutz et al. 1998). The first
nature-like fishways were installed in European countries, whose environmental policies
may have prioritized a more ecosystem-based approach (Roscoe and Hinch 2010). Over
time, the fish passage focus in North America shifted away from being “salmocentric”
(Twining et al. 2016) to a more ecosystem-based approach and, as a result, an increasing
number of nature-like fishways have been installed (Wildman et al. 2003; Roscoe and
Hinch 2010). Yet, very few rigorous evaluations of nature-like fishways, or fishways in
general, have been conducted (Katopodis et al. 2001; Roscoe and Hinch 2010).

Fishway evaluations
Castro-Santos et al. (2009) describe a dichotomy between meeting the biological
needs of a species and the budget requirements of fisheries managers. Ideally, if a fish
enters a fishway it should be able to pass without delay and without any additional
physiological stress relative to its natural state. Ideally fishways would cost nothing to
construct, but zero-cost activities would result in doing nothing to assist fish passage. In
reality, if a management directive includes providing some level of fish passage around a
dam, then there will be some level of cost associated with fishway construction. The
question becomes, how does one maximize the benefits for fish while constructing
fishways at the lowest cost possible? The only way to address this question is to perform
formal evaluations of existing or newly constructed fishways, learn what works and what
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does not, and then modify existing structures or plan accordingly for future fishway
projects (i.e., adaptive management).
Fishway performance metrics span a broad range of biotic and abiotic factors.
These include the hydraulics and flow patterns within a fishway (e.g., Monk et al. 1989;
Puertas et al. 2004; Bretón et al. 2007; Castro-Santos et al. 2009; Santos et al. 2012),
fishway design elements (e.g., Monk et al. 1989; Haro et al. 1999; Mallen-Cooper and
Stuart 2007; Keefer et al. 2011; Bunt et al. 2012; Nau et al. 2017) physiological stress of
fish during ascent (Dominy 1971; Schwalme et al. 1985; Pon et al. 2009, 2012), fishwaymediated phenotypic selectivity (Volpato et al. 2009), behavioural characteristics of fish
in and around fishways (Boggs et al. 2004; Naughton et al. 2007; Baumgartner et al.
2010; Thiem et al. 2012; Landsman et al. 2017), passage delay (Caudill et al. 2007;
Castro-Santos and Haro 2003), injuries such as scale loss (Franklin et al. 2012), and in
the case of anadromous species, freshwater residence time (e.g., adult alewife [Alosa
pseudoharengus], Andrews 2014). Other covariates potentially affecting passage success
include fish size, water temperature, and species-specific differences (Castro-Santos et al.
2009).
Fishway effectiveness studies are primarily assessed on the basis of two factors:
attraction and passage efficiency (Castro-Santos et al. 2009; Roscoe and Hinch 2010;
Cooke and Hinch 2013). The ability of a fishway to attract migrating fish is absolutely
critical to its success, something recognized during some of the first fishway designs in
the late 1800s and early 1900s (Francis 1870; Denil 1909). Indeed, if a fish cannot find
the entrance, then by extension it cannot pass the fishway (Katopodis and Williams
2012). Fishways typically only pass 5-10% of the total river discharge and as a result,
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flows downstream of a dam can be confusing, so much so that it may impede fish from
finding a fishway’s entrance (Lundqvist et al. 2008; Burnett et al. 2014). Therefore, it is
important that a fishway’s entrance be located as close to a dam as possible. For example,
when a fishway’s entrance was moved 2 m closer to a dam, nearly three times the number
of pumpkinseed sunfish (Lepomis gibbosus) entered the fishway (Bunt 2001). Increasing
flow rates through a fishway can also draw more fish to the entrance (Naughton et al.
2007).
Yet, even if a fish can successfully locate and enter a fishway, several factors may
impact its ability to successfully pass the structure. Swimming abilities differ among
individuals or species, with some, such as salmonids, having a much greater capacity to
handle fast water velocities (Peake et al. 2008; Katopodis and Williams 2012). Flows
may be too excessive through the fishway, overpowering upstream migrations and
forcing fish downstream (Haro and Kynard 1997). The morphology of fish may also
impact passage. For example, larger females of deep-bodied fishes such as alewife and
American shad passed less frequently than smaller males (Haro et al. 1999; Franklin et al.
2012; Nau et al. 2017). This finding may be related to females having a larger surface
area that could be adversely affected by increased turbulence (Webb 2004; Castro-Santos
et al. 2009; Franklin et al. 2012). Males may also have more muscle mass than females
because gametes constitute less of their body (Haro et al. 2004). The state of a fishway
can also have an effect; dilapidated fishways requiring repairs may not adversely affect
attraction efficiency or the ability of a fish to enter a fishway, but farther up the structure,
problems may occur. Andrews (2014) demonstrated that a pool-and-weir fishway in
Nova Scotia, Canada, requiring repairs allowed almost 50% of tagged alewife to enter the
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structure, but only 0.5% passed. This structure underwent significant modifications the
following three years and passage increased each successive year to 25%, 60% and 73%
(Nau et al. 2017). Overall, both attraction and passage efficiency vary widely from 0100% (Bunt et al. 2012, 2016). These efficiency estimates depend on many factors, the
most important of which for attraction appear to be the biological characteristics of
migratory fishes (i.e., anadromous vs. potamodromous, warmwater vs. coldwater species)
and for passage characteristics of the fishways (i.e., fishway design type and slope; Bunt
et al. 2012).
Despite the ubiquity of fishways, relatively few fishway effectiveness studies
have been performed (Roscoe and Hinch 2010). In some cases, effectiveness is measured
crudely based on visually observing the presence or absence of fish within or above a
fishway (ASE UPEI 1997). However, this method yields little information, as the
observer knows nothing about the number of fish entering the fishway or details about the
individuals attempting to ascend. In some cases, researchers may opt to place traps in or
above fishways to determine the size range of fish passing and the species composition of
those passing (Schwalme and Mackay 1985; Winter 2007; Baumgartner et al. 2010; Kim
et al. 2016). Again however, collecting fish in traps provides little information about
specific characteristics of the fish attempting to pass or, if traps are placed above a
fishway, how many attempted to pass. Instead, Cooke and Hinch (2013) advocate that the
most reliable estimates of fishway effectiveness can only be derived by using
biotelemetry to monitor movements of individual fish.
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Tracking movements of migratory fishes
Studying fish movement has been a research focus of ichthyologists for centuries
(Lucas and Baras 2000). Indeed, Izaak Walton’s famous fishing book, The Compleat
Angler published in 1653, describes the first reported movement study of a freshwater,
anadromous fish (i.e., Atlantic salmon [Salmo salar]). There are a number of methods
that can be used to study fish movement including direct visual observation,
hydroacoustics, resistivity fish counters, synthetic tags, and electronic telemetry (see
Lucas and Baras 2000). However, some techniques provide greater movement resolution
than others. For example, the use of synthetic tags such as Floy tags only inform
researchers of the place of capture and any additional locations of recapture; it does
nothing to describe movements taking place between those two (or more) time periods.
To address this limitation, researchers turn to electronic tags to obtain more fine-scale
information.
Biotelemetry tools – defined as instruments to aid the remote sensing of freeranging organisms for the purposes of collecting physiological, energetic, and
behavioural data (Slater 1965; Cooke et al. 2004) – were first developed in the mid-1900s
(Hockersmith and Beeman 2012). These devices can either log data or transmit
information. Relative to the latter, transmitters can be divided into two groups – radio and
acoustic – based on the mechanical properties of the devices and what method is used to
transmit data. Radio transmitters send data over high frequencies, while acoustic
transmitters use much lower frequencies and rely on sound waves to pass along
information (Hockersmith and Beeman 2012). A receiver – either stationary or mobile –
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detects and stores data until it can be recorded. Overall, the ability to link movement data
to an individual is an important aspect of biotelemetry (Zydlewski et al. 2001; Cooke et
al. 2004; Cooke and Hinch 2013).
Several different types of biotelemetry devices have been used in fishway
performance studies including acoustic (e.g., Roscoe et al. 2010; Jung et al. 2015), radio
(e.g., Bunt et al. 1999; Naughton et al. 2007; Hatry et al. 2016), and electromyogram
transmitters (e.g., to study swimming behaviour, Alexandre et al. 2013) as well as
biologging devices equipped with multiple sensors (e.g., Thiem et al. 2016). A specific
type of telemetry device, the passive integrated transponder (PIT) tag, was first tested and
verified as a feasible method of assessing fishway performance by Castro-Santos et al.
(1996). Since then, PIT tag technology has become the standard tool for assessing
fishway performance.
PIT tags use radio-frequencies to transmit a combination of numbers and/or letters
unique to each tag. One advantage of a PIT tag is that the device requires no battery.
Instead, the tag’s power source is a coil of copper wire that surrounds a ferrite (iron) core.
The wire is connected to a small capacitor that, when charged by an electromagnetic
(EM) field, stores and then releases energy needed for data transmission. To generate the
EM field, a power source (e.g., 12V battery, solar panel, AC outlet) connects to a loop(s)
of copper wire that becomes the antenna. For fishway studies, the antenna loop(s) can be
configured a number of ways, including as swim-through, swim-over, or swim-under
antennas. Regardless of antenna orientation, the EM field always moves perpendicular to
the antenna. Each antenna is connected to a tuning box that keeps the antenna tuned to
the frequency matching that of the tag. In addition, a computer – known as a “reader” –
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connected to the antenna transmits electricity generated by the chosen power source as
well as receives data from the tag. As a tag passes through or over/under the antenna, the
tag’s capacitor is charged by the EM field and its data transmitted to the computer onshore.
Stationary PIT tag antenna arrays permit the remote sensing of individuals
throughout multiple sections of a fishway or river (Castro-Santos et al. 1996; Zydlewski
et al. 2006). However, two factors need to be considered during the design-planning
phase to maximize the read range and detection efficiency of an antenna array(s): the type
of PIT tag technology used and the size of the tags. PIT technology (including both tags
and readers) can be divided into two groups based on the pattern of transmission and
detection. Tag systems that simultaneously transmit and detect are classified as Full
Duplex (FDX). Systems that alternate between transmission and detection are termed
Half Duplex (HDX). FDX systems have a higher scan rate (double the rate of HDX tags),
which may be important if antennas are installed in areas of high water velocities where
fish are forced to move quickly between Point A and Point B (Zydlewski et al. 2006).
HDX systems have the advantage of providing a longer charge period, which in turn
creates more power to transmit data over greater distances (i.e., read range). These
systems facilitate construction of larger antennas. Bigger tag size (i.e., larger copper
coils) can also increase read range as well as detection efficiency (Zydlewski et al. 2006;
Burnett et al. 2013). For example, Burnett et al. (2013) demonstrated that vertical and
horizontal read ranges of 23 mm HDX PIT tags increased over 1.5-fold relative to 12 mm
tags (20.2 to 12.4 cm, parallel tag orientation) and that detection efficiencies were
significantly greater for larger tags (i.e., 23 and 32 mm).
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Animal personality and behavioural syndromes
Biotelemetry-based research studies can uncover striking inter-individual
differences in behaviour (e.g., Dagorn et al. 2000; Harrison et al. 2014). Yet, behavioural
ecologists have a tendency to consider outlier behaviours as noise (Wilson 1998; Réale et
al. 2007), choosing instead to examine “average optimal behaviour” (Dall et al. 2004;
Toms et al. 2010). There are a variety of reasons researchers may choose not to study
individual behavioural differences such as analytical difficulties, no framework for
conducting studies, and difficulties associated with tracking individual animals (see Réale
et al. 2007). However, because natural selection cannot occur without phenotypic
variation, it seems expected that researchers should see validity in thoroughly exploring
the underlying mechanisms and evolutionary significance of individual behavioural
differences. Indeed, acknowledgement of this has led to the development of a new study
area within behavioural ecology (as well as evolutionary ecology) – that of animal
personality and behavioural syndromes (Wilson 1998; Sih et al. 2004a,b).
Personality can be considered akin to temperament whereby an individual
displays a consistent type of behavioural response across multiple contexts (Réale et al.
2007). A simple example of this is aggression, where some individuals display high
levels of aggression and others, in the same scenarios, do not (Sih et al. 2004a,b). The
characterization of an individual as aggressive would be to describe one element of its
personality. Evolutionary ecologists call the same response of an individual across
multiple contexts a syndrome (Sih et al. 2004a,b). Different contexts can include general
activity, fearfulness, aggression, sociability, and exploration (Gosling 2001; Sih et al.
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2004b). The most studied behavioural syndrome in animals, particularly within fishes, is
the boldness-shyness syndrome, which is assessed on a continuum (Toms et al. 2010).
Boldness in animals is based on the propensity to take risks (Wilson et al. 1994).
In fish, individuals that are more active (Bell 2005; Wilson and McLaughlin 2007;
Harcourt et al. 2009), more willing to explore a novel object or novel environment
(Wilson et al. 1993; Fraser et al. 2001; Wilson and Godin 2009; Cote et al. 2010;
Chapman et al. 2011), more apt to confront predators (Wilson and Godin 2009), more
aggressive to conspecifics (Bell 2005; Bell and Sih 2007), or readily forage in the
presence of a (real or simulated) predator (Bell and Sih 2007; Magnhagen and
Bercherding 2008) are deemed bold while those showing reduced responses considered
shy (Toms et al. 2010). However, there are ecologically significant life-history tradeoffs
in taking greater risks such as those related to growth and mortality or early versus late
fecundity (Stamps 2007; Wolf et al. 2007; Biro and Stamps 2008). For populations of
partially-migratory fishes, there is a tradeoff between growth potential (i.e., remaining as
a resident or migrating to feeding grounds) and risk of predation (Brönmark et al. 2008).
Still, the impact of boldness on movement patterns in fishes is not well studied,
particularly for migratory fishes. Some studies have related boldness to dispersal distance
in non-migratory fishes such as Trinidad killifish (Rivulus hartii; Fraser et al. 2001),
southern leatherside chub (Lepidomeda aliciae; Rasmussen and Belk 2012), and
topminnows (Gambusia spp.; Rehage and Sih 2007). Boldness in the partially-migratory
common roach (Rutilus rutilus) was also shown to positively correlate with dispersal
distance, thus linking boldness with propensity to migrate (Chapman et al. 2011; Nilsson
2015). Recent research suggests that there may be a link between boldness and the ability
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of fish to pass fishways. Indeed, in a study aimed at identifying the role of boldness on
the invasion threat of non-migratory round gobies (Neogobius melanostomus),
researchers found that bolder gobies were able to pass a nature-like bypass channel more
frequently than shyer individuals (Hirsch et al. 2016). However, to what extent boldness
may impact migratory motivation in a diadromous species remains unclear.

Anadromous fishes as ecosystem service providers
Fishways not only maintain connectivity between habitats above and below
barriers, but they also facilitate delivery of important ecosystem services. In this case,
anadromous fishes link two different habitats together, delivering high-quality material
subsidies, in the form of marine-derived nutrients (MDNs), to freshwater ecosystems
(Polis et al. 1997; Holmlund and Hammer 1999; Willson et al. 2004; Flecker et al. 2010).
Indeed, MDNs – such as nitrogen, phosphorus, sulphur, carbon, and marine fatty acids –
are incorporated by several trophic levels within freshwater food webs, including biofilm
(Wipfli et al. 1998; Claeson et al. 2004; Samways et al. 2015), periphyton (Kline et al.
1993; Walters et al. 2009), riparian vegetation (Helfield and Naiman 2000; Reimchen et
al. 2002; Bilby et al. 2003; Vizza et al. 2006), aquatic insects (Piorkowski 1995; Bilby et
al. 1996; Minakawa and Gara 1999; Jardine et al. 2009; Heintz et al. 2010), streamresident fishes (Kline et al. 1993; Bilby et al. 1998; Garman and Macko 1998; MacAvoy
et al. 2000; Heintz et al. 2004; Hicks et al. 2005; Samways et al. 2017), small birds
(Christie et al. 2008), and small and large furbearers (Hilderbrand et al. 1996, 1999; BenDavid et al. 1997a,b; Szepanski et al. 1999). This service is so critical to ecosystems and
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their vertebrate inhabitants that in some regions, such as the Pacific Northwest,
anadromous fishes are considered keystone species (Willson and Halupka 1995).
Marine-derived nutrients can be delivered to freshwater ecosystem in a number of
forms. Carcass deposition is perhaps the best delivery method as 100% of MDNs
gathered at sea are deposited into freshwater. This becomes particularly relevant for
semelparous Pacific salmon (Cederholm et al. 1999). In fact, fisheries managers in the
Pacific Northwest actively place (hatchery-reared) salmon carcasses in areas with
reduced salmon runs (Cederholm et al. 1999). Evidence suggests this practice can
increase the density of juvenile coho salmon and rainbow trout steelhead (Oncorhynchus
mykiss; Bilby et al. 1998). In addition to carcass deposition, excretion is another
important vector of MDN delivery, particularly due to the transfer of bioavailable
ammonium NH4+ to freshwater ecosystems (Gende et al. 2002; Post et al. 2009). This
delivery method becomes particularly important in eastern North America where several
iteroparous, anadromous species exist (Post et al. 2009). Egg deposition represents a third
method of MDN introduction. Eggs of anadromous species are consumed by both aquatic
(Kline et al. 1993; Bilby et al. 1998; Jardine et al. 2009) and terrestrial organisms (Gende
et al. 2001).
Stable isotope analysis represents one of the most commonly applied methods of
tracing MDNs into freshwater food webs. Briefly, chemical elements can take several
different forms, known as isotopes, which vary in the number of neutrons within their
nuclei. For example, the most common form of carbon is carbon-12 (12C), while a heavier
and rarer carbon isotope is carbon-13 (13C). Depending on the metabolic rate of an
organism, nutrient cycling processes (e.g., ocean upwellings), the underlying geology of a
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physical location, and other biochemical reactions (e.g., N2 fixation) can affect the
relative proportions of light and heavy stable isotopes found in tissues (DeNiro and
Epstein 1978, 1981; Peterson and Fry 1987; Michener and Kaufman 2007). Stable
isotopes are useful analytical tools because the relative ratio of heavy to light isotopes
increases with each successive trophic level (Rubenstein and Hobson 2004; Walther and
Thorrold 2006) as well as varying with sources of food. Examination of certain isotopes,
therefore, may yield different information. For example, 13C and 34S isotopes can provide
information relative to the source of diets (i.e., aquatic versus terrestrial; Doucett et al.
1996; MacAvoy et al. 2009), whereas15N isotopes help delineate trophic status of
organisms within a food web (Peterson and Fry 1987). Therefore, by incorporating this
methodology into MDN studies, researchers can track the flow of nutrients through food
webs. However, the utility of stable isotopes in tracing MDN only exists if ocean heavyto-light isotope ratios are distinct from other biomes such as freshwater. In general, the
marine environment contains a higher proportion of heavy isotopes than freshwater
(Peterson and Fry 1987; Hobson 1999; Ryabenko 2013) as a result of biochemical
processes within (e.g., denitrification, sulfate reduction) and chemical properties of (e.g.,
heavy isotope accumulation in the dominant carbon form HCO3-) the oceans (Peterson
and Fry 1987; Kline et al. 1997; Michener and Kaufman 2007; Sigman et al. 2009;
Ryabenko 2013).
MDNs can also take the form of fatty acids. Consisting of a chain of carbon
atoms, fatty acids take two forms: those without doubles bonds (i.e., saturated) and those
with double bonds (i.e., unsaturated; Brett and Muller-Navarra 1997; Iverson 2009).
Saturated fatty acids have high caloric value and are key energy storage compounds,
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whereas unsaturated fatty acids play other roles such as maintaining cellular membrane
fluidity (Brett and Muller-Navarra 1997). In fish, unsaturated fatty acids cannot be
synthesized. Instead, unsaturated fatty acids are sourced from a fish’s diet, beginning
with primary producers and bioaccumulating with each successive trophic level (Iverson
2009; Samways et al. 2017). Furthermore, some types of unsaturated fatty acids,
specifically polyunsaturated fatty acids (PUFAs), such as omega-3s and -6s (PUFAs with
three and six double bonds, respectively) are more prevalent in marine organisms than
freshwater. The ratio of omega-3s to omega-6s enables researchers to distinguish between
the two ecosystems (Henderson and Tocher 1987; Heintz et al. 2010). These PUFAs are
two types of essential fatty acids required by all organisms, contributing to cellular
membrane fluidity, immune response, disease prevention, growth, reproduction, neural
development and many other aspects critical to whole body function (Sargent et al. 1999;
Gladyshev et al. 2009; Parrish 2009; Tocher 2010). Therefore, the movement of fatty
acids from the ocean into freshwater ecosystems has the potential to increase the quality
of nutrients in the recipient environments and improve the health of receiving organisms
(Samways et al. 2017).
Yet, despite the importance of fatty acids and the ability to use them to distinguish
between freshwater and marine habitats, only three studies have used them to study MDN
movement in freshwater ecosystems. However, all studies yielded similar results:
freshwater fishes as well as other organisms assimilated marine fatty acids and derived a
nutritional benefit (e.g., greater lipid stores) following movements of anadromous fishes
into freshwater (Heintz et al. 2004, 2010; Samways et al. 2017). Overall, the importance
of seasonal MDNs necessitates maintaining riverine connectivity.

37

Basic biology of study species
Rainbow smelt
The rainbow smelt (Osmerus mordax) has a circumpolar distribution, but is most
commonly found from New Jersey and north along the Atlantic Coast to Labrador,
Canada. Inland, landlocked populations also exist, including populations within the
Laurentian Great Lakes where it is considered an invasive species. Rainbow smelt were
first introduced into Crystal Lake, Michigan in 1912 (Creaser 1925), but later escaped
into Lake Michigan where they eventually spread to the other four Great Lakes (e.g.,
Christie 1974).
Rainbow smelt are a small, slender fish with a maximum recorded length of 305
mm and a maximum age of eight years (Scott and Scott 1988). Sexual maturity is attained
by ages 2-3 (Scott and Scott 1988). Spawning migrations into freshwater occur at night
and shortly after ice-out when the temperature in freshwater reaches approximately 3-4
ºC (McKenzie 1964). Relative to other species of anadromous fishes, rainbow smelt have
poor swimming abilities and are unable to sustain swimming at higher water velocities
(Griffiths 1979; Peake 2008). It is possible that this limitation may hamper their ability to
access upstream spawning habitats, which are commonly confined to < 1 km above the
head-of-tide (Chase 2006). Their preferred spawning habitat includes riffle-like areas of
shallow, swift water flowing over rocky substrates (Chase 2006). Rainbow smelt are also
considered iteroparous, though some mortality occurs during the spawning migration
(Scott and Scott 1988).
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Females broadcast spawn their eggs, which have sticky filaments to help them
adhere to rocks and other in-stream debris. This adaptation enables the eggs to remain
within the river throughout the incubation period. However, while incubating, the eggs
are susceptible to predation by other stream-resident fishes, particularly salmonids
(Johnston and Cheverie 1980; Bradbury et al. 2004). The larvae hatch at night in 2-4
weeks (depending on water temperatures) and quickly drift downstream into the estuary
(Johnston and Cheverie 1988; Bradbury et al. 2004).
Rainbow smelt are a culturally and economically important species. In both their
native and non-native ranges, people pursue rainbow smelt recreationally in dip-net
fisheries during their spawning migrations as well as through the ice prior to migration
via hook-and-line or spear (Brown and Taylor 1995; Cairns 1997). Commercial gill net
fisheries either currently exist or once existed in both the Great Lakes and Atlantic
Canada (McKenzie 1964; Cairns 1997; Baldwin et al. 2009; DFO 2013).
Alewife and blueback herring
There are two species of anadromous herring in eastern North America – alewife
and blueback herring (Alosa aestivalis). Together, these species are referred to as
“gaspereau” in Atlantic Canada and “river herring” in the United States. Externally, they
appear nearly identical; the best identifying feature is the colour of their intraperitoneal
cavity (white and black for alewife and blueback herring, respectively), but this requires
sacrificing the fish to see.
Alewives have a native geographic distribution that stretches from South Carolina
north to Newfoundland, whereas the distribution of blueback herring shifts southward
extending from Nova Scotia and New Brunswick and into Florida (Bigelow and
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Schroeder 1953; Loesch 1987). Alewives have also established (non-native) populations
in the Great Lakes, with the first discovery occurring in Lake Ontario in the late 19th
century and further expansion in the mid 20th century (Smith 1970). Blueback herring
have also been introduced into select lakes and rivers of Tennessee, the Carolinas,
Alabama, and Virginia (Fuller 2017). Like most clupeids, both alewives and blueback
herring are laterally compressed, predominantly silver in color, and demonstrate a strong
affinity for schooling (Scott and Scott 1988). Both are relatively small fish, reaching
maximum lengths of 350-380 mm (Scott and Scott 1988; Klauda et al. 1991). During the
non-reproductive season, they inhabit coastal marine waters with alewives inhabiting
deeper water (≤ 130 m) than blueback herring (< 55 m) (Neves 1981; Scott and Scott
1988). Both are iteroparous, and individuals in Atlantic Canadian populations typically
mature at ages 3-4, reaching a maximum age of eight (Joseph and Davis 1965; Scott and
Scott 1988).
Like rainbow smelt, alewives and blueback herring migrate into rivers during the
spring when temperatures in freshwater exceed approximately 8-10 ºC and 14 ºC for
alewife and blueback herring, respectively (Cianci 1969; Scott and Scott 1988). Their
ability to navigate fast flowing water is considerably better than rainbow smelt (Griffiths
1979; Peake 2008), with maximum swimming speeds approaching 4.8 m/s (Katopodis
and Gervais 2016). Yet, while alewives and blueback herring share many similarities,
their preference for spawning habitats is one area in which they differ. Alewives seek
slow-moving pond or lake habitats for spawning, while blueback herring choose swift
water and hard substrates in lotic habitats (Loesch 1987; Klauda et al. 1991; Scott and
Scott 1988). Below dams, however, alewives can also be found spawning within rivers,
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such as in slow-moving eddies or deeper pools (Loesch and Lund 1977) as well as in
riffles (personal observation). Their eggs are broadcast haphazardly in spawning habitats
where sticky filaments help them adhere temporarily to vegetation, rocks, and other
debris prior to a stage of downstream drift (Loesch and Lund 1977). Depending on water
temperature, eggs may hatch in as little as two days or may take more than two weeks
(see Klauda et al. 1991). After hatching, the juveniles spend a short period in freshwater
before out-migrating to the ocean during late-summer and fall for alewife and blueback
herring, respectively (Richkus 1975; Flagg 1977; Loesch 1987).
Alewives and blueback herring are not considered desirable recreational species,
but are pursued in commercial fisheries for use as lobster bait (Cairns 1997). However, it
may not be completely accurate to describe them as having no recreational value. Indeed,
alewife provide the main food source for a multi-billion dollar Great Lakes salmonid
sport fishery (Dettmers et al. 2012) and blueback herring are consumed by a number of
recreationally valuable game fish species (Prince and Barwick 1981).
Brook trout
The most common salmonid in Atlantic Canada is the brook trout (Salvelinus
fontinalis), which has a broad native geographic distribution that includes occurrences
westward in northeastern Manitoba and the Great Lakes Basin, southward to northern
Georgia, east to Labrador and Newfoundland, and north to tributaries of Ungava and
James Bays in northern Quebec (Behnke 2010). While some populations of brook trout
are strictly stream-resident, others contain partially-migratory populations of both
anadromous “sea-run” fish in Atlantic Canada and purely lake-dwelling (i.e., “coaster”)
fish found in Lake Superior (Huckins et al. 2008; Curry et al. 2010; Chapman et al.
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2012). This species is highly prized as a recreational sport fish, not only for its beauty but
also for its size. Some of the largest individuals are of the coaster and sea-run varieties
where weights can approach 7 kg and lengths upwards of 740 mm (Behnke 2010).
Brook trout spawn in the fall during October and November. At this time,
sexually mature individuals move upstream seeking areas of coarse, rocky substrate,
often near zones of groundwater upwelling (Curry and Noakes 1995). Once their
preferred spawning habitat has been located, the female digs a shallow depression (called
a “redd”) in the substrate where she deposits her eggs that are then fertilized by the male.
After fertilization, the female buries the eggs, which will incubate over-winter and hatch
in the spring.
Though spawning takes place during the fall, anadromous sea-run brook trout
begin migrations into freshwater in early- to mid-summer (Smith and Saunders 1978;
Castonguay et al. 1982; Curry et al. 2010). Two competing theories exist that may
explain such early re-entry into freshwater. First, fish may be escaping deteriorating
environmental conditions in estuaries (i.e., increasing water temperatures and declining
dissolved oxygen levels). However, the more likely explanation is that they are fulfilling
an obligatory freshwater residency period required for gonadal maturation (Whoriskey et
al. 1981).

Rainbow smelt and alewife fishway passage trends in Atlantic Canada
[Note: The information contained in this section was reproduced from a
Department of Fisheries and Oceans report – Landsman and van den Heuvel 2017]
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Fish passage ideology in Atlantic Canada has begun shifting away from a primary
focus on passing salmonids and instead to passing the weakest swimming migratory
fishes in an assemblage. Prime target species include rainbow smelt and alewife, and to a
lesser extent blueback herring. Yet, relative to salmonids, little is understood about the
factors affecting passage of these species, particularly for rainbow smelt.
Few data exist for rainbow smelt suggests that they do not readily ascend
fishways and that relatively minor in-stream blockages prohibit upstream movement
(Smith 1980; ASE UPEI 1997; Moring 2005). To paraphrase conversations with regional
fisheries managers, there is the belief that if biologists can figure out how to pass rainbow
smelt, then they can pass anything. There is, of course, recognition that rainbow smelt
have intrinsic value as a member of Atlantic Canadian fish assemblages and also that
there is considerable interest in them as a recreational species. As such, there is an
interest in determining what design characteristics of fishways may facilitate passage of
rainbow smelt around barriers.
A search of the literature yielded only three results directly related to rainbow
smelt passage at fishways. Only one study – two separate publications, one “condensed
report” (Torterotot et al. 2009) and one extended abstract (Clément et al. 2012) – presents
data from a rigorous assessment (i.e., using PIT tags and antenna arrays) of movements
through a fishway in PEI. The study found only 6% of those actually entering a naturelike fishway passed through the entire structure (Torterotot et al. 2009; Clément et al.
2012). Other studies (using visual assessment methods) conducted in PEI reported that
passage was often completely blocked, with just a few fishways providing movement
through a portion, but not all, of the structures (Smith 1980; ASE UPEI 1997).
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Like rainbow smelt, and indeed many other anadromous species, populations of
both alewife and blueback herring have suffered as a result of losses to spawning habitat
following dam construction and culvert installations (Loesch 1987; Klauda et al. 1991;
Limburg and Waldman 2009; Hall et al. 2010). Both species are economically important
as bait for the multi-billion dollar lobster industry (DFO 2017). Alewife and blueback
herring also deliver substantial MDNs into freshwater ecosystems (e.g., Durbin et al.
1979). Together, these characteristics make them a valuable target for conservation
efforts.
Alewife and blueback herring passage at fishways is highly variable, ranging from
less than 1% to almost100% across a variety of fishway designs (Table 1-2; taken from
Landsman and van den Heuvel 2017). Like rainbow smelt, passage through fishways can
be inhibited by an incorrect fishway entrance location, excessive drop heights between
weirs, turbulent flow conditions, behavioural characteristics (e.g., schooling behaviour),
and combinations of these factors (Landsman and van den Heuvel 2017). There is also
some evidence to support the need to pass groups – rather than individuals – of alewife
and blueback herring between sections of a fishway because the two species display
strong schooling behaviour (Dominy 1973).

Thesis goals
This thesis was founded on a desire by regional biologists to assess the
applicability of nature-like fishway designs in Atlantic Canada. For PEI specifically,
there was also an interest in more accurately determining passage at multiple fishway
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styles representative of those found across the province. Regionally, biologists were
interested in understanding whether this fishway style would be suitable for facilitating
passage of non-salmonids, particularly rainbow smelt.
This thesis follows a progression of goals that begin broadly in Chapter 2 and
progress to more focused studies in Chapters 3 and 4. The goal of Chapter 5 was to step
back and view issues related to fish passage on PEI more broadly at an ecosystem level.
For a graphical representation of this progression, see Figure 1-2.
More specifically, in Chapter 2 I used PIT tags and stationary antennas to assess
passage trends at multiple fishways on PEI, including both nature-like and technical
designs (e.g., pool-and-weir styles). Assessments were conducted primarily on rainbow
smelt, but also included an assessment at one site with alewives. When possible,
comparisons of rainbow smelt passage were compared with brook trout. Chapter 3
provides a closer examination of rainbow smelt and brook trout passage at a site with
both pool-and-weir and nature-like fishways. Data presented in Chapter 3 span multiple
years and the chapter also includes an assessment of changes to attraction and passage
efficiencies before and after in-stream modifications. The goal of Chapter 4 was to
investigate the effect of individual behavioural type on fishway passage. The approach
employed in Chapter 4 represents the first attempt to link fishway passage to individual
behavioural type in an anadromous species. Streamside behavioural assays along with
PIT tagging were used to link rainbow smelt behavioural type with fishway passage and
distance moved through a fishway. Chapter 5 originated from observations of organisms
at multiple trophic levels consuming rainbow smelt during their migration to spawning
grounds. Stable isotope analysis was used to trace rainbow smelt-derived nutrients into
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multiple aquatic organisms representing three different trophic levels. Fatty acid analysis
was also used to obtain a more quantitative measure of the nutritional benefit migratory
rainbow smelt provide to stream-resident brook trout. This combination of methods is a
powerful tool for understanding the influence of MDNs on freshwater ecosystems.
Chapter 6 is an extension of Chapter 5, illustrating linkages among migratory rainbow
smelt, furbearers, macroinvertebrates, and potentially a passerine bird species. Lastly,
major findings and conclusions, knowledge gaps, and suggestions for future research are
presented in Chapter 7.
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Table 1-1. Migratory category and associated ecosystems at juvenile and adult life stages.
Ecosystem
Migration Type

Juvenile

Adult

Oceanodromy

Ocean

Ocean

Potamodromy

Freshwater

Freshwater

Anadromy

Freshwater

Ocean

Catadromy

Ocean

Freshwater

Amphidromy

Freshwater & Ocean

Freshwater
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Table 1-2. Summarized passage information for PIT tagged Alewife and Blueback
Herring. Note: the study by Haro et al. (1999) was under experimental conditions versus
natural stream conditions in Franklin et al. (2012) and Andrews (2014). CAFRC = Conte
Anadromous Fish Research Center. The references are as follows: 1 Franklin et al.
(2012); 2 Andrews (2014); 3 Haro et al. (1999); and 4 Nau et al. (2017).

Species

Alosa
pseudohareng
us

Structure
Type
Rock-ramp
nature-like
fishway1
Pool-andweir
fishway1
Step-pool
bypass
channel1
Alaska
steeppass
fishway1
Alaska
steeppass
fishway1
Denil
fishway2,b
Denil
fishway2,b
Pool-andweir
fishway2,b
Experiment
al Denil3

Location
Town Brook,
Massachusetts,
USA
East River,
Massachusetts,
USA
East River,
Massachusetts,
USA
East River,
Massachusetts,
USA
East River,
Massachusetts,
USA
LaPlanche,
Nova Scotia,
Canada
Missaquash,
Nova Scotia,
Canada
LaCoupe River,
Nova Scotia,
Canada
CAFRC,
Massachusetts
USA
CAFRC,
Massachusetts,
USA

Structure
Length (m),
Slope (%)

Fish
Size
Range
(mm)

% Passage
(#
pass/#enter)

32.0 (4.2)

400

94.2
(97/103)

14.0 (14.3)

393

21.4
(6/28)

48.0 (7.1)

393

40.6
(86/212)

3.0 (9.6)

393

96.6
(141/146)

3.0 (29.6)

393

94.5
(86/91)

13.5 (14.7)

777

86.0
(333/388)

10.2 (26.5)

418

70.0
(na)

9.7 (15.5)

580

73.0
(175/240)

7.6 (12.5,
16.7a)

462

1.0c (na), 3.0d
(na)

462

1.0c (n/a),
4.0d (n/a)

Experiment
7.6 (12.5,
al Alaska
16.7a)
steeppass3
a
of those entering the structure
b
reported values are for highest reported in Nau et al. (2017)
c
authors also varied height of the headpond
d
low headpond height
Alosa
aestivalis
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Figure 1-1. Types of fish migration including potamodromy (a; e.g., lake sturgeon
[Acipenser fulvescens]), oceanodromy (b; e.g., bluefin tuna [Thunnus thynnus]),
anadromy (c; e.g., coho salmon [Oncorhynchus kisutch]), and catadromy (d; e.g.,
American eel; Anguilla rostrata). “X” symbols represent end points of each migration
type. Migration forms (b) and (c) represent types of diadromy. Note: Not shown is
amphidromy, a special type of diadromy where juveniles move briefly into saltwater
environments prior to reentering freshwater as late-stage juveniles.
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Figure 1-2. Schematic of thesis chapters. Progression from Chapter 2-4 follows
increasingly narrow and focused questions. Chapters 5 and 6 step back to address broader
questions related to fish passage.
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Chapter 2. Fishway effectiveness at six fishways in Prince Edward Island, Canada
Abstract
As biologists shift their focus away from a salmocentric view of fish passage to
one embracing the importance of passing weaker swimming, non-salmonids, a need to
reassess fishways originally aimed at passing salmonids has emerged. To address this
need, we assessed passage of non-salmonids at six Prince Edward Island fishways of
nature-like and pool-and-weir designs. The species of primary concern was rainbow
smelt (Osmerus mordax), but passage assessment of alewife (Alosa pseudoharengus) was
also conducted at one fishway. Comparisons to the passage success of brook trout
(Salvelinus fontinalis) were made where possible. Fish were implanted with passive
integrated transponder (PIT) tags and movements recorded by stationary PIT antennas.
Results indicated highly variable passage efficiencies among species, ranging from 0% to
nearly 100%. When assessed, brook trout vastly outperformed rainbow smelt and alewife,
achieving close to 100% passage at both nature-like and pool-and-weir fishways. Passage
never exceeded 50% for rainbow smelt, was highest (41.2%) at nature-like designs and
was lowest (0%) at pool-and-weir fishways. Alewife passage at a 10-cell pool-and-weir
fishway was 5.6%. Generally, nature-like fishways promoted fewer passage attempts than
pool-and-weir fishways. Relatively low attraction efficiency (< 35%) for rainbow smelt at
a nature-like fishway (bypass channel) demonstrated the consequences of incorrectly
positioning a fishway’s entrance. Further analysis revealed inconsistent effects of total
length on detection at fishway exits as well as passage duration on the residency period
above the fishway. Spawning was also noted within nature-like fishways for rainbow
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smelt, suggesting the fishways themselves were also providing spawning habitat.
Together, these results highlight the challenge of passing non-salmonid species but
indicate nature-like fishways may be more appropriate than technical designs for passing
rainbow smelt, provided entrances are correctly positioned.

Introduction
For centuries humans have recognized the value of rivers as sources of drinking
water, irrigation, or energy production (Bazza 2006; Mays 2008). However, access to
these resources frequently requires the construction of dams to divert or store water. As a
result, contiguous riverine habitat becomes fragmented and access to habitat impeded or
outright prohibited. As the global human population has grown, demand for these
resources has steadily increased, leading to a boom in dam construction during the 20th
Century (Graf 1999; World Commission on Dams 2000). In the United States alone,
there are an estimated 87,000 large dams and over 2,000,000 small (< 7.6 m height) lowhead dams (Fencl et al. 2015). Such a global proliferation in the number of dams has led
to substantial changes in aquatic habitats and the natural flow regime of rivers across the
globe. Dams represent one of the most significant threats to global freshwater
biodiversity (Dynesius and Nilsson 1994; Dudgeon et al. 2006; Vörösmarty et al. 2010).
Riverine habitat fragmentation affects connectivity vertically, laterally, and
longitudinally, disrupting the movement of resources up and down within the water
column, between river and adjacent habitats (e.g., floodplains, riparian zones), and
upstream and downstream, respectively (Vannote et al. 1980; Junk et al. 1989; Ward
1989; Poff et al. 1997; Pringle 2001, 2003). Longitudinal connectivity is of particular
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concern to fish given the requirement of many species to access habitats above and/or
below dams to complete their life cycles. For instance, fishes displaying diadromous life
history strategies (i.e., movement between fresh and saltwater) are particularly
susceptible to river fragmentation (Liermann et al. 2012), and the presence of dams has
been associated with population reductions or extirpations of several diadromous species
including alewife (Alosa pseudoharengus; Mattocks et al. 2017), Allis shad (Alosa alosa;
Limburg and Waldman 2009), and spring-run Chinook salmon (Oncorhynchus
tshawytscha; Sheer and Steel 2006).
In response to the risk posed by disrupting longitudinal connectivity, biologists
have devoted significant time and money to constructing fishways (i.e., structures
designed to facilitate movement of fishes around dams). In some cases, environmental
legislation requires the construction of fishways to maintain longitudinal connectivity
within river systems (Katopodis and Williams 2012). For instance, under Canada’s
Fisheries Act (1985, s 20(2)(b)), the Minister of Fisheries and Oceans can require a
developer or property owner to construct a fishway in order to ensure that fish have “free
passage” around an obstruction. However, whether fishways are effective at passing fish
greatly depends on the type of fishway, its characteristics, and the life history strategy of
the fishes using them (Bunt et al. 2012).
Broadly, fishways can be placed into two categories: technical and nature-like.
Technical fishways are typically constructed of man-made materials such as concrete and
steel, and include designs such as pool-and-weir, Denil, and vertical slot fishways. They
are characterized by having relatively moderate to high slopes and are favoured at large
dams or where a small footprint is necessary. Pool-and-weir style fishways were among
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the first types installed, mostly in Europe and as early as the mid-1800s (Katopodis and
Williams 2012). In contrast, nature-like fishways are a more recent development, gaining
popularity in the 1990s (Wildman et al. 2003). Nature-like fishways embrace the concept
of “physiomimesis” (i.e., nature-mimicking) whereby structures are built to resemble
habitats and flow conditions normally encountered by riverine fishes. These designs are
characterized as being long, low-sloping, and constructed primarily of rocks.
Additionally, nature-like fishways are subdivided into bypass channels and either full- or
partial-width rock-ramps (Wildman et al. 2003).
Traditionally, fishway construction was aimed more at recreationally and
commercially important groups of fishes such as trout and salmon (Mallen-Cooper and
Brand 2007; Roscoe and Hinch 2010). However, there is concern about the effectiveness
of salmocentric fishways at passing non-salmonids, which are typically poorer swimmers
(e.g., Peake 2008). In Atlantic Canada, for example, fish passage has historically focused
on passing brook trout (Salvelinus fontinalis; both stream-resident and anadromous) and
Atlantic salmon (Salmo salar), but several other anadromous species of recreational and
commercial importance such as rainbow smelt (Osmerus mordax) and alewife use the
same fishways.
The primary objective of this chapter was to compare and contrast attraction and
passage efficiencies among six fishways– two full-width nature-like rock-ramps, one
nature-like bypass channel, and three pool-and-weir fishways – at five rivers on Prince
Edward Island (PEI). Two additional objectives were to assess the effect of size on lag
period (i.e., time from tagging to detection at a fishway entrance) and fishway passage
duration as well as factors that affect the period spent above dams. The focus was
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specifically on the passage of rainbow smelt and alewife. However, where possible,
passage of rainbow smelt was compared to that of brook trout.

Methods
Fishway locations
Two types of fishways – nature-like and pool-and-weir – spread across five sites
were examined in this study. Assessment of passage at nature-like fishways occurred on
the Glenfinnan, Pisquid, and Wheatley Rivers. Passage at pool-and-weir fishways was
assessed at sites on the Glenfinnan (note: this site had two fishways located at the same
dam), Head-of-Hillsborough, and Winter Rivers.
Study Sites
The Glenfinnan River (watershed area of 33.3 km2; 46°17'10.75"N,
62°57'54.78"W) is considered a tributary of the Hillsborough River (Figure 2-1).
Historically, the river received runs of Atlantic salmon, but is currently not considered an
active salmon river (Cairns and MacFarlane 2015). Anadromous species include rainbow
smelt, alewife, white perch (Morone americana), brook trout, and rainbow trout
(Oncorhynchus mykiss). A small dam was located at the head-of-tide (2.1 m height;
Figure 2-2) with a 9.8 m long pool-and-weir fishway (16.0% slope) positioned on the
south side of the dam. Between-pool drop heights at the pool-and-weir fishway ranged
from 15.8-29.3 cm. Approximately 25 m downstream of the dam on the north shoreline is
the entrance to a 60.6 m long nature-like bypass channel (2.4% slope). The dam created
an impoundment 400 m long and 200 m wide. Rainbow smelt and anadromous brook
trout were studied at the Glenfinnan River site.
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Approximately 11.3 km upstream from the confluence of Glenfinnan and
Hillsborough Rivers is the Pisquid River (watershed area of 47.6 km2; 46°19'4.03"N,
62°50'4.26"W; Figure 2-1). Anadromous fish species using the Pisquid River include
brook trout, rainbow trout, rainbow smelt, and gaspereau (a term that includes both
alewife and blueback herring (Alosa aestivalis). Striped bass (Morone saxitilis) are also
known to use the saline portions of the Pisquid River, but to date no individuals have
been observed above the head-of-tide in freshwater. Anadromous species must ascend a
rock ramp (full-width) nature-like fishway to move upstream (length = 54.4 m, slope =
2.2%, approximate mean width = 7.6 m). The fishway is located approximately 800 m
upstream of the head-of-tide (Figure 2-3). The fishway contains four separate pools and a
shallow run section above the final weir. The fishway enables fish to pass through a steep
section of river that previously led to a small earthen dam used to create Leard’s Pond.
The dam was removed in 2009 and the nature-like fishway installed in its place. Rainbow
smelt were the only species studied at the Pisquid River site.
Another tributary of the Hillsborough River, the Head of Hillsborough River
(watershed area 53.1 km2; 46°22'2.36"N, 62°48'53.28"W; Figure 2-1), is located
approximately 6 km upstream of the mouth of the Pisquid River near the town of Cherry
Hill. Anadromous species include rainbow smelt, alewife, blueback herring, white perch,
brook trout, rainbow trout, and Atlantic salmon. Approximately 365 m upstream of the
head-of-tide is a small dam (approximately 1.8 m height) creating a 400 m long pond (72
m maximum width; Figure 2-4). Adjacent to the dam is a 4-cell pool-and-weir fishway
(6.1 m long, 13.1% slope, between-pool drop heights range from 14.0-24.4 cm). Rainbow
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smelt were the only species studied at the Head of Hillsborough River pool-and-weir
fishway.
Officer’s Pond is located in Suffolk (46°19’52” N, 63°3’57” W) in the Winter
River watershed (watershed area of 69.6 km2; Figure 2-1). The pond is approximately 1.3
km long and at its widest is 300 m in width. Anadromous species within the Winter River
include rainbow smelt, alewife, and brook trout. Located immediately adjacent to the
dam (3 m height) is a 10-cell pool-and-weir fishway (21.8 m length, 15.6% slope; Figure
2-5). Each pool is separated by a wooden baffle and all notches are centered within each
baffle. Between-pool drop heights range from 30.0 to 31.8 cm (Table 2-1). Alewives
were the only species studied at the Winter River pool-and-weir fishway.
The Wheatley River (watershed area 58 km2; 46°22'14.86"N, 63°17'12.72"W) is
located near the municipality of Wheatley River on PEI’s north-central shore (Figure 21). Approximately 160 m upstream of the head-of-tide is a small pond (200 m long, 30 m
maximum width). A grist mill dam (Figure 2-6a) was previously located in the northeast
corner of the pond, but eventually the mill dam was removed and an earthen berm
remained. In 2009, the pond was restored to its natural state by breaching the earthen
berm and constructing a full width, rock-ramp nature-like fishway (108 m length, 1.4%
slope; Figure 2-6b). Three rock weirs create holding pools, two of which are < 0.5 m
deep whereas the final upstream pool is approximately 42 m long and 1-1.5 m deep.
Rainbow smelt and anadromous brook trout were studied at the Wheatley River site.
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Fish capture and tagging
All species were captured and tagged (see Table 2-2 for details) downstream of
the dam and fishway(s). Where possible, fish were captured at least 50 m downstream of
each fishway entrance. Active sampling using dip nets (3 mm mesh, 41 cm diameter) was
employed to capture rainbow smelt and alewife. Dip nets ensured fish capture was
efficient while reducing confinement stress for the fish associated with passive netting
techniques. Capturing brook trout required the use of fyke nets (6 mm mesh, 1.2 m hoop
diameter, 7.6 m) as the species was in relatively low abundance and often held in deeper
pools inaccessible to dip nets. Fyke nets were placed in tidal sections of the Glenfinnan
and Wheatley Rivers. Candidate capture locations were identified at low tide to ensure
enough water remained within each pool to keep at least 50% of the cod end (i.e., rear
portion of the trap) of the net submerged during low tide. Regardless of capture technique
used, fish were immediately transferred to coolers or 5 gallon buckets for subsequent
tagging.
Following capture, individual 23 mm half-duplex (HDX) passive integrated
transponder (PIT) tags (Biomark, model BIO23.HDX.03V2) were scanned into an
electronic database using a hand-held PIT tag scanner (Biomark, model 601 Reader) and
implanted. Additional information recorded in the database included time at tagging,
species, total length (TL), and sex. Tags were pushed into the intraperitoneal body cavity
after creating a small hole along the mid ventrum of each fish using a 12-gauge
hypodermic needle sized for 12 mm PIT tags.; the entire process lasted approximately 30
s or less. No anaesthesia was used during tagging in order to expedite the release process
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and reduce overall handling-related stressors. Fish were then immediately released next
to the tagging location.

PIT antennas
To track movements of individual PIT tagged fish, a combination of multi- and
single-antenna HDX readers (Oregon RFID; Portland, Oregon) were used to log all PIT
tag detections, with each receiver being connected via twin-axial cable to antennas
consisting of seven-strand, 12AWG, insulated, copper wire. The antennas were attached
to tuner boxes and tuned at 134.2 kHz. Antennas were installed in various configurations
ranging from a single 10 m loop of wire across the full-width rock-ramp fishways to three
loops 0.45 m in diameter placed at weir notches in the pool-and-weir fishways.
Configurations also included both swim-through and swim-beneath designs. The swimbeneath designs were installed in culverts where excessive water velocities and debris
threatened to damage swim-through or swim-over antennas. Antennas were tested upon
installation using a block of wood implanted with a PIT tag. To confirm each antenna
configuration could detect fish moving through or beneath them, the tagged block was
pulled through at least one (swim-beneath designs) or two (swim-through designs) plane
of each antenna at varying speeds, depths, and upstream and downstream paths. After
initial installation, antennas were periodically tested to ensure they were still tuned
properly and that read ranges were maximized. Read range at single- and double-loop
antennas was 60-80 cm and approximately 30 cm for the smallest triple-loop
configurations. Data were typically downloaded 4-5 times per week. Specific antenna
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positions for the Glenfinnan, Pisquid, Head of Hillsborough, Winter, and Wheatley River
sites are shown in Figures 2-2, 2-3, 2-4, 2-5, and 2-7, respectively.

Analysis
Fishway effectiveness studies focused primarily on two metrics: attraction and
passage efficiency (Cooke and Hinch 2013). Here, attraction efficiency was defined as
the number of fish successfully entering a fishway (i.e., are detected at the fishway
entrance antenna) divided by the number that passed an approach antenna. However,
attraction efficiency can only be calculated when a fishway does not span the entire width
of the river. Attraction cannot be calculated at full-width, nature-like rock-ramp fishways
because fish are only presented with one flow path. At these structures (i.e., the Wheatley
and Pisquid River sites), in lieu of attraction efficiency, entrance efficiency was
calculated, which was defined as the number of fish that passed the first weir divided by
the total number of fish tagged. Passage efficiency was defined as the number of fish that
successfully passed (i.e., were detected at the fishway exit antenna) divided by the
number attracted to the fishway. Lag period was defined as the time from tagging to first
entrance into a fishway (Thiem et al. 2011). Passage duration was defined as the duration
of time from detection at a fishway’s entrance antenna to detection at a fishway’s exit
antenna. Median values were reported for lag period and passage durations to reduce data
skew resulting from excessively long or short lengths of time. A series of nonparametric
Spearman rank correlation tests were used to assess the effect of fish total length on lag
period and passage duration. Upstream residency periods for rainbow smelt and alewife
were calculated as the time duration from detection at the fishway exit to re-detection at
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the fishway exit (Pisquid and Wheatley River rock-ramp fishways) and/or a downstream
approach antenna. Upstream residency was not calculated for brook trout because brook
trout remain in freshwater for extended periods of time either because they are obliged to
ripen their gonads in freshwater prior to spawning (Whoriskey et al. 1981; Castonguay et
al. 1982) or because they are escaping deteriorating environmental conditions (e.g.,
increasing water temperatures) in the estuaries (Smith and Saunders 1958). A general
linear model was used to assess the effects of total length, passage duration, and number
of passage attempts on the upstream residency period where npassing > 10 for rainbow
smelt at the Pisquid, Wheatley, and Glenfinnan River (2016 only) sites as well as for
alewife at the Winter River location. To identify zones within the Winter River pool-andweir fishway and the Pisquid River nature-like rock-ramp fishway that may be
problematic for passage, the proportion of individuals passing each antenna was plotted.
Statistical assumptions of normality and homogeneity of variance were tested using the
Shapiro-Wilk test and the Levene’s test, respectively. Data transformations were
performed if necessary and non-parametric techniques applied if data transformations
failed to satisfy the assumptions of normality and homogeneity of variance. Means are
presented with ± 1 standard deviation (SD). Statistical significance was assessed at p <
0.05 and all analyses were performed in R Studio (R Studio Team 2015). (Note: more
detailed analyses for the Glenfinnan River site are presented in Chapter 3).
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Results
Attraction efficiencies
Together, attraction and entrance (for the nature-like rock-ramp fishways)
efficiencies ranged from 9.2-100% (Table 2-3). Attraction efficiencies for rainbow smelt
at each of the pool-and-weir fishways were consistently higher than at the Glenfinnan
River nature-like bypass channel. Movement data at the Glenfinnan River nature-like
bypass channel suggest rainbow smelt often miss the entrance to the channel on their way
upstream; in 2014 and 2016, over 60% and 80% of rainbow smelt, respectively, swam
straight to the tailwater at the dam, completely missing the nature-like fishway entrance
in the process. Brook trout attraction at the Glenfinnan River pool-and-weir fish exceeded
90% in both 2015 and 2016 but failed to exceed 13% at the nature-like bypass channel in
the same years (Table 2-2). Alewife attraction at the Winter River pool-and-weir fishway
was 81.4%. Median lag periods for rainbow smelt and brook trout were variable. The
single fish passage assessment for alewife indicated a median lag period of more than 2
days (Table 2-3).

Passage efficiencies
Passage efficiencies were highly variable, ranging from 0-100% among the
fishways and species studied. Rainbow smelt passage efficiencies never exceeded 41.9%
(Table 2-3), with the greatest passage noted at the Wheatley River nature-like rock-ramp
fishway. Of note for rainbow smelt was 0% passage at the Glenfinnan River pool-andweir fishway in both 2014 and 2016. It is also worth noting the relatively long-distance
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movement – over 20 river km – of six rainbow smelt tagged in the Glenfinnan River in
2014. These six individuals left the Glenfinnan River and migrated upstream where they
were then detected at our antenna array in the Pisquid River. Two of these individuals
successfully ascended the Pisquid River nature-like fishway.
Antenna configurations within the Pisquid River nature-like fishway (2015 only)
and the Winter River pool-and-weir fishway facilitated assessment of passage within
specific sections of each fishway. At the Pisquid River nature-like fishway, the largest
decline in passage occurred between Weirs B and C where a 32% reduction was noted
(Figure 2-7). Drop heights at Weirs B and C were the largest within the fishway (Table 22). The percentage of alewife passing each antenna dropped steadily with increased
upstream movement in the fishway (Figure 2-7). Despite relatively large drop heights at
the first five weirs (Table 2-2), passage remained high, though continued to decline at
each successive antenna (see Figure 2-7). The largest decrease in passage (43.4%
difference) occurred between Antennas 3 and 4 (exit) within the fishway.
In contrast, brook trout readily passed each fishway at which they were tracked.
Where rainbow smelt failed to pass the Glenfinnan River pool-and-weir fishway, brook
trout passed with ease – 100% passage in 2015 and 99.2% passage in 2016. Similarly, at
the Wheatley River nature-like rock-ramp fishway, brook trout passage was 43% higher –
and approached 100% – than that of rainbow smelt. Finally, despite a more than 80%
attraction efficiency at the Winter River pool-and-weir fishway, alewife passage did not
exceed 6% (Table 2-3). One alewife made two attempts and passed on both occasions;
based on raw detection information, it appears to have passed into the pond briefly, then
moved downstream through the fishway before making its second attempt to pass.
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The number of passage attempts for rainbow smelt was highly variable but was
generally lower at nature-like fishways than pool-and-weir fishways. Conversely, the
highest number of passage attempts for brook trout was observed at the Glenfinnan River
nature-like bypass channel.
Median passage durations ranged from a low of 0.2 h for brook trout at the
Glenfinnan River nature-like bypass channel to 58.3 h for alewife at the Winter River
pool-and-weir fishway. Brook trout passed quickly through each of the fishways
examined, with median passage durations ranging from 0.2-0.7 h. All brook trout median
passage durations were less than 1 h, excluding the single data point in 2015 at the
Glenfinnan River nature-like bypass channel (Table 2-3). In contrast, rainbow smelt
median passage durations were broader and ranged from 1.7 h at the Wheatley River
nature-like rock-ramp to 26.6 h at the Head of Hillsborough pool-and-weir fishway
(Table 2-3).

Total length vs. lag period and passage duration
Total length and lag period as well as total length and passage duration
consistently showed no significant correlations (Table 2-4). Generally, the correlation
coefficients indicated smaller total lengths were associated with increasing time to
fishway entrances (i.e., negative correlation coefficients); these relationships were
significant at the Glenfinnan and Wheatley River nature-like fishways for rainbow smelt
and at the Wheatley River nature-like fishway for brook trout (Table 2-4). The exception
to this pattern was at the Glenfinnan River nature-like fishway in 2014 where longer
rainbow smelt were significantly correlated with longer lag periods (p < 0.05; Table 2-4).
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Similarly, smaller total length was often associated with longer passage durations,
particularly for rainbow smelt. A significant inverse relationship between total length and
passage duration was noted at the Wheatley River nature-like rock-ramp fishway for
rainbow smelt and brook trout (p’s < 0.05; Table 2-4).

Upstream residency period
No clear pattern emerged from our analysis of the factors affecting upstream
residency period. However, only passage duration was found to significantly affect the
upstream residency period (p’s < 0.05; Table 2-5). Furthermore, for rainbow smelt, the
coefficients for each variable indicated consistent patterns (Table 2-5). More specifically,
longer fish displayed longer upstream residency periods, fish with longer passage
durations remained upstream for a greater period of time, and fewer passage attempts
resulted in longer upstream residency periods (Table 2-5).

Nature-like fishway habitat observations
Visual observations of spawning activity were noted for rainbow smelt at each of
the nature-like fishways. Egg deposition within these sites confirmed active spawning.
Juvenile Atlantic salmon parr were also observed within the Pisquid River nature-like
fishway. Lastly, juvenile brook trout were captured within the Pisquid River nature-like
fishway and were visually observed within the Wheatley River nature-like fishway.
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Discussion
This chapter underscores the variability of fishway effectiveness estimates on
PEI, with some ranging from 0% to upwards of nearly 100% passage efficiency. While
the specific causes of passage failure remain uncertain, successful passage appears
dependent on individual species. For instance, brook trout passed easily through both
nature-like fishways and technical designs, whereas smaller-bodied non-salmonids such
as rainbow smelt struggled to attain even < 50% passage. And although this study
represents one of the first to document successful rainbow smelt passage at a fishway(s),
the relatively low passage efficiency suggests researchers should continue seeking ways
to improve their passage.
Discrepancies between passage of salmonids relative to non-salmonids appear
related to differences in swimming performance as well as motivation to reach upstream
habitats. For example, a report summarizing swimming performance (e.g., critical
swimming speeds, time to fatigue) of species found in another Atlantic Canadian
province, Newfoundland, showed the relative swimming abilities of rainbow smelt to be
much lower than those of brook trout (Peake 2008). In general, it is well-recognized that
the swimming abilities of salmonids exceed those of many freshwater non-salmonids.
Furthermore, dispersal distance of salmonids during migrations tends to be greater than
species such as rainbow smelt. Where the latter typically spawn beginning at the head-oftide and rarely traveling farther than 1 km upstream (Chase 2006), anadromous brook
trout have been observed over 10 km upstream in freshwater (e.g., see Smith and
Saunders 1958; Castonguay et al. 1982). This may reflect differences in migratory
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motivation and hence motivation to confront challenging flow conditions at fishways in
order to reach upstream habitats.
A critical design element of all fishways is the entrance location. Indeed, an
improperly located fishway entrance, such as in an area with exceedingly turbulent water
or where competing flows exist, can result in fish failing to find the entrance and thus
ascend the structure. In some cases, engineers will position fishway entrances close to the
dam itself to take advantage of the attractive properties of water discharged out of or that
falls over a dam. Fishway entrance locations varied in the present study, but were
commonly positioned immediately adjacent in the tailwater of a dam for pool-and-weir
fishways and downstream of a dam as at the Glenfinnan River nature-like fishway. An
advantage of a full-width rock-ramp nature-like fishway is that upstream migrating fish
have no choice but to enter the structure, and are generally not affected by competing
flows (unless flood waters create dead-end side channels, as was the case at the Pisquid
River nature-like fishway).
The Glenfinnan River site proved an excellent example of the issues migrating
fishes face when exposed to competing flows. In the present study, upwards of 80% of
rainbow smelt missed the entrance to the nature-like fishway and proceeded to the dam.
While some of these individuals were later able to find the entrance to the nature-like
fishway, our findings raise concerns about the suitability of the nature-like fishway’s
entrance. The < 10% attraction efficiency at the Glenfinnan nature-like fishway for brook
trout also suggests that the relatively low water velocities through the channel are not
drawing brook trout into the structure.
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Low attraction efficiency at nature-like fishways is a common issue reported by
researchers (see Bunt et al. 2012). This may largely be attributed to competing flows
from a nearby dam or other outflow structure masking the nature-like fishway entrance
location (Katopodis et al. 2001; Bunt et al. 2012). Larinier (1998) suggests that if a
fishway entrance is not located close enough to draw large numbers of fish into the
structure, then flow rates through a fishway need to be higher to compensate for poor
positioning. For example, an increase in passage efficiency for Atlantic salmon was
attributed to better attraction efficiency when flow rates were increased through a Denil
fishway (Larinier et al. 2005). In the present study, attraction efficiencies at all three of
the pool-and-weir fishways were higher for all species studied relative to those at the
Glenfinnan River bypass channel. This is most likely attributed to the structures being
placed close to the dams such that they can take advantage of the attractive properties of
the tailwater flows. An important recommendation from this study is therefore that the
entrance to the Glenfinnan River nature-like fishway be moved closer to the face of the
dam. Properly siting a fishway entrance, whether it is a nature-like fishway or a technical
design, remains one of the biggest challenges engineers face when constructing new
fishways.
An added design challenge for engineers is balancing the fishway’s physical
footprint and cost with realistic drop heights between pools. Shorter drop heights that
would theoretically improve passage efficiency require longer fishways that increase
construction costs and expand the fishway’s footprint. However, shortening the length of
a fishway will increase the between pool drop heights, possibly exceeding the leaping and
swimming abilities of some species if water velocities increase too much. In Atlantic
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Canada, the most conservative maximum between-pool drop heights recommended by
fisheries managers for brook trout, alewife, and rainbow smelt are 30, 20, and 15 cm,
respectively (Conrad and Jansen 1983). At our five study sites, drop heights only
exceeded the 30 cm guideline at the Winter River pool-and-weir fishway, but frequently
ranged between 20-30 cm at other sites indicating that many of these structures were
likely built to target salmonids. At some weirs, drop heights adhered to the guideline for
rainbow smelt (i.e., ≤ 15 cm), but were not consistent across all weirs. It seems likely that
at least one contributing reason for the low alewife passage estimated at the Winter River
pool-and-weir fishway was due to the relatively large drop heights between each pool.
The 20 cm guideline recommended by Conrad and Jansen (1983) specifically for alewife
was exceeded by as much as 12 cm. The cumulative energetic costs of moving past each
weir may ultimately have contributed to unsuccessful passage. However, it should be
noted that lactic acid build-up (an indicator of exhaustive exercise) was deemed only
“moderate” in alewives moving through a pool-and-weir fishway with over six times the
number of pools (Dominy 1971). Complete passage failure for rainbow smelt at the
Glenfinnan pool-and-weir fishway was also likely related to the large between-pool drop
heights, which are most appropriate for brook trout as our nearly 100% passage estimate
in 2016 indicates. For rainbow smelt at the Pisquid River nature-like fishway, our initial
prediction was that passage would drop substantially at Weir B (i.e., the first large
between-pool drop) but, instead, the relatively little decline in passage observed at Weir
B suggests additional pathways along the riverbank facilitate movement upstream.
However, the same between-pool drop height occurs at Weir C and it is here that we
observed the largest decline in passage, suggesting that alternative flow paths around the
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weir may not exist in this location as they did at Weir B. Alternatively, exhaustive
exercise may play a role whereby fish expended an inordinate amount of energy getting
past Weir B, and were left without enough energy to move beyond Weir C. The specific
mechanism for failed passage of these rainbow smelt remains unclear and warrants
further investigation.
Nature-like fishways as habitat enhancement is an important feature of these
structures that sets them apart from other fishway designs. Yet, relatively few studies
have examined this aspect of nature-like designs (Gustafsson 2017). Indeed, Eberstaller
et al. (1998) advocate for consideration of nature-like fishways as new forms of habitat
when assessing their performance. Gustafsson (2013) demonstrated that increasing
habitat complexity within nature-like fishways was found to promote macroinvertebrate
family diversity. Additionally, fish have been documented using nature-like fishways as
rearing and/or spawning habitat (Jungwirth 1996; Jansen et al. 1999; Slavik and Bartos
2002; Knaepkens et al. 2005; Calles and Greenberg 2007). In each of the nature-like
fishways assessed in the current study, rainbow smelt were observed spawning in all of
them. Indeed, the riffle habitats created by nature-like fishways provide ideal spawning
areas for rainbow smelt (Scott and Scott 1988; Chase 2006). In addition, alewives were
observed spawning (observations confirmed via identifying egg deposition) in another
nature-like bypass channel not included in the present study (personal observation). For a
species such as rainbow smelt that demonstrate relatively low passage efficiencies, the
installation of nature-like fishways as methods of building spawning habitat may at least
partially offset low passage. Moreover, nature-like fishways serving as spawning habitat
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may actually explain relatively low passage as individuals no longer have reason to swim
farther upstream to access spawning habitats.
Movement delay – either as a function of delayed passage through a fishway or
delays from tagging to detection at a fishway entrance – is a commonly cited issue in fish
passage research (Castro-Santos and Haro 2003; Caudill et al. 2007; Naughton et al.
2007; Silva et al. 2017). For example, Chinook salmon migrating to spawning grounds
were upwards of 225% less likely to reach spawning grounds for every one unit (day)
increase in fishway passage duration. Upstream survival may also be reduced if
significant delays are incurred during fishway passage (Caudill et al. 2007). In the present
study, longer passage durations were associated with longer upstream residency periods
for rainbow smelt, although this relationship was only significant in one of the four
analyses. One possible explanation for this discrepancy is that the physiological cost of
prolonged passage for rainbow smelt was not enough to deplete energy stores and thus
reduce the upstream residency period. Another potential explanation is that the extended
period of time rainbow smelt spend moving through nature-like fishways may be
associated with spawning (which was visually confirmed in each of the fishways) rather
than struggling against prohibitive flow conditions. For alewife at the Winter River pooland-weir fishway, shorter passage durations at the Winter River pool-and-weir fishway
were associated with longer upstream residency periods for alewife. In contrast, the more
challenging flow conditions present in the Winter River pool-and-weir fishway for
alewife may have had the opposite effect, causing excessive physiological stress that
reduced the upstream residency period. Yet, it remains unclear whether there were
fitness-related consequences associated with such delays; shorter upstream residency
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periods do not necessarily reflect reproductive failure. Future studies should investigate
fitness consequences related to passage delay.
High numbers of undetected fish following tagging have been reported in other
fishway effectiveness studies. For example, Nau et al. (2017) reported the percentage of
undetected alewife at upwards of 64.4%. An even higher percentage was reported by
Calles and Greenberg (2005) at 83.9% for brown trout (Salmo trutta). In the present
study, the percentage of undetected fish ranged from 45.3% to 84.7% and may be
explained in a number of ways. First, spawning begins at the head-of-tide (Chase 2006,
2009) and given that our study sites were at or just above the head-of-tide, it seems likely
that many of the undetected fish were spawning somewhere below our antenna arrays
(confirmed via visual observations of active spawners and egg collections). We posit that
this contributed to the majority of non-detections. Furthermore, Chase (2009) noted that
rainbow smelt largely cease moving upstream to spawn when encountering the first
significant barrier to movement. This may be the most likely explanation for the observed
84.7% of rainbow smelt that went undetected in the Head of Hillsborough as tagging took
place just downstream from a log jam. A second explanation for undetected fish could be
related to fallback behaviour (e.g., Nau et al. 2017). Following tagging, fish may have left
the river in which they were tagged to move to a nearby tributary. This behaviour was
noted for four individuals where, after initial tagging in the Glenfinnan River in 2014,
they moved out of the Glenfinnan and swam over 20 km upstream where they were
detected at our antennas in the Pisquid River. Third, we cannot discount the potential that
the handling and tagging process imparted negative impacts on behaviour and swimming
performance. Few studies have assessed the effect of 23 mm PIT tag implantation on the
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swimming performance in non-salmonids, but one such study found no significant
differences in swimming endurance of 23 mm PIT-tagged creek chub (Semotilus
atromaculatus), flathead chub (Platygobio gracilis), and white sucker relative to controls
(Catostomus commersoni; Ficke et al. 2012). Yet, narrow-bodied, elongated fish such as
rainbow smelt may be at higher risk for experiencing negative impacts associated with
swimming performance (Jepsen et al. 2004). Finally, mortality associated with the
tagging process may also have occurred. Implantation of 23 mm PIT tags resulted in a
15% mortality rate of rainbow smelt (Clément et al. 2012). Ultimately, the fate of our
undetected fish remains uncertain, but is likely related to a combination of factors.
Collectively, data from this study underscore the conservation challenge presented
to fisheries biologists, both regionally within Atlantic Canada and beyond. For example,
tailoring fishway designs to one species has implications for passage of others, as
documented in prior research (e.g., Mallen-Cooper and Brand 2007) and as evidenced by
data in the current study from the Glenfinnan River site (i.e., the pool-and-weir fishway
constructed to pass salmonids). Inter-specific behavioural differences or life history
requirements (e.g., preferred spawning habitat) may further complicate passage
effectiveness. Rainbow smelt are a species that do not typically travel far above the headof-tide to spawn (Chase 2006) and that may reduce their motivation to ascend fishways
depending on the distance of the fishway to the head-of-tide. In contrast, alewife prefer
slow-moving lentic habitats and thus their motivation to ascend a fishway to get into a
lake or pond may be higher. This study further illustrates the need to correctly site naturelike fishway entrance locations (see also Chapter 3). Indeed, efforts to construct the ideal
fishway will be of little value if the entrance itself is inappropriately located. Lastly, the
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results of this study identified specific structures that may require design modifications
such as the Winter River pool-and-weir fishway and the Glenfinnan River nature-like
bypass channel.
Effectiveness monitoring is an important tool for adaptively management of
fishways by informing managers if and when structural maintenance and repair is needed.
For example, Nau et al. (2017) performed effectiveness monitoring at a pool-and-weir
fishway for four consecutive years. Results of their monitoring allowed them to identify
areas at the fishway that required repair, which led to improvements in passage from
0.5% the first year to almost 75% in the final year. Ultimately, given the variability in
passage success as a function of location-specific and species-specific differences,
effectiveness monitoring needs to be incorporated as a standard fisheries management
tool. Adopting an adaptive management strategy relative to improving fish passage will
ultimately contribute to the long-term sustainability of migratory freshwater fishes
worldwide.
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Table 2-1. List of between-pool drop heights at both nature-like and pool-and-weir
fishways. Note: the Glenfinnan River nature-like fishway did not have pools, so drop
heights were not calculated.
Site

Fishway Type

Pisquid River

Nature-Like
Rock-Ramp

Winter River

Pool-and-Weir

Head of Hillsborough
River

Pool-and-Weir

Glenfinnan River

Pool-and-Weir

Wheatley

Nature-Like
Rock-Ramp

a

Weir
A/1
B/2
C/3
D/4
E/5
1
2
3
4
5
6
7
8
9
10
11
1
2
3
4
5
1
2
3
4
5
6
7
8
1
2
3

Indicates antenna positions for a respective site
Due to an antenna malfunction, Weir D was not monitored
c
Weir 2 is underwater at high tide
d
Not available
b
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Drop Height (cm)
12.4a
25.8a
25.8a
11.3b
25.5a
30.5a
31.1
30.5
30.5a
30.5
29.8
29.8a
30.5
31.1
30.5
31.8a
24.4a
21.6
18.0
15.5
14.0a
underwater
15.8c
25.6a
25.6
25.3
25.3
25.9
29.3a
nad
nad
nad

Table 2-2. Fish capture information at each site including number captured, mean (± 1
SD) total length, and total length range.
Species

Rainbow
smelt

Brook trout

Alewife

Year

Site

ntagged

Total length (range)

ndetected

2014

Glenfinnan

340

170.0 ± 14.3 (151-240)

113

2014

Pisquid

994

166.0 ± 11.1 (150-260)

231

2015

600

159.0 ± 12.3 (136-227)

125

450

155.5 ± 9.9 (134-204)

69

2015

Pisquid
Head of
Hillsborough
Wheatley

179

159.3 ± 18.4 (131-267)

98

2016

Glenfinnan

817

158.5 ± 15.3 (138-264)

323

2014

Wheatley

160

257.3 ± 80.0 (132-492)

145

2015

Glenfinnan

9

327.0 ± 136.8 (135-503)

9

2016

Glenfinnan

154

281.2 ± 84.1 (166-522)

131

2017

Winter

766

281.0 ± 13.1 (241-344)

443

2015

76

77

Rainbow
smelt

Species

55.1
(38/69)
54.7
(98/179)
30.4
(77/253)
43.9
(111/253)

Pool-andweir
NL rockramp
NL bypass
channel
Pool-andweir

Head of
Hillsborough
Wheatley
Glenfinnan
Glenfinnan

2015

2015

2016

2016

82.5
(99/120)

NL rockramp

23.1
(231/1000)

NL rockramp

Pisquid

38.1
(43/113)

Pool-andweir

2015

Glenfinnan

2014

30.1
(34/113)

NL bypass
channel

Pisquid

Glenfinnan

2014

Att./Ent.
Efficiency
(%)

Fishway
Design

2014

Site

Year

0
(0/111)

28.6
(22/77)

41.9
(41/98)

13.2
(5/38)

14.1
(14/99)

26.0
(60/231)

0
(0/43)

26.5
(9/34)

Passage
Efficiency
(%)

2.5 ± 2.1
(1-14)

1.0 ± 0.5
(1-4)

1.2 ± 0.7
(1-6)

2.1 ± 2.9
(1-20)

1.4 ± 0.8
(1-5)

na2

3.6 ± 4.9
(1-32)

2.0 ± 1.9
(1-11)

Passage
Attempts

na1

2.4
(0.5-34.4)

1.7
(0.5-27.0)

26.6
(0.4-13.4)

19.0
(1.2-25.1)

4.6
(1-89.6)

na1

21.3
(2-86.3)

Passage
Duration
(h)

0.9
(0.1-76.4)

2.5
(0.5-124.1)

11.7
(3.7-109.1)

8.6
(3.2-84.6)

7.3
(2.8-105.4)

35.6
(9.7-191.3)

3.0
(0.4-123.0)

12.9
(0.2-117.1)

Lag
Period (h)

6.2
(0.2-107.3)

69.7
(0.0-197.0)

1.1
(0.2-8.9)

0.9
(0.4-144.8)

47.3
(1.4-120.5)

5.5
(0.1-30.7)

Upstream
Residency
(h)

Table 2-3. Summary fish passage information including attraction/entrance (i.e., att./ent. efficiency) and passage efficiencies as
well as the number of passage attempts, passage duration, lag period, and upstream residency for each species at each site.
Passage attempts are reported as means ± 1 SD and passage durations, lag periods, and upstream residency periods as medians.
Parentheticals for passage attempts, passage duration, lag period, and upstream residency indicates ranges.
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Glenfinnan

2016
Winter

Glenfinnan

2016

2017

Glenfinnan

2015

Glenfinnan

2015
12.5
(1/8)
90.8
(119/131)
9.2
(12/131)
81.4
(443/544)

Pool-andweir
NL bypass
channel
Pool-andweir

100
(8/8)

Pool-andweir
NL bypass
channel

90.1
(145/160)

NL rockramp

5.6
(25/443)

91.7
(11/12)

99.2
(118/119)

100
(1/1)

100
(8/8)

96.5
(140/145)

3.6 ± 2.9
(1-16)

1.1 ± 0.5
(1-14)

1.1 ± 0.5
(1-4)

1.0

1.0 ± 0.0
(1-1)

1.0 ± 0.0
(1-1)

58.3
(0.9-603.3)

0.2
(0.1-1.0)

0.5
(0.1-34.5)

1.1

0.5
(0.2-29.8)

0.7
(0.3-174.0)

31.3
(0.0-328.8)

13.6
(0.1-98.8)

0.5
(0.0-101.8)

53.0

0.3
(0.1-94.4)

13.3
(1.0-761.8)

35.6
(0.9-487.2)

na3

na1 = not applicable because no rainbow smelt passed the fishway
na2 = not available because antenna configurations did not permit number of passage attempts to be calculated in 2014
na3 = not applicable because brook trout spend extended periods of time in freshwater (see Methods – Analysis for more details)

Alewife

Brook
trout

Wheatley

2014
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Glenfinnan
Wheatley
Glenfinnan

2016
2014
2015

2017

Winter

Glenfinnan

Glenfinnan

2016

2016

Wheatley

2015

Glenfinnan

Head of
Hillsborough

2015

2016

Pisquid

2015

Glenfinnan

Pool-and-weir

Pisquid

2014

2015

NL rock-ramp

Glenfinnan

2014

Pool-and-weir

NL bypass channel

Pool-and-weir

NL bypass channel

Pool-and-weir

NL rock-ramp

Pool-and-weir

NL bypass channel

NL rock-ramp

NL rock-ramp

Pool-and-weir

NL bypass channel

Glenfinnan

2014

Fishway Design

Site

Year

-0.08

-0.08

0.14

0.99

0.30

-0.12

na2

na2

na2
na2

-0.33

na1

0.03

-0.48

-0.60

-0.12

-0.11

na1

na1

Correlation Coefficient

Passage Duration

-0.33

-0.10

-0.06

-0.34

0.18

-0.27

-0.02

0.09

0.37

Correlation Coefficient

na1 = could not calculate because no rainbow smelt passed the fishway
na2 = sample size too small (< 10)

Alewife

Brook
trout

Rainbow
smelt

Species

Lag Period

Table 2-4. Results of Spearman rank correlation tests assessing the effect of total length on lag period and passage duration at
each fishway. Bolded correlation coefficients indicate significance at p < 0.05.

Table 2-5. Results of general linear models assessing the effects of total length, passage
duration, and number of passage attempts on the upstream residency period for rainbow
smelt and alewife. Bolded coefficients (β) indicate significance at p < 0.05
Species

Site

Glenfinnan
(2016)

Pisquid
(2014)

Fishway Design

Nature-like bypass
channel and pool-and-weir

Nature-like rock-ramp

Rainbow
smelt
Pisquid
(2015)

Wheatley

Alewife

Winter

Nature-like rock-ramp

Nature-like rock-ramp

Pool-and-weir
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Variable

β

t

Intercept

0.68

0.16

Total length

0.01

0.60

Passage duration

0.03

0.63

Passage attempts

-1.41

-1.82

Intercept

11.10

0.19

Total length

0.29

0.78

Passage duration

0.72

3.72

Passage attempts

-20.74

-1.30

Intercept

-223.56

-0.59

Total length

1.47

0.66

Passage duration

0.09

0.05

Passage attempts

-1.74

-0.09

Intercept

12.51

0.15

Total length

0.39

0.89

Passage duration

0.94

0.67

Passage attempts

-9.76

-0.38

Intercept

4.26

0.28

Total length

-0.00

-0.06

Passage duration

-0.01

-2.18

Passage attempts

0.35

0.83
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Figure 2-1. Map of Canada with an inset showing the province of Prince Edward Island and the locations (from west to east)
of the Wheatley, Winter, Glenfinnan, Pisquid, and Head of Hillsborough Rivers.
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Figure 2-2. Aerial black-and-white panorama image of the Tuddy MacKinnon dam and dual fishway complex. The dam is
located upper right in the image with the pool-and-weir fishway located immediately adjacent to it. Downstream from the
dam is the nature-like bypass channel. Note: shading has been added to help the viewer visualize the path of the channel.
Antennas are indicated by black lines. An additional antenna was placed above a culvert ~1 km upstream from the dam. The
culvert downstream of the dam/fishway complex also had antennas installed within it, one at the upstream end in 2014 and
two covering the culvert’s entrance and exit in 2016. Brook trout monitoring did not include downstream culvert antenna
coverage as fish could only be captured above the culvert. Rainbow smelt were tagged ~ 100 m downstream from the naturelike fishway entrance and immediately below the culvert.

Figure 2-3. An aerial black-and-white panorama image of the Pisquid River nature-like
rock-ramp fishway. Antennas (black lines) and weirs (denoted as single letters) are
shown in the right panel. Note: the antenna at Weir D malfunctioned and was disable
during the study. The dark grey shaded area in the top right corner of the figure indicates
a portion of the former pond. Tagging occurred ~20 m downstream from the location at
the far left edge of the image.

83

84

Figure 2-4. A photograph showing the 4-cell pool-and-weir fishway at Warren’s Pond on the Head of Hillsborough River.
The fishway was retrofitted in the late 2000s by lengthening it and adding additional resting pools. Antenna positions are
indicated by white rectangles. The approach antenna position is out-of-frame and tagging occurred ~ 75 m downstream of
the dam.
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Figure 2-5. An illustrated graphic of the dam and fishway at Officer’s Pond on the Winter River. Antenna locations within the
fishway are indicated by white rectangles (A1-A4) and the approach antenna by a single black line. The alewife tagging
location was ~90 m downstream of the approach antenna. Map not to scale

Figure 2-6. A historical photo (a) of unknown date showing the old grist mill and dam on
the Wheatley River at the present-day location of Rackham’s Pond. A map of the
Wheatley River nature-like fishway (b). Black lines indicate antenna positions and black
boxes represent antenna readers. Map not to scale. (Grist mill photo courtesy Wheatley
River Improvement Group)
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a

b

Figure 2-7. The proportion of rainbow smelt (a; sampled in 2015) and alewife (b) passing
each antenna at a nature-like rock-ramp and pool-and-weir fishway in the Pisquid River
and Winter River, respectively. Note: the antenna at Weir D in Pisquid River fishway
malfunctioned and was disabled during the study.
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a

b

Figure 2-8. Top photo (a) shows a school of rainbow smelt swimming above eggs laid
within the Pisquid River nature-like rock-ramp fishway. Bottom image (b) shows a group
of rainbow smelt gathered in a dead-end side channel that filled during a high-water
event. The fish were trapped and within days after the image was taken most were
depredated by raccoons (confirmed via camera trap) or presumably died due to
asphyxiation.
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Chapter 3. Non-salmonid vs. salmonid passage at a nature-like and pool-and-weir
fishway in Atlantic Canada with special attention to Rainbow Smelt Osmerus
mordax
Note: Some of the data presented in this chapter overlaps with data presented in
Chapter 2.
Abstract
In recent years, fish passage efforts have begun shifting away from targeting
salmonids and instead toward passing entire fish communities, including non-salmonids.
The objectives of this study were to compare the performance of a nature-like fishway
with a pool-and-weir fishway at passing rainbow smelt (Osmerus mordax; 2014 and
2016) and brook trout (Salvelinus fontinalis; 2015 and 2016). Both fishways are located
at the same dam on the Glenfinnan River, Prince Edward Island, Canada. Fish were
tagged with passive integrated transponders (PIT) and movements were tracked using
stationary PIT antennas. Passage efficiencies at the pool-and-weir fishway were 0% for
rainbow smelt in both years. In contrast, 100% and 99.2% of brook trout passed the pooland-weir fishway in 2015 and 2016, respectively. At the nature-like fishway, the highest
passage efficiency measured for rainbow smelt was 28.6% (2016) and was not
significantly different between years. In comparison, 100% and 91.7% of brook trout
passed the nature-like fishway in 2015 and 2016, respectively. Additionally, attempts to
improve attraction efficiency at the nature-like fishway by directing more water toward
the fishway’s entrance and removing in-stream debris were made in 2015, but did not
differ between 2014 and 2016. Finally, rainbow smelt were observed spawning
throughout the nature-like fishway. This study adds to the growing evidence that
fishways designed specifically for salmonids can be inappropriate for non-salmonids.
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Although some passage was noted at the nature-like fishway for rainbow smelt relative to
the pool-and-weir fishway, overall passage was low. Future efforts directed at improving
passage should focus on adjusting the entrance location of the nature-like fishway.
Despite low overall passage for rainbow smelt, the presence of spawning adults within
the nature-like fishway suggests that the fishway itself provides suitable spawning habitat
and that fishway performance evaluation should take this into consideration.

Introduction
Fishways are structures typically designed to facilitate upstream movement of
fishes around dams and other obstructions. Historically, fishways were constructed
principally to pass salmonids (Katopodis et al. 2001; Mallen-Cooper and Brand 2007;
Roscoe and Hinch 2010). However, the swimming abilities of salmonids may be
considerably better than other groups of fishes within an assemblage (e.g., see Peake
2008). Therefore, designing fishways to accommodate salmonids may result in excluding
passage of other, poorer swimming species and this could have negative impacts on fish
communities. Yet, relative to the number of fishways in existence, few studies
specifically aim to evaluate their effectiveness for non-salmonid species (Roscoe and
Hinch 2010).
Fishways may be constructed in a number of ways. Traditional designs such as
Denil, pool-and-weir, and vertical slot fishways (i.e., technical fishways) are typically
constructed using artificial materials (Katopodis 1992; Katopodis et al. 2001; Katopodis
and Williams 2012). In recent years, however, more natural designs – termed “nature-like
fishways” – are being viewed as alternatives to technical fishway designs (Katopodis et
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al. 2001). This relatively new style of fishway is characterized by structures that are long,
low sloping, and built of natural materials such as rocks (Wildman et al. 2003). Overall,
their design is intended to mimic natural stream conditions, including habitats and flow
types (Katopodis et al. 2001; Pander et al. 2013). Nature-like fishways may also be
relatively inexpensive to construct (e.g., by volunteers, Steffensen et al. 2013), require
little maintenance over their lifetimes (Wildman et al. 2003), and may provide slower and
more varied flow conditions that could facilitate passage of entire fish communities.
Nature-like fishways can be divided into bypass channels (note: henceforth in this
manuscript a “nature-like fishway” refers to a bypass channel) and rock-ramps (Wildman
et al. 2003). Bypass channels are specifically designed to completely circumvent an
obstruction, and often resemble a side channel in a river (Parasiewicz et al. 1998). Rockramp fishways may occupy the full or partial width of a river (Wildman et al. 2003). Both
designs typically incorporate pool-riffle sequences. Attraction to the nature-like fishways
is crucial to their performance. In order to increase the likelihood that water flowing over
or through the dam will draw fish toward the entrance of the structure, nature-like
fishway entrances should be positioned as close to the dam as possible (Larinier 2002).
Failure to account for this design element may result in low attraction efficiency. Indeed,
poor attraction is a common problem associated with nature-like fishways, though
passage efficiency is often high (Bunt et al. 2012).
Nature-like fishways are well suited for installation at small dams (< 3 m height)
because larger dams would require a prohibitively large fishway footprint (Katopodis et
al. 2001). It is estimated that there are at least 10,000 dams < 10 m in height in Canada
(Environment Canada 2004), but in the United States the number is far greater. For
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example, it is estimated that there are over 2,000,000 small, low-head dams in the United
States (Fencl et al. 2015). Dam density is also highest along the United State’s Atlantic
Coast (Graf 1999). However, the river fragmentation created as a result of dam
construction has become one of the primary threats to diadromous fish populations in the
North Atlantic (Limburg and Waldman 2009).
One example of a diadromous species thought to be highly impacted by river
fragmentation is the rainbow smelt (Osmerus mordax). This small-bodied fish has a
circumpolar distribution in the Northern Hemisphere and is ubiquitous throughout
Northeastern North America. Rainbow smelt also contribute to recreational and
commercial fisheries (Cairns 1997). When water temperatures reach approximately 3-4
ºC in the spring, Rainbow smelt migrate from ocean feeding grounds to coastal rivers and
streams to spawn (Scott and Scott 1988). However, upstream movement may be severely
restricted by even relatively minor natural and anthropogenic in-stream blockages
(Moring 2005).
The aim of the present study was to evaluate the performance of a nature-like
fishway and a technical pool-and-weir fishway. The primary objectives were to: 1)
evaluate the attraction, passage, and time to pass each fishway for rainbow smelt and
spring migrating, sea-run brook trout (Salvelinus fontinalis) and 2) assess the
effectiveness of in-stream modifications (i.e., removal of in-stream debris and redirecting river flow toward the nature-like fishway entrance) at improving the ability of
rainbow smelt to locate the nature-like fishway entrance. A secondary objective was to
determine the presence of rainbow smelt and brook trout at upstream habitats and the
duration required to reach those habitats. Based on anecdotal observations by local
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biologists that rainbow smelt have been visually observed passing the nature-like fishway
but not the pool-and-weir fishway, we predicted some passage at the nature-like fishway
to occur for rainbow smelt, but not the pool-and-weir fishway. Owing to their greater
swimming abilities, we also predicted brook trout passage to be considerably higher than
rainbow smelt passage at both fishway types. We further predicted that in-stream
modifications would increase attraction efficiency for rainbow smelt at the nature-like
fishway and reduce the time needed to locate the nature-like fishway entrance. The study
objectives were addressed through the implantation of passive integrated transponder
(PIT) tags in combination with antennas placed in different parts of the river and/or
fishway during migration into freshwater.

Methods
Study site
The Glenfinnan River (watershed area 33.3 km2) is located approximately 18 km
east of the city of Charlottetown in Prince Edward Island, Canada (Figure 3-1). Migratory
species found in the Glenfinnan River include steelhead rainbow trout (Oncorhynchus
mykiss), sea-run brook trout, alewife (Alosa pseudoharengus), rainbow smelt, and white
perch (Morone Americana). Each of these species are spring or early summer (sea-run
brook trout) migrators. Fish first encounter a box culvert (3.6 m width, 24.2 m length)
approximately 3.3 km from the mouth of the river, and the dam is 150 m above the
culvert (2.1 m height) at Tuddy MacKinnon’s Pond (pond dimensions approximately 365
m length by 215 m width). During spring tides it remains tidal at the dam, and at high
tides the water level is above the downstream lip of the culvert. On one side of the dam is
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a 60.6 m nature-like fishway (Figure 3-1). The channel has a total slope of 2.4% with the
steepest section having a 3.3% slope. On the other side of the dam is a 9.8 m 7-cell pooland-weir fishway with a 16% slope and between-pool drop heights ranging from 15.829.3 cm (Figure 3-2).

Water temperature and discharge monitoring
A HOBO Pro V2 (Onset; Bourne, Massachusetts) water temperature logger
(resolution 0.1 °C) was installed within the nature-like fishway and set to record
temperatures at 1 h intervals. Discharge measurements were taken using a Flowmate
Model 2000 Portable Flowmeter following the United States Geological Survey
Midsection Method (Buchanan and Somers 1969). Measurements began at the beginning
of the rainbow smelt migration in 2014 and continued through November 2016. Readings
were taken at a control structure at the top of the nature-like fishway, the second to last
baffle in the pool-and-weir fishway, and at the upstream end of the culvert during low
tide to estimate total river discharge. Continuous discharge data were not available for
either of the two fishways and water level data from a gauging station located on the
Dunk River was regressed against discharge measurements in each fishway as well as the
culvert. For the period encompassing migrations of both rainbow smelt and brook trout (1
April through 31 July) from 2014 through 2016, the nature-like fishway was estimated at
passing 13.5% of the total river discharge, whereas the pool-and-weir only passed 6.5%
of the flow; in contrast, 80.0% of the river’s flow passes over the dam.
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Fish capture and tagging
Rainbow Smelt were sourced from an area just below the culvert over 150 m
downstream of the dam. Fish were captured with dip nets every two days between 27
April and 5 May 2014 and 9 April and 1 May 2016. In total, 340 and 810 individuals
were captured in 2014 and 2016, respectively (Table 3-1). The large increase in sample
size in 2016 was a result of the migration lasting over twice the duration as in 2014. The
average total length of rainbow smelt was larger in 2014 than in 2016 (Table 3-1).
Following capture, rainbow smelt were implanted with a 23 mm, half-duplex
(HDX), passive integrated transponder (PIT) tag (Biomark, model BIO23.HDX.03V2) at
a location on the bank within 5 m of the capture location. Tags weighed 0.6 g in air and
constituted a maximum tag-to-body mass ratio of 5.1%. Each tag contained a unique code
that identified an individual fish. Codes were scanned (Biomark, 601 Reader) directly
into an electronic database at the time of tagging. Prior to release, total length and sex
were also noted for each individual. This method of tagging and tracking individual fish
was the preferred method for assessing passage and behaviour at fishways as a number of
metrics (e.g., passage duration, passage efficiency) could be quantified and related to
characteristics of the individual fish (e.g., size, sex; Cooke and Hinch 2013). Efforts to
monitor rainbow smelt movements at the Tuddy MacKinnon Pond fishway complex
occurred in 2015, but the migration ended early, possibly as a result of intense and
persistent high water following a winter with the highest snowfall total on record for the
province (e.g., UPEI Climate Lab 2015). There was only a single detection from the 200
tagged rainbow smelt in 2015 and these data were not examined any further.
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Brook trout were captured in a fyke net (6 mm mesh, 1.2 m hoop) between 12-22
June 2015 and 25 May and 8 July 2016. The net was placed in a pool above the culvert.
To facilitate capture of upstream migrating fish, a leader consisting of a 10 m seine net (3
mm mesh) was attached to the front of the net and affixed to the opposite side of the
river. Groups of 3-6 individuals were transferred via a dip net to a floating, slotted tub
that provided flow-through water for the fish. Each fish was removed individually,
measured, implanted with a 23 mm PIT tag, and immediately released. Brook trout total
lengths ranged in size from 135 mm (2015) to 522 mm (2016; Table 1). Sex could not be
identified for brook trout as collections took place outside the reproductive period. The
process was repeated until the fyke net was emptied.

PIT antennas
A combination of multi- and single-antenna HDX readers (Oregon RFID;
Portland, Oregon) were used to log all PIT tag detections, with each receiver being
connected via twinaxial cable to antennas consisting of seven-strand, 12AWG, insulated,
copper wire. The antennas were attached to tuner boxes and tuned at 134.2 KHz.
Antennas were installed in various configurations ranging from a single 10 m loop of
wire to three loops 0.45 m in diameter and included both swim through and swimbeneath designs. Testing using a block of wood implanted with a PIT tag and pulled
through the antennas at varying speeds and depths confirmed the differing orientations
could still detect fish passing by them. The swim-beneath designs were installed in
locations such as culverts where excessive water velocities and debris threatened to
damage swim-through or swim-over antennas.

96

During the rainbow smelt migration, eight antennas were in operation during the
2014 monitoring season. Two were positioned at the base of the nature-like fishway to
detect those approaching and entering the structure, with a third to detect fish exiting the
fishway (Figure 3-1). Four antennas were connected to a single multiplex reader, with
three antennas positioned in the pool-and-weir fishway to cover the entrance (at the third
baffle, past the tidal sections of the fishway), mid-point, and exit (Figure 1) as well as a
fourth located below the dam (Figure 3-1). An additional antenna was located at the
upstream end of the culvert just above the tagging site (Figure 3-1). This antenna detected
fish approaching the dam/fishway complex.
A total of nine antennas were operated in 2016. The same three antennas
operating at the nature-like fishway in 2014 were used again in 2016. At the pool-andweir fishway, the mid-point antenna used in 2014 was removed in 2016, leaving one
covering the entrance, one covering the exit, and one positioned below the dam (Figure 31). Another antenna added in 2016 was located approximately 1 km upstream of the dam
at Tuddy MacKinnon’s Pond. The antenna covered the upstream end of a culvert at
Tarantum Road and was used to measure the number of fish accessing habitats upstream
of the pond (Figure 3-1). As in 2014, the upstream end of the culvert above the tagging
site was also operated in 2016 to detect fish approaching the dam/fishway complex.
Brook trout movements were monitored with similar antennas to those used for
rainbow smelt. However, because brook trout could only be captured efficiently above
the culvert, thus the antennas at the culvert were disabled during the brook trout
migration. In addition, the antenna at the Tarantum Road culvert (described for rainbow
smelt in 2016) was also operating in 2015.
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Fall 2015 site modifications
Modifications to the river channel were made to improve attraction efficiency at
the nature-like fishway. Specifically, a large cluster of cattail (Typha spp.) stalks and a
small island located just in front of the bypass entrance were removed with an excavator.
Additionally, debris (from the cattail extractions) and large, locally sourced red sandstone
were added to re-channelize the river by deflecting flow moving along the south
shoreline to the north shoreline and thus swing the channel closer to the nature-like
fishway’s entrance.

Data analysis
Attraction efficiency for rainbow smelt was defined as the number of fish that
successfully passed the culvert divided by the number of fish detected at the entrance to
each fishway. Because brook trout were sourced just upstream of the culvert, attraction
efficiency at the fishways could not be calculated in the same manner as it was for
rainbow smelt. Instead, attraction efficiency for brook trout was defined as the total
number of individuals detected (at all antennas) divided by the number detected at the
fishway entrances. A passage attempt at the nature-like fishway was defined as an
upstream movement from the attraction antenna to the antenna just upstream of the
entrance. At the pool-and-weir fishway, a passage attempt was defined as a movement
from the approach antenna in front of the dam to the attraction antenna at the fishway’s
entrance. These movements were assumed to be a fish attempting to enter and then
ascend one of the fishways. In a process similar to that outlined by Franklin (2009), we
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examined the frequency distribution of time lags between the approach antenna in front
of the dam and the attraction antenna at the fishway’s entrance. A true passage attempt
likely occurred after a lag of at least 60 s between detections at the two antennas.
Spearman Rank Correlation was used to assess the effect of total length on passage
attempts for rainbow smelt at the nature-like and pool-and-weir fishways. Passage
efficiency was defined as the number of individuals detected at a fishway’s exit antenna
divided by the number that were detected at the antenna located at the bottom of the
fishway. An equal proportions test with continuity correction was applied to the attraction
and passage efficiency measures and compared between years (‘prop.test’ function in R).
Passage duration was calculated as the length of time from detection at an entrance
antenna to a fishway’s exit antenna.
A generalized linear model (GLM) with a binomial distribution (i.e., logistic
regression) was used to assess whether rainbow smelt that entered the nature-like fishway
were present or absent fishway’s exit. Presence/absence data were classified as a binary
response variable. An advantage of GLMs over other analytical approaches is that they
can be applied to response variables with non-normal distributions (e.g., binomial,
Poisson; Nelder and Wedderburn 1972; Agresti 2002). Explanatory variables used in our
models included water temperature, total length, discharge, sex, and number of passage
attempts.
GLMs consist of a random component, systematic component, and link function
(Nelder and Wedderburn 1972; Agresti 2002). The random component is a response
variable within the exponential family of distributions. The systematic component is a
vector of the explanatory variables represented as a linear model. The random component

99

(i.e., non-normal response) and the systematic component (i.e., the explanatory variables)
are connected via a link function such as the “logit” function applied in this study (Nelder
and Wedderburn 1972; and Agresti 2002). Tag date was held as a random block effect
due to potential confounding factors associated with weather conditions and lack of
independence among fish sampled on the same date (Schielzeth and Nakagawa 2012;
‘lme4’ package in R, Bates et al. 2015). The full logistic model is reported (Forstmeier
and Schielzeth 2011) and comparison of the residual deviance with the residual degrees
of freedom was used to assess goodness-of-fit for an individual model (Faraway 2006).
Diel movement patterns for rainbow smelt and brook trout were assessed by
calculating the number of upstream movements per hour. An upstream movement was
defined as any movement from one antenna to the next upstream antenna. Sunrise/sunset
times were estimated from historical data provided by www.timeanddate.com. However,
because the number of hours at night was less than during the day, a scale factor was
needed to standardize the number of upstream counts relative to the daytime period.
Finally, culvert fallback behaviour was assigned to rainbow smelt if an individual was
detected moving in a specific four-step pattern: 1) a detection indicating successful
passage through the downstream culvert, 2) a subsequent detection at either fishway’s
entrance, 3) a re-detection back downstream at the culvert, and 4) another detection
upstream. The culvert fallback percentage was calculated as the number of rainbow smelt
identified as exhibiting this behaviour at least once divided by the number of rainbow
smelt that passed through the downstream culvert (Boggs et al. 2004).
Event-time analysis (i.e., Cox proportional hazards regression; Castro-Santos and
Haro 2003) was used to understand how total length, water temperature and discharge
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affected 1) the time to exit the nature-like fishway for rainbow smelt and 2) the time it
took for brook trout to reach upstream habitats above the Tarantum Road culvert.
Multivariate event-time analysis is similar to multiple regression analysis but has distinct
advantages, namely the ability to include censored individuals and time-varying
explanatory variables (Allison 1995; Bradburn et al. 2003; Castro-Santos and Haro
2003). Relative to the present study, censored individuals would be rainbow smelt that
have not yet reached the nature-like fishway’s exit or brook trout that have yet to reach
the Tarantum Road antenna (i.e., upstream habitats). Time to exit the nature-like fishway
was not calculated for brook trout because passage duration showed relatively little
variation (all less than 1 h). Time to each event (either passage at the nature-like fishway
for rainbow smelt or time to reach the Tarantum Road culvert antenna for brook trout)
was relative to the time at which each fish was tagged. The inclusion of both hazard and
survivorship functions further distinguishes event-time analysis from more traditional
statistical analyses. The hazard function can be described as the instantaneous time to
event for an individual over a particular interval of time. In other words, each individual
has its own hazard function, which varies based on its characteristics or a set of
conditions that it experiences (Allison 1995). The survivorship function describes the
proportion of individuals that have not yet reached the event (Castro-Santos and Haro
2003). An underlying assumption of event-time analysis is that the hazard function is
constant over time (Allison 1995; Bradburn et al. 2003). To test this assumption, we
examined the Schoenfeld residuals, which create a unique residual for each individual
and for each covariate (Schoenfeld 1982; Allison 1995; ‘coxzph’ function within the
‘survival’ package in R, Therneau 2015). We tested whether our set of explanatory
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variables had a significant effect on the proportional hazards model using the Wald
statistic (Allison 1995). Survival curves were plotted using the ‘survminer’ package
(Kassambara and Marcin 2016).
Effectiveness of the in-stream modifications at improving attraction to the naturelike fishway were analyzed two ways. First, an equal test of proportions with continuity
correction was used to compare the attraction efficiency in 2014 before modifications to
the attraction efficiency in 2016 after modifications were made. Second, a nonparametric
Wilcoxon sum rank test (‘wilcox.test’ function in R) was used to assess whether rainbow
smelt took less time to find the nature-like fishway entrance (defined as the time
difference from first detection at the culvert below the dam to eventual detection at the
nature-like fishway entrance) in 2016 than in 2014.
Detection of brook trout at upstream habitats was analyzed using event-time
analysis in a similar manner as applied to passage duration of rainbow smelt at the
nature-like fishway. The response variable “time to upstream habitats” was defined as the
time difference (in hours) between the last detection at a fishway exit antenna and the
next detection at the Tarantum Road culvert antenna. Explanatory variables included total
length, water temperature, and river discharge.
All analyses were performed in R Studio (R Core Development Team 2015) and
significance was determined at α ≤ 0.05. All means are presented as ± SD.
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Results
Fishway performance
Collectively at all antennas, a total of 113 of 340 and 250 of 810 tagged rainbow
smelt were detected at the two fishways in 2014 and 2016, respectively. The attraction
efficiency at the pool-and-weir fishway was 38.1% (43/113) and 43.9% (111/253) in
2014 and 2016, respectively (Table 3-2). Attraction efficiencies at the nature-like fishway
were nearly the same in both 2014 and 2016 at 30.1% (34/113) and 30.4% (77/253),
respectively (Table 3-2). In 2014, only 9.3% (4/43) of fish that were attracted to the pooland-weir fishway were detected in the mid-section of the structure. No rainbow smelt
were detected passing the pool-and-weir fishway in either 2014 or 2016, while passage
efficiencies at the nature-like fishway were 26.5% (9/34) and 28.6% (22/77) in 2014 and
2016, respectively (Table 2); passage efficiencies at the nature-like fishway were not
significantly different between years (χ2 = 8.2e-31, df = 1, p > 0.05). Fish were observed
moving through the nature-like fishway predominantly along the outer edges of the
channel. Spawning was also observed throughout the nature-like fishway (Figure 3-3).
Finally, diel upstream movement patterns for rainbow smelt indicated movements took
place predominantly at night (Figure 3-4).
Larger rainbow smelt were significantly more likely to ascend the nature-like
fishway than smaller conspecifics (β = 0.04, odds ratio = 1.04, p = 0.01; Table 3). More
specifically, with each 1 mm increase in total length, the odds of rainbow smelt passing
the nature-like fishway increased by 4.0% (odds ratio = 1.04 Table 3). Sex, temperature,
discharge, tagging year and number of passage attempts did not have a statistically
significant influence on passage success (p’s > 0.05; Table 3).
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Nine brook trout were collected in 2015, but captures in 2016 were more
successful with 154 brook trout sampled. In 2015, one brook trout (total length 503 mm)
was excluded from analysis when it appeared to shed its tag next to the entrance antenna
in the pool-and-weir fishway; death may not have occurred as attempts to retrieve its
body from within the fishway were unsuccessful. One brook trout – the smallest tagged
in 2015 – was attracted to and passed the nature-like fishway in 1.1 h. Attraction and
passage efficiencies at the pool-and-weir fishway for Brook Trout in 2015 were both
100% as all seven were attracted to and passed the fishway. Of the 154 brook trout
tagged in 2016, 131 (85.1%) were detected. Attraction efficiency at the nature-like
fishway for brook trout was 9.2% (12/131). Passage efficiency at the nature-like fishway
was 91.7% (11/12; Table 3-2). The single fish that did not pass moved downstream out of
the nature-like fishway then located, entered, and successfully passed the pool-and-weir
fishway. Attraction efficiency at the pool-and-weir fishway was 96.7% (118/131), with a
passage efficiency of 99.2% (118/119; Table 3-2). Like rainbow smelt, diel upstream
movement patterns for brook trout took place predominantly at night (Figure 3-4).
Passage duration for rainbow smelt at the nature-like fishway averaged 32.0 ±
25.5 h (range 2.0-86.3 h, median 21.3) and 6.5 ± 9.3 h (range 0.5-34.4 h, median 2.4 h) in
2014 and 2016, respectively (Table 3-4). Only one fish in 2014 compared to 19 of 22 in
2016 took less than 13 h to fully ascend the structure. Event-time analysis revealed that in
both years only total length significantly affected the time required to reach the naturelike fishway exit for rainbow smelt (2014, β = 0.05, hazard ratio = 1.05, p = 0.04; 2016, β
= 0.03, hazard ratio = 1.03, p = 0.05; Table 3-5). After transforming total length to
centimeters, with each centimeter increase in total length rainbow smelt in 2014 and 2016
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resulted in a 65% and 35% faster passage duration at the nature-like fishway for rainbow
smelt. Passage duration at the pool-and-weir fishway for brook trout in 2015 averaged 4.3
± 1.2 h (range 0.2 to 23.6 h, median = 0.5 h; Table 3-4). Passage duration at the pool-andweir fishway in 2016 averaged 2.2 ± 0.1 h (range 0.1 to 34.5 h, median = 0.5 h; Table 34). When combining passage duration data for both years, there was no significant
correlation between brook trout total length and passage duration (rs = -0.12, p > 0.05).

In-stream modification effectiveness
Attraction efficiencies for rainbow smelt at the nature-like fishway were not
significantly different before (2014) compared with after (2016) the in-stream
modifications were made (χ2 = 1.7e-4, df = 1, p > 0.05), although the time it took from
first detection to detection at the entrance of the nature-like fishway was significantly
different pre- versus post-modification (W = 1172, p = 0.05). Specifically, rainbow smelt
took less time to enter the nature-like fishway post- (mean 15.0 ± 26.4 h, range 0.5 to
124.1 h) versus pre-modifications (mean 23.4 ± 27.7, range 0.2 to 117.1 h).

Movement to upstream habitats
No rainbow smelt were detected at upstream habitats (i.e., no detections at the
Tarantum Road culvert antenna; see Figure 3-1). However, after passing the nature-like
fishway, the residency period above the dam but between the Tarantum Road culvert in
2014 varied from 3 min to over 30 h; one fish may have died while above the dam, as it
was never detected moving downstream after entering. In 2016, the maximum time spent
above the dam was 4.5 days, with four of the 22 rainbow smelt spending more than 24 h.
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In 2016, rainbow smelt were visually observed at the downstream end of the culvert
located at Tarantum Road approximately 1 km above the dam, although it was unclear if
any of the observed rainbow smelt were PIT tagged and part of our study; these
observations were not made in 2014.
Unlike rainbow smelt, brook trout were detected at upstream habitats. In 2015,
two brook trout were detected approximately 1 km at upstream habitats above the
Tarantum Road culvert. These two brook trout took 6.1 and 15.8 days to navigate through
the pond and ascend the small portion of lotic habitat between the pond and road culvert.
In 2016, of the 129 individuals that collectively passed both the nature-like and pool-andweir fishways, 47.2% (61) passed through the pond and were detected at the Tarantum
Road culvert antenna. Time to reach upstream habitats for brook trout was not
significantly affected by total length (β = -0.12, p > 0.05), water temperature (β = -0.003,
p > 0.05), or discharge (β = -1.62, p > 0.05; Table 3-5). In 2016, more than 50% of brook
trout reached upstream habitats in one week after entering the pond (Figure 3-5), with
times ranging from 7.5 to 631.3 h (mean ± SD = 136.0 ± 2.2 h; median = 73.0 h).
Of the rainbow smelt that passed through the culvert in 2014 and 2016, 13.3%
(15) and 15.3% (38), respectively, were detected entering one of the fishways, but then
were later detected moving across the river to enter the other fishway design. Five
(55.6%) and 15 (68.2%) rainbow smelt that switched from the pool-and-weir fishway to
the nature-like fishway in 2014 and 2016, respectively, were able to successfully pass the
nature-like fishway. Additionally, the fallback percentage of rainbow smelt was
calculated as 24.8% (28) and 20.9% (52) in 2014 and 2016, respectively, and the number
of times a fish exhibited fallback behaviour ranged from one to four.
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Passage attempts at the pool-and-weir fishway ranged from 1 to 32 in 2014 and 1
to 14 in 2016, with 67.3% and 55.8% of rainbow smelt making more than one passage
attempt in 2014 and 2016, respectively. The number of passage attempts at the naturelike fishway ranged from 1 to 4 in both 2014 and 2016, with 51.9% (2014) and 87.3%
(2016) of fish making a single passage attempt. Six of the nine (66.7%) fish that passed in
2014 required one attempt. The majority of rainbow smelt entering the nature-like
fishway in 2016 (87.3%) made a single passage attempt, with 17 of the 22 (77.3%) fish
that successfully ascended needing just a single attempt to do so. No significant
relationship was found between total length and the number of passage attempts at either
the pool-and-weir fishway (rs = 0.08, p > 0.05) or the nature-like fishway (rs = 0.12, p >
0.05). Rainbow smelt were detected at the antennas predominantly at night with 49.6%
and 43.8% of the total number of detections occurring during the 9 h nighttime period in
2014 and 2016, particularly between the hours of 0000 and 0500 (Figure 3-4a,b).

Discussion
The ability to facilitate upstream movements of rainbow smelt differed between
the two fishways examined in this study. While a relatively low level of passage (26.5
and 28.6% in 2014 and 2016, respectively) was observed at the nature-like fishway for
rainbow smelt, in contrast no fish were able to pass the pool-and-weir fishway, despite a
slightly higher level of attraction. Yet, nearly 100% of brook trout that entered either
fishway were able to pass. These results indicate that nature-like fishways may be useful
for passing small-bodied anadromous fishes such as rainbow smelt, but that
improvements to their design and placement are still required to increase passage success.
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Traditionally, rainbow smelt were believed to either not use fishways or were
considered unable to pass them (Smith 1980; Haché 1990; ASE UPEI 1997; Moring
2005). However, local biologists on Prince Edward Island have previously observed at
least some degree of rainbow smelt passage at nature-like fishways. Therefore, based on
these observations and past research on fishway use by rainbow smelt on Prince Edward
Island (e.g., ASE UPEI 1997; Clément et al. 2012), we predicted that tagged fish would
be detected passing the nature-like fishway. Our findings indicating 26.5% and 28.6%
passage occurring at the nature-like fishway in 2014 and 2016, respectively, confirmed
these observations by local biologists and supported our predictions. However, passage
rates of rainbow smelt at the nature-like fishway are far below the 90-100%
recommended by Lucas and Baras (2001) for diadromous fishes. Although passage rates
tend to be highly variable for a variety of species at nature-like fishways, our data for
rainbow smelt passage rank relatively low (see Table 3-6). Only one other study has
successfully demonstrated rainbow smelt passage and specifically presented passage rates
less than 10% (i.e., 6%, Clément et al. 2012). Those authors suggest that although
passage efficiencies for rainbow smelt may be low, because only a small fraction of the
migrating spawners were not tagged the actual number of individuals passing the fishway
may still be high (Clément et al. 2012). Regardless, Clément et al. (2012) as well as the
current study present findings indicative of a high failure rate. This may in part be caused
by excessive energetic costs associated with ascending the fishways, which may
ultimately have implications for the reproductive success of migratory rainbow smelt.
The finding that no rainbow smelt were able to pass the pool-and-weir fishway
yet nearly 100% of brook trout successfully passed the same structure was unsurprising
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and supported our prediction. We hypothesize that this is most likely related to betweenpool drop heights that are too large for rainbow smelt to successfully navigate. In the
Canadian Maritimes, guidelines indicate drop heights should be no greater than 15 cm
(Conrad and Jansen 1983; Haché 1990), but drop heights at the Tuddy MacKinnon pooland-weir fishway were upwards of almost 30 cm or double the suggested limit for
rainbow smelt. Similar findings of 0% passage have been recorded at other fish passage
structures, including both technical and nature-like fishways (see Appendix A in Bunt et
al. 2012). In general, salmonids typically pass through fishways significantly better than
other groups of fishes, likely owing to their superior swimming and leaping abilities
(Kondratieff and Myrick 2006; Bunt et al. 2012; Noonan et al. 2012). The inability of
non-salmonids to pass fishways poses a threat to the sustainability of their populations if
suitable spawning habitat is not available downstream of a dam.
The discrepancies in passage efficiency for rainbow smelt between the two
fishway types were likely influenced by water velocity patterns within the fishways. For
example, the low slope of the nature-like fishway reduced water velocities by upwards of
approximately 50% in 2016 relative to velocities through the notches in the pool-andweir fishway. Rocks within the nature-like fishway added roughness elements that
created heterogeneous velocities (Bréton et al. 2013) on the outer edge of the channel
where rainbow smelt were predominantly observed swimming. Other studies have shown
that fish can locate and use zones of low water velocities as a way of navigating through
passage structures such as culverts (see Katopodis and Gervais 2016). These zones of low
flow and the rainbow smelt’s ability to detect and use them may explain our finding that
discharge was not a significant predictor of passage success at the nature-like fishway.
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Even still, larger fish were more likely to both successfully pass the nature-like fishway
and take less time to do so, findings that are potentially explained by larger fish having
greater endurance (Beamish 1978; Jobling 1994; Nikora et al. 2003). As these larger fish,
particularly males, were estimated to also be older (based on unpublished data from
Torterotot et al. 2009), it is possible that older fish exhibit greater migratory motivation
or that older returning fish are more experienced at navigating the fishways. This latter
explanation has been proposed for returning, presumably older, alewife that pass
fishways more frequently than newly tagged migrants (A. D. Spares, Acadia University,
personal communication). However, regardless of size or swimming ability, nature-like
fishways have the distinct advantage of offering a variety of flow conditions and
velocities that fish can use to move upstream. As long as the installation of the nature-like
fishway’s rocks does not create excessive turbulence (Lupandin 2005; Haro and CastroSantos 2012), such heterogeneity in flow patterns may facilitate successful passage. In
contrast, fish attempting to pass through the notches of pool-and-weir fishways are
confronted with relatively uniform and fast flow rates, which may be impassable for
poorer swimming fishes (Laine et al. 1998).
Attraction efficiencies at the nature-like fishway were lower for both rainbow
smelt and brook trout compared with the pool-and-weir fishway. We posit that this is
likely a result of improper placement of the nature-like fishway’s entrance as well as
distracting flows at the dam. In contrast, the pool-and-weir fishway is located
immediately adjacent to the dam where the majority of water that spills over attracts both
species to the area such that they are more likely to discover the entrance to the pool-andweir fishway. Low flows through the nature-like fishway and an entrance approximately
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20 m downstream of the dam may be inhibiting rainbow smelt and brook trout from
successfully locating the nature-like fishway’s entrance (Larinier 2002; Aarestrup et al.
2003; Calles and Greenburg 2005; Sprankle 2005; Franklin et al. 2012). Poor attraction at
nature-like fishways is believed to be a common problem with these structures (Bunt et
al. 2012). Attempts to improve attraction at the nature-like fishway by removing
obstructions and deflecting water toward the nature-like fishway’s entrance reduced the
average time to locate the entrance, supporting our initial prediction. However, overall
attraction efficiencies were not significantly different before versus after the
modifications and were not in agreement with our initial predictions. We conclude that
the physical location of the nature-like fishway’s entrance remains an issue.
Fishway switching and fallback behavior such as that noted for rainbow smelt in
the present study may be categorized as searching behaviours (i.e., fish attempting to find
the correct route upstream). Similar behaviours have been noted in Atlantic salmon
(Salmo salar; Lundqvist et al. 2008) and Chinook salmon (Oncorhynchus tshawytscha;
Caudill et al. 2007; Naughton et al. 2007). Time spent moving below the dam and
fishways likely required significant energy during the migratory period. For example, of
the energy required by Chinook salmon to pass the Bonneville Dam on the Columbia
River, Washington, 80% was expended in the tailrace of the structure (Brown et al.
2002). Searching for the correct path upstream can lead to migratory delays that
ultimately may have negative consequences on the reproductive success of an individual
(Caudill et al. 2007). However, rainbow smelt do not migrate long distances like Pacific
salmon do (Chase 2006), thus it is unclear what effect, if any, such searching behaviours
may have on the reproductive success of this particular species. Of note as well, in 2014
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four of the rainbow smelt that were tagged in the Glenfinnan River (2 of 4 were detected
moving above the culvert) were later detected at a different nature-like fishway in the
Pisquid River (another tributary of the Hillsborough River), which is over 20 km to the
east. Two successfully passed the fishway at that site. Whether these observations were a
result of stress associated with the tagging process or a natural spawning behaviour,
remains uncertain, but straying has been documented in other species such as Pacific
salmon (e.g., Keefer and Caudill 2014).
A key finding of this study is that the nature-like fishway served as spawning
habitat for rainbow smelt. Optimal spawning habitat is characterized by swift flows over
rocky substrate (Scott and Scott 1988), which nature-like fishways provide in abundance.
The fact that rainbow smelt do use the nature-like fishway for spawning purposes
probably explains the relatively long passage durations noted in this study. In addition,
movement through the fishway may at least be partially explained by fish encountering
saturated spawning habitats in lower sections of the fishway (i.e., ideal free distribution;
Fretwell and Lucas 1970). If one area of the fishway becomes saturated with individuals,
it may require others to continue moving to unoccupied areas farther upstream in the
structure. If a fishway does provide habitat for a particular stage in a fish’s life cycle,
fisheries managers should take this into consideration when evaluating fishway
effectiveness (see Eberstaller et al. 1998; Parasiewicz et al. 1998).
Although we were encouraged to find that the nature-like fishway facilitated
passage, we still harbor concerns about the suitability of lentic pond habitats for
promoting successful reproduction of rainbow smelt. Movement into sub-optimal habitats
that could impede recruitment is considered at least one criteria for an ecological trap
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(Robertson and Hutto 2006; Pelicice and Agostinho 2008). However, we acknowledge
that the particular nature-like fishway featured in the present study may not constitute an
ecological trap as per the criteria outlined by Pelicice and Agostinho (2008) because fish
can and do move back to more suitable spawning habitats located below the dam (or
within the nature-like fishway).
Concerns about the nature-like fishway acting as a possible ecological trap would
be negated if most of the rainbow smelt readily accessed upstream lotic spawning
habitats. Instead, we detected no tagged rainbow smelt at the antenna upstream of Tuddy
MacKinnon’s Pond (located on the upstream end of the culvert at Tarantum Road),
though it should be noted that small schools were visually observed below the Tarantum
Road culvert. We acknowledge that it is possible the antenna was simply positioned too
far above the primary spawning grounds (approximately 1.2 km upstream of the dam).
Indeed, Chase (2006) determined that the average spawning habitat length of anadromous
rainbow smelt in Maine was 261 m or approximately the distance from the culvert
downstream of Tuddy MacKinnon’s Pond and the length of the nature-like fishway;
rarely did the length of spawning habitat exceed 1 km (Chase 2006). Some rainbow
smelt, however, remained above the dam/fishway antennas for > 24 h, suggesting they
either accessed habitats above the pond (but below the Tarantum Road culvert antenna)
or remained within the pond for an extended period of time.
The advent of nature-like fishways has marked a shift in fisheries conservation
concerns from species-specific to whole assemblages (Eberstaller et al. 1998; Schmutz et
al. 1998; Katopodis et al. 2001). The data presented in this study supports the
implementation of low-slope bypass channels over other technical fishway designs to
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facilitate upstream movement of a migratory, small-bodied non-salmonid. However, our
findings of a < 30% passage rate at the nature-like fishway are evidence that future
efforts should be directed at determining ways to improve rainbow smelt passage at
nature-like fishways. Even still, we advocate that biologists must acknowledge the
benefits of creating spawning habitat through the construction of nature-like fishways –
such as the structure presented in this study – and that this acknowledgement should be a
factor in evaluating the effectiveness of a fishway.
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Table 3-1. Number tagged including numbers of males and females, total length range,
and average total length of rainbow smelt (2014 and 2016) and Brook Trout (2015 and
2016). M = males, F = females.
Year

Species

Number tagged
(M:F)

Total length
range (mm)

Mean total length
± SD (mm)

2014

Rainbow smelt

340 (232:108)

151-240

170.0 ± 14.3

2015

Brook trout

9

135-503

327.0 ± 45.6

Rainbow smelt

817 (536:281)

138-264

158.5 ± 15.3

Brook trout

154

166-522

281.1 ± 84.1

2016
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Table 3-2. Attraction and passage efficiencies for the nature-like fishway and pool-andweir fishway located at Tuddy MacKinnon’s Pond. Numbers are expressed as
percentages. Numbers used in calculations are shown in parentheses below each
percentage. Only 2016 passage data are shown for brook trout.
Nature-like fishway
Species

Year

2014
Rainbow
smelt
2016
Brook trout*

2016

Pool-and-weir fishway

Attraction %
(numbers)

Passage %
(numbers)

30.1
(34 / 113)

26.5
(9 / 34)

38.1
(43 / 113)

0.0
(0 / 43)

30.4

28.6

43.9

0.0

(77 / 253)

(22 / 77)

(111 / 253)

(0 / 111)

9.2

91.7

90.8

99.2

(12/131)

(11/12)

(119/131)

(118/119)

*

Attraction %
(numbers)

Passage %
(numbers)

Attraction efficiency for brook trout was calculated as the number of fish entering a
fishway divided by the total number of individuals detected at all antennas.
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Table 3-3. Results of the logistic regression analysis examining success or failure of
rainbow smelt to pass a nature-like fishway. Covariates included water temperature,
discharge, total length, sex, tag year and number of passage attempts at the nature-like
fishway. Data were pooled for both years. Bolded estimates indicate significance at P <
0.05. OR = odds ratio, CI = 95% confidence interval. Brackets for the categorical
variables sex and tag year indicate the reference category.
Variable

β

OR (CI)

P

Intercept

-0.38

0.68 (0.06-7.92)

0.76

Water temperature (ºC)

-0.00

1.00 (0.68-1.48)

0.99

Discharge (m3/s)

-2.16

0.12 (0.00-3.42)

0.21

Total Length (mm)

0.04

1.04 (1.00-1.08)

0.01

Sex [Male]

0.74

2.10 (0.70-6.28)

0.18

-1.34

0.26 (0.01-7.62)

0.43

0.36

1.43 (0.69-2.96)

0.32

Tag Year [2016]
Number of passage attempts
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Table 3-4. Passage durations by rainbow smelt (2014 and 2016) and brook trout (2015
and 2016) during each year, including mean, median, and range.

Species
Rainbow
smelt

Brook
trout
a

Year

Nature-like fishway passage
duration (h)
Mean ± SD
Range
(median)

Pool-and-weir fishway
passage duration (h)
Mean ± SD
Range
(median)

2014

32.0 ± 25.5 (21.3)

2.0-86.3

--

--

2016

6.5 ± 9.3 (2.4)

0.5-34.4

--

--

2015

1.1a

1.1a

4.3 ± 8.6 (0.5)

0.2-23.6

2016

0.3 ± 0.4 (0.2)

0.1-1.0

2.2 ± 5.8 (0.5)

0.1-34.5

Only a single Brook Trout used the nature-like fishway in 2015

118

Table 3-5. Event-time analysis output assessing the effects of water temperature, total
length, discharge, number of passage attempts at the nature-like fishway and sex on
rainbow smelt passage duration at the nature-like fishway (separated by year). Also
shown are event-time analysis results for the effects of water temperature, total length,
and discharge on time taken by brook trout to reach habitats upstream of the pond. HR =
hazard ratio and was calculated by exponentiation of the coefficient (β).
Response

Variables

N

Rainbow
smelt
passage at
nature-like
fishway
(2014)

Number passed
Number censored
Water temperature (ºC)
Total length (mm)
Discharge (m3/s)
Passage attempts
Sex (male)

9
25

Rainbow
smelt
passage at
nature-like
fishway
(2016)

Number passed
Number censored
Water temperature (ºC)
Total length (mm)
Discharge (m3/s)
Passage attempts
Sex (male)

31
41

Number passed
Number censored
Water temperature (ºC)

61
66

Brook
Trout
detection
above pond

df

β

HR (95% CI)

P

1
1
1
1
1

0.15
0.05
-1.70
-0.14
0.94

1.16 (0.27-5.02)
1.05 (1.00-1.11)
0.18 (0.00-11.40)
0.87 (0.50-1.50)
2.57 (0.29-22.72)

0.84
0.04
0.42
0.61
0.40

1
1
1
1
1

0.06
0.03
-2.55
0.55
0.25

1.06 (0.78-1.45)
1.03 (1.00-1.05)
0.08 (0.00-3.45)
1.73 (0.93-3.19)
1.29 (0.45-3.67)

0.69
0.05
0.19
0.08
0.63

1

-0.12
0.89 (0.76-1.04)
0.15
1.00 (0.99-1.00)
0.19
0.003
-1.62 0.20 (0.00- 7.60e+4) 0.81

Total length (mm)

1

Discharge (m3/s)

1
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Table 3-6. List of nature-like fishway performance studies using PIT tag technology.
Information adapted from Bunt et al. (2012) and amended to include additional studies
since 2012. Studies listed were confined to the peer-reviewed literature only. Study
species Latin names indicated below table.
Species

Location

Slope
(%)

Attraction
(%)

Passage
(%)

# Tagged:
Entering
(Exiting)

Citation

Alewife

Town Brook Rock
Ramp,
Massachusetts,
USA

4.2

100

94

103: 103
(97)

Franklin et
al. 2012

Alewife

East River Rock
Ramp 1,
Connecticut, USA

7.1

92

69

231: 212
(146)

Franklin et
al. 2012

Alewife

East River Rock
Ramp 2,
Connecticut, USA

7.1

na

65

na: 141 (91)

Franklin et
al. 2012

Baltic
vimba

River Eman,
Lower Finsjo,
Sweden

2.5

50

50

4: 2 (1)

Calles and
Greenberg
2007

Brown
trout

Tirsbaek Brook,
Denmark

1.7

91

60

33: 30 (18)

Aarestrup
et al. 2003

Brown
trout

River Eman, Upper
Finsjo, Sweden

1.8

50

100

24: 12 (12)

Calles and
Greenberg
2005

Brown
trout

River Eman, Upper
Finsjo, Sweden

1.8

53

100

32: 17 (17)

Calles and
Greenberg
2005

Brown
trout

River Eman, Upper
Finsjo, Sweden

2.5

20

92

132: 26 (24)

Calles and
Greenberg
2005

Brown
trout

River Eman, Upper
Finsjo, Sweden

2.5

14

91

253: 35 (32)

Calles and
Greenberg
2005
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Brown
trout

River Eman,
Lower Finsjo,
Sweden

2.5

57

50

7: 4 (2)

Calles and
Greenberg
2007

Burbot

River Eman,
Lower Finsjo,
Sweden

2.5

83

60

6: 5 (3)

Calles and
Greenberg
2007

Chub

River Eman,
Lower Finsjo,
Sweden

2.5

38

86

34: 13 (11)

Calles and
Greenberg
2007

Common
bream

River Eman,
Lower Finsjo,
Sweden

2.5

10

100

10: 1 (1)

Calles and
Greenberg
2007

Common
shiner

Indian Creek,
Ontario, Canada

1.3

63

5

145: 62 (5)

Steffensen
et al. 2013

Creek chub

Indian Creek,
Ontario, Canada

1.3

84

38

121: 72 (33)

Steffensen
et al. 2013

Misc. 22
spp.

Nakdong River,
Sangju Weir, South
Korea

1.0

2-50

7-100

1615: see
citation

Kim et al.
2016

Northern
pike

River Eman,
Lower Finsjo,
Sweden

2.5

13

0

8: 1 (0)

Calles and
Greenberg
2007

European
perch

River Eman,
Lower Finsjo,
Sweden

2.5

32

100

25: 8 (8)

Calles and
Greenberg
2007

Roach

River Eman,
Lower Finsjo,
Sweden

2.5

23

50

44: 10 (5)

Calles and
Greenberg
2007

Rudd

River Eman,
Lower Finsjo,
Sweden

2.5

3

0

31: 1 (0)

Calles and
Greenberg
2007
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Tench

River Eman,
Lower Finsjo,
Sweden

2.5

50

100

14: 7 (7)

Calles and
Greenberg
2007

White
sucker

Indian Creek,
Ontario, Canada

1.3

66

25

65: 21 (8)

Steffensen
et al. 2013

Zander

River Eman,
Lower Finsjo,
Sweden

2.5

0

0

4: 0 (0)

Calles and
Greenberg
2007

Zander

Danube River,
Marchfeldkanal
System, Austria

2.5

0

0

15: 0 (0)

Schmutz et
al. 1998

Alewife (Alosa pseudoharengus)
Baltic vimba (Vimba vimba)
Brown trout (Salmo trutta)
Burbot (Lota lota)
Chub (Squalius cephalus)
Common bream (Abramis brama)
Common shiner (Luxilus cornutus)
Creek chub (Semotilus atromaculatus)

Northern pike (Esox lucius)
European perch (Perca fluviatilis)
Roach (Rutilus rutilus)
Rudd (Scaridinus erythropthalmus)
Tench (Tinca tinca)
White sucker (Catostomus commersonii)
Zander (Sander lucioperca)
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Figure 3-1. Study site location and schematic showing antenna positions (dashed lines,
top graphic). The downstream antenna at the culvert was not installed in 2014 and the
antenna at the mid-point of the pool-and-weir fishway was only operational in 2014.
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Figure 3-2. Between-pool drop heights of the pool-and-weir fishway at the Tuddy MacKinnon dam. Graphic indicates water at
high tide. Note: graphic not-to-scale.
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Figure 3-3. Rainbow smelt hover above a mat of eggs within the nature-like bypass channel (photo: Sean Landsman).
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Figure 3-4. Frequency of detections across 24 h periods for rainbow smelt in 2014 (a) and 2016 (b) as well as brook trout in 2015
(c) and 2016 (d). Shaded boxes represent the nighttime period based on approximate local sunrise/sunset times.
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Figure 3-5. Time-event analysis of brook trout reaching habitats upstream of Tuddy MacKinnon’s Pond at or above the
Tarantum Road culvert. Each segment on the x-axis represents a one-week period. The shaded area represents the 95%
confidence interval and each small vertical hash mark represents a censored fish. The longest duration of time required to reach
the Tarantum Road culvert was 631.3 hours. All fish beyond this time point were presumed at-large by the end of the
monitoring period on 25 July 2016.

Chapter 4. Fishway passage success for migratory rainbow smelt Osmerus mordax is
not dictated by behavioural type
Abstract
Recent research has demonstrated that an individual’s behavioural decisions can
have a profound impact on an animal’s fitness. For anadromous fishes requiring access to
spawning habitat above obstructions, successful passage at fishways may at least in part
be a function of an individual’s behavioural type. The objectives of this study were to
determine whether distinct behavioural types – bold and shy – could be distinguished
within a population of anadromous rainbow smelt (Osmerus mordax) and, if so, whether
passage success at a nature-like fishway varied relative to behavioural type. Field-caught
rainbow smelt were tested for individual differences in boldness (i.e., willingness to
engage in risk-taking behavior) using the metrics of exploratory behaviour, general
activity, and response to a simulated predator. After testing, 276 rainbow smelt were
implanted with a passive integrated transponder (PIT) tag, released below the fishway,
and their movements monitored via a stationary antenna array. The results of our
behavioural assays indicated the presence of a behavioural syndrome among rainbow
smelt and that behaviour was partially repeatable. In total, 41.7% of fish entering the
fishway passed successfully, but contrary to our initial prediction, boldness was not a
significant predictor of successful passage. Instead, increasing water temperature and
decreasing river discharge were consistent predictors of successful passage and greater
distances moved through the fishway. Our findings indicate that the nature-like fishway
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did not select for a particular behavioural type and that individuals representing the
spectrum of bold-shy behavioural types could pass.

Introduction
The success or failure of fishes to ascend fishways is affected by a variety of
factors such as fishway characteristics (Clay, 1995; Parasiewicz et al., 1998; Bunt et al.,
2012) and flow patterns within fishways (Haro et al., 1999; Larinier, 2002a; Bretón et al.,
2013). Success may also be affected by biological factors including physiological
condition (Hinch et al., 2006; Volpato et al., 2009; Cooke and Hinch, 2013), swimming
capacity (Hinch and Bratty, 2000; Larinier, 2002b), migratory tendency (Bunt et al.,
2012), and migratory motivation (Castro-Santos, 2002). Typically, it is assumed that all
fish attempting to pass fishways while en route to spawning grounds will only be
constrained by their swimming performance and the flow characteristics within the
fishway (Hirsch et al., 2016). However, behavioural types of individuals within a
population of migratory fish could potentially impact successful passage.
Among-individual behavioural differences have been associated with discrete
personalities or behavioural types within populations of fishes (Conrad et al., 2011). By
testing various behavioural metrics across multiple contexts, researchers have been able
to identify “behavioural syndromes” suggestive of distinct personality traits (Sih et al.,
2004; Toms et al., 2010). These syndromes can be divided into axes of behaviour, the
most common of which is the boldness-shyness axis (Conrad et al., 2011). Boldness has
been associated in fishes with greater periods spent actively swimming (Wilson and
Godin, 2010), increased aerobic scope (Binder et al., 2016), more active shoals (Harcourt
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et al., 2009), greater risk-taking behaviour in high predation environments (young fish
only, Magnhagen and Borcherding, 2008; Kortet et al., 2015), and lower fecundity
(Wilson et al., 2010). Similarly, in a migratory context, Chapman et al. (2011)
demonstrated that bolder roach (Rutilus rutilus) were more likely to migrate than shyer
individuals.
If bold individuals are more active and more exploratory of novel structures, then
they may be more motivated to ascend fishways. What little evidence exists relative to
boldness and propensity to migrate may support this (Chapman et al., 2011; Rasmussen
and Belk, 2012; Nilsson, 2015; Hirsch et al., 2016). Recent research also demonstrates
that improved aerobic scope is linked to bolder individuals of a non-migratory species
(juvenile bluegill sunfish Lepomis macrochirus; Binder et al., 2016), but if the same
pattern exists for migratory fishes then it is reasonable to predict that bolder fish might
ascend fishways more frequently. Yet, fishways themselves can act as artificial selection
pressures by favoring individuals with traits better suited to environments containing
dams and fish passage structures (McLaughlin et al., 2013). For example, fish found
exiting fishways might be larger in size (e.g., Mallen-Cooper and Stuart, 2007; Volpato et
al., 2009; Maynard et al., 2017), but it is unclear whether fishways select for particular
behavioural phenotypes. Ideally, fishways should enable the passage of a wide variety of
phenotypes.
In northeastern North America, anadromous rainbow smelt (Osmerus mordax) are
a small-bodied fish commonly found in coastal locations (Scott and Scott, 1988).
Rainbow smelt begin spawning shortly after ice-out and prefer riffle-type habitat near the
head-of-tide (Scott and Scott, 1998; Chase, 2006). Historically, rainbow smelt were
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considered unable to ascend fishways (Moring, 2005; Landsman and van den Heuvel,
2017), but recent evidence suggests passage does occur, though passage estimates have
yet to exceed 50% (Clément et al., 2012; Landsman and van den Heuvel, 2017).
Developing a better understanding of why rainbow smelt may not be able to pass
fishways would be useful to practitioners looking to enhance passage.
The first objective of this study was to determine whether a bold-shy behavioural
syndrome could be distinguished within a population of anadromous rainbow smelt. To
accomplish this, individual rainbow smelt were subjected to three behavioural tests
designed to assess exploratory behaviour, activity, and predator avoidance in the field.
The second objective was to test the association among behavioural metrics with the
upstream movement of telemetered individuals within a nature-like rock-ramp fishway.
Movement patterns of interest included passage success and the maximum distance
moved within the fishway. We predicted that bolder individuals would move a greater
distance in the fishway and be more likely to successfully pass.

Methods
Study site and field collections
Rainbow smelt (ntotal = 326) were captured using dip nets (net hoop width 20.3
cm, bag depth 45.7 cm, 0.32 cm mesh) during their spawning migration in the Pisquid
River, Prince Edward Island, Canada. Fish capture took place between 15 May and 5
June 2015. Rainbow smelt were sourced from below a nature-like fishway (length: 54.4
m; slope = 2.2%, approximate mean width 7.6 m) located approximately 800 m upstream
of the head-of-tide (Figure 4-1). An Onset (Bourne, Massachusetts) HOBO Water
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Temperature Logger was installed downstream of the fishway to record hourly water
temperatures (resolution 0.1º C). Discharge measurements were taken over a broad range
of water levels and regressed against mean daily water level at a nearby gauged river
system. The results of our regression analyses indicated a high correlation (r = 0.88)
between our discharge measurements and the gauged water levels.

Experimental tanks
Behavioural tests were conducted in situ to reduce the likelihood that transportation to
and confinement in a laboratory would affect behavior or adversely impact migratory
factors (Wilson et al., 1993). Following capture, fish were immediately placed into small
refuge chambers inside larger 189 L holding tanks (Rubbermaid Roughneck Jumbo
Storage Tote; Figure 4-2). Affixed to the bottom of each tank were six lines of white
electrical tape spaced equidistant apart. The tanks were located within 15 m of the
water’s edge.

Objective 1 – Behavioural trials
Individuals were placed into the refuge chambers following capture from the river.
Each rainbow smelt was given an acclimation period of 5 min and if a fish escaped from
the refuge (e.g., jumping out of the opening in the top of the refuge or wedging
themselves underneath and out of the refuge) within this period, it was removed from the
study. After the acclimation period, the refuge was opened (Figure 4-2a) and the fish was
allowed to exit. Fish in the refuge chambers were given 600 s (i.e., 10 min) to leave the
chamber and if they did not exit, the trial ended. If a fish did exit, an observer recorded
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the latency for the fish to leave the refuge (i.e., exploratory behaviour; Wilson and Godin,
2009) and the fish was given an additional 600 s to move around the arena. The observer
recorded the fish’s activity (Wilson and Godin, 2009) using a small hand-held counter to
count the number of white lines within the tank that the fish crossed (Figure 4-2).
Predator avoidance behaviour (see Réale et al., 2007) was quantified at the end of each
trial by using a small dip net passed twice above the tank (approximately 30 cm height, 1
s per pass) to simulate movement by an avian predator. A positive response was defined
as rapid, burst swimming in the tank and the duration of the response was timed and
recorded. The same procedures described in this section were also applied to a subsample of 50 (untagged) individuals captured above the fishway.
To minimize the potential effect of weather on the behaviour of rainbow smelt, trials
were not conducted in sustained winds greater than 30 kmh or during rain events.
However, because of the need to conduct many trials and because each trial took at least
15 min, trials were conducted in a variety of weather conditions. Observers positioned
themselves behind the refuge side of the experimental arena so as not to influence fish
behaviour or cast shadows across the tanks. Partial to full water changes were performed
every 2-3 trials.
To test repeatability of behaviour (see Killen et al. 2016), a sub-sample of 40 smelt
(on two separate sampling days) was tested twice. Following the completion of the first
test, each individual was placed in a holding bucket with fresh river water. To minimize
disturbances triggered by the researchers and to keep temperatures within the buckets
low, the fish were placed approximately 10 m away from the testing area and in a shaded
location. Meanwhile, a new batch of rainbow smelt was tested and, following completion
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of their trials, the original group of rainbow smelt was tested a second time. Although not
standardized, time between tests was approximately 25-30 min.

Objective 2 – Movement through fishway
To determine movements of rainbow smelt through the fishway (n = 276), a small
puncture was made with a needle sized for 12 mm PIT tags and a 23 mm half-duplex
(HDX) PIT tag (either Biomark, model BIO23.HDX.03V2 or Oregon RFID, HDX 23
mm + PIT Tag) was then manually inserted into the intraperitoneal cavity of each
rainbow smelt. The tags weighed 0.6 g in air. A length-weight relationship using data
from the same site but from a study conducted in 2014 indicated that the smallest fish
from the present study the (125 mm male) had a tag-to-body mass ratio of 12.5%. Brown
et al. (1999) found a 12% tag-to-body mass ratio did not significantly affect the
swimming performance of rainbow trout (Oncorhynchus mykiss). After tagging, each test
subject’s total length was recorded to the nearest millimeter. Weights were not recorded
to reduce handling times and air exposure. Each individual was also sexed by gently
squeezing the abdomen to determine the presence of either eggs or milt. All tagged fish
were released at a standardized location below the fishway.
Six antennas (7.5-10 m length) were connected to two multi-antenna HDX readers
and the top riffle antenna was connected to a single antenna HDX reader (Oregon RFID;
Portland, Oregon). All readers were synchronized. When a fish released downstream of
the fishway was detected at an antenna within the structure, the readers logged its tag
code as well as a date and time stamp. Data were downloaded 3-5 times per week. The
fishway performance metrics of approach efficiency (the number of fish detected at the
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approach antenna out of the total number of rainbow smelt that were tagged), entrance
efficiency (the number of fish passing the first weir out of the total number approaching
the fishway), and passage efficiency (the number of fish passing the structure of the total
that entered) were also calculated using the telemetry data (as per Bunt et al., 2012).

Statistical analysis
Spearman’s rank correlation analysis (with Bonferonni-adjusted p-values) was
used to assess relationships among latency to emerge from the refuge, activity, and
predator response. For latency to emerge from the refuge, fish that did not exit were
assigned the full 600 s in the database and analysis of the remaining two metrics was
confined only to fish that actually left the refuge. Preliminary analysis showed that the
same behavioural metrics were significantly correlated and that the direction of
correlation was also the same when separated by sex, thus we decided to pool data from
both sexes. Data from all three behavioural metrics for those that emerged from the
refuge were also entered into Principal Components Analysis (PCA) and collapsed into a
single Principal Component 1 (PC1) score to provide a composite boldness score (Bell,
2005; Wilson et al., 2010). Repeatability analyses were conducted using the intraclass
correlation coefficient (ICC; Lessells and Boag, 1987; Killen et al., 2016) using the “irr”
package in R (Gamer, 2012). The ICC uses the variability components from a one-way
analysis of variance to compare the among- and within-individual variance components.
The proportion of variation attributed to among-individuals provides a measure of
repeatability (Lessells and Boag, 1987; Wolak et al., 2012). Finally, separate nonparametric Wilcoxon Sum Rank Tests were used to assess behavioural differences
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between fish sampled below and above (n = 50) as well as between those that did (n =
142) and did not (n = 135) approach the fishway. Only fish captured below the fishway
and within a temperature range of 8.2-9.4 °C were included in analysis (n = 106) in order
to achieve more even sample sizes. This temperature range corresponded to the mean
daily temperatures for the two days (i.e., 24 and 25 May) smelt were sampled above the
fishway.
Analysis of fishway passage data was confined to age-2 individuals (male cutoff:
165 mm; female cutoff: 175 mm) because this age class constitutes over 60% of the
migration in the Pisquid River (Torterotot et al., 2009) and due to concerns about unequal
sample sizes among age-classes. Overall, the passage data was analyzed using a four-step
approach. First, preliminary analysis was conducted using permutational multivariate
analysis of variance (PERMANOVA, Primer-E; Clark and Gorley, 2006) to determine if
any differences existed between groups of interest, which included fish that were
successful or unsuccessful at passing the fishway as well as between sexes. The second
step was to use homogeneity of dispersion (PERMDISP, Primer-E Software) analysis to
determine if there was significant variation between groups of interest. The third step
applied PCA to visualize relationships among the independent variables and the groups of
interest (‘prcomp’ function, R Studio Development Team, 2015). Only principal
components (PCs) of eigenvalues >1.00 were plotted (Kaiser, 1960). All independent
variables were log transformed as well as normalized for PERMANOVA, PERMDISP,
and PCA to reduce both redundancy within the dataset (Anderson et al., 2008) and the
effects of outlier observations.
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Lastly, logistic regression was used to examine the effects of our independent
variables on the likelihood of passing the fishway (treated as a binary response; Faraway,
2016). Tag date was considered a nuisance factor and held as a random block effect
(Bolker et al., 2009; Faraway, 2016), which required a generalized linear mixed model
(GLMM) approach (‘glmer’ function within the lme4 package; Bates et al., 2015).
Distance moved through the fishway was analyzed using a cumulative link mixed model
(CLMM; Agresti, 2002; ‘clmm2’ command within R’s ‘ordinal’ package; Christensen,
2015) where distance moved was treated as an ordinal response variable and tag date was
held as a random block effect. For both analyses, model selection was accomplished by
comparing the Akaike Information Criterion values adjusted for small sample sizes
(AICc). A series of candidate models were created using a priori knowledge of factors
and factor combinations that could affect the response variables. The change in AICc
values (i.e., DAICc) between each successive model was used as the ranking criteria. The
most supportive models were those with DAICc values ≤ 2.00 units from the top ranked
model (Burnham and Anderson, 2004). Chi-squared goodness of fit tests were used to
assess model fit of both GLMMs and CLMMs. All tests used a significance level of α ≤
0.05 unless otherwise stated.

Results
Behavioural distributions and correlations
Sizes of rainbow smelt used in the behavioural assays ranged from 125-211 mm
with a mean of 154.3 ± 11.2 mm SD (both sexes pooled, includes PIT tagged fish).
Latency to exit the refuge chamber varied for these fish, with some leaving immediately
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and others never leaving the chamber (range: 0-600 s, mean 331 ± 252 s SD). Data
indicated a bimodal distribution for latencies to exit the refuge, with 25% (69/276)
leaving in less than 60 s and 41% (114/276) of all fish never exiting. For those that exited
the refuge (n = 166), the range of activity included individuals that remained completely
motionless for 600 s to those that crossed at least one line per 1 s (range: 0-678, mean
163 ± 125 lines SD). Predator response times were generally less variable with 58%
(96/166) showing no response and, in total, 86% of individuals responding for 5 s or less
(143/166). PC1 boldness scores using all three metrics ranged from -3.5 (extreme bold) to
2.8 (extreme shy) with a mean score of -0.1 ± 1.3. Fish sampled were broadly distributed
across the range of boldness scores.
Latency to exit the refuge and activity showed a significant, negative correlation
(rs = -0.27, p < 0.05; Figure 4-3); fish taking less time to exit the refuge were
subsequently more active in the tanks. A significant, positive correlation (rs = 0.35, p <
0.05; Figure 4-3) was also observed between activity and predator response; fish that
were more active also burst swam around the tanks for longer periods of time. Virtually
no correlation existed between latency to emerge from the refuge and predator response
(rs = -0.03; Figure 4-3), though fish that took longer to respond to a simulated predator
tended to take less time to emerge from the refuge chambers. Finally, latency to emerge
from the refuge (rs = 0.60; Table 4-1) and activity (rs = 0.79; Table 4-1) were repeatable
within individuals, but predator response was not (rs < 0.01; Table 4-1).
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Behavioural characteristics of successfully ascending fish
The subsample of untagged rainbow smelt sourced from above the fishway
ranged in size from 140-189 mm with a mean of 153.5 ± 9.2 mm SD (both sexes pooled).
These individuals took significantly more time to exit the refuge chamber than fish
sourced from below the fishway (W = 1693, p < 0.001; Figure 4-4). They were also
significantly less active than rainbow smelt below the fishway (W = 1056, p = 0.01;
Figure 4-4). Response to a simulated predator was not significantly different between
rainbow smelt sampled above versus below the fishway (W = 652.5, p > 0.05; Figure 44).

Fishway movements
Of the 276 PIT tagged rainbow smelt, 51.4% (142/276) approached the naturelike rock-ramp fishway, and of those 89.4% (127/142) entered the fishway. Fish that
approached compared to those that were never detected were not significantly more
active (W = 3895, p > 0.05) nor did they take more time to exit the refuge (W = 10401, p
> 0.05). However, in response to the simulated predator, fish that approached the fishway
burst swam for a significantly longer period of time than fish that did not approach (W =
4155, p < 0.05). Of the rainbow smelt entering the fishway, less than half (41.7%;
53/127) successfully passed.
The attributes of each group of our predictor variables were not significantly
different (PERMANOVA passage group, F1,138 = 2.26, p > 0.05; sexes F1,138 = 0.49, p >
0.05). However, there was significantly more variability for fish that failed to pass
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relative to successfully passing fish (PERMDISP, t = 5.25, p < 0.05) as well as for males
compared with females (t = 2.77, p < 0.05).
PCA was conducted following PERMDISP to visualize relationships among
variables and successful passage at the fishway. The highest amount of variation
explained by a single PC was 26.5% (PC1; Table 4-2) and PCs 1-5 cumulatively
explained 91.6% of the variation (Table 4-2). There was little consistency among loading
values for the predictor variables across all six PCs. However, PC1 was driven by water
temperature and time to first detection, while PC2 was driven by discharge (Table 4-2).
Relative to the first two PCs, successfully passing fish were associated with increased
water temperature, lower discharge, and decreased time to first detection (Figure 4-5).
Water temperature and discharge also loaded highly in PC5 and PC6, respectively (Table
4-2). In addition, time to first detection had the highest loading values for PC1 and PC4
(Table 4-2). Refuge emergence had the highest loading value for PC3, but also the lowest
loading value for PC6 (Table 4-2).
The results of our logistic regression analysis supported the output of our PCAs.
First, water temperature and discharge were common to each of the three most predictive
models for males and for four of the five most predictive models for females. In each
case, increased temperature and lower discharge were associated with improved passage
for both sexes. Water temperature was consistently a significant predictor whereas
discharge, while present in the top ranked models, was non-significant where present
(Table 4-3). Yet, the odds ratio for discharge suggests a substantial decline in passage
with a 1 m3/s increase where males and females were only 8.5-10.3% and 5.9-17.2%
likely to pass the fishway, respectively. Length was also a significant factor in the most
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predictive model for female passage (Table 4-3). More specifically, the odds ratio for
length indicated that with each 1 mm increase, females were 12% more likely to pass the
fishway (Table 4-3). For females, the full model also had a ∆AICc value ≤ 2.00 and was
the only model that contained latency to emerge from the refuge. However, this factor
was non-significant. Latency to emerge from the refuge was not included in any of the
most predictive models for male passage.
Distance moved in the fishway was affected by similar variables as successful
passage. The most predictive model (and the only model with a ∆AICc value ≤ 2.00) for
males included the significant predictors of water temperature and number of passage
attempts (Table 4-4). More specifically, increased water temperature and more passage
attempts by males were associated with greater distance moved (Table 4-4). Discharge –
and specifically lower discharge – was also present in the top model, though the effect
was non-significant (Table 4-4). For females, four models had ∆AICc values < 2.00 and
water temperature significantly affected distance moved in each of them. The most
predictive model indicated that females moved shorter distances at increased discharges,
but that higher water temperatures were associated with greater distance moved (Table 44).

Discussion
This study presents novel information relative to a behavioural syndrome in an
anadromous fish species. Individual measures of behaviour were correlated and
repeatable with the exception of the predator response metric. Repeatability suggests
consistency of response across multiple contexts, though we acknowledge that the
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outcome may have been different if given a longer period of time between tests. Overall,
our initial prediction that distinct behavioural types existed within a population of
migratory rainbow smelt was confirmed. We predicted that bolder fish would be more
likely to pass the fishway and move farther within the structure, but instead, boldness was
not associated with successful passage or greater distances moved.
A boldness behavioural syndrome is associated with both higher activity and a
greater willingness to explore novel environments in several species (Wilson 1998;
Wilson and Godin 2009; Toms et al. 2010; Chapman et al. 2011). Although ideally the
results of our behavioural assays would have yielded significant correlations across all
three tests, a syndrome can be estimated with two correlated behaviours (Sih et al. 2004;
Conrad et al. 2011). In general, bolder rainbow smelt tended to take less time to emerge
from the refuge and once in the novel environment were more active than those that took
longer to leave the refuge. Greater activity was also related to increased predator response
times. This finding is similar to increased activity associated with aggression toward an
intruder (Dingemanse et al. 2007; Jones and Godin 2009), but differs from some studies
that show more active fish spend less time fleeing a predator (Smith et al. 2009). The
composite boldness scores also indicated that the fish sampled represented a broad range
of behavioural types including those that were extremely bold and those that were
extremely shy.
Past studies have linked boldness in fishes with increased movement and greater
migratory propensity. For example, increased dispersal distance was associated with
bolder Trinidad killifish (Rivulus hartii; Fraser et al. 2001) and (Gambusia spp.; Rehage
and Sih 2004; Cote et al. 2010). In addition, bolder freshwater roach were more likely to
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migrate than shyer individuals (Chapman et al. 2011). However, the boldness metric (i.e.,
latency to emerge from the refuge) used in our logistic regression analysis was not
included as a predictor in the top ranked model for either passage success or distance
moved. It was, however, included in the full model for female passage success. Yet, its
odds ratio value of 1.00 implies that it had a neutral influence on passage success.
Overall, we found little evidence to suggest that boldness significantly affected
movement through the fishway indicating that other factors may have a stronger effect on
passage.
Although water temperature was variable across the study period (Figure 4-6), it
was consistently associated with successful passage and distance moved. Indeed,
increasing water temperature is known to improve endurance (Brett 1964; Videler and
Wardle 1991) and overall swimming performance (Brett 1971), although this is relative
to a thermal optimum (i.e., performance does not increase indefinitely). Moreover, the
associations we found between temperature and distance moved through the fishway are
consistent with those of Haro et al. (2004) for blueback herring (Alosa aestivalis) and
walleye (Sander vitreus) ascending experimental fishways. Greater length was also a
significant predictor of passage success in females, despite confining the data set to only
age-2 individuals. Larger size is often associated with higher absolute swim speeds and
greater endurance (Beamish 1978; Webb et al. 1984; Videler and Wardle 1991), which
may facilitate successful passage at fishways. Finally, reduced discharge was included in
many of the most predictive models for both successful passage and distance moved
through the fishway. Discharge steadily declined throughout the study period and
relatively low discharge measurements were associated with higher water temperature
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(Figure 4-6). Although not necessarily a significant predictor in all models, the fact that it
is present suggests it plays a role on both response variables. The coefficients indicate
that increased discharge – and thus higher water velocities within the fishway – greatly
reduces passage success or the likelihood of reaching greater distances within the
structure itself. This is likely a reflection of the rainbow smelt’s relatively weak
swimming abilities (Peake 2008).
Greater passage attempt rates have been correlated with successful passage for
some species such as alewife (Alosa pseudoharengus; Andrews 2014). However, in the
present study, attempt rate was not a significant predictor of passage for fish of either sex,
but was significant for distance moved by males through the fishway. We posit that
multiple passage attempts by rainbow smelt reflect, at least in part, searching behaviour
as fish try to find the flow paths that reduce energy expenditure (Franklin et al. 2012).
Visual observations suggest rainbow smelt have a strong affinity for zones of low flow,
particularly along the extreme edges of the river. The use of low current speeds to reduce
energy expenditure during migration has been hypothesized and demonstrated in other
studies (e.g., Hinch and Rand 2000; Standen et al. 2004 and see citations within).
Another potential factor that could drive movement of rainbow smelt through the
Pisquid River nature-like fishway relates to the theory of ideal free distribution (IFD).
IFD states that available habitat becomes limited as population densities increase and
that, in response, animals will seek out new, potentially lower-quality habitats (Fretwell
and Lucas 1970). The fishway in the current study also represents spawning habitat for
rainbow smelt (Clément et al. 2012; Landsman and van den Heuvel 2017). Given the
observation that high densities of individuals often occupy the fishway during the
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migration, we posit that habitats within the fishway become saturated, forcing individuals
to continue moving upstream. These movements may be attributed to competitive
interactions between bold/dominant and shy/subordinate individuals (Dahlbom et al.
2014).
If movement through the fishway were at least partly influenced by individual
dominance, and if dominance in rainbow smelt was linked to boldness, then we would
expect to see shyer individuals displaced by bolder fish and thus shyer rainbow smelt
moving farther through the fishway. When fish sampled from above the fishway were
subjected to our behavioural assays, the results indicated that smelt above the fishway
took significantly longer to emerge from the refuge and were significantly less active,
findings indicative of shyer individuals. However, the results of both our logistic
regression and cumulative link models revealed no association with our boldness metric
and either passage or distance moved. These statistical discrepancies may be related to
higher stress levels (e.g., exhaustion) that, after ascending the fishway, affect behaviour.
Increased stress levels such as higher lactic acid concentrations have been observed in
some species (e.g., alewife; Dominy 1971) passing through fishways. Increases in the
stress hormone cortisol were associated with lower boldness scores in juvenile mulloway
(Argyosomus japonicas; Raoult et al. 2012). Somatic energy reserves have been shown to
vary considerably among Pacific salmon reentering freshwater (Crossin et al. 2004) and it
is possible, though not expected, that energetic status could influence boldness in rainbow
smelt. Future studies should determine whether a relationship exists between energetic
status and consistency within boldness scores. Fish switching behavioural types has also
been documented whereby individuals that initially scored ‘bold’ later switched to ‘shy’
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during testing in the second replicate (Raoult et al. 2012). Future studies investigating
individual behaviour as it pertains to movements through fishways should attempt to
account for changes in physiological status and exhaustion ideally by measuring
energetic expenditure remotely from individual fish (see Hinch and Bratty 2000; Thiem
et al. 2016).
Inclusive within the concept of an “ideal fishway” is the understanding that any
phenotype of a given species should be able to pass a fishway (Castro-Santos et al. 2009).
In the present study, the fact that behavioural type was not a predictor of a rainbow
smelt’s ability to successfully ascend the nature-like fishway suggests that the fishway
was not selective against a particular behavioural type. Therefore, the structure partially
meets the criteria of an ideal fishway. A natural extension of this study would be to apply
a similar methodology at other fishway designs, specifically higher-sloped technical
fishways that have been found to select against certain phenotypes (e.g., Libby 1981;
Mallen-Cooper and Stuart 2007). In addition, this type of question may be best addressed
in systems where there is no suitable spawning habitat downstream or within the fishway
such that failure to pass equates to zero reproductive success (e.g., Pacific salmonids at
some fishways). Moreover, there is a need to explore these issues across a range of fish
species, ideally at a community level. Ultimately, nature-like fishways may represent the
best-case scenario for the free passage of multiple behavioural types, but further study
comparing multiple fishway designs is warranted.
Our study represents the first empirical test relating an anadromous fish’s
behavioural type with movement through a fishway. In general, however, the study of
behaviour and its influence on fish passage is a research gap in need of further
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exploration (Castro-Santos et al. 2009). The factors that may influence successful passage
are wide-ranging, but even properly designed fishways may not always lead to fish
finding the entrance, or pass the fish that enter them, given the amount of behavioural
variation that exists within populations (Williams et al. 2012; Cooke and Hinch 2013). It
is thus imperative that subjects within fishway effectiveness studies represent a range of
behavioural types. This study also suggests that nature-like fishways are a potentially
useful fishway design for reducing phenotypic selection given our results that showed no
selectivity against particular behavioural phenotypes.
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Table 4-1. Outputs of intraclass correlation coefficient (ICC) analysis on repeatability of
behaviour within individuals. Bolded ICC values indicate significant repeatability tests at
P < 0.05.
Behavioural Test

ICC value (r)

Latency to emerge from the refuge

0.60

0.26-0.79

40

Activity

0.79

0.38-0.93

15

Predator response

0.00a

-2.68-0.57

15

a

Confidence Interval

ICC value originally -0.27, but constrained to 0.00 (Baldwin et al., 2005)
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N

Table 4-2. Principal components analysis output including factor loadings, eigenvalue,
proportion of variance, and cumulative proportion of variance explained.
Variable

PC1

PC2

PC3

PC4

PC5

PC6

Temperature

-0.52

0.16

-0.12

-0.39

0.71

0.18

Length

0.32

0.37

-0.59

0.53

0.27

0.27

Discharge

0.24

0.67

-0.11

-0.41

-0.08

-0.56

Refuge Emergence

-0.33

-0.21

-0.75

-0.26

-0.46

0.01

Passage Attempts

0.35

-0.58

-0.25

-0.05

0.44

-0.52

Time to First Detection

0.59

-0.10

-0.02

-0.58

-0.01

0.56

Eigenvalue

1.26

1.16

0.99

0.92

0.87

0.71

Proportion of Variance
Cumulative Proportion of
Variance

0.27

0.22

0.16

0.14

0.13

0.08

0.27

0.49

0.65

0.79

0.92

1.00
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Table 4-3. Results of logistic regression analysis for passage success of rainbow smelt at
the Pisquid River nature-like fishway. The output presented is associated with the most
predictive model for each sex. Bolded coefficient values indicate significant variables.
OR = odds ratio.
Sex
Male

Female

Variable

Coefficient

Std. Error

OR (95% CI)

0.37

0.17

1.44 (1.01-2.06)

-2.47

1.43

0.08 (0.00-0.70)

Temperature

0.64

0.21

1.90 (1.29-3.16)

Length

0.11

0.06

1.12 (1.01-1.26)

-2.65

1.71

0.07 (0.00-1.07)

-0.88

0.46

0.41 (0.15-0.96)

-0.02

0.02

0.98 (0.92-1.01)

Temperature
Discharge

Discharge
Passage attempts
Time to first
detection

AICc
71.4

85.3
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Table 4-4. Results of cumulative link mixed model analysis assessing distance moved in
a nature-like fishway by male and female rainbow smelt. The output presented is
associated with the most predictive model for each sex. Bolded coefficient values
indicate significant variables. OR = odds ratio.
Sex

Variable

AICc

Estimate

Std. Error

OR (95% CI)

0.58

0.19

1.79 (1.24-2.56)

-0.23

0.59

0.79 (0.25-2.52)

Passage attempts

0.69

0.20

1.99 (1.33-2.97)

Temperature

0.60

0.17

1.82 (1.31-2.55)

-2.35

1.03

0.10 (0.01-0.72)

0.01

0.01

1.01 (1.00-1.02)

Temperature
Males

Females

Discharge

Discharge

165.4

149.6

Time to first detection
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10 m
Figure 4-1. Schematic of the Pisquid River nature-like fishway modified from Clément et al. (2012). Rock weirs separate each
pool (A-E). PIT tag antennas were located at the top riffle (full passage), below Weir A (approach antenna), and at each weir
except Weir D. Drop heights between each pool range from 0.11-0.26 m with the largest drop height located at Weir B. The
inset photos show a large school of rainbow smelt below Weir B (top) and a single rainbow smelt attempting to jump through
the rapids at Weir B (bottom; photos courtesy Sean Landsman)
.
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Figure 4-2. Diagram (not to scale) of the refuge chamber assembly (a) and the tanks (b)
used to assess latency to emerge from a refuge chamber, activity, and predator response.
The refuge chamber is located in the lower one-third of the tank and each white line was
spaced equidistant (b). Each refuge chamber consisted of two inverted pots (a). An outer
pot acted as the closed door and was lifted after allowing the fish to acclimate for five
minutes. The inner pot contained an opening that the fish could swim through under its
own volition (a).
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Figure 4-3. Behavioural syndrome showing correlations between two behaviours (i.e., refuge emergence/exploration and
activity) in rainbow smelt. Numbers shown represent Spearman rho (rs) correlations. Significant relationships denoted by an
asterisk (*).

Figure 4-4. Mean ± S.D. latency to emerge from the refuge (a), mean activity (b), and
mean predator response (c) for rainbow smelt sampled below and above the nature-like
fishway. Asterisks (*) represent significant differences between groups. Sample sizes are
shown within each bar.
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Figure 4-5. PCA biplots of PCs 1, 2, and 3 (66.6% cumulative variation) depicting the effects of refuge emergence (boldness),
water temperature, discharge, length, passage attempts, and time to first detection on failure or success of male or female
rainbow smelt to pass a nature-like fishway.
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Figure 4-6. Mean daily discharge (dashed line) and water temperature (solid line) during the study period from the first day of
detections on 2015 May 12 to the last day on 2015 June 5.

Chapter 5. Assimilation of marine-derived nutrients from anadromous rainbow
smelt in an eastern North American riverine food web: evidence from stable isotope
and fatty acid analysis

Abstract
The movement of anadromous fishes from marine feeding grounds to freshwater
spawning habitats represents an important seasonal pulse of marine-derived nutrients
(MDNs) to many freshwater biota. In northeastern North America, iteroparous rainbow
smelt (Osmerus mordax Mitchell, 1814) are one of the most ubiquitous anadromous
species in the region, migrating in high densities to freshwater spawning grounds in early
spring. To assess whether 1) MDNs from migratory rainbow smelt were incorporated into
multiple trophic levels and 2) whether total fatty acid compositions of brook trout
changed during the rainbow smelt migration, we compared stable 13C and 15N isotope
values and fatty acid profiles of biota in two sections of the Pisquid River, Prince Edward
Island, Canada. Specifically, we sampled periphyton, benthic macroinvertebrates
representing three functional feeding groups, and stream-resident brook trout (Salvelinus
fontinalis Mitchell, 1814) at a downstream site encompassing the rainbow smelt
spawning grounds and another upstream site inaccessible to rainbow smelt (reference
site) due to a culvert and beaver dam blockage approximately 2 km downstream. During
the rainbow smelt migration at the downstream site, predatory caddisflies
(Rhyacophilidae) and brook trout displayed a 3.1‰ and 1.3‰ increase in δ13C and δ15N,
respectively, relative to isotope levels before the migration. However, less consistent
evidence of MDN assimilation was found in periphyton and non-predatory
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macroinvertebrates (Heptageniidae and Elmidae). Substantial increases in δ13C values for
Rhyacophilidae and brook trout indicated direct consumption of tissue, most likely eggs,
a trend supported by stomach content analysis in brook trout. Results indicated distinct
fatty acid compositions among rainbow smelt and brook trout sampled downstream and
at the reference site. In addition, transference of marine omega-3s was evidenced by
statistically similar amounts of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) between rainbow smelt and brook trout sampled on rainbow smelt spawning
grounds. The results of our study reveal the connections between rainbow smelt-based
MDNs and stream food webs as well as a nutritional benefit and potential health
improvement in brook trout following MDN consumption.

Introduction
Anadromous fishes are characterized by growth in saltwater and reproduction in
freshwater (Myers 1949). In temperate latitudes, anadromy is a common migratory
pattern because the productive ocean environment provides favourable growing
conditions that translate to larger body size, increased fecundity, and greater fitness
(Gross 1987; Gross et al. 1988). When anadromous fishes return to freshwater to spawn,
nutrients sequestered at sea are transported to rivers, streams, ponds, and lakes (Flecker et
al. 2010). Anadromous fishes therefore provide an ecosystem service (i.e., “linking
service”) by connecting oceans and freshwater ecosystems (Holmlund and Hammer
1999), though it should be acknowledged that these migrations could potentially be
detrimental (see West et al. 2010). Indeed, a large body of literature has traced marinederived nutrients (MDNs) into a variety of organisms, particularly in the Pacific
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Northwest of North America, (e.g., Bilby et al. 1996; Cederholm et al. 1999; Naiman et
al. 2002). Nutrients may be transferred via carcass deposition (Wipfli et al. 1998, 2003),
gamete release (Bilby et al. 1998; Scheuerell et al. 2007), and excretory products (Post
and Walters 2009; Childress and McIntyre 2014).
Although most MDN research occurs on North America’s Pacific coast with
semelparous salmon species, several studies from the Atlantic coast have demonstrated
the importance of MDNs from iteroparous, anadromous fishes to freshwater ecosystems
in the region (Durbin et al. 1979; Browder and Garman 1994; Garman and Macko 1998;
MacAvoy et al. 1998, 2000, 2009; Walters et al. 2009; West et al. 2010; Guyette et al.
2014; Samways et al. 2015, 2017a,b). The growing interest in understanding MDNs in
eastern North America, particularly as they pertain to transfer by small-bodied
iteroparous species, represents a paradigm shift from the traditional ‘salmocentric’ view
of MDNs (Hall 1972; Flecker et al. 2010; Twining et al. 2016). The heavy (Pacific)
salmonid focus in this research field, while important in establishing our fundamental
understanding on the topic, has limited our knowledge by constricting research to one
group of fishes (Twining et al. 2016). Still, the importance of MDNs in eastern North
America appears underestimated and research aimed at improving our understanding of
nutrient dynamics within this region’s freshwater ecosystems warrants further
investigation.
The rainbow smelt (Osmerus mordax Mitchill, 1814) is an iteroparous,
anadromous species native to northeastern North America. They are a small-bodied fish
that migrates into freshwater ecosystems shortly after the first spring freshet when water
temperatures reach approximately 3-4 °C (Scott and Scott 1988; Chase 2006). Eggs fully

160

develop in coastal estuaries (Chase 2006) and spawning begins immediately upon entry
into freshwater. The numbers of migrating spawners may be large and demersal egg
deposition substantial (e.g., 587,709 eggs/m2, McKenzie 1947). Each female can produce
between 8,000-70,000 eggs, each about 1 mm in diameter, depending on adult size and
age (McKenzie 1964; Clayton 1976; Chase 2006). Such a large number of eggs may
represent an important seasonal food source for aquatic biota. In Atlantic Canada, and
Prince Edward Island (PEI) specifically, rainbow smelt are a common species that
migrate into freshwater in April. Anecdotal observations by recreational anglers report
larger brook trout (Salvelinus fontinalis Mitchell, 1814) consuming whole rainbow smelt,
and two studies have documented heavy reliance by brook trout on rainbow smelt eggs
during the spring (Johnston 1980; MacInnis 1994). In addition, rainbow smelt MDNs
have been traced into biofilms and predatory Perlidae (Jardine et al. 2009; Samways et al.
2015).
Movement of MDNs into freshwater food webs has primarily been assessed using
three approaches. For example, nutrient inputs can be estimated by extrapolating the
nutrient content of different tissues to the total number of fish migrating into freshwater
(e.g., Durbin et al. 1979; Gresh et al. 2000; Jonsson and Jonsson 2003; Walters et al.
2009). A second approach is to use stable isotope analysis to quantify a diet shift toward
MDNs using stable 13C and 15N isotopes. The marine environment is enriched in both 13C
and 15N relative to the terrestrial and freshwater ecosystems (Peterson and Fry 1987;
Michener and Kaufman 2007). Evidence of MDN assimilation occurs if isotopic
enrichment is observed in organisms located in an area overlapping with an anadromous
fish migration during the migratory period, but not after or before the migration. 13C
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enrichment primarily occurs through direct consumption of tissues while 15N enrichment
can occur via direct consumption or indirect transfer to primary producers (e.g., Jardine et
al. 2009; Walters et al. 2009). A second, more recently applied approach is to use fatty
acid analysis (Heintz et al. 2004; Samways et al. 2017a). Movement of marine-derived
fatty acids is evident based on a shift in omega-3s, which are produced in much greater
quantities by marine phytoplankton than freshwater primary producers (Napolitano 1999;
Tocher 2003). An advantage of using fatty acid analysis is that the approach gives an
indication of the quality of MDNs. For example, fatty acids represent important energy
storage compounds, providing double the calorie content compared to carbohydrates and
proteins (Binder et al. 2011). Fatty acids are also crucial to proper functioning of the
immune system, neural development, and cellular membrane structure and function (e.g.,
Sargent et al. 1999; Tocher 2003; Parrish 2009).
The first objective of this study was to determine whether MDNs from rainbow
smelt in our study river could be detected in multiple trophic levels. Our second objective
was to use fatty acid analysis to determine the nutritional benefit (i.e., changes to fatty
acid composition) of MDN consumption by stream-resident brook trout. Biota were
compared between an upstream reference location outside of the rainbow smelt’s
spawning grounds and a downstream site that encompassed the spawning area. We
predicted that the isotopic profiles and fatty acid composition of biota at the downstream
site would show evidence of MDN assimilation with values trending toward those of
rainbow smelt, but that they would be distinctly different from biota sampled at the
upstream reference site.
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Methods
Study site and time period
The Pisquid River is located approximately 30 km northeast of Charlottetown,
PEI, Canada (Figure 5-1). The river is approximately 38.6 km in length (watershed area
3530 ha) with two branches – an eastern and western branch – that feed the main stem of
the river. Land use in the watershed consists primarily of forest and agriculture at 59.2%
and 29.5%, respectively. A nature-like rock-ramp fishway, spanning the full width of the
channel, (hereafter fishway) is located 0.75 km from the head-of-tide. Fish species in the
river include brook trout, Atlantic salmon (Salmo salar Linnaeus, 1758), rainbow trout
(Oncorhynchus mykiss Walbaum, 1792), and threespine stickleback (Gasterosteus
aculeatus Linnaeus, 1758). The only other species of anadromous fish that spawns in the
Pisquid River is the Atlantic salmon.
Anecdotally, the rainbow smelt spawning migration in the Pisquid River is one of
the larger runs in the province, though estimates of spawning run size have not been
conducted. In contrast, the Atlantic salmon run is one of the smaller in the province, with
less than 40 redds counted in 2016 and 2017 (A. Douglas, Pisquid River Enhancement
Group, personal communication) and only an estimated 17 spawners migrating in 2013
(Cairns and MacFarlane 2015). The rainbow smelt migratory period within the Pisquid
River can last upwards of two months, with egg incubation periods lasting 10-20 days
(Scott and Scott 1988). Rainbow smelt congregate in and below the fishway prior to, and
during, the spawning period. Their presence has been observed approximately 2.0 km
upstream in the west branch and 3.4 km upstream in the east branch. Two sites were
chosen to collect samples: one within the zone of migration in the nature-like fishway and
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one at an upstream riverine location on the east branch of the river outside of the rainbow
smelt migration (Figure 5-1). The latter site is inaccessible to rainbow smelt due to a
culvert and beaver dam blockage (Figure 5-1) approximately 2 km downstream of the
upstream reference site. This approach facilitated direct comparison between sites with
and without rainbow smelt present, an approach that has been used in a number of other
MDN studies (e.g., Kline et al. 1990, 1993; Wipfli et al. 1998; Jardine et al. 2009,
Samways et al. 2015, 2017b). MDN transfer was assessed by sampling directly below the
fishway where the majority of the rainbow smelt spawning occurs (Figure 5-1). Atlantic
salmon fry and parr have been observed in this location as well as juvenile and adult
brook and rainbow trout.
Sample collection occurred from early April until early September 2015.
Sampling was divided into three categories related to the rainbow smelt spawning
migration: pre-, during-, and post-migration. When possible, samples were collected from
the downstream and upstream reference site within 24 h. The spawning migration began
in late April and ended in late June 2015. Discharge data were collected only from the
downstream site concurrent with a separate study. Water velocities and depth
measurements were recorded at regular intervals (n = 20) along a common transect. Data
were collected across a variety of water levels and regressed against water level data
recorded on another gauged river system on PEI. Results indicated a strong correlation (r
= 0.88) between our measured discharge values and the water level data from the gauged
river system.

164

Sample Collection
Stable isotope analysis
To collect baseline MDN data, five female rainbow smelt were first collected
from the Pisquid River using a dip net. The upper lobe of the caudal fin was removed
from each fish. A portion of the eggs from two females were removed, placed on ice, and
dried at 60 °C for 48-72 hrs upon return to the lab. Due to cost restraints, only a single
sample of dorsal white muscle tissue was analyzed.
Each periphyton sample consisted of three rocks scraped clean with a razor blade.
Rocks were chosen haphazardly from the stream and scrapings were pooled within a
small plastic jar and filled with 150 mL of stream water. Each was sampled in duplicate.
Jars were stored on ice during transportation back to the laboratory. Each jar’s contents
were sieved (67 µm mesh) to remove debris (e.g., large dirt chunks, small aquatic
macroinvertebrates), and the remaining periphyton-water mixture was collected by
filtration through a 7 mm, 0.7 µm glass microfiber filter (Whatman 1825-047 GF/F Glass
Microfiber Filters) under a vacuum and placed in a drying oven at 60 °C for 48-72 hrs.
A two-minute duration kick sample using a 400 µm mesh D-frame kick net was
used to collect aquatic macroinvertebrates from each sampling location before, during,
and after the migration. Aquatic macroinvertebrates were sorted to family in the field. To
maximize collection, 50% of the remaining sample was placed on ice packs for further
sorting. In the laboratory, macroinvertebrates were identified with a dissecting
microscope (variable magnification 4-40X) and classified to family level using keys in
Merritt et al. (2008).
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Kick samples yielded individuals from a total of 29 macroinvertebrate families,
but only three were sampled during each sampling event and at each location. These three
families were Rhyacophilidae, Elmidae, and Heptageniidae, which are generally
classified into the functional feeding groups of predators, collector-gatherers, and
scrapers, respectively (Flint 1962; Grafius and Anderson 1973; Merritt and Cummins
1978; Elliott 2008; Merritt et al. 2008). Different larval instar stages were not identified
and separated. Also, while adult elmids were present in the river, only larvae were
retained for analysis.
We used a backpack electrofisher (Smith-Root LR-24) to sample brook trout from
both the downstream site and upstream reference area; the length of both river sections
sampled was approximately 100 m. The upstream sampling location was inaccessible in
early April due to unusually high snowfall amounts and thus brook trout samples could
not be obtained before the rainbow smelt migration. A portion of the upper lobe of each
brook trout’s caudal fin was removed for stable isotope analysis. Implements were
thoroughly rinsed with river water between samples to avoid contamination. Each fin clip
was kept on ice and transferred to a drying oven at (60 °C for 48-72 hrs) within 4 hrs of
collecting. Lastly, we confirmed the presence of rainbow smelt eggs by lethally sampling
three brook trout and removing their stomach contents.

Lipids and fatty acid analysis.
Ten rainbow smelt (five males, five females) were sacrificed during marinederived nutrient sample collections. An additional 10 brook trout were sacrificed at the
downstream site overlapping with rainbow smelt spawning grounds. All fish samples
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were collected during the rainbow smelt migration. Individuals were placed on ice for
transportation back to the laboratory. Samples were transferred into a -20 °C freezer for
later analysis at Ryerson University (Toronto, Canada).

Sample Preparation
Stable isotopes
Fin clips from brook trout, Atlantic salmon, and rainbow smelt were prepared for
analysis by first removing a 1.0 ± 0.2 mg subsample from the outermost edge of the clip
(Hayden et al. 2015) and then placing it into a tin-foil cup. Rainbow smelt muscle and
egg samples were lipid extracted using a 2:1 mixture chloroform:methanol solution. Each
sample was immersed in the solution for three 30 min periods and dried at 60 °C for 24
hrs. Each sample was then ground to a fine powder using a mortar and pestle, after which
1.0 ± 0.2 mg of the sample was placed into a small tin-foil cup. Aquatic invertebrate
samples were also ground to a fine powder and if not enough invertebrate material was
available for a 1.0 ± 0.2 mg sample, then approximately 0.2-0.4 mg of sample were used.
To prepare periphyton samples for analysis, we removed a small subsample (target mass
3.0-3.2 mg) of the glass fiber filter paper and placed it into a tin-foil cup.
All samples were combusted in a ThermoFinnegan Delta Plus continuous-flow
isotope-ratio mass spectrometer connected to a ThermQuest Carlo Erba NC2500
elemental analyzer at the Stable Isotopes in Nature Laboratory (University of New
Brunswick, Fredericton, Canada). Carbon and nitrogen isotope data is expressed in
standard δ notation (units parts per mil ‰) as δ13C or δ15N = (Rsample / Rstandard) – 1 where
R represents 13C/12C, 15N/14N and standards consist of Vienna PeeDee Belemnite
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carbonate and atmospheric nitrogen for both δ13C and δ15N, respectively. In-house
standards were used within each analytical run to normalize the data. Analytical
precision, measured as the standard deviation of replicate standards, was 0.2‰ for d15N
and d13C.

Lipid and fatty acid analysis
Sample preparation included homogenization of whole rainbow smelt and
removal of dorsal muscle tissue from brook trout (mean ± S.E., 23.2 ± 1.9 mg; range
10.0-42.0 mg). Sample material was freeze dried and ground to a fine powder using a
mortar and pestle. Approximately 30 mg of the sample powder and 2 mL of a 2:1
chloroform:methanol solvent mixture (Folch et al. 1957) were placed in a small culture
tube and homogenized for 30 s. Fatty acids were then extracted using 8 mL of a 0.88%
KCl solution added to the sample tube. This mixture was homogenized and centrifuged at
2000 RPM for 5 min, creating a top layer of aqueous KCl and residual biological material
as well as a denser bottom layer consisting of the target solution. The latter was removed
with a long-tip pipette, transferred to a new tube with an additional 3 mL of 2:1
chloroform:methanol mixture, homogenized and centrifuged. The solvent mixture was
then evaporated using a N2 stream after which 2 mL of hexanes were immediately added
to the samples. Fatty acid methylation was accomplished by heating the sample to 90 °C
for 90 min and adding 2 mL of H2SO4 to act as a catalyst. Each tube was removed from
the heat source and allowed to cool for 5 min, after which 1.5 mL of Milli-Q water and 4
mL of hexanes were added to each sample tube. Tubes were homogenized, centrifuged at
2000 RPMs for 3 min at 4 °C and all samples concentrated to 750 µL. Fatty acid methyl
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esters (FAME) were analyzed using a gas chromatograph (Shimadzu GC-2010 Plus) with
a flame ionization detector and a SP-2650 capillary column (dimensions 100 m × 0.25
mm × 0.2 µm, Agilent). Helium was used as the carrier gas with an average flow of 1.12
mL/min and a split injection (50:1). Tricosanoic acid (23:0; Nu-Chek Prep Inc., catalog #
N-23-M) was used as an internal standard. Calibration curves and FAME were quantified
using a standard FAME mix (Nu-Chek Prep Inc., catalog # GLC-68F), and peaks
identified compared against a FAME mix with 37 components (Sigma-Aldrich, catalog #
47885-U).

Data analysis
In this study, we were solely interested in identifying stream resident brook trout
and therefore excluded all brook trout over 154 mm total length from analysis. Otolith
Sr:Ca data suggests anadromous brook trout in PEI first go to sea at approximately 160
mm fork length (S. Roloson, University of Prince Edward Island, unpublished data),
supporting findings by Doucett et al. (1999) who show that brook trout < 200 mm fork
length were stream-residents despite access to the marine environment.
Separate, two-way analysis of variance (ANOVA) tests were used to test for
differences in δ13C and δ15N values among migratory periods (before, during, and after the
rainbow smelt migration) and between sampling locations for periphyton and brook trout.
An additional two-way ANOVA was used to test for temporal variation in the three
macroinvertebrate taxa using the same explanatory variables and with an additional
“Family” variable to test for isotopic differences among invertebrate families. Two-way
interaction terms were used in the analysis of all three taxa and a three-way interaction
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term used with the macroinvertebrate analysis. Isotope means ± S.E. for periphyton,
macroinvertebrates, and stream-resident brook trout at each sampling location are shown
in Table 5-1.
A single factor (i.e., sampling location) non-parametric permutational multivariate
analysis of variance (PERMANOVA) test (‘adonis’ function within the R ‘vegan’
package; Oksanen et al. 2017) was used to determine whether brook trout sampled during
the rainbow smelt migration in downstream habitats possessed distinct fatty acid
compositions that differed from conspecifics in the upstream reference site.
PERMANOVA uses a resemblance matrix to measure the Bray-Curtis dissimilarity
among groups based on the distance between groupings of variables. Data, which were
expressed as percentages, were arcsine square root transformed. Post-hoc pairwise
comparisons were assessed using Bonferonni adjusted p-values (‘RVAideMemoire’
package; Hervé 2017). Separate one-way analysis of variance tests were also used to
assess for differences in amounts of eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). Data were expressed as percentages and thus arcsine square root
transformed. Tukey-HSD post hoc tests were used to explore pairwise comparisons
between locations. Principal components analysis (PCA) was used to visualize fatty acid
data among the three fish groups. Twelve fatty acids that represented 94.3% of the total
composition (mean individual fatty acids > 1.0% total composition) and only principal
components with eigenvector values > 1.0 were retained for analysis. Statistical
significance was assessed at α = 0.05 unless otherwise stated. All analyses were
performed in R Studio (Version 1.0.153; R Core Team 2015).
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Results
Stable isotope analysis
Rainbow smelt were significantly more enriched in 13C and 15N relative to all
other samples analyzed by at least 3.6‰ and 2.1‰ (p’s < 0.05). Rainbow smelt eggs
(n=2) were the most enriched in 13C (-18.4 ± 0.08) and 15N (15.82 ± 0.43), followed by
muscle (13C, -19.3; 15N, 14.4; n=1), and fin tissue (13C, 18.9 ± 0.08; 15N, 15.2 ± 0.19;
n=5).
For periphtyon, the interaction variable migration × location for δ13C was
statistically significant, but not for δ15N (Table 5-2). More specifically, δ13C values were
significantly higher at the downstream site than the upstream reference location, before
and during the rainbow smelt migration (Tukey’s HSD, p’s < 0.05; Figure 5-2), but not
after the migration (Tukey’s HSD, p’s > 0.05; Figure 5-2). Periphyton at the downstream
site showed the greatest enrichment in 15N isotopes before the migration, with a decline
of 3.4‰ during the period rainbow smelt were present in the river. A modest increase in
δ15N values occurred post-migration at the downstream site (Figure 5-2). Relative to premigration levels, δ13C values increased by 1.3‰ during the migration at the downstream
site, but only rose by 0.2‰ at the upstream reference site.
Significant differences were noted among the macroinvertebrate families for δ13C
(F2,18 = 17.9, p < 0.001) and δ15N values (F2,18 = 71.3, p < 0.001; Table 5-2). More
specifically, Rhyacophilidae were 1.5‰ and 3.1‰ more enriched in 13C and 15N,
respectively, at the downstream site than at the upstream reference site during the
rainbow smelt spawning migration (Figure 5-2); the increases were significantly greater
downstream than upstream for δ15N (Tukey’s HSD, p < 0.05), but not for δ13C (Tukey’s

171

HSD, p > 0.05). No significant 13C isotopic differences were noted among sampling
periods (F2,18 = 3.2; p > 0.05) or between sampling locations (F1,18 = 4.1; p > 0.05;
Supplemental Table 5-2). The three macroinvertebrate families displayed highest mean
δ13C and δ15N values at the downstream site during the rainbow smelt migration (Figure
5-2). Relative to pre-migration levels, Rhyacophilidae displayed an increase in δ13C and
δ15N values of 3.9‰ and 2.1‰, respectively; increases were present but substantially
lower for Elmidae and Heptageniidae during the migration (Figure 5-2). Mean δ13C and
δ15N values pooled across all sampling periods were higher at the downstream site
relative to the upstream reference site for Rhyacophilidae, Elmidae, and Heptageniidae,
but were only significant for δ15N (F1,18 = 47.6, p < 0.001; Table 5-2). There were only
significant differences for δ15N among sampling periods (F2,18 = 6.8, p < 0.01).
For brook trout, there was a significant interactive effect between sampling
location and migration on both isotopes (δ13C, F1,80 = 47.8, p < 0.0001; δ 15N, F1,80 = 17.9,
p < 0.0001; Table 5-2). Specifically, there were significant increases in δ13C (3.2‰) and
δ15N (1.4‰) during the migratory period at the downstream location relative to the
upstream reference site (Tukey HSD, p’s < 0.05; Figure 5-2). Isotopic enrichment was
significantly higher during the smelt migration than before or after it (p’s < 0.05). After
the migration, δ13C and δ15N declined by 3.2‰ and 2.9‰, respectively, over a period of
approximately 60 days (Figure 5-2). Significantly higher mean δ13C and δ15N of (3.7‰
and 4.4‰, respectively) were observed between downstream and upstream reference sites
during the period of the rainbow smelt spawning migration.
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Fatty acid analysis
Distinct and significantly different (PERMANOVA; F2,28 = 15.9, p < 0.001) fatty
acid compositions were observed for brook trout sampled both downstream and upstream
as well as for rainbow smelt (Figure 5-3). PUFA, including omega-3s (see Table 1),
comprised over 50% of the fatty acids for each group (Table 1). Significant differences in
the abundance of the marine omega-3 EPA were noted among the three groups of fishes
(F2,27 = 4.7, p = 0.02), with brook trout sampled downstream and rainbow smelt showing
similar amounts (Tukey’s HSD p > 0.05) and upstream brook trout containing
significantly less than downstream conspecifics (Tukey’s HSD p < 0.05). Significance
was also observed among groups for the marine omega-3 DHA (F2,27 = 6.9, p < 0.01).
Significantly more DHA was observed in rainbow smelt than brook trout sampled
upstream (Tukey’s HSD p < 0.05). As with EPA, differences in the amount of DHA
present in rainbow smelt and downstream brook trout were statistically non-significant
(Tukey’s HSD p > 0.05) and rainbow smelt contained significantly more than upstreamsampled brook trout (Tukey’s HSD p < 0.05). However, the amount of DHA between
brook trout groups was not statistically different (Tukey’s HSD p > 0.05).
PCA showed distinct fatty acid profiles for each of the three groups, with 41.3%
of the overall variation attributed to the first principal component (PC1). On PC1
specifically, rainbow smelt and downstream brook trout were characterized by an
abundance of the marine omega-3 fatty acids 22:6n-3 (DHA) and 20:5n-3 (EPA) as well
as a relative paucity of 18:2n-6c (Linoleic acid; Table 5-1; Figure 5-3). Variation along
the second principal component was driven largely by decreases in both 14:0 (Myristic
acid) and 16:1n-7c (Palmitoleic acid). Variation along the third principal component was
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driven by a decrease in an omega-3 fatty acid 22:5n-3 (Docosapentaenoic acid, DPA).
More specifically, the fatty acid in highest abundance relative to total fatty acid
composition for all three groups was the marine omega-3 essential fatty acid DHA with
abundance greatest in rainbow smelt followed by downstream- and upstream-sampled
brook trout (Table 5-1).

Discussion
This study adds to a growing body of literature that illustrates the importance of
nutrient linking services provided by iteroparous anadromous fishes in eastern North
America. MDNs were observed within multiple trophic levels of a PEI coastal river, most
likely delivered as rainbow smelt gametes and eggs in particular. We found little
evidence of MDN assimilation by periphyton or non-predatory macroinvertebrates, but
much stronger evidence was observed in isotopic data for predatory Rhyacophilidae
caddisflies and brook trout. Brook trout in particular, sampled downstream, displayed
significantly more enrichment in both isotopes than those sampled at the upstream
reference site outside the rainbow smelt spawning area. One of the most significant
findings of the current study is that the seasonal pulse of anadromous rainbow smeltderived nutrients provides a nutritional benefit to brook trout via the transfer of fatty
acids. Together, our research compliments and builds on previous studies that have
demonstrated assimilation of anadromous rainbow smelt-derived nutrients by biofilm
(Samways et al. 2015) and predatory stoneflies (i.e., family Perlidae; Jardine et al. 2009;
Samways et al. 2017b). We also suspect that similar linkages occur between rainbow
smelt MDNs and Atlantic salmon parr, though this remains untested.
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13

C and 15N isotopes (also 34S; e.g., MacAvoy et al. 2009) as well as fatty acids

are used as trophic markers to track the movement of MDNs into freshwater ecosystems
(e.g., Kline et al. 1990; Naiman et al. 2002; Heintz et al. 2004, 2010; Samways et al.
2017, Samways et al. 2018). 13C, 15N, and certain fatty acids such as omega-3s are more
abundant in the marine environment (e.g., Kline et al. 1997; Napolitano 1999; Heintz et
al. 2004; Michener and Kaufman 2007). Thus, transfer of anadromous fish-based MDN
to freshwater biota was evident by the increase in these markers from two trophic levels
sampled at the spawning grounds of rainbow smelt relative to periods before and after the
migrations. These findings add to a growing body of evidence documenting the influence
of MDN in eastern North America. Indeed, research in the region has shown assimilation
of MDN at multiple trophic levels from periphyton and macroinvertebrates to small
stream-resident salmonids and large piscivorous fishes (e.g., MacAvoy et al. 2000;
Jardine et al. 2009; Samways et al. 2015, 2017, 2018). Collectively, these studies reflect
an interest in understanding what nutrient contributions anadromous species other than
Pacific salmon provide (Flecker et al. 2010; Twining et al. 2016). Still, some researchers
assert that the relative influence of MDN subsidies in more urbanized and populated
areas on the east coast of North America may be highly restricted by large inputs of
agricultural-based nutrients and other coastal development activities (MacAvoy et al.
2009). Yet, Childress and McIntyre (2014) demonstrated that iteroparous
potamodromous species such as longnose sucker (Catostomus catostomus Forster, 1773)
contribute substantial bioavailable phosphorus in a watershed with 70% agricultural land
use.
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In the Pacific Northwest, anadromous fishes are predominantly semelparous
species and as such MDNs are delivered chiefly through carcass deposition. However,
iteroparity is the dominant life history strategy of anadromous species in eastern North
America, necessitating delivery of MDNs by other means. For example, excretion and
gamete deposition were shown to be important methods of MDN delivery (Jardine et al.
2009; Walters et al. 2009; Samways et al. 2017a), although it should be acknowledged
that carcass deposition does occur as spawning mortality in iteroparous anadromous
species can be substantial (e.g., alewife Alosa pseudoharengus Wilson, 1811, Durbin et
al. 1979; American shad Alosa sapidissima Wilson, 1811, Glebe and Leggett 1981).
Gametes in particular, and eggs specifically, are a relatively unstudied type of nutrient
subsidy (Childress and McIntyre 2014). In some cases, eggs may be specifically targeted
as a food source and, when available, constitute the bulk of fish diets (Bilby et al. 1998;
Samways et al. 2017a).
The eggs of anadromous species such as rainbow smelt may be particularly
important as a seasonal food source for stream-resident fishes in eastern North America.
Indeed, the eggs of both rainbow smelt and alewife constituted upwards of 68% of brook
trout diets in the lower Dunk River, PEI (Johnston 1980). Furthermore, because females
begin broadcasting their eggs immediately upon entry into freshwater, rainbow smelt
eggs in the Pisquid River are available to biota for at least two months. While it is
uncertain how many eggs were deposited by rainbow smelt during the study period, we
believe it is likely on the scale of millions. For example, a small 127 mm female from the
Miramichi River, New Brunswick was estimated to produce 8,500 eggs (McKenzie 1964)
and in 2014 researchers on the Pisquid River captured and tagged 463 female rainbow
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smelt between 126-260 mm (S. Landsman, unpublished data). Using McKenzie’s (1964)
estimate of fecundity, this would equate to almost 4.0 million eggs deposited. However,
this is likely a gross underestimation given the short sampling period relative to the
duration of the run and the numerous large females captured in the 2014 sample. In
comparison, the number of eggs deposited by Atlantic salmon in the Pisquid River in
2013 was estimated at 57,000 (Cairns and MacFarlane 2015). Future studies should
estimate the nutrient inputs from rainbow smelt gametes (e.g., Jonsson and Jonsson 2003;
West et al. 2010).
The results of our isotopic analyses showing concomitant spikes in δ13C and δ15N
values are representative of direct tissue consumption (Jardine et al. 2009; Walters et al.
2009) and were corroborated by eggs found in the stomachs of brook trout. Although it is
possible that brook trout could have been consuming pieces of rainbow smelt carcass
tissue, the small size of brook trout sampled precluded them from consuming rainbow
smelt whole and the relatively low level of post-spawning mortality (based on visual
observations) made carcass tissue an unlikely source of the increases in δ13C values.
Instead, the abundance of rainbow smelt eggs on the river bottom posed a much more
likely source of the δ13C spikes observed in downstream-sampled brook trout. We
likewise found similar evidence of rainbow smelt egg consumption by predatory
Rhyacophilidae caddisflies, which are known to eat fish eggs when available (European
bullhead Cottus gobio Linnaeus, 1758; Fox 1978). Our other two macroinvertebrate
groups also displayed increases in δ13C values, although not as pronounced as the
Rhyacophilidae and without the peaks in δ15N values. Jardine et al. (2009) stated that
direct tissue consumption is evident only if there is an increase in both δ13C and δ15N
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values, making it unlikely that Heptageniidae and Elmidae consume rainbow smelt eggs.
Instead, we posit that these two groups of insects are at least partly feeding on periphyton
enriched in 13C. Periphyton sampled downstream and at the reference site show similar
patterns in 13C enrichment, suggesting that seasonal changes in temperature and light
availability – and not MDN inputs – cause an increase in primary production, depletion
of isotopically light CO2, and ultimately less discrimination against heavier 13C isotopes.
Overall, the results of our stable isotope analysis provide compelling evidence of direct
egg consumption by a predatory invertebrate and fish.
One potential source of the surplus marine-derived carbon identified via stable
isotope analysis is from fatty acids within rainbow smelt eggs. Fatty acid analysis
revealed a higher omega-3 to omega-6 ratio in brook trout collected from rainbow smelt
spawning grounds relative to brook trout from the upstream reference site. While the
most likely source of these omega-3 fatty acids is from rainbow smelt eggs, it is possible
that at least some of them, particularly EPA, could be sourced from freshwater aquatic
insects. Indeed, Bell et al. (1994) showed an abundance of EPA in 10 different freshwater
aquatic insect groups, many of which were collected (but not necessarily analyzed) in the
present study. Yet, if diets between the two sampling locations were similar, then we
would expect to see similar omega-3 levels between sites. Instead, the abundance of
omega-3s in brook trout collected on rainbow smelt spawning grounds closely resembled
the levels found in rainbow smelt themselves. Furthermore, a reduction in C18 PUFA,
which was observed in brook trout at our reference site, is also suggestive of diets
comprised predominantly of freshwater organisms (Ackman 1967). Although sampling
for fatty acids did not occur prior to or after the rainbow smelt migration, the distinct
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fatty acid composition of brook trout collected on rainbow smelt spawning grounds
relative to fish from our reference site provide evidence that consumption of anadromous
rainbow smelt tissue, most likely eggs, is occurring.
The potential health benefit of fish egg consumption by stream biota may also be
considerable. From a pure energy perspective, for example, the calorie content of sockeye
salmon (Oncorhynchus nerka Walbaum, 1792) eggs was nearly seven times that of
carcass tissue (Bilby et al. 1998). Fish eggs are also high in energy storing fatty acids
(constituents of triacylglycerols) as well as essential fatty acids (those that cannot be
synthesized de novo) such as omega-3s (Henderson and Tocher 1987; Tocher 2003).
Given these characteristics of fish eggs, both aquatic and terrestrial consumers appear to
preferentially target them when given the opportunity (Curry et al. 1993; Willson and
Halupka 1995; Bilby et al. 1998; Samways et al. 2017a). In the present study, the fatty
acid composition of rainbow smelt was dominated by the essential fatty acids DHA and
EPA, which match similar patterns for rainbow smelt reported by Iverson et al. (2007). A
greater abundance of DHA and EPA was observed in brook trout sampled at the
downstream site relative to the upstream reference site. This finding coupled with the
knowledge that DHA and EPA are found in higher abundance in the marine environment
(Dalsgaard et al. 2003; Arts and Kohler 2009) provide additional support that brook trout
consume MDNs. Relative to organismal health, DHA and EPA are crucial to cell
membrane fluidity in addition to having important roles in eye development, growth,
stress resistance, energy mobilization, immune system function, reducing inflammation,
and general disease prevention (e.g., Sargent et al. 1999; Tocher 2003; Arts and Kohler
2009; Parrish 2009). Ultimately, fatty acid analysis enables researchers to draw
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conclusions about the potential health benefits of MDN consumption, making it a
valuable analytical tool that should be considered complimentary to stable isotope
analysis (Heintz et al. 2004).
The degree to which MDNs will influence freshwater ecosystems depends in part
on the residence time of the MDNs themselves (Twining et al. 2013). For example,
Pacific salmon carcasses can provide nutrients to stream biota for several months,
including overwintering periods when food supplies are typically low (e.g., Bilby et al.
1996). Johnston et al. (2004) found elevated nutrient (e.g., total phosphorus and nitrogen,
NO3-, NH4+, soluble reactive phosphorous, total dissolved phosphorous) levels that
persisted for approximately 60 days, at which point concentrations fell back to baseline.
In addition, the gravel-bed matrix can trap floccules of MDNs, effectively storing MDNs
for extended periods of time (Rex and Petticrew 2008; Petticrew et al. 2011). In contrast,
residence times may be truncated by fast water velocities (i.e., uptake length; Webster
and Patten 1979) such as those often observed at the beginning of the rainbow smelt
spawning season (e.g., see Figure 5-4). The issue is further exacerbated by the location of
spawning, which for rainbow smelt largely occurs at or just upstream of the head of tide
(Chase 2006). For example, the major spawning grounds within the Pisquid River occur
approximately 500-750 m upstream from the head of tide (i.e., the area coinciding with
our downstream sampling location). Therefore, it is likely that dissolved nutrients will be
removed quickly from freshwater. The incubation period of rainbow smelt eggs, for
example, may last anywhere from 10 days to over three weeks, depending on water
temperatures (Scott and Scott 1988; Bradbury et al. 2004; Chase 2006). We estimate that,
in the Pisquid River, eggs are available to stream biota for at least 60 days as data in the

180

present study indicate the spawning migration lasts approximately two months. Together,
we believe that rainbow smelt eggs represent the most influential form of MDNs because
of the characteristics of the species’ spawning migration, their egg incubation times, and
the relatively short nutrient residence periods during the spawning migration.
The results of our stable isotope analysis showed inconsistent evidence of MDN
assimilation by periphyton. Similar fluctuations in carbon and nitrogen isotopic
composition were noted before, during and after the rainbow smelt migration at both the
downstream and upstream reference sites. Such similar patterns suggest that system-wide
changes may be driving fluctuations in these isotopes rather than assimilation of MDN.
Specifically, we posit that seasonal changes in temperature and productivity result in
increased stream respiration rates during the rainbow smelt migration, which deplete the
available CO2 stores and force primary producers to become less discriminating against
the heavier 13CO2 molecule (e.g., Jardine et al. 2009). If this is indeed occurring, our
research deviates from the results shown in other studies, which demonstrate isotopic
enrichment in biofilm and periphyton (e.g., Wipfli et al. 1998, 1999; Claeson et al. 2004;
Samways et al. 2015). However, our findings are similar to those of Garman and Macko
(1998) that showed 13C-depletion in biofilm during the migration of anadromous Alosa
spp. In addition, Garman and Macko (1998) also showed that larvae of Psephenus
herricki (DeKay, 1844; Coleoptera: Psephenidae) were 13C-depleted and isotopically
similar to biofilm. Although a member of a different family of aquatic beetles than P.
herricki, Elmidae sampled in the current study were also the least enriched in 13C,
suggestive of a diet consisting, at least in part, of periphyton (Brown 1987; Elliott 2008).
One possible explanation for the lack of enrichment reported in the present study is that
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higher flows in the Pisquid River, and the spawning grounds’ close proximity to the head
of tide, flushed dissolved MDNs out of the river before the periphyton could assimilate
them. These results underscore the need to examine temporal isotopic changes rather than
relying solely on mass balance calculations.
It is worth noting that the isotopic enrichment in brook trout sampled in the
present study occurred quickly. However, these findings are consistent with other stable
isotope studies using fin tissue (e.g., Suzuki et al. 2005; McIntyre and Flecker 2006;
Buchheister and Latour 2010; Heady and Moore 2013). Where assessment of short-term
diets is concerned, using tissues with fast turnover rates such as fin may be preferred
(Buchheister and Latour 2010; Heady and Moore 2013). It may also be important to
sample as close to the tip of a fin as possible because longitudinal isotopic variation
within fins can be substantial (Hayden et al. 2015). Furthermore, sampling fin tissue can
be done non-lethally and yields isotope values very similar to those from tissues such as
muscle that require lethal sampling (e.g., Jardine et al. 2005; Kelly et al. 2006; Hanisch et
al. 2010; Hayden et al. 2015).
While the present study successfully traced MDN subsidies from rainbow smelt
into multiple trophic levels of a riverine food web and demonstrated a nutritional benefit
to a stream-resident salmonid, declines in anadromous fish populations, habitat
fragmentation, and continued coastal and agricultural development in the region threaten
to stifle the benefits of these nutrient subsidies (Polis et al. 1997; MacAvoy et al. 2009;
Flecker et al. 2010; Enterline et al. 2012). However, the attention given to restoring
habitat connectivity via improvements to fish passage structures in the region,
particularly for non-salmonids (e.g., Landsman and van den Heuvel 2017), is
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encouraging. Furthermore, although this and prior research has demonstrated MDN
assimilation by stream biota in eastern North America, future studies should explore
additional connections, particularly with riparian flora and fauna. Finally, it is also worth
noting that although the present study focuses on anadromous rainbow smelt, other
anadromous osmerids exist in Europe (i.e., European smelt Osmerus eperlanus Linnaeus,
1758) and on the west coast of North America (i.e., eulachon Thaleichthys pacificus
Richardson, 1836). Given the comparable life history strategies to rainbow smelt, it is
likely that these two additional osmerid species have a similar influence on freshwater
ecosystems in their respective ranges.
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Rainbow Smelt
Rainbow Smelt
Rainbow Smelt
Rainbow Smelt
Present
Absent
Present
Absent
13
13
15
Migration
Mean δ C ± S.E.
Mean δ C ± S.E.
Mean δ N ± S.E.
Mean δ15N ± S.E.
Organism
Period
(‰)
(‰)
(‰)
(‰)
Before
-23.3 ± 1.0
-28.1 ± 0.5
4.9 ± 0.3
1.8 ± 0.8
Periphyton
During
-22.0 ± 0.5
-27.9 ± 1.7
1.5 ± 0.2
-1.0 ± 0.6
After
-29.9 ± 0.8
-28.3 ± 1.0
3.1 ± 0.2
0.5 ± 0.6
Before
-32.9
-34.5
2.8
1.0
a
Elmidae
During
-32.2 ± 0.6
-33.7 ± 0.2
3.7 ± 0.1
1.3 ± 0.2
After
-32.1 ± 0.3
-32.7 ± 0.0
2.3 ± 0.5
1.0 ± 0.1
Before
-32.9
-36.7
5.3
4.6
Heptageniidaea
During
-30.5 ± 1.2
-34.5 ± 1.7
5.4 ± 0.1
4.1 ± 0.9
After
-33.0 ± 1.7
-30.2 ± 0.7
4.5 ± 0.4
1.7 ± 0.2
Before
-32.0
-29.7
6.5
6.6
a
Rhyacophilidae
During
-28.1 ± 1.5
-29.6 ± 0.0
8.6 ± 0.0
5.5 ± 0.6
After
-27.1 ± 2.9
-28.3 ± 0.0
7.5 ± 1.9
4.1 ± 0.5
Before
-26.5 ± 0.6
10.9 ± 0.4
Brook Troutb
During
-23.3 ± 0.3
-27.0 ± 0.2
12.3 ± 0.3
7.9 ± 0.1
After
-26.4 ± 0.7
-25.9 ± 0.1
9.4 ± 0.4
6.4 ± 0.1
a
Only one sampling event took place before the rainbow smelt migration; therefore variance estimates could
not be calculated.
b
Impassable road conditions made access to the upstream reference site before the rainbow smelt migration
impossible; therefore, no brook trout could be sampled at that time for the upstream reference site.

Table 5-1. Summary δ13C and δ15N values for each taxa sampled at the downstream site overlapping with rainbow smelt spawning
grounds and the upstream reference site outside the rainbow smelt spawning grounds. Values are means ± S.E.
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13

C

Isotope

Brook Trout

Macroinvertebrates

Periphyton

Group

1

Migration × location

2

Migration

1

4

Migration × location × family

Location

2

Location × family

2

Family

4

1

Location

Migration × family

2

Migration

2

1

Migration × location

Migration × location

1

2

Migration
Location

d.f.

Variable

47.8

46.6

7.9

1.4

0.1

0.2

3.0

17.9

4.1

3.2

5.9

14.8

7.9

F-value

<0.0001

<0.0001

<0.001

0.29

0.89

0.91

0.08

<0.0001

0.06

0.07

<0.01

<0.001

<0.01

p-value

Table 5-2. 13C and 15N two-way ANOVA outputs for each group of organisms sampled. The migration variable was separated
into pre-, during, and post-rainbow smelt spawning migration time periods. The location variable included the downstream and
upstream sites. Two-way and three-way interactions are shown where appropriate. Bolded p-values indicate those that are
significant at p < 0.05.
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15

N

Brook Trout

Macroinvertebrates

Periphyton

2

Family

1

Migration × location

2

Migration

1

4

Migration × location × family

Location

2

Location × family

4

1

Location

Migration × family

2

Migration

2

1

Migration × location

Migration × location

1

2

Location

Migration

17.9

269.6

836

1.3

0.9

0.6

1.9

71.3

47.6

6.8

0.2

31.3

18.6

<0.0001

<0.0001

<0.0001

0.32

0.42

0.68

0.18

<0.0001

<0.0001

<0.01

0.86

<0.0001

<0.0001
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14:0
15:0i
15:0a
15:0
16:0
17:0
18:0
19:0
20:0
19:0D
22:0
24:0
∑ SFA
14:1n-5
15:1n-5
16:1n-9
16:1n-7c
17:1n-7
18:1n-9c
18:1n-7c
20:1n-9
20:1n-11
22:1n-11

Fatty Acid
Code
Myristic acid
iso-Pentadecanoic acid
anteiso-Pentadecanoic acid
Pentadecanoic acid
Palmitic acid
Margaric acid
Stearic acid
Nonadecylic acid
Arachidic acid
cis-9,10-methylene-octadecanoate
Behenic acid
Lignoceric acid
Saturated fatty acids
Myristoleic acid
cis-10-pentadecenoic acid
9-cis-hexadecenoic acid
Palmitoleic acid
cis-10-heptadecanoic acid
Oleic acid
Vaccenic acid
Gondoic acid
Gadoleic acid
Cetoleic acid

Fatty Acid

Brook Trout
(Upstream – No
Rainbow Smelt
Influence)
1.25 ± 0.08
nd
nd
0.29 ± 0.01
16.89 ± 0.34
0.75 ± 0.04
4.84 ± 0.09
0.15 ± 0.03
0.10 ± 0.01
nd
0.05 ± 0.01
0.03 ± 0.01
24.35 ± 0.40
nd
nd
nd
7.55 ± 0.66
nd
11.58 ± 0.75
4.50 ± 0.26
0.50 ± 0.04
nd
0.11 ± 0.01

Brook Trout
(Downstream –
Rainbow Smelt
Influence)
1.81 ± 0.12
nd
nd
0.44 ± 0.02
16.64 ± 0.15
0.46 ± 0.03
3.78 ± 0.11
0.11 ± 0.01
0.08 ± 0.01
nd
0.05 ± 0.01
0.01 ± 0.01
23.39 ± 0.16
nd
nd
nd
7.97 ± 0.54
nd
10.34 ± 0.63
4.50 ± 0.15
0.55 ± 0.03
nd
0.08 ± 0.01

2.04 ± 0.44
nd
nd
0.74 ± 0.12
19.78 ± 2.74
0.63 ± 0.10
5.01 ± 0.76
0.24 ± 0.04
0.14 ± 0.13
nd
0.07 ± 0.02
0.19 ± 0.03
28.83 ± 4.16
nd
nd
nd
5.03 ± 0.58
nd
8.62 ± 0.47
4.38 ± 0.21
0.62 ± 0.06
nd
0.92 ± 0.77

Rainbow
Smelt

Table 5-3. Fatty acid profiles for brook trout collected outside and on rainbow smelt spawning grounds. The fatty acid profile
of rainbow smelt is also shown for comparison. Values are means ± S.E. and represent percentages of total fatty acids.
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22:5n-3
22:6n-3
∑ PUFA
∑ n-6
∑ n-3
n-3 / n-6

22:1n-9
24:1n-9
∑ MUFA
18:2n-6c
18:3n-6
18:3n-3
20:2n-6
20:3n-6
20:3n-3
20:4n-6
22:2n-6
20:5n-3
22:4n-6
22:5n-6

Erucic acid
Nervonic acid
Monounsaturated fatty acids
Linoleic acid (LNA)
γ-Linoleic acid (GLA)
α-Linoleic acid (ALA)
Eicosadienoic acid
Dihomo-γ-linolenic acid
Eicosatrienoic acid
Arachidonic acid (ARA)
Docosadienoic acid
Eicosapentaenoic acid (EPA)
Docosatetraenoic acid
Docosapentaenoic acid
(DPA)/Osbonic acid
DPA/Clupanodonic acid
Docosahexaenoic acid (DHA)
Polyunsaturated fatty acids
Omega-6
Omega-3
Omega-3:6 ratio

0.10 ± 0.00
0.67 ± 0.13
24.20 ± 1.21
2.39 ± 0.17
0.11 ± 0.01
2.04 ± 0.11
0.50 ± 0.02
0.29 ± 0.04
0.24 ± 0.01
2.69 ± 0.32
0.25 ± 0.08
12.92 ± 0.44
0.41 ± 0.05
nd
3.62 ± 0.09
26.94 ± 0.92
52.41 ± 1.29
6.64 ±0.48
45.77 ± 1.19
7.17 ± 0.48

0.11 ± 0.01
0.88 ± 0.08
25.23 ± 1.53
4.88 ± 0.31
0.20 ± 0.01
2.85 ± 0.19
0.82 ± 0.06
0.80 ± 0.02
0.33 ± 0.02
4.67 ± 0.29
0.18 ± 0.07
9.95 ± 0.6
0.69 ± 0.09
nd
3.2 ± 0.12
21.86 ± 1.03
50.42 ± 1.59
12.24 ± 0.43
38.19 ± 1.65
3.17 ± 0.19

1.36 ± 0.12
29.68 ± 2.21
50.04 ± 3.26
4.48 ± 0.25
45.55 ± 3.06
10.12 ± 0.48

0.19 ± 0.03
1.37 ± 0.22
21.13 ± 1.24
1.14 ± 0.11
0.07 ± 0.02
1.05 ± 0.08
0.37 ± 0.04
0.03 ± 0.01
0.21 ± 0.03
2.05 ± 0.13
0.21 ± 0.04
13.25 ± 1.17
0.62 ± 0.17
nd

Figure 5-1. Map of the study site indicating the downstream and upstream (reference)
sampling sites. The middle arrow in the top image shows the position of the
culvert/beaver dam blockage preventing rainbow smelt from migrating to the upstream
sampling site. The solid black line (top image) denotes the boundary of the Pisquid River
watershed. N.B. = New Brunswick, N.S. = Nova Scotia, P.E.I. = Prince Edward Island,
Que. = Quebec

189

190

Figure 5-2. Time series plots of δ15N (top row) and δ13C (bottom row) values for periphyton (left column), aquatic
macroinvertebrates (middle column) and brook trout (right column) sampled downstream (circles) and upstream (triangles) at a
site receiving no anadromous rainbow smelt. A horizontal line indicates the stable isotope signatures of rainbow smelt and the
shaded box represents the period of migration and egg deposition. Data points represent means ± SE, except for aquatic
macroinvertebrates where each point represents a single pooled sample for that particular sampling date.

Figure 5-3. Principal components analysis biplot comparing the first and second principal
components consisting of 12 fatty acids. Fatty acids used in the analysis were those that
constituted ≥ 1% of the total fatty acid composition. Brook trout were sampled from an
upstream reference site on the East branch of the Pisquid River and farther downstream
on rainbow smelt spawning grounds. Arrows lengths indicate the relative influence of
fatty acid on the overall variation for a group(s).
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Figure 5-4. Estimated Pisquid River discharge during the rainbow smelt migration of
2015.
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Chapter 6. Direct and indirect evidence of multiple taxa consuming marine-derived
nutrients in freshwater ecosystems of Prince Edward Island, Canada

Abstract
Anadromous rainbow smelt (Osmerus mordax) and alewife (Alosa
pseudoharengus) are spring-migrating fishes that provide an important seasonal pulse of
marine-derived nutrients (MDNs) to freshwater ecosystems. Here, camera traps and
videography provide the first formal documentation of furbearers consuming rainbow
smelt during the spring migration. Macroinvertebrate collections from dead rainbow
smelt and alewife also demonstrate linkages between MDNs and other trophic levels.
Lastly, circumstantial evidence via camera trap imagery of a song sparrow (Melospiza
melodia) suggests consumption of rainbow smelt eggs. However, further research is
required to more definitively state that MDNs are transferred to passerines in eastern
North America. Together, these findings underscore the interconnectedness between
anadromous fishes and freshwater ecosystems, and illustrate that linkages extend beyond
aquatic ecosystems.
Introduction
Migratory behaviour occurs in approximately 2.5% of all fish species (Riede
2004) and can be conveyed as discrete, cyclic movements within freshwater
(potamodromy) or saltwater habitats (oceanodromy; Lucas and Baras 2001) as well as
between freshwater and saltwater environs (diadromy; Myers 1949). One form of
diadromy – anadromy – is expressed as fishes born in freshwater and spending their adult
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lives growing in the open ocean before re-entering freshwater to spawn. This behaviour
effectively links two distant habitats to each other. In the process, fishes provide an
ecosystem service by moving nutrients, particularly high-quality marine-derived nutrients
(MDN), between the two ecosystems (Holmlund and Hammer 1999; Flecker et al. 2010).
The quintessential example is the movement of nutrients by Pacific salmon, which may
occur through carcass deposition, egg deposits, or excretory products. Many research
studies have demonstrated widespread assimilation of MDN by a variety of flora and
fauna (see reviews by Cederholm et al. 1999; Naiman et al. 2002), but considerably less
research effort has been dedicated to studying food web interactions in northeastern
North America.
In Atlantic Canada, rainbow smelt (Osmerus mordax) and alewife (Alosa
pseudoharengus) are two of the most common anadromous species. Both species migrate
in the spring, with rainbow smelt requiring riffle-like riverine spawning habitats and
alewife generally requiring slow-moving pond habitats (Scott and Scott 1988). While
limited studies have been conducted on the MDN inputs provided by these two species,
none have documented consumption by terrestrial animals and few have documented
aquatic macroinvertebrate use. The content of this note provides documentation of
rainbow smelt consumption by at least one terrestrial animal species and records of
macroinvertebrates colonizing rainbow smelt and alewife carcasses.

Methods
In the spring of 2016, one digital single-lens reflex (DSLR) camera trap was
deployed along the banks of the Pisquid River, Prince Edward Island (46°19'5.60"N,
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62°50'4.93"W) to capture still images of mammals consuming rainbow smelt. The
camera trap consisted of a Nikon D3100 camera body paired with a Sigma 10-20 mm
super wide-angle lens housed in a Pelican Case® and wired to a passive infrared motion
detector (TRLcam). Two external flashes connected to the camera provided lighting. In
spring of 2017, cellular phone video was also used to record furbearer foraging behaviour
in the Vernon River (46°12’11.13"N, 62°50’12.70"W).
Aquatic macroinvertebrates were removed opportunistically from rainbow smelt
carcasses in the Pisquid River and from alewife in the Glenfinnan (46°17'10.02"N,
62°57'59.96"W) and Winter Rivers (46°19'53.26"N, 63°03'57.53"W) during the spring of
2015. All samples were placed in small tubes of 70% ethanol. Invertebrates were later
identified to genus using appropriate identification guides (Clarke 1981; Wiggins 1996;
Merritt et al. 2008; Thorp and Rogers 2016).

Results and Discussion
Throughout the rainbow smelt spawning migration that began 9 April and lasted
until mid-June 2016, at least two North American raccoons (Procyon lotor) were
photographed consuming rainbow smelt (Figure 6-1). Raccoons were observed
eviscerating rainbow smelt and discarding partially-consumed carcasses along the
shoreline. Raccoons seemed not to discriminate what aspect of the smelt body was
consumed; some rainbow smelt were found with only the head consumed, others only the
tail, and still more with only a small portion of the mid-section remaining. A domestic
house cat (Felis domesticus) was also photographed (Figure 6-1) presumably feeding on
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rainbow smelt, highlighting the potential for domestic house cats to act as competitors of
native furbearers.
Another furbearer, the American mink (Neovison vison), was also observed
capturing live rainbow smelt. An individual was recorded on video foraging in shallow
water and, upon successfully capturing a rainbow smelt, storing its catch in thick
underbrush along the stream bank (Figure 6-2). Ben-David et al. (1997b) also recorded N.
vison consuming marine-derived nutrients from anadromous Pacific salmon. In addition,
a deer mouse (Peromyscus maniculatus) was also photographed on our camera trap in the
area of rainbow smelt carcasses and egg piles, but the evidence that they were actively
consuming rainbow smelt tissue was less compelling.
The camera trap also recorded an intriguing photograph early on the morning of
23 April 2016. A song sparrow (Melospiza melodia) was photographed perched on top of
a small cluster of rainbow smelt eggs that were deposited on a tree branch during a highwater period (Figure 6-3). Its body language and positioning directly above the eggs
suggests that it may have been feeding on the eggs themselves. Other studies in the
Pacific Northwest have used stable isotopes to trace MDN into passerines and
demonstrated incorporation of MDN via an indirect pathway of consuming emergent flies
that assimilated MDN during aquatic larval stages (e.g., Christie et al. 2008). We believe
it is plausible that omnivorous song sparrows could be foraging on rainbow smelt eggs
for two reasons. First, rainbow smelt frequently scatter their eggs across exposed
vegetation, rocks, and woody debris during periods of high water in the spring. When
river water levels fall, the eggs become exposed and available for consumption, often in
locations that overlap with song sparrow feeding areas. Second, the eggs themselves are
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small (approximately 1 mm in diameter; Scott and Crossman 1973) and may resemble
seeds from which song sparrows feed (Willson 1971). If song sparrows on Prince Edward
Island were consuming rainbow smelt eggs, then this would be the first evidence of direct
consumption of anadromous fish tissue by passerines ever documented. Unfortunately,
the evidence presented is heavily circumstantial as the photograph only documents an
association and not a direct feeding event; video rather than still imagery would be more
definitive. Lastly, visual observations by the authors and other members of the public
indicate the use of rainbow smelt as a seasonal food source by bald eagles Haliaeetus
leucocephalus, osprey Pandion haliaetus, and great blue herons Ardea herodias.
Multiple groups of the Chironomidae family (Table 6-1) were found on dead
rainbow smelt carcasses collected during the spring 2015 migration in the Pisquid River.
Chironomid larvae have been found on the carcasses of other anadromous fishes such as
Pacific salmon (e.g., chum salmon (Oncorhynchus keta; Minakawa and Gara 1999) and
were also the most abundant aquatic macroinvertebrate group on pink salmon
(Oncorhynchus gorbuscha) carcasses (Wipfli et al. 1998). Enhancement of chironomid
abundance as a function of Rainbow Smelt carcasses may therefore be of great benefit to
stream-resident fishes (Wipfli et al. 1998) on the East Coast such as brook trout
(Salvelinus fontinalis) and Atlantic salmon parr (Salmo salar). However, distinguishable
gut contents of orthocladiinae and chironominae mainly consisted of diatoms. Future
studies should assess changes in densities of chironomid larvae in streams with and
without migrations of rainbow smelt and if chironomidae larvae are mining rainbow
smelt tissues.
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Alewife carcasses were found downstream of a dam (2.1 m height) positioned at
the head of tide in the Glenfinnan River. Above the dam is a pond approximately 360 m
in length and 212 m in width (includes a small backwater area). Alewife carcasses were
covered in several genera of caddisfly larvae including Frenesia, Limnephilus, and
Mystacides (Figure 6-4) and freshwater Radix snails (Table 6-1; Figure 6-5 and 6-6).
Snorkeling in the Winter River, also revealed Radix scavenging dead Alewife below a
(larger) dam. Diets of non-native rainbow trout (Oncorhynchus mykiss) in Prince Edward
Island rivers were found to contain freshwater snails (Johnston 1980). Caddisfly larvae
are also a common diet item in brook trout, particularly during spring (Benson 1954).
Therefore, transfer of alewife-mediated MDNs to higher trophic levels is possible via
consumption of macroinvertebrates scavenging carcasses.
These observations underscore the interconnectedness between marine and
freshwater ecosystems. In addition, they also provide, to our knowledge, the first formal
documentation of terrestrial organisms capitalizing on MDNs in northeastern North
America. Rainbow smelt- and alewife-mediated MDNs represent important seasonal
pulses of resources that may provide a fitness advantage to terrestrial and aquatic
organisms. These observations also highlight the need to maintain riverine connectivity in
order to protect the health and integrity of coastal freshwater ecosystems in Atlantic
Canada and beyond.
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Table 6-1. Taxonomic information for the aquatic macroinvertebrates discovered on
Alewife and Rainbow Smelt bodies.
Location

Anadromous Species

Order

Family

Genus

Winter River

Alewife

Gastropoda

Lymnaeidae

Radix

Gastropoda

Lymnaeidae

Radix

Glenfinnan River

Alewife

Trichoptera

Diptera

Pisquid River

Rainbow smelt

Diptera
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Limnephilidae

Limnephilus
Frenesia

Leptoceridae

Mystacides

Chironomidae

--------

Chironomidae

--------
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Figure 6-1. Three photos taken with a high-resolution camera trap show a North American raccoon (top) and a domestic house
cat (bottom) foraging for migratory rainbow smelt in and along the Pisquid River, Prince Edward Island. The photos were taken
on 23 April 2016 at 0230 hours. Photos: S.J. Landsman.

Figure 6-2. A screenshot from a cell phone video showing an American mink with a
rainbow smelt in its mouth. The photograph has been enhanced to emphasize the location
of the mink. Photo: S. J. Landsman.
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Figure 6-3. A heavily cropped image from a high-resolution camera trap depicts a resident passerine, a song sparrow,
potentially foraging on rainbow smelt eggs (below and adjacent to its right foot) deposited on a small branch during a prior
high-water period in the Pisquid River, Prince Edward Island. Live rainbow smelt can also be seen schooling below the bird
(including one protruding its head above the water’s surface). Photo: S.J. Landsman.

a

b

c

Figure 6-4. Macro photos of Frenesia (a), Limnephilus (b), and Mystacides (c) caddisflies
collected from alewife bodies in the Glenfinnan River, Prince Edward Island.
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Figure 6-5. Snails (Class Gastropoda) scavenge the carcass of a dead alewife in the Winter River, Prince Edward Island.
Photo: S.J. Landsman.
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b

Figure 6-6. Macro photos showing bottom (a; dead, empty shell) and top (b; live specimen) views of Radix The specimens were
collected from the same Winter River location as shown in Figure 3, but were collected post hoc on 25 November 2016 for better
images. Dimensions of (a) were shell height 13 mm, aperture height 11 mm, and aperture width 6 mm.

a

Chapter 7. General discussion and future research directions
Maintaining connectivity within river systems is imperative to the long-term
sustainability of anadromous fish populations. Yet, longitudinal connectivity is
continually threatened by increasing anthropogenic disturbance. Issues related to fish
passage and river connectivity in Atlantic Canada are a top concern among
conservationists in the region given the degree of development that occurs there.
Furthermore, fisheries biologists in Atlantic Canada have shifted their focus away from
salmonid passage to ensuring passage of weaker swimming fishes such as many
anadromous non-salmonids. This paradigm shift adopts the philosophy that if you can
pass the “weakest link” you can pass anything.
My results indicate the presence of serious impediments to passage of nonsalmonids, particularly rainbow smelt. More specifically, fishways originally built to pass
salmonids severely restricted or outright prohibited the ability of rainbow smelt to pass.
This result was not surprising as other research has demonstrated the inappropriateness of
salmonid-specific fishways at passing non-salmonids (e.g., Mallen-Cooper and Brand
2007; Bunt et al. 2012). It is worth noting that even the highest level of rainbow smelt
passage did not meet the ≥ 90% passage efficiency goal set for by Lucas and Baras
(2001) for all migratory species. However, managers should keep in mind that even if, for
example, only 25% of rainbow smelt pass a structure, this could translate to many
thousands of fish accessing upstream habitats because rainbow smelt migrate in high
numbers (Clément et al. 2012). Future efforts should be directed at improving passage for
rainbow smelt with special attention to improving nature-like fishway designs.
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Meanwhile, until the optimal design can be created for rainbow smelt, managers should
seriously consider installing nature-like fishways where passage of rainbow smelt is a
concern.
Despite tagging several hundred rainbow smelt, a large portion of the tagged
individuals were never detected at any of the antennas. Other studies, particularly with
alewife, have reported large numbers of tagged fish going undetected following tagging
(Franklin et al. 2012; Castro-Santos and Vono 2013; Nau et al. 2017). There could be a
number of explanations for these findings, including predation by other fishes (e.g., brook
trout), tag expulsion, or mortality associated with the tagging event. Tag retention and
tagging effects were not quantified in this study, but tags of the size used here (i.e., 23
mm) have been applied to rainbow smelt in previous studies (Clément et al. 2012;
Enterline et al. 2012b) as well as other small-bodied fishes (e.g., Steffensen et al. 2013).
Although we cannot rule out tag expulsion or mortality, two more plausible explanations
exist that might explain why so many rainbow smelt tagged in this study went
undetected. First, spawning was observed downstream of each fishway. The existence of
viable spawning habitat downstream of a dam and/or fishway can confound assessments
of passage as fish tagged downstream may never enter or proceed through a fishway
(Thiem et al. 2013). Alternatively, undetected rainbow smelt may have moved
downstream and into a nearby tributary following tagging. Four individuals tagged in
Chapter 3 were noted leaving the Glenfinnan River and traveling some 20 km upstream
and into the Pisquid River where they were redetected on another PIT tag antenna array.
Future fish passage studies should include at least one downstream antenna to more
definitively state the fate of undetected fish.
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Another uncertainty identified in this thesis is the movement of rainbow smelt
upstream of dams. Although we were able to assess survival (via detections of
downstream movements) of rainbow smelt after entering the ponds, whether they were
able to successfully navigate through the ponds and to upstream spawning areas is still
unclear. Rainbow smelt have been observed spawning several kilometers upstream (>4
km straight-line distance) of main spawning grounds in the Pisquid River, but there are
concerns that slow-moving ponds may inhibit upstream movement. Rainbow smelt, and
indeed all anadromous species, are positively rheotactic when migrating upstream,
meaning they orient themselves into current. If current moving through a pond is too low,
they may not be able to determine the correct route through the pond and to upstream
habitats. No studies have determined the threshold of current speed to trigger positive
rheotaxis in rainbow smelt. Furthermore, if pond habitats are detrimental to reproductive
success, then fishways may, in some cases, serve as ecological traps. In ecology, an
ecological trap occurs when an animal moves into a new habitat that decreases its fitness
(Robertson et al. 2006). Fishways have been implicated as ecological traps in large South
American river systems, but Pelicice and Agostinho (2008) advocate that this only occurs
if fish cannot pass back downstream. This criterion would exclude fishways as ecological
traps in the majority of instances for rainbow smelt. Still, future studies should explore
ways to track movement of rainbow smelt and other anadromous species through ponds.
Unfortunately, optimizing passage for all species migrating through a given
system is exceptionally difficult. The task is complicated by migration timing and
associated changes to water levels and velocities as well as the spawning behaviour and
preferred habitat of individual species. Migrations of diadromous species in Atlantic
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Canada occur primarily in the spring and early summer (Figure 7-1). Discharge can vary
considerably during this time period with fast water velocities occurring in early spring
tapering to very low flows by early summer (e.g., see Figure 5-7). High flow rates in
steeply sloped technical fishways may prevent upstream passage of weakly swimming
fishes. It is important that, under these conditions, fish be provided with flow refugia and
upstream flow paths with slow velocities. Such characteristics are exemplified by naturelike fishways that provide many areas of heterogeneous flow. Yet, later in the
spring/summer migration period, low flows through gradually sloping nature-like
fishways may not provide enough attraction to allow fish to locate a fishway’s entrance.
Engineers and fisheries biologists would be well suited to develop methods of diverting
water into nature-like fishways to improve attraction during periods of low flow.
One of the most important findings of these passage assessments was the
observation that rainbow smelt (and alewives, unpublished data) were using nature-like
fishways as spawning habitat. Whether their eggs successfully hatched and then recruited
to adults is unclear, but if this type of fishway design acts as potential spawning habitat,
then this characteristic needs to be considered by biologists. Moreover, the notion that
nature-like fishways can act as spawning habitat calls into question conventional methods
of fishway assessments. Should assessment criteria and benchmarks of fishway success
change to reflect the habitat potential of fishways themselves? Consider the nature-like
fishway presented in Chapter 3. This structure had – compared to brook trout – relatively
low rainbow smelt passage. Yet, rainbow smelt were observed spawning throughout the
fishway. If assessments focus solely on the number of fish that enter and successfully exit
the structure, then by that criteria this structure was not particularly effective. However, if
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the assessment of fishway “effectiveness” is broadened to include the potential utility of
the fishway as spawning habitat, then this structure would appear to be quite successful.
Indeed, Eberstaller et al. (1998) advocated for the incorporation of habitat use within
nature-like fishways as additional criteria by which to judge the effectiveness of a given
fishway. Nature-like fishways should be considered another mitigation tactic as the
channels themselves often reclaim habitat removed by dam construction activities
(Parasiewicz et al. 1998).
If any amount of passage is to occur at a fishway, then fish must be able to locate
a structure’s entrance (e.g., Bunt 2001). An example of this problem was presented in
Chapter 3 where, after determining that in-stream flow-related modifications did not
rectify issues related to poor attraction at that particular nature-like fishway, it was
concluded that the fishway’s entrance is simply improperly located. For engineers and
biologists, after designing a fishway (i.e., technical vs. nature-like), the next priority must
be properly siting the fishway’s entrance. Given the importance of fishway entrance
location, all efforts need to be made to locate the entrance as close to the dam as possible.
In instances where doing so is completely unfeasible, it may be necessary to divert water
toward the fishway’s entrance to improve attraction at that structure.
Another future research project could focus on trying to estimate the specific flow
paths used by rainbow smelt when passing through nature-like fishways. Based on
observations above and below the water (i.e., while snorkeling), it is apparent that the
majority of fish hug the extreme outer edges of the river where a higher number of
roughness elements reduces water velocities. Still, some fish can be observed swimming
within the thalweg and attempting to pass upstream using this portion of the river.

210

Advancements in 3-dimensional flow modeling (e.g., acoustic Doppler velocimeters)
have given researchers the ability to generate high-resolution water velocity maps within
laboratory flumes (e.g., built to simulate nature-like fishways; Bretón et al. 2013) and
culverts (see Figures 25 and 26 in Pearson et al. 2005). Use of videography to assess
where within the flume fish move upstream may enable researchers to tease apart the
flow characteristics most favoured by migratory species (e.g., Pearson et al. 2005).
The issue of fish behaviour and its relation to successful passage remains a
knowledge gap within the field of fish passage research. In Chapter 4, efforts to address
this issue as it pertained to individual behavioural type failed to show an association
between behavioural type and successful passage. Similar methodologies should be
applied at other fishway types and for different species (Silva et al. 2017). It should be
acknowledged that no association between behavioural type and passage success is
actually a desired result, as fish passage structures should allow passage of all
behavioural phenotypes (Castro-Santos et al. 2009). Indeed, evidence from other studies
suggests that some fishways can select against certain phenotypes (e.g., size, muscle traits
such as diameter of red and white muscle fibers; Volpato et al. 2009). Finally, estimates
of migratory motivation – defined as rate of movement and duration of effort (Goerig and
Castro-Santos 2017) – should be explored more fully across a range of species, including
both salmonids and non-salmonids. To date, only Goerig and Castro-Santos (2017) have
explicitly studied the effect of migratory motivation on passage success, but given the
importance of this aspect of migratory fish behaviour further study is warranted.
For managers, efforts to maintain longitudinal connectivity for the purpose of
facilitating MDN movement should provide as much impetus as improving a species’
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fitness by connecting downstream and upstream spawning habitats. Indeed, as research –
including that presented within this thesis – continues to draw linkages between
anadromous species and the freshwater ecosystems into which they migrate. However,
illustrating MDN assimilation alone, while a good first step, is less informative than if
that nutrient movement were contextualized as a function of nutrient dynamics within a
given watershed. For example, if data presented in Chapter 5 were referenced against
temporal and spatial changes in total nitrogen and total carbon within the Pisquid River
watershed, then we might be able to contextualize the true influence of MDNs. More
accurate delineation of nitrogen and carbon sources would also be useful, such as
discrimination between agricultural and anadromous nutrient sources. Another way to
contextualize the importance of MDNs is to quantify their influence on some element of
organismal performance, such as growth rate (Bilby et al. 1996). Additionally, the type of
lipid stores that organisms consuming MDNs accumulate can reflect changes in an
animal’s health (Heintz et al. 2010). Fatty acid analysis provides a means of determining
this and enables researchers to draw conclusions about the perceived health benefits of
consuming MDNs (e.g., see Chapter 5). Fatty acid analysis should be considered
complimentary to stable isotope analysis and as such should be adopted in future MDN
studies. A natural extension of the findings presented in Chapter 6 is to determine
whether riparian vegetation assimilate rainbow smelt MDNs. Lastly, applying a mass
balance approach to estimate the amount of rainbow smelt-mediated MDN import (via
eggs) and export (following egg hatching and down-migration of juveniles) would be
useful in understanding the nutrient dynamics within receiving ecosystems. With time,
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biologists can build a comprehensive picture of the many connections between
anadromous rainbow smelt and the freshwater ecosystems to which they migrate.
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Atlantic salmon
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Figure 7-1. Approximate migration timing of diadromous species found in Atlantic
Canada. Note: Brook trout are considered partially diadromous; other partially
diadromous species such as rainbow and brown trout found in the region are not shown.
In addition, “gaspereau” is a regional term used to describe both alewife and blueback
herring.
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