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ARTICLE INFO ABSTRACT

Keywords: For mobile animals such as fish, different habitat types at various life stages are required to support a broad range
Qrban of ecological requirements. However, in urban areas, access to suitable habitat may be impeded. Moreover,
Fish rehabilitation efforts focused on urban waterbodies are infrequent, small-scale, and inadequately monitored. We
?:J;:Z;‘:}tity characterized the connectivity of the fish community between the Jock River in eastern Ontario and a rehabili-
Rehabilitation tated stormwater management pond during late spring. Passive integrated transponder (PIT) tags were implanted

into over 800 individual fish, representing sixteen species with a wide range of body sizes and life-histories.
Summer residency and behavior were assessed using detections from an array of autonomous PIT receiver sta-
tions. This research revealed that there is ecological connectivity between an adjacent rehabilitated stormwater
pond and the Jock River. Some species were resident in the pond during the entire summer monitoring period
while others such as sunfish (Lepomis sp.) and rock bass (Ambloplites rupestris) made regular forays between the
river and the pond. There was also evidence of significant movement within the pond for species such as golden
shiner (Notemigonus crysoleucas) and northern pike (Esox lucius). This study demonstrates the potential for created
habitats in floodplain areas initially intended for stormwater management to be rehabilitated to provide signif-

icant ecological value in urbanized watersheds.

1. Introduction

Streams, rivers, and other freshwater ecosystems connect heteroge-
nous landscapes and upland areas, and therefore are heavily influenced
by surrounding conditions (Hynes, 1975). Therefore, land-use trans-
formation and urbanization not only impacts terrestrial habitats, but
freshwater systems as well (Martinuzzi et al., 2014). Urbanization and
land-use change can contribute to water pollution, flow modification,
and the destruction or degradation of habitat, which are some of the main
drivers of freshwater biodiversity declines (Dudgeon et al., 2006; Reid
et al., 2019). Freshwater habitats in urban areas may be limited because
of urbanization, and any remaining habitats may have been significantly
altered or degraded (i.e., the “urban stream syndrome” concept; Walsh
et al., 2005). In urban areas, biodiversity is negatively affected when
natural habitats are fragmented, degraded, or permanently replaced with

human infrastructure (McKinney, 2006; Seto et al., 2011; Brauer and
Beheregaray, 2020). Urban freshwater species assemblages can experi-
ence shifts in composition when native species are lost and non-native
species are introduced (McKinney, 2006). For the purposes of this
paper, we have not considered the creation of ecosystem niches that
enable invasive species to thrive (as per Pimentel et al., 2001). Fresh-
water habitats in urban areas, provide refuge for native species (Chester
and Robson, 2013). Thus, while urban freshwater habitats are often
biologically isolated and degraded (there are exceptions in some areas
with tolerant species, robust urban planning, or low density of human
development), they can still be biologically diverse (Bishop et al., 2000a,
2000b; Hassall et al., 2016).

Managing freshwater resources and biodiversity in urban and sub-
urban areas is challenging given ongoing patterns of human settlement
and development. Urban ponds, such as stormwater management ponds
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(SWMP's), are anthropogenic freshwater environments (Chester and
Robson, 2013) that assist with controlling runoff of urban contaminants,
flood mitigation, and water storage (Schueler, 1992; Marsalek et al.,
2005). In North America, Europe, and Australia, SWMP's are increasingly
being used to mitigate excess surface water runoff because of the loss of
natural floodplain and wetland habitat due to residential, agricultural,
and industrial development (Tixier et al., 2011; Hale et al., 2015).
SWMP's are not intentionally designed as habitats for freshwater wildlife;
nevertheless, biota such as macroinvertebrates (Le Viol et al., 2009),
amphibians (Le Viol et al., 2012), fish (Schaeffer et al., 2012), dragonflies
(Holtmann et al., 2018; Perron and Pick, 2020); and fish and frogs
(Mclsaac, 2022) can establish themselves in these environments
although this varies widely based the configuration and size of the
SWMP, plant community, water quality and contamination levels (McI-
saac, 2022).

Although SWMP's may provide novel, valuable freshwater habitat for
urban biodiversity, these ponds are generally considered low-quality
habitat and poor replacements compared to natural wetlands or flood-
plains (Rooney et al.,, 2015; Perron and Pick, 2020). Additionally,
SWMP's present some ecological challenges to native biodiversity due to
design shortcomings that can lead to low habitat complexity (Parris,
2006). Factors such as routine disruption (e.g., maintenance dredging) to
maintain water quality, the proliferation of non-native species, high
levels of contamination contribute to overall poor environmental quality
(Hassall, 2014). Designing “naturalized” stormwater ponds (Tixier et al.,
2011) may help mitigate these challenges, but trade-offs in design and
structure often favor functionality over high-quality habitat (Oertli and
Parris, 2019). Decommissioned and non-operational SWMP's may offer
greater potential for freshwater biodiversity conservation if they are
rehabilitated to explicitly support aquatic wildlife, but this practice is
uncommon or has not been documented in the literature. There have
been attempts at rehabilitating other urban infrastructure such as
stormwater drains, as seen in the Kallang River, Singapore (Wilkinson
et al., 2021). In that system, the conversion of a stormwater drain into a
naturalized, meandering stream resulted in greater species richness at the
rehabilitated site, though non-native species dominated the fish com-
munity (Wilkinson et al., 2021). With limited examples to draw from, it is
unclear whether the conversion of artificial systems like SWMP's is an
effective means of providing habitat for native freshwater species in an
urban environment.

Evaluating the success of restoration and rehabilitation initiatives
through biomonitoring is useful for informing future efforts. However,
biomonitoring is often inadequate or absent altogether, particularly in
aquatic restoration (Bash and Ryan, 2002; Lindenmayer, 2020). Further,
restoration processes (i.e., the recovery of an ecosystem to some histor-
ical/baseline reference state (Society for Ecological Restoration Inter-
national Science and Policy Working Group, 2004; Klaus and Kiehl,
2021), are not often achievable for many semi-natural or urban ecosys-
tems. Instead, ecological rehabilitation may be more accurate in urban
contexts, with the aim of improving the functioning and/or biodiversity
of a degraded habitat without resembling some predetermined historic
state (Van Andel and Aronson, 2012; Klaus and Kiehl, 2021). Rehabili-
tation implies that such efforts will result in favorable habitat conditions
for native biota, but if left untested or if monitoring programs fail to
measure appropriate variables over sufficient timescales to address the
questions being asked, then success remains an assumption (White and
Walker, 1997; Block et al., 2001). Common techniques for rehabilitating
floodplains include reconnecting or constructing side channels, flood-
plain ponds and wetlands (Roni et al., 2019). Historically, the focus of
monitoring for these projects has been physical or hydrological changes
that have occurred after rehabilitation efforts with less emphasis on fish
communities and biomass (Roni et al., 2002). Inventories of urban ponds
have focused more on amphibians, plants and macroinvertebrates than
fish diversity (Hassall, 2014). Though measuring biotic endpoints is now
a more regular part of freshwater biomonitoring, efforts to assess
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connectivity when habitats that are part of an interconnected matrix
(e.g., river and adjacent wetland) are rehabilitated remain rare. Small
ponds, ditches, and SWMP's may serve as corridors and refuges in urban
areas where freshwater habitat is highly altered or degraded, thus
assessing connectivity between habitats should be incorporated into
restoration frameworks for these projects (Le Viol et al., 2012).

Over a decade ago, a decommissioned SWMP was rehabilitated in
south-western Ottawa, Ontario, Canada. Now known as Foster Pond, the
rehabilitation efforts included the connection of the pond to the Jock
River, riparian plantings, and the addition of woody structures for both
fish and turtles. Emphasis was placed on remediating the SWMP to
provide spawning and juvenile nursery habitat for sympatric populations
of muskellunge (Esox masquinongy) and northern pike (Esox lucius) found
in the river. Monitoring surveys were not conducted in the original
SWMP or the Jock River at any point during the decommissioning and
rehabilitation phases. Thus, the fish community in Foster Pond and their
potential movements between the ponds and river remains unclear. We
examined to what extent Foster Pond and the Jock River function as an
ecologically interconnected system for fish during the summer months.
Evaluating the degree of connectivity between Foster Pond and the Jock
River will be critical to informing evidence-based management decisions
of future decommissioning projects focused on SWMP's as well as for new
wetland rehabilitation efforts. Given the crisis facing freshwater biodi-
versity (Harrison et al., 2018) and that SWMP's are used globally, their
rehabilitation and connection to surrounding bodies of water represent
important opportunities for the recovery of aquatic habitat in urban
settings.

2. Materials and methods
2.1. Study area

The Jock River is an approximately 70 km long tributary of the
Rideau River in Ottawa, Ontario, Canada. Most of the river is approxi-
mately 4 m in depth, characterized by long meandering stretches with
few riffles and an abundance of submerged woody material and macro-
phytes. The latest sub-watershed report presents mixed results for the
overall health and quality of the river as the more highly developed and
agriculture-focused reaches of the Jock watershed have experienced a
15% decrease in forest cover since 2008 and contain less than 1% of the
total historic wetland cover (Rideau Valley Conservation Authority,
2016). Foster Pond (45°15'1.47"N, 75°46'5.83"W is a decommissioned
stormwater pond adjacent to the Jock River located in Nepean, Ontario
(Fig. 1). Based on historical imagery through Google Earth, as of 2004,
this area was solely agricultural fields with a small agricultural ditch that
flowed into the Jock River. By 2012-2013, the Foster Stormwater
Management Facility (a SWMP) had been created that was connected to
the Jock River by the agricultural ditch. In 2013, proposals were put
forward to decommission the SWMP in Nepean and rebuild it elsewhere.
From late 2013 to 2015, it appears the pond was left to fill back in with
vegetation and act as floodplain habitat, with limited areas of open
water. It is unclear from satellite imagery if the agricultural ditch flowing
out to the Jock River maintained a permanent, year-round connection
between the river and what was left of the pond.

The main goals identified in the rehabilitation process were: (1)
restoration of aquatic and terrestrial habitat, (2) removal of existing inlet
and outlet structures, and (3) connection of the decommissioned storm-
water pond facility to the Jock River. By the end of 2015, rehabilitation
efforts were underway, and the pond was connected to the Jock River via
the construction of a new channel and re-shaped to the physical structure
present today (Fig. 1). The water depth of the pond ranges from 0.4 to
2.4 m and contains an abundance of emergent and submerged vegeta-
tion. No pre- or post-monitoring of the fish community or other aquatic
wildlife was completed as part of rehabilitation works.
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Fig. 1. Passive Integrated Transponder (PIT) antenna array design in Foster Pond from May-September 2022 with fish sampling locations. The arrow indicates
direction of flow in the river. The inset map shows the Jock River (black) within the Jock River subwatershed (blue polygon) located just south-west of Ottawa (yellow
star). This figure contains information made available under Rideau Valley Conservation Authority's Open Data License.

2.2. Fish collection and tagging

We sampled in Foster Pond, and in areas of the Jock River close to the
entrance of Foster Pond on 22 April 2022 and then on a daily basis from 6
May to 1 June 2022 between 0800 and 1600 h. Foster Pond was divided
into three subsections (Fig. 1) for sampling so that fish could be matched
with an original location of capture for analysis. A total of 11 sampling
sites were selected from daily. Sampling was repeated at these sites for
duration of the study period to obtain an even sample size of fish between
sites. Sampling methods included minnow traps (Dioche, China; 6-hole
trap net 580 x 220 mm), hoop nets (seven 0.9 m diameter steel hoops
positioned 0.5 m apart, two wings (4.5 m long and 0.9 m high) and a lead
(10.7 m long and 0.9 m high) attached to the front hoop all constructed
with 50.8-mm stretch nylon mesh), backpack electrofishing (using pulsed
DC current between 500 and 600 V; Smith-Root LR-24, Washington) for
20 min intervals at sites shown in Fig. 1, and seine nets (Les industries
Fipec, Quebec, CA; 15.24 m x 6.35 mm mesh x 1.20 m with purse of
1.20 x 1.20 x 1.20 m). Traps and hoop nets were checked 24 h after
being set. Due to the limited catch, the use of hoop nets and backpack
electrofishing were discontinued on 13 May 2022 and 24 May 2022,
respectively.

Tagging procedures were adapted from methods outlined by Bliss
et al. (2015). Using a fine-tipped stainless-steel scalpel, a small puncture
was made in the ventral midline anterior to the pelvic girdle where the
tag would be inserted. Incisions were left open; non-sutured incisions are
common in PIT tagging when wound openings are kept small (Cook et al.,

2014). Four sizes of passive integrated transponder (PIT) tags (Biomark,
Idaho, USA) were chosen based on the body shape and total length of a
fish. In general, fish between 40 mm and 100 mm in total length were
tagged with MiniHPT8 (8.00 x 1.40 mm, 30 mg) tags and fish between
100 and 400 mm were tagged with APT12 (12.50 x 2.03 mm, 106 mg)
tags (Table 1). Large game fish species (>400 mm) such as walleye
(Sander vitreus), muskellunge, and northern pike were tagged with
HDX23 (23.1 x 3.85 mm, 600 mg) or HDX32 (32.20 x 3.85 mm, 800 mg)
tags (Table 1).

Fish species, total length (in mm), time of day, capture method,
capture site, and the unique tag code were recorded. Photos were taken
on the ventral, dorsal, and side view to be examined later if fish could not
be identified to species on site. We were unable to confidently identify all
sculpins and minnows to species-level in the field or via field photo-
graphs and thus grouped them by genus (Table 1). Fish were returned to a
recovery bucket filled with fresh pond water after tagging and released
back into the pond in the same area in which they were captured. Air
exposure and handling time was minimized to <15 s as the tagging
process was relatively simple and did not require anesthesia. Fish were
tagged following the guidelines of the Canadian Council for Animal Care
(CCAC) and approved by the Carleton University Animal Care Committee
(AUP #110723).

2.3. Passive integrated transponder antenna array

To detect PIT tagged fish moving around, into, or out of Foster Pond, a
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Table 1
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Biological data for fish captured and PIT tagged in the Jock River and Foster Pond between May—June 2022. Tagging locations include the Jock River (JR), Foster Pond
Channel (FC), Foster Pond Front Basin (FB), and Foster Pond Back Basin (BB). Fish classified as lacustrine are known to prefer lentic habitat such as lakes and ponds.
Riverine fish are associated with lotic habitat such as streams and rivers. This general habitat information was obtained from the Ontario Freshwater Fishes Life History

Database (https://www.ontariofishes.ca/home.htm).

Tagged Species Habitat Capture Method Mean Total Length + Size Range PIT Tag Size Tagging
SD (mm) (mm) (mm) Location
Banded Killifish (Fundulus Lacustrine, Baitfish trap, Backpack electrofisher, 49+5 41-72 8 FC, FB, BB, JR
diaphanus) riverine Seine
Bluegill (Lepomis macrochirus) Lacustrine, Baitfish trap, Backpack electrofisher, 97 +£19 64-126 8,12 FC, FB, BB
riverine Seine
Bluntnose Minnow (Pimephales Lacustrine, Seine 69 69 8 JR
notatus) riverine
Brook Silverside (Labidesthes Lacustrine, Seine 76 +£3 56-78 8 FC, FB
sticculus) riverine
Brook Stickleback (Culaea Lacustrine, Seine 45+ 2 44-50 8 FC, FB
inconstans) riverine
Brown Bullhead (Ameiurus Lacustrine, Seine 137 +£5 133-140 12 BB
nebulosus) riverine
Cottus spp. Lacustrine, Seine 63+ 0 63 8 JR
riverine
Fathead Minnow (Pimephales Lacustrine, Seine 44 +1 40-67 8 FC, FB, BB
promelas) riverine
Golden Shiner (Notemigonus Lacustrine Baitfish trap, Backpack electrofisher, 100 + 6 45-117 8,12 FC, FB, BB, JR
crysoleucas) Seine
Johnny Darter (Etheostoma Lacustrine, Seine 56 56 8 JR
nigrum) riverine
Muskellunge (Esox Lacustrine, Baitfish trap 595 595 30 JR
masquinongy) riverine
Northern Pike (Esox lucius) Lacustrine, Hoop net, Seine 454 + 49 60-610 23, 32 FC, FB, BB
riverine
Notropis spp. Lacustrine, Seine 50+1 42-68 8 FC, FB, JR
riverine
Pumpkinseed (Lepomis gibbosus) Lacustrine, Baitfish trap, Backpack electrofisher, 71 +£11 60-127 8,12 FC, FB, BB, JR
riverine Hoop net, Seine
Rock Bass (Ambloplites rupestris) Lacustrine, Hoop net, Baitfish trap, Seine 104 + 15 73-148 8,12 FC, FB, BB, JR
riverine
Spottail Shiner (Notropis Lacustrine, Seine 50+ 0 50-66 8 JR
hudsonius) riverine
Walleye (Sander vitreus) Lacustrine, Seine 417 £ 9 413-439 23 FC, FB
riverine
Yellow Perch (Perca flavescens) Lacustrine, Seine 97 + 4 91-100 12 FC, FB

riverine

passive PIT array was established on 14 May 2022 with three circular,
submersible PIT antennas (Biomark IS1001, Idaho, USA) placed hori-
zontally along the bottom, spanning the width of the entrance to Foster
Pond from the Jock River (Fig. 1 (Gate 1)). The remaining seven antennas
were placed throughout the pond on 18 May 2022, creating a ten-
antenna array (Fig. 1). Antennas varied in diameter: eight were 0.90 m
and two were 1.53 m. The optimal detection efficiency in this system was
achieved by arranging antennas in a gate system, where they were placed
in groups of two or three side by side. This configuration increased the
likelihood of fish being detected by at least one of the antennas around
the circumference of the antenna or in the water column above as they
swam past. Gate 1 (G1) consisted of 3 antennas and was positioned at the
connection point between the Jock River and Foster Pond Channel
(Fig. 1). Gate 2 (G2) consisted of three antennas and was positioned at the
connection point between the channel and the front basin of Foster Pond.
Gate 3 (G3) and Gate 4 (G4) consisted of two antennas per gate and were
established at the narrow connection channel between the front and back
basin of Foster Pond, with G3 positioned at the front basin end and G4 at
the back basin end of the channel. Antennas were secured to the pond
floor with sandbags tied to the antenna frame. A buoy was also secured to
the antenna frame so that antennas could be easily located. All antennas
sat at a water depth between 1.0 m and 1.2 m. A temperature logger
(Vemco (now Innovasea Systems Inc.) Minilog-II-T, Halifax, CA) pro-
grammed to take hourly readings was placed in the pond on 20 May
2022 at a depth of 1.98 m and removed on 2 September 2022.
Detection range was tested by manually passing PIT tags over the
antennas for four different tag sizes (8 mm, 12 mm, 23 mm and 32 mm)

prior to deployment in Foster Pond. The tag reading speed was set to 0.5
m/s to maximize battery life while balancing detection efficiency. The
maximum vertical detection range for the 8 mm, 12 mm, 23 mm, and 32
mm tags were 250, 500, 550, and 700 mm respectively. Both the 8 mm
and 12 mm tags were detected between 200 mm and 250 mm out from
the circumference of the antenna, whereas the 23 mm and 32 mm tags
were detected from 250 mm to 300 mm both inside and outside the
antenna along the bottom. Every 30 days, antennas were pulled up onto
shore to offload data and change out the single 180 Ah LIFePO4 battery
per antenna. Antennas were not detecting fish during this time but were
only out of the water for a maximum of 1.5 h depending on the size of the
data download. Two antennas could be serviced per day, so the down-
loads and battery swaps occurred monthly in June, July and August over
a 5-day period. Antennas were redeployed in the same location at the
same depth. The antennas were active from 14 May 2022 to 19
September 2022, when the array was then removed from Foster Pond.

2.4. Analysis

Shapefiles to produce figures were obtained from RVCA GIS Open
Datasets (https://rvcagis.github.io/jkan/datasets/?organization&equals
;rvcaandcategory&equals;rvea-open-datasets). Maps were made in
QGIS (version 3.32.0 “Lima”). Water level (m) and discharge (m3/s) for
the Jock River for the period of 1 May to 30 September 2022 were ob-
tained from the Jock River hydrometric station near Richmond, Ontario
(station n0.02LA007; 45°14'57"N, 75°47'26"W accessed through Water
Survey of Canada (wateroffice.ec.gc.ca). Jock River temperature data
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were obtained from temperature loggers (Vemco (now Innovasea Sys-
tems Inc.) Minilog-II-T, Halifax, CA) deployed in the river on 10 May
2022 as part of a separate study. Data analysis was carried out in R
(version 4.2.1 — “Funny-Looking Kid”).

Due to manual errors recording a few tag codes, only individuals with
proper HDX tag codes were used. Fish (n = 17) that could not be assigned
an exact original location (because they were captured on 22 April 2022
before sampling sites were formally defined) were also not used in any
analysis, leaving 844 fish for analysis. A total of 37 fish were physically
recaptured over the course of the tagging period, but as the focus of this
study was movement patterns based on gate detections, physical recap-
ture rates were not included in the assessment of movement. However,
physical recaptures revealed that tagged fish were generally healthy with
the incision site showing evidence of healing (J. Reid unpublished data).

The antennas recorded detections to millisecond resolution, which
resulted in a total of 10,647,352 detections. This scale was too fine for
our purposes, so we collapsed detections to the nearest minute for
analysis (n = 125,453 detections). We first filtered the dataset to deter-
mine how many fish were detected on the array compared to the total
number tagged per species. Species that were never detected (e.g.,
muskellunge (n = 1) and Cottus spp. (n = 2)) and those with less than 3
detections (brown bullhead Ameiurus nebulosus, bluntnose minnow
Pimephales notatus, Johnny darter Etheostoma nigrum, and spottail shiner
Hudsonius hudsonius; Fig. 2) were removed from any further analysis.
Species with low sample sizes (n > 2) but sufficient detections such as
yellow perch (Perca flavescens), walleye, and brook stickleback (Culaea
inconstans) were included. This yielded a final dataset with 125,448 de-
tections from 12 species.

Movements between gates for species that were detected within
Foster Pond for only part of the monitoring period, including brook
stickleback, fathead minnow (Pimephales promelas), banded killifish
(Fundulus diaphanus), brook silverside (Labidesthes sicculus), and walleye
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(Fig. 2) were assessed at an individual level using abacus plots created
using the R package “glatos” (version 0.6.3 — “maple-bacon-donut”;
Holbrook et al., 2019). The pattern of detections at gates relative to an
individual's original capture location were used to describe movement
patterns. For fish caught in the Jock River, detections had to occur at one
of G2 or G4 to be assigned a confirmed movement out of the river and
into the pond. For fish caught in the channel between G1 and G2, de-
tections had to occur at G3 or G4 to confirm their presence in the pond.
For fish caught in the front basin, detections had to occur at G1 or G4 to
confirm their movement to the Jock River or back basin, respectively.
Finally, for fish caught in the back basin, detections had to occur at G2 or
G1 to confirm they had moved down from this basin. We acknowledge
that by not classifying detections at G3 as a movement into the front
basin for back basin origin fish that our interpretation of movement
patterns may be biased towards fish that swam further distances, but
based on the configuration of our array, G2 is a better confirmation that
back basin fish truly reached the front basin over G3. As there were no
antennas placed in the Jock River, we considered any detection of pond
fish on G1 as a movement into the Jock River and any detection of river
fish on G2 as a movement into Foster Pond. To estimate time spent be-
tween habitats, the “glatos” package was used to aggregate continuous
detections of an individual at a gate within the same hour into a single
event to provide the coarsest resolution that would still be meaningful for
interpretation. Detections that occurred in the following hour became a
new event. For fish that originated in the river, 22,315 individual de-
tections were collapsed into 1,069 distinct detection events. For fish
originating from the pond, 98,730 individual detections were collapsed
into 7,253 distinct detection events.

2.5. Detection efficiency

Detection efficiency is determined using confirmed detections at

Jun Jul Aug Sep Jun Jul Aug Sep

Month

Fig. 2. Hourly species detections at each PIT antenna gate from May-September 2022. Due to low sample size and detections, brown bullhead, bluntnose minnow,
Johnny darter, and spottail shiner are not discussed in detail. A position jitter width of 0.2 was used to better visualize the number of detections per species.
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adjacent gates located both before and after a gate (i.e., numbers of tags
detected by the antenna/number of tags known to have passed;
Zydlewski et al., 2006). Thus, in this system, detection efficiency could
only be calculated for G2 and G3. The package “glatos” was used once
more to collapse the 125,448 individual detections into 8,760 detection
events. Next, detection patterns were defined as either pass or failure. For
G2, a pass detection pattern was G1 to G2 to G3 and a failure was G1 to
G2 or G2 to G3 (in either direction). For G3, a pass detection pattern was
G2 to G3 to G4 and a failure was G2 to G3, or G3 to G4 (in either di-
rection). Double-skips (i.e., a movement pattern of G1 to G4 in either
direction) were not included in calculating individual gate detection ef-
ficiencies as this pattern would indicate a failure at both G2 and G3. We
used the number of pass detection events/the number of known detection
events to calculate detection efficiency (reported as a percentage) at G2
and G3.

3. Results
3.1. Species assemblage

A total of 861 fish from 18 different species were captured to assess
the connectivity between the Jock River and Foster Pond but only 844
fish from 16 species were used for data analysis interpretation as
described earlier (Table 1). From the four main sampling areas, we tag-
ged 219 fish in the river, 222 fish in the channel, 201 fish in the front
basin, and 202 fish in the back basin. All species tagged (with the
exception of golden shiner) are considered to occupy both lacustrine and
riverine habitats (Scott and Crossman, 1973). The species with the
highest number of tagged individuals were pumpkinseed (n = 367),
golden shiner (n = 150), and banded killifish (n = 125) (Table 2). Total
length for all species ranged from 40 to 610 mm but the majority of fish
tagged were small-bodied species or small life-stages of large-bodied
species (Table 1). The body size of tagged individuals within some spe-
cies varied greatly, such as in bluegill (64-126 mm), while other species
had tagged individuals more similar in body size (e.g., Notropis spp.,
42-68 mm).

3.2. Environmental variables

The mean monthly temperatures in Foster Pond for May, June, July,
and August were 18.1, 19.1, 21.5, and 21.5 °C, respectively (Fig. 3). The
mean temperature for September could not be calculated as the tem-
perature logger only recorded for the first two days of the month. The
lowest recorded temperature (15.2 °C) occurred on 21 May 2022 at
10:00 a.m. and the highest recorded temperature (25.7 °C) occurred on 7
August 2022 at 8:00 p.m. The mean monthly temperatures in the Jock
River for May, June, July, and August were 17.7, 20.0, 22.7, and 21.6 °C
(Fig. 3). In the river, the lowest recorded temperature (15.1 °C) occurred
on 21 May 2022 at 5:00 a.m. and the highest recorded temperature (27.3
°C) occurred on 21 July 2022 at 3:00 a.m. Discharges in the Jock River
ranged from 0.10 to 20.80 m®/s, averaging 3.66 m®/s across the study
period (Fig. 4). The water level in the Jock River ranged from 6.07 m to
6.76 m, averaging 6.27 m across the study period (Fig. 4). Water level
patterns were closely aligned with discharge.

3.3. Gate detections

A total of 544 fish from 16 species were detected on an antenna at
least once, resulting in a total of 125,453 unique detections. Of the 625
fish tagged in Foster Pond, 65% were detected (n = 406) and 63% of fish
tagged in the river were detected (n = 138). The number of individuals
within a species detected versus the number tagged are listed in Table 2.
G2 had the greatest number of detections and G4 the least, with 54,404
and 5,688 detections, respectively. The detection efficiency at G2 was
96.2% and 74.6% at G3. Rock bass (Ambloplites rupestris), pumpkinseed
(Lepomis gibbosus), and golden shiner (Notemigonus crysoleucas) were
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Table 2
Overview of detection data in the Jock River and Foster Pond from May-Sep-
tember 2022 for the twelve species with a sufficient sample size and detections.

Species Number of Total Date and Date and
Individuals Number of Location of Location of
Detected/ Detections First Last Detection
Tagged Detection
Banded 50/125 1,782 21 May, 14 August,
Killifish 06:29 (Gate 10:07 (Gate 1)
1
Bluegill 13/15 4,707 19 May, 19 September,
04:19 (Gate 22:50 (Gate 3)
1
Brook 8/26 11 22 May, 19 July, 19:16
Silverside 05:16 (Gate (Gate 2)
3)
Brook 2/2 37 26 May, 14 July, 19:36
Stickleback 17:12 (Gate (Gate 4)
1
Fathead 5/13 121 26 May, 7 July, 11:35
Minnow 08:44 (Gate (Gate 1)
4)
Golden 75/150 22,716 18 May, 18 September,
Shiner 20:34 (Gate 17:13 (Gate 2)
2)
Northern Pike 5/9 913 19 May, 17 September,
06:47 (Gate 22:56 (Gate 3)
4)
Notropis spp. 41/73 16,156 21 May, 14 September,
20:10 (Gate 18:35 (Gate 2)
2)
Pumpkinseed 285/367 25,482 19 May, 19 September,
05:35 (Gate 12:25 (Gate 2)
2)
Rock Bass 52/70 51,932 20 May, 19 September,
06:10 (Gate 07:03 (Gate 2)
2)
Walleye 2/2 799 20 May, 21 July, 20:42
22:59 (Gate (Gate 1)
3)
Yellow Perch 2/2 792 25 May, 19 September,
08:46 (Gate 09:25 (Gate 2)
3)

detected most frequently with 51,932, 25,482, and 22,716 total de-
tections respectively (Table 2).

3.4. Movement patterns

We observed movement patterns of fish within Foster Pond, and be-
tween Foster Pond and the Jock River. Within Foster Pond, 124 fish from
nine species (brook stickleback, golden shiner, banded killifish, Notropis
spp., northern pike, pumpkinseed, rock bass, and yellow perch) captured
in the channel were detected moving towards the front basin on G2 and
49 fish from seven species (brook stickleback, golden shiner, Notropis
spp., northern pike, pumpkinseed, and rock bass) were detected moving
towards the back basin on G4. Sixty-six fish from nine species (bluegill,
fathead minnow, golden shiner, banded killifish, Notropis spp., northern
pike, pumpkinseed, rock bass, and walleye) tagged in the front basin
were detected moving towards the river at G1 and 52 fish from ten
species (bluegill, brook stickleback, fathead minnow, golden shiner,
banded killifish, northern pike, pumpkinseed, rock bass, walleye, and
yellow perch) were detected moving towards the back basin at G4.

Fish were also detected moving from Foster Pond into the Jock River.
A total of 266 fish from all 12 species that were originally tagged in Foster
Pond were detected moving into the river at G1 (n = 33,752 total de-
tections). Pumpkinseed, golden shiner, and brook silverside had more
individuals moving through G1 more frequently earlier in the season
compared to later (Table 4). In a single trip, Foster Pond fish spent
anywhere from <60 s to 5 h within the river before being detected back
in the pond at G2. Of species exhibiting this movement pattern, rock bass,
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Fig. 3. Mean daily temperature in the Jock River and Foster Pond from May-September 2022. Temperature was recorded using Vemco temperature loggers (now
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Fig. 4. (A) Mean daily discharge and (B) water level recorded from the Jock River hydrometric station #02LA007 from May-September 2022.

entering the pond from the river over the monitoring period after
spending up to 2 h in the river before returning.

We also observed fish originally tagged in the Jock River moving into
Foster Pond, but only from the following five species: golden shiner,

bluegill, and pumpkinseed spent the most time in the river. Movements
of pond fish into the river were not only observed from individuals tag-
ged in areas near the river; fifteen rock bass, eighty pumpkinseed, and
one banded killifish originally tagged in the back basin were detected re-
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Table 3
Monthly detections and number of individuals tagged in the Jock River detected
on Gate #2 from May-September 2022.

Species Total Number of Detections (n = individuals) Total
! b Number of
May June July August September Individuals
Golden 11 (n 101 0 0 0 6
Shiner =5) (n=
1
Banded 16(n 63(n 18 4(n= 0 18
Killifish = =10) (= 1)
10) 4)
Rock Bass 0 2(n 0 0 0 1
=1)
Pumpkinseed 203 139 2(n 11 (n 36 (n=3) 43
n= n= =2) =3)
30) 32)
Notropis spp. 45 (n 129 7 (n 44 (n 7 (n=2) 21
= n= =2) =3)
19) 12)
Table 4

Monthly detections and number of individuals tagged in Foster Pond detected on
Gate #1 from May-September 2022.

Species Total Number of Detections (n = individuals) Total
Number of
May June July August  September Individuals
Banded 9(n 15 (n 1 0 0 5
Killifish =1) =3) =1
Bluegill 18 (n 132 100 346 (n 3BMn=4 12
=10) n= (n= =5)
10) 9)
Brook 4(n 3(n 0 0 0 5
Silverside =3) =2)
Brook 3(n 0 0 0 0 1
Stickleback =1)
Fathead 0 1(n 110 0 0 1
Minnow =1) (n=
1
Golden 67 (n 138 91 (n 6(n= 0 38
Shiner =33) (n= =5) 3)
12)
Notropis spp. 0 9(n 1(n 0 0 2
=2) =1
Northern 32 (n 92 (n 147 37 (n 20n=1) 5
Pike =3) =2) (n= =1
2)
Pumpkinseed 358 1280 1944 2506 1679 (n = 162
n= n= (n= n= 22)
88) 98) 43) 54)
Rock bass 2072 2443 1229 4722 13752 (n 32
n= n= (n= n= =3)
14) 24) 9) 10)
Walleye 0 247 0 0 0 2
(n=
2)
Yellow Perch 1(n 0 29 (n 21 (n 52(n=1) 1
=1) =1) =1)

banded killifish, Notropis spp., pumpkinseed, and rock bass. Most of the
river fish detections occurred at G1 (n = 21,140 detections or 94.73%)
with fewer detections in Foster Pond itself. There were a total of 838
detections at G2, 132 detections at G3, and 205 detections at G4 over the
monitoring period for those fish. Detections of fish entering the pond at
G2 were more frequent in the spring and early summer compared to later
in the summer, as demonstrated by the decreasing number of detections
for banded killifish, pumpkinseed, and rock bass by June (Table 3). In a
single trip, river fish spent anywhere from <60 s to 10 days within Foster
Pond before being detected back near the river on G1. River fish moved
well into the pond basins. Eight of the seventeen golden shiner tagged
were detected moving into Foster Pond at G2 and one individual was
detected moving through G3 and G4. Pumpkinseed tagged in the river
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were also detected moving into the back basin on G4. From 26 May to 4
August 2022, 18 pumpkinseed of river origin moved into or out of the
back basin. One individual was detected at G4 on multiple times on five
separate days—May 26, 29, 30, 31 and June 5 before returning to G1
later that day. Notropis spp. from the river were also detected in the back
basin across a similar timeframe.

Species such as bluegill, northern pike, pumpkinseed, rock bass, and
yellow perch were detected consistently across gates and moving be-
tween habitats over the monitoring period (Table 4). Other species, such
as brook stickleback, fathead minnow, banded killifish, brook silverside,
and walleye were not consistently detected. These species were all first
detected in late May before detections dropped off in the middle of the
summer (Fig. 2). Brook stickleback, fathead minnow, brook silverside,
and walleye were all detected at at least one gate until mid-July, while
banded killifish were detected until mid-August. None of those species
were detected again after this period (Table 2). Brook stickleback,
fathead minnow, and brook silverside were all last detected within the
pond but otherwise did not demonstrate a noticeable pattern in their
movements during the detection period. Though there were only two
walleye detected (both adults and among the largest individuals tagged
in the study), these two individuals displayed the same movement
pattern within Foster Pond as they were consistently detected moving
between G3 and G4 in late-May and June before moving into the Jock
River at G1 in mid-July. Banded killifish spent the most time in the lower
channel/pond between G1 and G2 but were detected further into the
pond at G3 and G4 beginning in July.

4. Discussion

We found strong evidence that Foster Pond and the Jock River
function as an interconnected system and that Foster Pond is used by
mostly small-bodied fish as habitat throughout the summer months with
occasional use by some large-bodied fish. The fish community sampled
between these habitats suggests that rehabilitated infrastructure in urban
environments can support a diverse range of native fish species. Based on
our findings, there is potential for created habitats initially intended for
stormwater management to be rehabilitated and reconnected to riverine
systems to support aquatic biodiversity in urban areas.

We captured and tagged eighteen different species of fish, mostly
comprising smaller-bodied “baitfish”, but three gamefish species (i.e.,
muskellunge, walleye, northern pike) were opportunistically tagged as
well. The species richness observed in Foster Pond is comparable to other
studies sampling urban freshwater habitat in this region. For example,
Bliss et al. (2017) found a total of 22 species after sampling from June
2012 to May 2013 in Watts Creek, Ottawa, Ontario and an associated
stormwater drain. The species found in Watts Creek were similar to
species found in Foster Pond including banded killifish, bluntnose
minnow, brook stickleback, pumpkinseed, golden shiner, fathead
minnow, spottail shiner (Notropis hudsonius), and yellow perch. Addi-
tionally, all the species captured and tagged in this study were native to
the Jock River, though non-native common carp (Cyprinus carpio) were
observed swimming in the pond while sampling (J. Reid, unpublished
data). This is an encouraging finding for natural resource managers, as
existing literature has demonstrated that urban ponds and stormwater
infrastructure often support introduced species and in larger quantities
than native species (Copp et al., 2005; Kwik et al., 2013; Wilkinson et al.,
2021). These findings demonstrate the ecological value of Foster Pond,
highlighting its role as a habitat that supports a diverse range of native
fish species amidst the challenges posed by urbanization.

Although an inventory of fish species found in Foster Pond and the
Jock River during the spring and summer months may be informative to
natural resource managers, these findings fail to consider the full suite of
biodiversity. Moreover, without proper documentation of the species
present in the Jock River and their spatial ecology before, during, and
after the creation of what is now Foster Pond due to the lack of moni-
toring, it is difficult to tell whether rehabilitation activities maintained
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and/or improved broader biological diversity in the system or overall
ecosystem health and functioning (Lepori et al., 2005; Tullos et al., 2009;
Stranko et al., 2012). Specifically, rehabilitation goals were aimed at
providing spawning and juvenile nursery habitat for muskellunge and
northern pike, and it is not clear from our findings that this was achieved
in full. Conclusions about Foster Pond's functionality for muskellunge
cannot be drawn from a sample size of one individual. Northern pike of
various sizes (and presumably age) were found occupying Foster Pond
but evidence of spawning remains weak with the only evidence being the
capture of a single juvenile. Nonetheless, our focus was on connectivity
and we documented evidence of significant ecological connectivity be-
tween the Jock River and Foster Pond, which presumably bodes well for
other indicators of freshwater biodiversity.

Riverine ecosystems are sensitive to environmental and anthropo-
genic changes but increasing physical connectivity in these systems can
have a positive effect on habitat availability and heterogeneity (McClu-
ney et al., 2014; Van Looy et al., 2019). Heterogeneous habitat patches
(e.g., differing in substrate, vegetation, or hydrologic conditions) can
provide refugia critical to resisting disturbance, while increasing
ecological resilience in aquatic communities (Lake, 2000; Angeler and
Allen, 2016; Van Looy et al., 2019). In shallow, lentic systems, high water
temperatures can contribute to an overgrowth of submerged aquatic
vegetation (Ersoy et al., 2020), creating barriers for connectivity during
low water periods. During a small drought-like period in the system in
July, fish were detected moving from the Jock River into Foster Pond and
vice versa, though less frequently than during other months. As well,
adult walleye (a cool water species with an optimal thermal range be-
tween 11 °C and 25 °C; Lester et al., 2004) spent the spring in Foster Pond
but departed mid-summer, which coincided with increasing water tem-
peratures to between 23 °C and 25 °C. Behavioral responses to changing
environmental conditions such as thermoregulation can influence habitat
selection if there are heterogeneous habitats to choose from (Lennox
et al., 2019). These findings demonstrate how the channel connecting
Foster Pond and the Jock River facilitate movements during difficult
environmental and biological conditions for fish. Additionally, this pro-
vides key evidence for urban planners that any future constructed ponds
should have deep, wide inlet and outlet flow channels as channel design
and construction can have a significant impact on connecting and
establishing aquatic corridors (Vietz et al., 2016). Overall, our work
demonstrates that the fish of the Jock River and Foster Pond are
inter-connected communities, and that fish need to be able to move be-
tween backwater, vegetated, lentic habitat and riverine habitat at
different times to acquire resources and more ideal habitat (Schlosser,
1991).

The ecological requirements of fish shift over their development pe-
riods and can provide insights into various biological and ecological
processes (Werner and  Gilliam, 1984; Nakazawa, 2015;
Sanchez-Hernandez et al., 2019; Kwak et al., 2023), including move-
ment. Ontogenetic habitat shifts between littoral and limnetic foraging
areas are common for lacustrine fish (Werner and Hall, 1988; Wu and
Culver, 1992). In bluegill, predation risk from largemouth bass caused a
change in habitat during ontogeny, and thus a diet-related ontogenetic
shift from feeding on benthic macroinvertebrates to zooplankton
(Werner and Hall, 1988; Sanchez-Hernandez et al., 2019). Despite age
determination not being a focus of our methods, given that individuals
within some species varied widely in body-size, it is likely fish of various
ontogenetic stages were tracked. The number of pumpkinseed detected
decreased in the summer compared to the spring (both for individuals
moving into the pond or into the river). This may suggest that limnetic
areas between gates (either in the basins or the river) were more favor-
able for pumpkinseed at this time. Ontogenetic habitat shifts also include
juveniles shifting from nursery to adult habitat (McCormick, 1998;
Dahlgren and Eggleston, 2000; Choi and Suk, 2012). Sampling methods
such as seining allow for the capture of juvenile individuals in the littoral
zone, but the placement of PIT antennas was biased towards detecting
fish swimming through wider, deeper channels—for example, juvenile

Water Biology and Security 4 (2025) 100333

and adult northern pike were tagged, but only adults were detected on
antennas. Though the time spent varied between different areas of Foster
Pond or between Foster Pond and the river (across species and within a
species), our findings demonstrate that the efforts to connect these two
habitats has likely increased the habitat mosaic available to fish and
specific uses of habitat by species and determinants of movement should
be explored further in future studies.

Although 861 individuals from 16 different fish species were tagged,
only 63% of tagged fish were detected and many individuals were only
detected a few times over the course of the monitoring period. The ver-
tical habitat use of certain species in combination with the design of our
array may have limited the number of detections. The antennas were
placed between 1.0 m and 1.2 m deep, but the maximum read range for
the PIT tags was only 0.25 m-0.70 m deep depending on tag size. Brook
silverside are surface swimmers, especially at night, and may have
occupied an area just outside of the reading range of the antennas for
most of the study (Wahl and Stein, 1991; Powles and Sandeman, 2008).
For other species, it is difficult to determine if lack of detections was a
result of tagging mortality or loss, restricted/subtle movement, or poor
detection efficiency. Now that there is a preliminary understanding of the
fish community in the system, a combination of a larger sample sizes for
species of interest and a PIT antenna array with more coverage could
potentially increase the number of fish detected and provide more con-
fidence in the exact position and direction of movement. Additionally,
this study was conducted during the summer months in a temperate
climate and species were only captured between May and June. Thus,
questions still remain regarding how the fish in the Jock River watershed
use Foster Pond in other seasons, potentially as winter refugia. A study
branching off from the work presented here is now underway, examining
the annual use of Foster Pond, and another nearby compensation pond,
by walleye, northern pike, and white sucker (Catostomus commersonii)
using acoustic telemetry methods.

5. Conclusions

The results indicate that Foster Pond and the Jock River are ecolog-
ically inter-connected systems that facilitate the movement of different
freshwater fish species during the summer. Various fish may occupy
Foster Pond at different times of the year and for variable durations
depending on the extent to which the habitat provides spawning,
foraging, nursery, or refuge habitat for a given species. Furthermore, the
current design of Foster Pond supports fish movement (both small-bodied
fish as well as some evidence of larger bodied species) between the pond
and river even during low water periods. This is critical given that
extreme weather conditions (manifested as decreased precipitation and
increased temperatures) will become more common because of global
climate change. Nonetheless, given the potential for sedimentation or
other fluvial-geomorphological processes to impact the connection,
ongoing monitoring by water resource engineers should occur to ensure
that hydraulic connectivity (and thus ecological connectivity) is main-
tained. The functionality of Foster Pond demonstrates the potential for
rehabilitation of urban infrastructure into freshwater habitat (Piczak
et al., 2024). Urban wetlands, ponds, and water courses will become
increasingly important in maintaining habitat diversity for freshwater
species as those ecosystems (Chester and Robson, 2013), especially
wetlands, are at high risk of degradation or complete loss because of
urbanization (Brinson and Malvarez, 2002). It is important that reha-
bilitation projects are effectively designed and monitored to support the
life history and ecological needs of urban freshwater species to maintain
and promote biodiversity in urban areas (Chester and Robson, 2013),
helping to facilitate a more balanced future for people and the environ-
ment (Wu, 2014; Piczak et al., 2024).
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