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Abstract

Shoreline erosion in lakes is a pressing issue for many landowners, yet common erosion mitigation practices that involve
armoring can alter littoral habitat and potentially diminish near-shore biodiversity. We studied the effects of two armoring
methods (i.e., riprap, retaining walls) on habitat, taxonomic richness, relative abundance, and total abundance of fishes and
benthic macroinvertebrates at shorelines on Big Rideau Lake in eastern Ontario, Canada. Snorkel surveys were conducted to
assess aquatic habitat characteristics and fish diversity, and benthic infauna were sampled using kick-nets. Submergent and
emergent macrophytes were more abundant at natural rocky shorelines compared to shorelines modified with riprap or retain-
ing walls. Coarse woody debris was also more abundant at natural shorelines compared to riprap and retaining wall shorelines.
Relative abundances of some fish species varied between shoreline types, but overall species richness and total abundance
did not. Largemouth Bass (Micropterus salmoides) were more abundant at natural sites than armored sites. Conversely, Rock
Bass (Ambloplites rupestris), Pumpkinseed (Lepomis gibbosus), Bluegill (Lepomis macrochirus), Yellow Perch (Perca flave-
scens), and baitfish from the family Cyprinidae were more abundant at both types of armored sites compared to natural sites.
Taxonomic richness of benthic macroinvertebrates did not vary among shoreline types, however abundance of Amphipoda,
Isopoda, Ephemeroptera, and Cladocera was greater at armored shorelines. These results suggest that human modification
of shorelines is altering littoral ecosystems and potentially leading to shifts in the community structure of littoral nekton.
More study is needed to fully understand the community level effects of shoreline erosion mitigation involving armoring in
freshwater lakes and determine the effectiveness of alternative mitigation strategies that preserve natural habitat features.
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Introduction

Anthropogenic alteration of natural ecosystems is arguably
the greatest challenge facing biodiversity today (Vitousek
et al. 1997). Historically, shorelines have been popular sites
for human settlement with roughly one-third of the human
P4 Auston D. Chhor population currently living within close proximity of a

auston.chhor @carleton.ca shoreline and the proportion expected to increase to one-
half by 2030 (Small and Nicholls 2003; Liddle and Scor-
gie 1980; MEA 2005). This has resulted in the alteration of
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shorelines has been shown to cause numerous ecological
detriments including reducing accumulation of washed-up
organic matter (Wensink and Tiegs 2016), increased local
turbidity (Bozek and Burdick 2005), and reduction in the
ability to moderate pollutant runoff (NRC 2007). Armored
shorelines can also cause habitat fragmentation or loss of
habitat by creating barriers between the aquatic, riparian,
and terrestrial realms (Peterson and Lowe 2009; Dugan et al.
2011). Currently, habitat degradation is the leading driver
of extinction (Pimm and Raven 2000; Brooks et al. 2002;
Giam et al. 2010; Pimm and Askins 1995) and as erosion
mitigation strategies continue to be implemented worldwide,
research is needed to examine their effects on aquatic bio-
diversity and guide developers towards adopting alternative
strategies that maintain or enhance biodiversity.

Despite only occupying less than 1% of the earth’s sur-
face, freshwater ecosystems support approximately one-third
of all vertebrate biodiversity and 10% of total biodiversity
(Strayer and Dudgeon, 2010). In lentic ecosystems, the near-
shore habitat accounts for a small fraction of the total lake
area yet the overwhelming majority of lentic organisms fre-
quent or permanently inhabit it (Vadeboncoeur et al. 2011).
The near-shore area, commonly defined as the littoral zone
in lakes, serves as critically important habitat for a vari-
ety of aquatic species by providing refuge from predators,
overwintering sites, and spawning grounds (Hall and Werner
1977). Additionally, the vast majority of freshwater aquatic
macrophyte diversity is found in the littoral zone (James
et al. 1997). Freshwater ecosystems are among the most
threatened, with biodiversity loss in freshwater ecosystems
occurring at triple the rate of that in terrestrial or marine
ecosystems (Tickner et al. 2020). As a result, destruction of
shoreline habitat is one of the most pressing issues facing
ecosystem management in lakes worldwide (Bryan and Scar-
necchia 1992; Schmieder 2004; Vadeboncoeur et al. 2011).

In both freshwater and coastal systems, two similar meth-
ods of erosion mitigation are commonly used. Riprap revet-
ments consist of shore-parallel, sloped barriers of uncon-
solidated rock or rubble (Quigley and Harper 2004; Gittman
et al. 2015), are relatively cost-effective and require minimal
excavation of shoreline substrate to construct. Conversely,
retaining walls are fully consolidated barriers of concrete or
stone perpendicular to the water line (Gittman et al. 2015)
and implementation typically requires more excavation. Use
of both of these shoreline armoring methods has the poten-
tial to disrupt riparian characteristics by either adding new
substrate, removing existing substrate, or altering shoreline
slope and composition. The ecology of the littoral zone is
greatly influenced by these riparian characteristics (shore-
line slope, substrate permeability), and alterations that affect
runoff dynamics can lead to eutrophication of the littoral
zone (Mallin et al. 2000; Dillon et al. 1994; Garrison et al.
2010). The implementation of armored erosion mitigation
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techniques can cause a variety of physical changes to exist-
ing habitat such as reducing the input of coarse woody debris
(Christensen et al. 1996), reducing aquatic macrophyte
stands (Radomski and Goeman 2001; Jennings et al. 2003),
and decreasing littoral habitat complexity (Schmude et al.
1998). Removal of riparian vegetation and coarse woody
debris (CWD) during construction can reduce aquatic nek-
ton communities as it provides important habitat for a vari-
ety of species (Harmon et al. 1986; Helmus and Sass 2008)
and habitat complexity tends to be positively related to bio-
diversity along shorelines (Kostylev et al. 2005; Schmude
et al. 1998; Newbrey et al. 2005).

Shoreline biodiversity is heavily dependent on physical
structure, nutrient inputs, and climate (Strayer and Findlay
2010), and the aforementioned effects that riprap and retain-
ing wall usage can have on shoreline habitat can alter the
community structure of fish (Jennings et al. 1999; Maceina
etal. 1991; Toft et al. 2007; Brazner 1997; Bryan and Scar-
necchia 1992; Kornis et al. 2018), aquatic plants (Strayer
et al. 2012; Patrick et al. 2016), and benthic macroinver-
tebrates (Brauns et al. 2007; Bilkovic and Mitchell 2013).
These effects also vary strongly based on species-specific
attributes like diet, body size, and habitat preference (Kornis
et al. 2018). For example, shoreline armoring, especially
riprap revetments, can create favourable habitat for rock-
oriented taxa while reducing habitat for species preferring
macrophyte-dominated substrate such as Largemouth Bass
(Scott and Crossman 1973; Warren 2009). Kornis et al.
(2018) also found that nekton community structure at hard-
ened and natural shores was influenced mostly by their feed-
ing strategy and biomass was highest at hardened shores
relative to natural shores.

Habitat alteration can also reduce the diversity and abun-
dance of benthic macroinvertebrates. Brauns et al. (2007)
found a positive relationship between the proportion of
developed shorelines in a lake and the abundance of chirono-
mids, however the abundance of other macroinvertebrate
taxa exhibited a negative trend. The same study also found
variance in the abundance of different feeding strategies at
developed shores (riprap, beaches, retaining walls) and natu-
ral shores, mirroring trends found in nekton communities.
Additionally, Lovall et al. (2017) noted a decrease in benthic
infauna biomass on armored shores, as well as a shift from
predatory taxa to filter-feeding taxa. Morley et al. (2012)
also observed a tenfold decrease in epibenthic invertebrate
density at armored shorelines compared to unaltered shores.
Recently, developers have been moving towards adopting
alternative “natural” mitigation strategies that involve live
plants (i.e., living shorelines; Bilkovic et al. 2016) instead
of hard substrate as shoreline protection. However, hybrid
shorelines still may not be as diverse as fully natural shores
(Bilkovic and Mitchell 2013). As benthic macroinvertebrates
serve as qualitative indicators of ecosystem health (Purcell
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et al. 2009; Adakole and Anunne 2004) understanding the
impact of shoreline armoring on benthos communities has
important applications for a variety freshwater conservation
issues.

Anthropogenic shoreline development is expected to
increase considerably in the future in both intensity and
spread (Schmieder 2004). Understanding the impacts that
common erosion mitigation techniques can have on littoral
habitat and communities allows developers to make eco-
logically responsible decisions that contribute to the pres-
ervation of aquatic ecosystems. On an almost daily basis,
resource managers and regulators review plans related to
erosion control but have little empirical data from freshwater
systems to guide them (Abdel-Fattah and Hasnain 2017).
By studying the community composition of fish and ben-
thic macroinvertebrates alongside characterization of habi-
tat metrics at riprap revetments, retaining walls, and natural
shorelines, we aim to provide a comprehensive case study
of the ecological impacts of armored erosion mitigation on
freshwater shoreline ecosystems.

Methods
Study site

Big Rideau Lake is a deep (maximum depth 110 m), oligo-
mesotrophic (total phosphorous =0.013 mg/L), dimictic lake
located in eastern Ontario, Canada (RVCA 2014). The lake
is 32 km long and 6 km wide at its widest point, making it

Fig. 1 Transect locations on Big
Rideau Lake. Natural shorelines
are denoted by crosses, riprap
shorelines are denoted by cir-
cles, and retaining wall shore-
lines are denoted by triangles

84 Shoreline Type

5 = Natural
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the largest lake in the Rideau Canal system—a manmade
waterway connecting Kingston and Ottawa. The lake has
dense cottage development on most stretches of shoreline
and heavy boat traffic. Additionally, the lake is a popular
recreational fishery for black bass, hosting multiple com-
petitive fishing tournaments each summer. These attributes
allow Big Rideau Lake to serve as a model for other heavily
developed recreational lakes in eastern Ontario and more
broadly in midwestern and northeastern North America. Due
to the extent of development, Parks Canada, the responsible
authority for shoreline protection, routinely provides guid-
ance for better implementation of erosion mitigation on rec-
reational shorelines.

Site selection

Fieldwork began on July 5th, 2018 and continued peri-
odically until completion on August 20th, 2018. Satellite
imagery (Google Earth V 7.3) was used to locate 20 riprap
sites, 20 retaining wall sites, and 20 natural sites through-
out Big Rideau Lake (Fig. 1). Although we attempted to
equally distribute treatments among all shorelines of the
lake, many riprap and retaining wall sites were situated on
the northernmost and southernmost shore where cottage
density was greater. Sites were visually inspected in order
to meet the following definitions: Riprap sites were defined
as shoreline altered with large (boulder, cobble—often bro-
ken rock), unconsolidated rubble with an upwards sloping
shore. Retaining walls were defined as shoreline altered
with a wall of concrete or consolidated rock approximately

@ Springer



73 Page4of13

A.D. Chhoretal.

vertical. We selected natural rocky shorelines with similar
slope angle and substrate size as altered rip rap shores. We
felt this provided a strong comparison between anthropo-
genically altered and unaltered shore types. The sites we
studied were not in backwater wetland areas nor artificial
beach habitats where different forms of erosion mitigation
were typically used. To the best of our ability we selected
armored sites that would have been natural rocky shorelines
prior to alteration (presumed based on habitats on either side
of armored areas and general landscape configuration). We
surveyed a different geographic region of the lake (north
shore, south shore, east shore, west shore) each day and site
order (riprap, retaining wall, natural) was systematically
randomized on each excursion in order to prevent biasing
results due to diurnal fish migrations (Romare et al. 2003).
Additionally, surveying was conducted between the hours
of 9:00 am and 4:00 pm under clear weather, thus avoiding
crepuscular periods where fish community shifts might be
expected. Upon arrival at a study site, we positioned the boat
perpendicular to the shoreline with the bow approximately
5 m away from shore. Using a digital rangefinder (Halo
XL450-7) we determined a 30 m transect parallel to the
shore with a starting point at least 5 m away from the bow
of the boat. This was done proactively to prevent disturbance
of the study site prior to the swimmer entering the water.
Sites were only selected if the shoreline treatment (riprap,
retaining wall, natural rocky) spanned the entire 30 m of the
transect in a continuous manner.

Habitat metrics

Habitat assessment was conducted following underwater
visual census methods detailed in Zolderdo et al. (2019).
Abundances of submergent macrophytes, emergent mac-
rophytes, and coarse woody debris (CWD) were measured
for each transect by assigning a score between 0 (no abun-
dance) and 100 (total coverage of field of view). Assessment
of habitat metrics was conducted at standardized intervals
(0 m, 15 m, 30 m) along the transect, and only habitat char-
acteristics within the immediate vicinity of the snorkeler
(~5 m radius) were scored. Submergent macrophytes were
defined as aquatic plants with photosynthetic parts exclu-
sively underwater (Ceratophylum, Elodea, Myriophyllum),
and emergent macrophytes were defined as aquatic plants
with any photosynthetic parts exposed to air (Lemna, Nym-
phaea). Coarse woody debris was defined as any partially
submerged or fully sunken wood below the water line and
was assessed by the snorkeler underwater. Depth was visu-
ally estimated to the nearest 0.5 m and defined as the water
depth immediately below the snorkeler. Habitat scores were
assessed by a single snorkeler to prevent error/bias due to
the subjective nature of the scoring system.
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Fish identification and counting

All transects were surveyed by a single snorkeler using a
standard kit (black mask, black snorkel, black fins, and black
wetsuit) to limit the potential influence of equipment on fish
behaviour. Snorkel surveys were conducted following stand-
ard snorkel survey protocols described in the Salmonid Field
Protocols Handbook (O’Neal 2007). The field of observation
was limited to the area between the swimmer and the shore-
line with the swimmer looking slightly towards shore swim-
ming at a steady pace (O’Neal 2007). Fish were counted and
identified when passed to prevent double counting (O’Neal
2007). All observations were recorded underwater using
pencil on a PVC dive slate which was also used to visually
estimate the total length in centimeters of each individual
fish encountered using a pre-drawn scale with 5 cm breaks.
We believe this allowed us to estimate fish length with rea-
sonable accuracy (nearest 5 cm). Due to difficulties with
rapid identification, small baitfish were classified by two
morphologically distinct families: Cyprinidae (minnows,
dace, shiners) and Percidae (darters, small benthic fishes).
These two families were easily distinguished by attributes
such as the number of dorsal fins (1 in Cyprinidae, 2 in Per-
cidae) and body shape (laterally compressed in Cyprinidae,
dorsally compressed in Percidae). Due to the often school-
ing nature of these taxa, the snorkeler attempted to estimate
the length of to the “average” sized individual although we
recognize that this method was imperfect. Given that most
fish in the Cyprinidae and Percidae family that we encoun-
tered were small, they were almost always scored as being
5 cm in length. The total number of individuals in a school
was rapidly estimated to the nearest 5, although we noticed
most schools were relatively manageable in size (1-10 indi-
viduals) and individuals were commonly of similar length.
All surveying was conducted under sunny conditions with
minimal wave action to maximize visibility and to limit the
effect of weather on fish abundance and behaviour.

Benthic infauna sampling

A sample of bottom substrate was collected immediately
after the snorkel survey by the snorkeler at the 15 m mark
along the transect. Sediment sampling was conducted fol-
lowing the EPA protocol for kick-net sampling (EPA 2003).
Samples were collected by agitating bottom substrate using
rapid kicks to dislodge sediment into a 500 um kick net
while conducting a 2 m linear sweep. Samples were trans-
ported to the boat by the snorkeler and rinsed extensively
to remove fine particles (~3 min) using a battery powered
pump through a 500 pm sieve. Large debris such as rocks,
twigs and broken shells were rinsed and manually discarded.
Remaining material was transferred to a 500 mL resealable
bag and stored on ice in a cooler until transport back to the
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laboratory to prevent predation of small specimens by preda-
tory taxa such as Anisoptera and Megaloptera. Samples were
transported to the Queen’s University Biological Station
within hours of their collection where they were subjected
to further rinsing in a 500 pm sieve and further removal of
large debris. Due to the relatively close proximity of the
study site to the laboratory, samples remained on ice for no
longer than 1 h. Remaining material was then transferred
into 500 mL Whirl-Pak bags and preserved in 90% ethanol.

Benthic infauna identification

Benthos identification and picking was conducted follow-
ing the Ontario Benthos Biomonitoring Network (OBBN)
standard protocol for benthos picking (Jones et al. 2007).
Preserved samples were transported to the Paleoecologi-
cal Environmental Assessment and Research Lab (PEARL)
at Queen’s University in Kingston, Ontario. For each sam-
ple, material was passed through a stacked sieve system
comprised of a 2000 um sieve on top of a 500 pum sieve.
Material was rinsed extensively, and the coarse sieve was
visually inspected for large specimens that remained. Large
specimens were manually picked from the sieve using fine
tweezers and transferred to a large 1 L beaker. These were
usually composed of specimens from the orders Anisop-
tera, Amphipoda, Trichoptera, and Ephemeroptera. Mate-
rial retained on the 500 um sieve was transferred to a
large 1 L beaker using a squeeze bottle of distilled water.
Subsampling was then conducted following the OBBN
“bucket” method (Jones et al. 2007). The large 1L beaker
was filled with 500 mL of tap water and agitated. A small,
100 mL beaker was then submerged to gather a subsample
of specimens. Floating specimens in the small beaker were
counted, identified, and stored in a small vial of 90% etha-
nol. Excess water in the small beaker was poured back into
the large beaker until ~80 mL remained. The sample was
then transferred into shallow dissecting trays (80 mL) to be
analyzed under a dissecting microscope (Nikon SMZ645).
Specimens were picked using the OBBN benthos tally sheet
under microscope and transferred into the ethanol filled vial
for archiving. Only specimens with an intact head and tho-
rax were fully identifiable and therefore counted towards
the final tally. Empty protective cases of Trichoptera were
not counted. Subsampling was conducted until at least 100
specimens were picked in total or the entire original sample
was picked (Jones et al. 2007).

Benthic infauna pollution tolerance classification

Benthic infauna were categorized by their pollution toler-
ance. Group 1 taxa (mayflies, stoneflies, caddisflies) were
classified as sensitive to pollution, Group 2 taxa (amphi-
pods, isopods, damselflies, dragonflies) were classified as

intermediate tolerance, and Group 3 taxa (leeches, chirono-
mids, aquatic worms) were classified as pollution tolerant
(Kerans and Karr 1994).

Data analysis

R Version 1.1463 (R Core Team 2019) was used to con-
duct statistical analyses and create figures. Species richness
and relative abundance of fish and benthic infauna were
compared between shoreline types using generalized lin-
ear models (GLM’s). GLM’s for count data (richness, rela-
tive abundance) were run under a Poisson distribution with
shoreline type as the single dependent variable. We used
Tukey’s honest significant difference test (TukeyHSD) to
draw pairwise comparisons for the abundance of each fish
species and benthic infauna taxa between shore types. Data
for total abundance and depth were continuous, so GLM’s
were run under a normal distribution and pairwise compari-
sons made using TukeyHSD. Habitat metrics were scored on
a scale of 0—100, and scores were rounded to the nearest 5.
This allowed us to use Poisson regression analysis to com-
pare habitat scores of submergent macrophytes, emergent
macrophytes, and coarse woody debris between shore types
and make pairwise comparisons using TukeyHSD. For each
transect, biomass (W) of each fish species was calculated
using total length (L), known regression coefficients for
each species [intercept (a) and slope (b)] and the standard
fish biomass equation W = aL® (Schneider et al. 2000), an
approach previously used to survey fish communities in this
region (Zolderdo et al. 2019). Because baitfish were only
identified to the family level, regression coefficients of rep-
resentative species (Spottail Shiner (Notropis hudsonius) for
Cyprinidae and Blackside Darter (Percina maculata) for Per-
cidae) were used for our calculations (Schneider et al. 2000).
Kruskal-Wallis tests were used to compare differences in
biomass of fish species between shore types as the data did
not follow a normal distribution. Post-hoc comparisons were
conducted using Dunn’s test.

Results
Habitat characteristics

Transect depth ranged between 0.5 m and 1.5 m and mean
depth of all reaches was 1 m. Mean transect depth varied
significantly between shoreline types (df =2, f=13.88,
p<0.001) and was significantly greater in natural sites com-
pared to armored sites (Riprap—Natural: p=0.002, Wall—
Natural: p<0.001). Armored shorelines scored significantly
lower for all habitat metrics. Submergent macrophyte scores
varied significantly between shoreline types (f=3.87, df =2,
p=0.03) and were 4 x higher in natural shorelines compared
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to retaining walls (p=0.03) (Fig. 2). Emergent macrophyte
scores also varied significantly between shoreline types
(f=7.53,df=2, p=0.001) and were significantly higher in
natural shores compared to retaining walls (p=0.002) and
riprap revetments (p=0.01) (Fig. 2). Coarse woody debris
scores varied significantly between sites (f=4.85, df =2,
p=0.01) and were significantly higher in natural shores
compared to armored shores (Riprap—Natural: p=0.04,
Wall—Natural, p=0.02) (Fig. 2).

Fish diversity and relative abundance

Centrarchids dominated assemblages at all shoreline
types in Big Rideau Lake. Of the centrarchids, Bluegill
(Lepomis macrochirus) were the most abundant while
Largemouth Bass were the least abundant. Northern
Pike and Percid minnows were rarely observed (< 3 indi-
viduals) during the study, thus data were not analyzed.
Total abundance was typically highest in riprap sites and
lowest in natural sites, however the difference was not
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statistically significant (Fig. 3). Species richness did not
vary significantly among shoreline types (chisq=1.08,
df=2, p=0.5) (Fig. 3). Pumpkinseed abundance varied
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-

Natural Rap Wall
Shoreline Type

o

IS

Mean richness per transect
N

o

Fig.3 Species richness and total abundance of fish at natural, riprap,
and retaining wall shorelines. Error bars denote min/max values

N w H
o o o
1 1 1

Emergent Macrophyte Score
=

Natural Rap Wall
Shoreline Type

o
L

1.50 1

-

N

o
L

-

o

o
L

Mean Depth

0.751

0.50 1

Natural Rap wall
Shoreline Type

Fig.2 (From top left): mean habitat score per transect for submergent macrophytes, emergent macrophytes, and coarse woody debris (CWD)

along with mean transect depth (m). Error bars denote min/max values

@ Springer



Ecological consequences of shoreline armoring on littoral fish and benthic macroinvertebrate...

Page70f13 73

p<0.001) and was significantly greater at retaining walls
and riprap shores compared to natural shorelines (natu-
ral-wall: p<0.001, natural-rap: p=0.02). Pumpkinseed
abundance was also significantly higher at retaining walls
compared to riprap shores (p=0.04). Bluegill abundance
varied significantly between shoreline types (chisq=11.6,
df=2, p=0.002) and was significantly higher at retain-
ing wall sites compared to natural sites (p=0.002) and
trending towards being higher at riprap shores compared
to natural shores (p=0.07). Yellow Perch abundance var-
ied significantly among shoreline types (chisq=24, df=2,
p <0.001) and was significantly higher in both armored
sites compared to natural sites (wall-natural: p <0.001,
rap-natural: p=0.003) but did not differ between armored
sites (p=0.3). Rock Bass abundance varied signifi-
cantly between shoreline types (chisq=72.25, df =2,
p <0.001) and was significantly higher in riprap sites
compared to both natural sites (p <0.001) and retain-
ing walls (p <0.001). Cyprinid minnow abundance var-
ied significantly among shoreline types (chisq=42.1,
df=2, p<0.001) and was significantly higher in natural
sites compared to retaining walls (p=0.001) and higher
in riprap sites compared to retaining walls (p <0.001).
Largemouth Bass abundance varied significantly between
shoreline types (chisq=21.2, df=2, p<0.001) and was
significantly higher in natural sites compared to both
riprap (p=0.008) and retaining walls (p <0.01). Small-
mouth Bass abundance did not vary among shoreline types
(chisq=0.02, df =2, p=0.99) (Fig. 4). Total biomass was
greatest at riprap shorelines and lowest at natural shore-
lines but did not vary for individual fish species among
shoreline types.
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Fig.4 Relative abundance of Pumpkinseed (PS), Bluegill (BG), Rock
Bass (RB), Yellow Perch (YP), Cyprinid minnows (CM), Largemouth
Bass (LMB), and Smallmouth Bass (SMB) at natural, riprap, and
retaining wall shorelines. Error bars denote standard error. Data for
Percid minnows and Northern Pike were not analyzed due to sample
size constraints

Benthic macroinvertebrate diversity and abundance

Species richness of benthic infauna did not vary between
shoreline types (Fig. 5). The majority of samples contained
at least 100 specimens, and the four samples that did not
were from retaining walls and natural shorelines. Amphi-
pod abundance varied significantly between shoreline types
(chisq=21.7,df =2, p<0.001) and was significantly higher
at riprap shorelines compared to retaining walls (p=0.002)
and natural shorelines (p <0.001). Isopod abundance varied
significantly between shoreline types (chisq=16.4, df =2,
p<0.001) and was significantly higher at riprap shore-
lines compared to retaining walls (p=0.002) and natural
sites (p <0.01). Cladocera abundance varied significantly
between shoreline types (chisq=26.8, df =2, p<0.001) and
was significantly higher at riprap shorelines compared to
natural sites (p=0.03) and retaining walls (p <0.001). Cla-
docera abundance was also significantly higher at natural
sites compared to retaining walls (p=0.003). Mayfly abun-
dance varied significantly among sites (chisq=14.6, df=2,
p<0.01) and was significantly higher at retaining walls com-
pared to natural shorelines (p=0.02) and riprap shorelines
(p<0.01) (Fig. 6).

Discussion

The aquatic macrophyte community was severely reduced
at both riprap sites and retaining walls compared to natural
shorelines. Loss of biotic habitat was the most prevalent at
retaining wall sites where submergent and emergent mac-
rophyte coverage was the lowest out of all shoreline types.
Retaining walls may increase reflectance of wave action by
the shoreline into the littoral zone, causing increased tur-
bidity and inhibiting root attachment (Patrick et al. 2016).
Decreased water clarity also reduces light penetration into

o
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Fig.5 Taxonomic richness of benthic macroinvertebrates at natural,
riprap, and retaining wall shorelines. Error bars denote min/max val-
ues
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Fig.6 Relative abundance of benthic macroinvertebrates at natural,
riprap, and retaining wall shorelines. Amph amphipoda, Iso isopoda,
Dec decapoda, Clad cladocera, Eph ephemeroptera, Anis anisoptera,
Zyg zygoptera, Plec plecoptera, Megl megaloptera, Trich trichoptera,
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the littoral zone and could also negatively impact some
macrophyte species (Engel and Nichols 1994). We also
hypothesize that excavation resulting from the implemen-
tation of riprap and retaining walls could have resulted in
the removal of existing macrophyte stands and led to long-
term reductions in macrophyte abundance. It is also possible
that because these sites are adjacent to cottages, there may
be efforts by the cottagers to actively remove macrophytes
although we saw no specific evidence of weed harvesting.
Unfortunately, we were unable to determine the exact time
erosion mitigation was implemented at any reach, and thus
lacked information on whether construction of mitigation
techniques has lasting impacts on adjacent macrophyte
abundance. Future studies could investigate this link by
experimentally altering natural shorelines and monitoring
macrophyte abundance over time. Macrophytes provide the
primary energy inputs in the littoral zone and also serve as
vital habitat for both prey fish and ambush predators. Many
studies have found correlations between submerged aquatic
macrophyte stands and fish abundance in both coastal and
freshwater environments (Durocher et al. 1984; Bryan and
Scarnecchia 1992). The effects of macrophyte reduction can
vary between environments and species. Predator—prey inter-
actions in fish communities can be mediated by the abun-
dance and density of submerged macrophytes, which provide
cover for both refuging and ambushing (Savino and Stein
1982). In one case, macrophyte removal increased abun-
dance of forage fish and subsequently increased growth and
recruitment of Black and White Crappie (P. nigromaculatus
and P. annularis, respectively) (Maceina et al. 1991). We
observed greater abundance of some piscivorous species
(Yellow Perch, Rock Bass) at shorelines with lower macro-
phyte density (retaining wall, rip rap), however other species
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were observed at equal or lower abundance (Largemouth
Bass), possibly due to species specific foraging methods.
One study showed that Largemouth Bass favour moderately
dense but diverse macrophyte assemblages for optimal forag-
ing (Valley and Bremigan 2002). Aquatic macrophytes also
provide habitat for fish forage such as macroinvertebrates
and zooplankton. In an African lake, gradual senescence of
aquatic macrophytes resulted in a significant reduction of
invertebrate biomass which correlated to reductions in the
abundance of macrophyte-associated fish (Whitfield 1984).

Overall, reductions in aquatic macrophytes and loss of
complex habitat have the potential to limit species richness
as a whole and may increase abundance of species who pre-
fer reduced macrophyte stands.

Significantly more coarse woody debris was observed
in natural sites compared to both armored shoreline sites.
Coarse woody debris is an important measure of high-qual-
ity littoral habitat (Harmon et al. 1986) as it increases habi-
tat heterogeneity while also providing alternative refuging
sites in areas where aquatic macrophyte density is reduced
(Everett and Ruiz 1993). High abundance of woody debris
reduces energetic costs in predators by allowing them to use
ambush hunting as opposed to foraging in deep open water
(Ahrenstorff et al. 2009). In riverine systems, coarse woody
debris also provides velocity refuges from current (Fausch
1993). Littoral abundance of coarse woody debris relies
primarily on terrestrial inputs from the riparian zone and
anthropogenic alteration of the riparian zone that removes
vegetation can significantly decrease coarse woody debris
inputs. Human activities, especially residential develop-
ment, generally result in reductions of coarse woody debris
in lakes (Christensen et al. 1996), and whole lake reduc-
tions in coarse woody debris can significantly and rapidly
decrease abundance of fish who rely on wood as spawning
substrate such as Yellow Perch (Helmus and Sass 2008). In
developed sites where coarse woody debris is reduced or
non-existent, fish communities could shift towards pelagic,
rocky substrate associated species and predators that rely
on overhead cover for ambush may be forced to use more
energetically costly hunting methods.

Natural sites were substantially deeper than sites with
riprap and retaining walls. This could be viewed as con-
founding, yet littoral depth may contribute to both the need
for erosion control in the first instance and the selection of
appropriate erosion control methods. It is generally known
that shallower water leads to increased wave height, which
could lead cottagers to adopt erosion mitigation methods.
Shallow littoral zones are also typically related to a gentler
terrestrial slope and thus may also be more attractive for cot-
tage developers for both ease of construction and recreation.

Anthropogenic alteration of shoreline habitat commonly
modifies species richness and community structure of fish
in a variety of settings (Teixeira et al. 2009; Jellyman and



Ecological consequences of shoreline armoring on littoral fish and benthic macroinvertebrate...

Page90of13 73

Harding 2012; Jennings et al. 1999; Seitz et al. 2006; Bilko-
vic and Roggero, 2008). Nonetheless, we did not find any
differences in fish species richness between the two shore-
line types altered by erosion mitigation (riprap, retaining
walls) and unaltered shorelines. This may be due to rela-
tively low taxonomic richness of fish in the lake as well as
our ability to resolve species (e.g., cyprinids were grouped
into a single taxonomic group rather than expressed as indi-
vidual species) using snorkel surveys. Only six species (Lar-
gemouth Bass, Smallmouth Bass, Rock Bass, Pumpkinseed,
Bluegill, Yellow Perch) were regularly encountered, with
five of those from the family Centrarchidae (Largemouth
Bass, Smallmouth Bass, Rock Bass, Pumpkinseed, Blue-
gill). Centrarchids dominate most if not all assemblages in
the Rideau Waterway which could be due to their ability to
thrive in a wide range of habitat types (Rahel 1984; Tonn
and Magnuson 1982). This trend could also be due to the
similar feeding strategies of Centrarchids found in the lake
(generalist, piscivore-benthivore), as Kornis et al. (2017) and
Kornis et al. (2018) both observed that shifts in diversity
between altered and natural shorelines was mediated primar-
ily by functional group. Total abundance of all fish species
was slightly higher in sites with riprap compared to both
retaining wall and natural sites. While no metrics of habitat
complexity were measured for our study, riprap sites provide
generally more complex habitat compared to retaining wall
sites as the nature of their loose construction creates more
overhead cover and refuging areas among the unembedded
rocks (Pister 2009; Garland et al. 2002; Eros et al. 2008).
Much like in terrestrial systems, aquatic habitat complex-
ity and increased habitat heterogeneity strongly correlates
with species richness (Gratwicke and Speight 2005; Roberts
and Ormond 1987; Eadie and Keast 1984). More specifi-
cally, Eadie and Keast (1984) found that fish diversity could
be best predicted by substrate diversity and macrophyte
complexity. Complex habitats provide the opportunity for
a greater variety of niches and therefore can provide habitat
for a greater diversity of species (August 1983). As anthro-
pogenically altered shorelines are generally more homog-
enous (Jennings et al. 1999), we could observe decreased
species richness at altered shorelines in environments where
overall species richness is greater.

Recent research suggests that taxonomic richness may
not be the best metric for measuring the effects of anthro-
pogenic disturbance on communities. Grouping taxa by
functional traits instead of by taxonomic rank may be more
effective for comparing a variety of ecosystems with mul-
tiple disturbances (Mouillot et al. 2013). Grouping spe-
cies by trait values to form a “functional matrix” allows
researchers to quantify the consequences of a single dis-
turbance on a single trait across multiple species (Mouillot
et al. 2013). Because taxa often share similar niches and
exhibit similar traits, functional grouping could be more

accurate at quantifying the community level effects of
anthropogenic disturbance. Using this approach in future
studies combined with identifying all individuals to the
species level could better reveal changes to fish commu-
nity structure due to implementation of erosion mitigation
methods.

Use of riprap and retaining walls had variable effects
on the relative abundance of different fish species. Rock
Bass, Bluegill, Pumpkinseed, Yellow Perch, and Cyprinid
minnow abundances were greater at both types of armored
sites compared to natural sites, contrary to observations for
Largemouth Bass. These differences in abundance could be
due to species-specific preference towards different levels
of macrophyte abundance and the presence of coarse woody
debris. Additionally, the increased density of aquatic macro-
phytes at natural shores could have reduced the snorkeler’s
ability to count and identify small baitfish, as opposed to
developed shorelines with more open water. Significant posi-
tive correlations between percent submerged vegetation and
Largemouth Bass size and recruitment have been observed
(Durocher et al. 1984), suggesting Largemouth Bass have
greater success in areas with high macrophyte coverage.
The presence or absence of coarse wood can also alter the
behaviour of Largemouth Bass. In lakes with low abundance
of coarse woody debris, Largemouth Bass have larger home
ranges, spend more time in deep water, and spend more
time foraging in open water compared to bass in lakes with
an abundance of coarse woody debris (Ahrenstorff et al.
2009). This could ultimately decrease size and growth due
to greater energetic costs associated with foraging in open
water compared to a sit-and-wait approach often used by
predators with adequate cover (Sass et al. 2006).

Contrary to the trends observed for Largemouth Bass,
Rock Bass, Bluegill, Pumpkinseed, Yellow Perch, and
Cyprinid minnow abundance was greater at both types of
armored sites compared to natural sites. This relationship
could be explained by a preference for habitat with limited
macrophyte coverage. Increased coverage of macrophytes
sometimes results in resource partitioning between Rock
Bass and other littoral Centrarchids. In juvenile Rock Bass,
increased abundance of aquatic macrophytes shifts their diet
from small, abundant benthic macroinvertebrates (amphi-
pods, isopods) to larger, less abundant benthic macroinver-
tebrates such as Caenidae and Trichoptera as a method of
resource partitioning with Pumpkinseeds who continue to
consume small macroinvertebrates (French 1988). Dense
vegetation can also alter migration patterns in Rock Bass. In
a lake in the Rideau System, Keast (1984) found suppressed
diurnal migration when densities of the invasive macrophyte
M. spicatum were high. This suggests that habitat preference
in Rock Bass is complex and influenced by multiple fac-
tors including macrophyte coverage and abundance of other
Centrarchid species.
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We found no evidence to suggest differences in taxonomic
richness of benthic macroinvertebrates between the three
shoreline types. Many prior studies have shown varying
levels of change in littoral macroinvertebrate communities
in response to different alteration methods, however most
suggest that taxonomic richness is greatest in natural sites
(Brauns et al. 2007; Sobocinski et al. 2010; Kasangaki et al.
20006). Kasangaki et al. (2006) also found the highest abun-
dance of pollution intolerant taxa such as Ephemeroptera,
Plecoptera and Trichoptera at natural sites. Natural sites also
have higher habitat complexity compared to anthropogeni-
cally altered sites (Jennings et al. 1999). Complex habitats
often support more ecological niches and subsequently can
support a higher level of taxonomic richness (O’Connor
1991). The relative abundance of taxa from the three pollu-
tion tolerance groups can provide insight on water quality
metrics such as dissolved oxygen, phosphorous concentra-
tion, and heavy metal pollution (Gaufin and Tarzwell 1956;
Goodnight 1973; Fleituch et al. 2002; Mousavi et al. 2003;
Arimoro and Muller 2010). Developed shores tended to sup-
port an increased abundance of amphipods, isopods and Cla-
docera (Daphnia spp.), while mayflies (Ephemeroptera spp.)
were the most abundant at retaining wall sites, and lowest at
riprap sites. The abundance of other Sensitive (Group 1) taxa
did not vary between altered and natural shores, indicating a
marginal difference in water quality. The differences in may-
fly abundance could be better explained by habitat and sub-
strate characteristics as some mayfly species prefer areas of
soft sediment in which they can burrow (McCafferty 1975).

While benthic macroinvertebrates are strong indicators
of anthropogenic impact on ecosystems (Cairns 1993; Ada-
kole and Anunne 2004), changes to water quality at altered
shores on Big Rideau Lake may not have exceeded certain
thresholds for shifts in benthic communities. Water quality
on Big Rideau is classified as “fair” by the Rideau Valley
Conservation Authority which noted few nutrient exceed-
ances, good oxygen conditions, clear water and occasion-
ally elevated pH (RVCA 2014). Additionally, the relatively
recent watershed developments of Big Rideau may not have
allowed benthic communities to show signs of shifting. Hel-
mus and Sass (2008) found no effects on littoral macroin-
vertebrate assemblages after rapidly reducing coarse woody
debris throughout the lake and observing changes to benthic
communities over two years. In some highly developed areas
of the lake, the RVCA has classified water quality as “poor”
based on increased nutrient concentrations and poor water
clarity (RVCA 2014). We were unable to gather macroin-
vertebrate samples from these intensely developed areas but
macroinvertebrate assemblages from these areas could serve
as an example of what is to be expected in the future. As
development of the Big Rideau Lake watershed continues,
we may slowly start to see changes in benthos assemblages
however it may be too soon to observe such changes.
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Our study demonstrates that erosion mitigation through
use of riprap and retaining walls is correlated with littoral
habitat alterations and can subsequently affect the commu-
nity structure of littoral fish. Due to the ecological impor-
tance of the littoral zone, long-term changes to littoral fish
communities could ultimately lead to large changes in
whole-lake diversity. By combining assessment of habitat,
fish and benthic communities, we provide a comprehensive
report on the impacts that erosion mitigation methods can
have on littoral ecosystems at multiple levels. This study
will allow landowners and management officials to promote
ecologically responsible development and will support
implementation of alternative methods of erosion mitiga-
tion that better mimic a naturalized shoreline in order to
conserve littoral habitat. Recent research has suggested that
naturalized shorelines with high riparian vegetation density
are often better at coping with the effects of wave induced
erosion compared to armored shores, which can induce ero-
sion of the intertidal zone (DFO 2008; Gittman et al. 2015).
We suggest that there is a need for research on alternative
erosion control methods that achieve erosion control objec-
tives while maintaining or enhancing aquatic biodiversity.
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