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• Nanosilver was added to Lake 222 for
2 years to evaluate whole-ecosystem
impacts.
• Northern Pike growth declined during and
after nanosilver additions.
• Per capita prey availability also declined in
the study.
• This pattern was not reﬂected in Northern
Pike from a nearby reference lake.
• Northern Pike abundance was stable over
the duration of the study in all lakes.
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A B S T R A C T

Nanosilver (AgNP) is an anti-microbial agent widely used in consumer products, with signiﬁcant potential for these
nanoparticles to be released into aquatic environments. Laboratory studies involving short-term exposures of ﬁsh to
AgNP show a range of toxicological effects, but these studies do not address potential responses in long-lived organisms
resulting from chronic exposures. A collaborative study involving additions of AgNP to environmentally relevant concentrations over two ﬁeld seasons took place at the IISD-Experimental Lakes Area, providing an opportunity to study
the impacts of chronic exposures to long-lived ﬁsh species. In the present study, we evaluated the abundance and
growth of an apex predator, Northern Pike (Esox lucius), collected from Lake 222 before, during and after the AgNP
dosing period and compared results to those from a nearby unmanipulated lake (Lake 239). While the abundance of
Northern Pike from Lake 222 during the study period was essentially stable, per capita availability of their primary
prey species, Yellow Perch (Perca ﬂavescens) declined by over 30%. Northern Pike fork length- and weight-at-age
(indices of growth rate) declined following AgNP additions, most notably in age 4 and 5 ﬁsh. No similar changes in
prey availability or growth were observed in Northern Pike from the reference lake. Body condition did not change
in Northern Pike collected from either Lake 222 or Lake 239. Our results indicate that declines in the growth of
Northern Pike chronically exposed to AgNP likely resulted from reduced prey availability but direct sublethal effects
from AgNP exposure could also have been a factor. The persistence of reduced growth in Northern Pike two years
after the cessation of AgNP additions highlight the potential legacy impacts of this contaminant once released into
aquatic ecosystems.
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AgNP uptake by ﬁsh through either dietary or branchial routes can
result in accumulation of silver in the gill, liver, and muscle tissues, which
may result in toxic effects. During additions of AgNP to Lake 222, the concentrations of total silver (tAg) in the tissues of both Yellow Perch and
Northern Pike (Esox lucius) increased rapidly, and in the second year of
additions, the tAg concentrations in the livers of Northern Pike increased
to the low parts-per-million (ppm) range, which was several orders of magnitude greater than the low μg L−1 concentrations of tAg in the water
(Martin et al., 2018). In addition, food consumption, metabolic rates and
densities of Yellow Perch in Lake 222 signiﬁcantly declined during and
after dosing (Hayhurst et al., 2020). Yellow Perch exposed to AgNPs in
laboratory settings showed increased expression of the gene for metallothionein (mt), as well as evidence of lipid peroxidation in gills and liver,
as indicated by increased levels of thiobarbituric acid reactive substances
(TBARS) and alterations to glutathione (GSH/GSSG) ratios (Martin et al.,
2017). Similarly, Yellow Perch collected from Lake 222 during AgNP
dosing also showed elevated TBARS and altered GSH/GSSG ratios in liver
tissue (Hayhurst et al., 2020). In contrast, while Rainbow Trout
(Oncorhynchus mykiss) in laboratory studies experienced measurable
increases in their blood cortisol levels after 28 days of exposure to AgNP,
no signiﬁcant changes were observed in their growth or metabolism
(Murray et al., 2017b, 2017a).
Northern Pike are widespread across the interior of Canada and are
important to both commercial and sportﬁshing industries (Harvey, 2009),
and to the traditional ﬁsheries of First Nations (Kuhnlein and Humphries,
2017). Growth of Northern Pike is known to be negatively and nonlinearly correlated with both prey availability and population density
(Kennedy et al., 2018; Margenau et al., 1998; Pierce et al., 2003). Northern
Pike demonstrate broad dietary diversity (Venturelli and Tonn, 2006) but
show a foraging preference for Yellow Perch, when present, with evidence
that this forage ﬁsh species provides sufﬁcient energy for rapid growth rates
in juvenile Northern Pike (Kennedy et al., 2018).
The objective of this study was to contribute to the whole-lake AgNP
addition project by determining the inﬂuence of long-term AgNP exposures
on the abundance, size-at-age, body condition and per capita prey availability of Northern Pike in Lake 222 and in a nearby reference lake, Lake 239.
We monitored the length and weight of Northern Pike as a means for evaluating ﬁsh condition and growth, which is known to scale positively with
food availability (Casini et al., 2016; Rennie et al., 2019; Rennie and
Verdon, 2008). Reduced body condition is often a result of increased intraspeciﬁc competition, which can be manifested as decreases in per capita
prey availability (Casini et al., 2016; Rennie et al., 2019; Rennie and
Verdon, 2008). We hypothesized that changes in growth and/or body
condition would provide evidence that chronic exposures to AgNPs were
having indirect or direct effects on Northern Pike. Indirect effects could
be due to a reduction in the availability of prey (i.e., Yellow Perch). Alternatively, these responses in Northern Pike could occur as a result of direct
responses to the accumulation of Ag in tissues and the metabolic costs associated with eliminating and/or coping with this substance.

1. Introduction
Nanosilver (AgNP) is widely used in a range of consumer products, most
notably in textiles, including sports clothing, underwear and socks, where it
is added to fabrics for its anti-bacterial, anti-microbial, and odour-reducing
properties (Akter et al., 2018; Benn et al., 2010). As a result, AgNP is
released into municipal wastewater streams when clothing items are
washed (Benn et al., 2010; Benn and Westerhoff, 2008; Reidy et al.,
2013). In wastewater treatment plants (WWTPs), most of the AgNP partitions into sewage sludge, with only 2–3% exiting in the efﬂuent. Under
reducing conditions in WWTPs, AgNPs can become sulﬁdated, which
reduces the rate of dissolution into Ag+ (Fletcher et al., 2019). However,
releases of AgNP in efﬂuent can sharply increase over short periods when
sludge yield is high (Kaegi et al., 2011). Even this low percentage of
AgNP release represents a potential threat to aquatic organisms, with
reported measured efﬂuent concentrations ranging from 6 ng L−1 to
2.89 μg L−1 (Johnson et al., 2014; Liu et al., 2009), and predicted concentrations in natural waterways ranging from the low ng L−1 range
(Gottschalk et al., 2013; Sun et al., 2014) to the low (0.32 to 1.5) μg L−1
range (Blaser et al., 2008; Liu et al., 2009). Once in the aquatic environment, AgNP can remain as a colloidal suspension, agglomerate into larger
particles and settle into the sediments, or be taken up by organisms
(Furtado et al., 2015; McGillicuddy et al., 2017). Dissolution of AgNP can
also result in the release of Ag+ into solution, a highly toxic substance to
aquatic organisms (Shevlin et al., 2018).
Previous laboratory studies of the effects of AgNP have shown adverse
impacts on various ﬁsh species but these experiments have often been conducted at concentrations that are not environmentally relevant; that is,
higher than the concentrations likely to be encountered in the environment.
In studies with various life stages of Fathead Minnow (Pimephales promelas),
AgNPs were toxic to the ﬁsh at extremely high concentrations (i.e., stirred
solution: 9.4 mg L−1, sonicated solution: 1.25 mg L−1), causing mortalities
and developmental abnormalities in hatched embryos (Laban et al., 2010).
In another study with adult Fathead Minnow exposed to lower concentrations of AgNPs (50–56 μg L−1), altered gene expression was observed in
the gills of exposed ﬁsh and mucous production became variable, initially
spiking and then becoming depressed compared to controls (GarciaReyero et al., 2015). Various sublethal responses, including respiratory
effects have been characterized in other ﬁsh species exposed to μg L−1 concentrations of AgNPs (i.e., 60–300 μg L−1), including juvenile Atlantic
Salmon (Salmo salar), as reported by Farmen et al. (2012) and Eurasian
Perch (Perca ﬂuvialitis), as reported by Bilberg et al. (2010). In Rainbow
Trout (Oncorhynchus mykiss) exposed to AgNPs at a concentration likely
to be encountered in the environment (i.e., 0.28 μg L−1) the ﬁsh accumulated Ag in tissues and showed a stress response of elevated levels of circulating cortisol (Murray et al., 2017a).
Concern over both the potential for release of AgNP into the environment and the impacts on aquatic organisms led to a whole-lake AgNP addition experiment conducted in Lake 222 at the IISD-Experimental Lakes
Area (IISD-ELA) involving the additions of a total of 15 kg of AgNPs to
the lake over two ﬁeld seasons. (Conine et al., 2018; Hayhurst et al.,
2020; Martin et al., 2018; Rearick et al., 2018). Previous to the wholelake addition study, studies of the fate and effects of AgNP were conducted
in mesocosms at the IISD-ELA. In the mesocosms, bacterioplankton and
phytoplankton were not signiﬁcantly impacted by exposures to AgNPs
but zooplankton species richness declined, although the abundance of
the remaining species increased as much as four times compared to control treatments (Vincent et al., 2017). Both phytoplankton and zooplankton have been shown to accumulate AgNP, creating a pathway
for AgNP to enter the food web and transfer to higher trophic levels
(Asghari et al., 2012; Conine and Frost, 2017). Juvenile Yellow Perch
(Perca ﬂavescens) rely heavily on diets consisting of zooplankton,
which may enable AgNP to be ingested and ultimately transferred
from prey species to consumers. Additionally, suspended AgNP particles
can be taken up in ﬁsh via absorption through the gills (Martin et al.,
2017; Scown et al., 2010).

2. Materials and methods
2.1. Study site
Full details of the whole-lake addition study in Lake 222 at IISD-ELA
were described previously (Martin et al., 2018; Rearick et al., 2018).
Brieﬂy, the study was performed over six years (2012–2017), with the
ﬁrst two years of sampling dedicated to gathering baseline data. A total of
15 kg of AgNP was added to Lake 222 throughout the ice-free seasons in
2014 (9 kg) and 2015 (6 kg) and estimated concentrations of tAg in the
water column during the addition phase ranged up to 11.5 μg L−1
(Martin et al., 2018) and averaged 4 μg L−1 (Rearick et al., 2018). Concentrations of dissolved Ag (e.g., Ag+) in lake water during the AgNP addition
phase were < 0.1 μg L−1, and the mean size of the silver nanoparticles in
suspension was 20 nm (Martin et al., 2018). The lake was also monitored
in the post-addition phase in 2016 and 2017, during which time the
2
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waterborne concentrations of tAg declined rapidly, especially over the ﬁrst
few months after AgNP additions ceased (Martin et al., 2018). The maximum mean concentration of tAg measured in Northern Pike liver during
the addition phase in Lake 222 was nearly 2.5 μg g−1, and tAg was measured in the liver of one individual Northern Pike at a concentration of
5.0 μg g−1 (Martin et al., 2018). The half-life of Ag in liver tissue was estimated at 119 days once AgNP additions ceased (Martin et al., 2018). The
reference lake for this study was Lake 239, an unmanipulated lake at
IISD-ELA which has been monitored for several decades.
Both Lake 222 and Lake 239 are typical boreal lakes with low ionic
strength, high organic carbon levels and they both stratify into an epilimnion and hypolimnion during the summer months. Both lakes sustain populations of Yellow Perch and Northern Pike. However, Lake 239 is a larger
and deeper lake with a more oligotrophic status and a more diverse ﬁsh
community (Table 1).

individual identiﬁcation, and a seasonal batch-mark was applied to the
dorsal ﬁn (Northern Pike) or batch marks alternating between caudaldorsal-pelvic ﬁns (Yellow Perch) to allow rapid identiﬁcation of the season
of capture. While all sizes of both species were seasonally batch-marked,
Northern Pike <200 mm in fork length did not receive PIT tags, receiving
only seasonal dorsal ﬁn batch marks to identify season of capture.
All ﬁsh were placed in bins of lake water (replenished frequently) to
recover and were released when they were observed to be upright and
swimming (typically within 5–10 min of handling). Capture and handling
mortality of Northern Pike was minimal, as only 2% of 1043 ﬁsh handled
between 2012 and 2017 died during sampling across both lakes. All ﬁsh
were handled and collected under the authorization of scientiﬁc collection
permits provided by the Ontario Ministry of Natural Resources and
Forestry, and Animal Use Protocols issued by Fisheries and Oceans Canada
(2012−13), the University of Manitoba (2014, AUP No. F14-007) and
Lakehead University (2015–17, AUP No. 1464693).

2.2. Fish sampling
2.3. Indices of growth
A before-after-control-impact (BACI) study design was used to evaluate
the impacts of AgNP on Northern Pike abundance and growth (Green,
1979). Fish sampling occurred each year during the pre-addition (2012
and 2013), AgNP addition (2014 and 2015), and post-addition (2016 and
2017) phases of the study. Northern Pike were captured using trapnetting, seine-netting, and angling. Non-lethal sampling was typically
performed three times each year in the spring (May/June), summer
(July/August), and fall (September/October). While trap-netting and
angling tend to be biased towards capture of larger sizes of Northern
Pike, small (YOY and yearling) Northern Pike were occasionally encountered in seine catches. However, the fork lengths of the majority (95%) of
captured Northern Pike were > 259 mm in Lake 222 and > 317 mm in
Lake 239, which comprises primarily pre-mature individuals, but underrepresents the abundance of smaller individuals in the population.
Captured ﬁsh were held temporarily in a large cooler of lake water, after
which they were taken to a shoreline sampling site and anaesthetized using
a buffered solution of tricaine methanesulfonate (MS-222) prepared in lake
water. Northern Pike were measured for fork and total lengths (mm) and
weight (g). If possible, the sex of ﬁsh captured in spring was determined
based on expression of gametes while gently applying pressure down the
abdomen of the ﬁsh towards the anus. The leading 1–3 pectoral rays on
one side of the ﬁsh were clipped as close to the insertion point to the
body as possible for ageing analysis. To facilitate population estimates,
ﬁsh ≥200 mm in fork length were then injected with a 9 mm electronic
Passive Integrated Transponder (PIT) tag with a globally unique 15-digit
identiﬁcation number. Tags were injected just below the dorsal ﬁn and
above the lateral line in the epaxial musculature upon ﬁrst capture for

Pectoral ﬁn rays were used in the present study to estimate the age of
Northern Pike from both lakes, and these ages were referenced to morphometric data (i.e., fork length, weight) in order to generate length- and
weight-at-age estimates as an index of growth. While several bony structures in Northern Pike lend themselves well to age determination
(Forsman et al., 2015), analysis of ﬁn rays for age determination in softrayed ﬁsh has proven accurate, as predictability between expected age
and actual age is high (Glass et al., 2011; Mills and Chalanchuk, 2004;
Rude et al., 2013). Additionally, Oele et al. (2015) identiﬁed strong agreement between anal ﬁn rays with otoliths and cleithra for Northern Pike up
to 5 years of age, further validating the ﬁn ray as a reliable structure to use
for age interpretation for the age range of ﬁsh examined in this study. Use of
ﬁn rays as an ageing structure is also advantageous because it does not
require lethal sampling, although a certain level of experience or knowledge of interpretation is required to accurately assess ages (Campana,
2001; Rude et al., 2013). In other species, the ﬁn ray is a structure often
used to verify ages determined from other structures such as the cleithrum
and otolith (Little et al., 2012).
2.4. Fin ray preparation
Fin rays collected from individual Northern Pike were placed in ﬁn
envelopes and set to dry. Dried ﬁns were placed on squares of paraﬁlm (a
non-stick surface) and uniquely labelled. A cold-cure epoxy (System
Three Resins®) was mixed in a small disposable cup using a 2:1 ratio of
epoxy resin to hardener. Once stirred thoroughly, a small amount of

Table 1
Comparison of physical parameters and ﬁsh species present in Lake 222 and Lake 239. Water chemistry values are epilimnetic averages with 1 standard error.
Characteristic

Parameter

Lake 222

Lake 239

Physical

Area
Inﬂow(s)/Outﬂow
Maximum Depth
Residence Time
Secchi Depth
State
Volume
Conductivity
pH
DOC
TP
Fish species

16.4 ha
1/1
6.3 m
1.2 years
2.2 m
Oligo/Mesotrophic
7.2 × 10^5 m^3
34.7 ± 0.5 μs/cm
6.96 ± 0.02
10.0 ± 0.1 mg/L
9.8 ± 0.3 mg/L
Northern Pike (Esox lucius)
Yellow Perch (Perca ﬂavescens)
Blacknose Shiner (Notropis heterolepis)

54.3 ha
3/1
30.4 m
9.3 years
4.8 m
Oligotrophic
5.9 × 10^6 m^3
30.5 ± 0.2 μs/cm
6.98 ± 0.01
7.0 ± 0.1 mg/L
6.6 ± 0.1 mg/L
Northern Pike (Esox lucius)
Yellow Perch (Perca ﬂavescens)
Iowa Darter (Etheostoma exile)
Cisco (Coregonus artedi)
Lake Trout (Salvelinus namaycush)
Slimy Sculpin (Cottus cognatus)
White Sucker (Catostomus commersonii)
Finescale Dace (Chrosomus neogaeus)

Chemical

Biological
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epoxy was poured over the ﬁns and the epoxy was set to cure for 24-h. Five
cross-sectional cuts of each epoxy-embedded ﬁn were then taken from the
proximal end of the ﬁn ray using an Isomet low-speed jewellery saw. A
pre-cut was made to the tip of each ﬁn ray before taking sections to clear
the ﬁn of any roughness produced from ﬁeld sampling. Cross-sections
were approximately 0.5 mm to 0.6 mm thick. Each cross-section was rinsed
with water to clear off dust and then placed on a frosted microscope slide
for mounting. Slides were prepared using Cytoseal 60 and sealed with a
cover slip. Mounted slides were set in a fume hood to cure for 24 h prior
to age determination.

RELEASE module in MARK. Test 2 evaluates violations of assumptions
that every animal had the same probability of recapture, and Test 3 evaluates the assumption that every animal had the same probability of survival
to the next capture occasion. GOF corrections were incorporated into model
comparisons by adjusting the ĉ value from 1, based on the ratio of the Chisquare and degrees of freedom of the sum of Test 2 and Test 3 results (Lake
222: χ2 = 76.61, df = 71, p = 0.30; Lake 239: χ2 = 58.9, df = 53, p =
0.27). The calculated ĉ for Lake 222 was 1.08, while the calculated ĉ for
Lake 239 was 1.11, both of which were close to 1, indicating a good ﬁt of
the fully time-dependent model to the data. These ĉ corrections were then
applied to the candidate set of models to determine adjusted AIC values.
Estimate of predator density from the top model are reported and used in
analyses.

2.5. Age determination
For Northern Pike collected from 2014 to 2017, age was determined for
n = 167 individuals from examinations of ﬁn ray cross-sections using a
compound microscope (Zeiss® Axio Lab A1). Fin ray ages were interpreted
by counting annuli formed during fast summer growth and slow winter
growth. For Northern Pike collected in 2012 and 2013, ages were determined for n = 133 individuals from ﬁn rays using similar methods by
staff with the Department of Fisheries and Oceans (DFO) Canada. To validate ages generated among all interpreters, a conﬁrmation test was conducted. A sample of 62 ﬁn rays collected from Northern Pike in 2012 and
2013 with a pre-existing age assigned by DFO personnel (Ager 2) were
blindly re-aged independently by two readers; one with seven years of
experience ageing ﬁsh for the Ontario Ministry of Northern Development,
Mines, Natural Resources and Forestry (OMNDMNRF, Ager 3), and one
with less than one year of experience ageing ﬁsh (Ager 1). Following this
validation exercise (see results), Ager 1 aged all remaining ﬁsh collected
during 2014–2017 in the current study.

2.7. Prey density
The densities of Yellow Perch in both lakes reported as numbers of ﬁsh
per hectare were estimated using mark-recapture methods, as described in
Hayhurst et al. (2020). These data were used alongside Northern Pike abundance estimates (after conversion to numbers of ﬁsh per hectare) to estimate per capita prey density. We assumed that Yellow Perch were the
main prey ﬁsh of Northern Pike in both lakes, given that they made up
64% and 95% of the total catch of forage ﬁsh during the study period
from lakes 222 and 239, respectively.
The only other alternative prey species available to Northern Pike in
Lake 222 is Blacknose Shiner (Notropis heterolepis), which made up 30%
of the total catch of forage ﬁsh over the study period (less than half of the
catch of Yellow Perch). Due to high mortalities resulting from extensive
handling, this species does not lend itself to mark-recapture population
estimates. Instead, Blacknose Shiner relative abundance was measured as
catch-per-unit-effort (CPUE) in seine hauls. A 30.5 m seine net (2 m tall,
6 mm mesh opening) with 2 m cubed centre purse was deployed in a
half-circle out from the shoreline using a boat across various sampling
sites in Lake 222 and deployed in such a way so as to standardize the sampling area as consistently as possible across sites. Because we could estimate
only relative (vs. absolute) abundance of Blacknose Shiner, and given they
were numerically less than half of the total catch of Yellow Perch in Lake
222, they were not included in per capita prey density estimates of Northern Pike.

2.6. Northern pike population abundance
Estimates of the population size of Northern Pike in both the treatment
and reference lakes were determined using mark-recapture methods.
Observations of unique PIT tags served as the primary record of capture
in the database. Secondarily, seasonal nicks applied to the dorsal ﬁn of
Northern Pike also identiﬁed ﬁsh previously caught, handled, and released
in a season that had not been previously injected with PIT tags.
The POPAN sub-module in Program MARK was used to estimate population abundance (Program MARK 2014) via the RMark package (version
2.2.7; Laake et al., 2019) in R version 4.2.1 (R Core Team, 2021). The
POPAN sub-module is a modiﬁcation of the Cormack-Jolly-Seber (CJS)
model, where the ratios of unmarked versus marked individuals are used
to estimate population size as a derived estimate (Arnason and Schwarz,
1999). The POPAN sub-module ﬁts a generalized linear model to solve
for survival (ɸ), capture probabilities (p), entries to the population (pent),
and a single estimate for ‘super-population’ size, and uses a likelihood function based on the encounter histories of individual ﬁshes to generate a solution (Arnason and Schwarz, 1999). Assumptions of POPAN models were:
(1) every animal in the population at a given sampling period had an
equal chance of capture; (2) every animal had an equal chance of survival
until the next sampling occasion; (3) marked animals did not lose their
marks, and marks were not overlooked; (4) sampling periods were short
between intervals, so animals survived between sampling midpoints;
(5) survival and capture of each animal were both independent of the fate
of any other animal; and (6) all emigration from the population was permanent, with no immigration or emigration or recruitment occurring during
the sampling period (Amstrup et al., 2005).
For Northern Pike populations in both lakes, models representing all
combinations of time-dependent and constant parameters were evaluated
for each parameter in each capture period for ɸ and p and pent. The resulting
model sets were compared using Akaike's Information Criteria (AIC), with
the difference in AIC values between models (ΔAIC) used to determine
the best ﬁt of all candidate models evaluated. In order to correct for potential overdispersion, adjustments for goodness-of-ﬁt (GOF) were conducted
by estimating a ĉ correction value, using Test 2 and Test 3 results of the

2.8. Data analysis
Mean and standard error for fork length (mm), weight (g), and body
condition for each sample year among age classes were calculated. Body
condition was estimated as an index of the length/weight ratio and was
calculated using Fulton's Condition Factor (K):
K ¼ W∗ L 

3∗

107

(1)

where W = weight in grams, L = a measure of length (in this case fork
length was used) in mm, and 107 was applied as a scaling constant. Analyses focused on age classes 2, 3, 4 and 5, as Northern Pike in Ontario have
been reported to achieve sexual maturity by age 3 on average, though
some populations have been observed to mature as old as 5 years of age
(Malette and Morgan, 2005). Thus, this study focussed on the impacts of
growth in age classes that were still likely investing heavily in somatic
growth versus reproduction.
To evaluate whether growth of Northern Pike in Lake 222 was altered
during the period of AgNP additions, a 2-way ANOVA (both factors ﬁxed)
test was conducted using the statistical program R (R Core Team, 2021).
The test compared the two ﬁxed factors of year and lake (and their interaction) against a response variable of either weight, fork length, or body condition over the four age classes evaluated in our analysis. Type III Sums of
Squares were used in order to account for unequal sample sizes among
groups (Quinn and Keough, 2002). In total, 12 ANOVAs (3 response variables x 4 age classes) were run to determine if there was a signiﬁcant
4
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interaction between lakes and years, indicating a different response over
time between the experimental Lake 222 and the reference Lake 239
(Smokorowski and Randall, 2017). Only years where data was present in
both the experimental lake and the reference lake were included in the
analysis (Table S1).
To control for false discovery rates, a Benjamini-Hotchberg correction
was implemented to adjust alpha (α) levels to compare against the p values
produced from the ANOVA tests. Under this procedure, signiﬁcant p-values
were ranked from highest to lowest, with the greatest p-value compared
against an initial type 1 error rate of α = 0.05 and α of sequential tests
corrected to values of 0.0375, 0.025, and 0.0125. To improve model ﬁtting
where necessary, log or rank transformations were applied to the data.
Assumptions of normality and heterogeneity of variance were tested
using Levene's Test for Homogeneity of Variance and an AndersonDarling Normality Test. All length, weight and body condition data passed
normality tests, but four of 12 cases did not pass the test for homogeneity of
variance and required data transformations to satisfy assumptions. These
data were fork length for age 2 and 3 ﬁsh, weight for age 2 ﬁsh and body
condition for age 3 ﬁsh.
Temporal changes in population estimates and per capita prey density
in both lakes were evaluated using linear regression. Normality and variance in signiﬁcant regression models were found to be sufﬁcient as assessed
with residual plots.

2013

2014

2015

Abundance

400

2016

2017

AgNP Lake
Reference Lake

300

200

100

0

10

20

30

40

50

60

Months

Fig. 1. Estimated abundance (number of individuals ≥250 mm fork length) of
Northern Pike in the AgNP addition Lake 222 (silver circles and error bars) and in
the reference Lake 239 (black squares and error bars). Error bars represent 95%
conﬁdence intervals of estimated abundance. Month on the x-axis indicates
number of months from initiation of study; study year is indicated at the top of
the ﬁgure. The grey polygon represents the period of AgNP additions in Lake 222.

3. Results

p < 0.001). By contrast, Lake 239 per capita prey density actually increased
by as much as 129% over the same time period (F1,13 = 6.0123, p = 0.03;
Fig. 2).

3.1. Age validation among readers

3.4. Fork length-at-age

The age validation exercise showed a 44% exact agreement and 95%
agreement within 1 year between the ages assigned by Ager 1 and Ager 2
(Fig. S1, Table S2), and a 66% exact agreement and 100% within 1 year between Ager 1 and Ager 3 (Fig. S2, Table S2). Additionally, there was no
clear bias towards under- or over-ageing between Ager 1 (novice reader)
and Ager 3 (experienced OMNDMNRF reader). There was some evidence
for a tendency of Ager 2 (experienced DFO reader) to consistently estimate
ages that were 1 year greater relative to Ager 1 for younger ﬁsh of ages 1–3
(Fig. S1), but there was better agreement in exact age determinations between these two readers for ﬁsh estimated to be ages 4 and 5.

Mean values of the length-at-age of Northern Pike in the reference Lake
239 followed a variable but overall increasing trend in fork length over time
across all age classes. In contrast, the length-at-age data for Northern Pike
from AgNP Lake 222 followed a consistently decreasing trend in fork length
(Fig. 3 A-D). These declines were especially precipitous through the latter
three years of the study, which was the second year of AgNP additions
(2015) and the two years of post-addition monitoring (2016 and 2017).
Evaluations using ANOVA tests on rank-transformed data for age class 2,
log-transformed data for age classes 3 and 4, and original data for age
class 5 yielded signiﬁcant interactions when compared against the
corrected α levels (lake*year effect: 2 yr: F3,37 = 3.57, p = 0.023, α =
0.05; 3 yr: F3,56 = 4.49, p = 0.007, α = 0.0375; 4 yr: F4,81 = 5.61, p =
0.0005, α = 0.0125; 5 yr: F5,73 = 4.51, p = 0.001, α = 0.025). These

3.2. Population estimates
The top-ranked model describing Northern Pike abundance (those typically >250 mm, hereafter ‘abundance’) in both lakes modeled survival (ɸ)
and probability of entry to the population (pent) as constant but capture probability (p) as time dependent (Table S3, S4). All other models, including the
fully time-dependent model, were ranked much lower (20–30 ΔAIC units
lower than the top ranked models; Table S3, S4). The mean abundance of
Northern Pike exposed to AgNP in Lake 222 was n = 266 individuals. Estimates of abundance of Northern Pike in Lake 222 declined very slightly over
the entire study period from 2012 to 2017 (linear regression F1,19 = 30.2,
p < 0.0001), however the decline over the six-year study was only n = 40
individuals, or roughly 15% of the average lake-wide abundance (Fig. 1).
Further, 95% conﬁdence intervals of each annual estimate were on average
± 62 individuals, which encompassed any potential observed decline, indicating that the population of Northern Pike in Lake 222 was ultimately stable over the study period. Additionally, 43 Northern Pike were sacriﬁced to
facilitate AgNP determination in organs over the study period from 2012 to
2017 (Martin et al., 2018), which very closely corresponds to the reduction
in adult population size observed. No signiﬁcant trend in population abundance was observed in reference Lake 239 (F1,19 = 3.5, p = 0.08), which
averaged 86 individuals over the study period.

Fig. 2. Per capita prey densities (number of Yellow Perch per number of Northern
Pike per ha) in a lake receiving nanosilver additions for two years (Lake 222) and
an unmanipulated reference lake (Lake 239). X-axis and grey polygon are the
same as in Fig. 1. Trend lines displaying the relationship of per capita prey
densities over time are shown.

3.3. Per capita prey density
Per capita prey (i.e., Yellow Perch) density for Northern Pike declined
signiﬁcantly, as much as 40% after two years of dosing (F1,13 = 259.41,
5
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Fig. 3. Fork length (mm) of Northern Pike for age groups across the six-year study period in AgNP addition Lake 222 (black circles, solid line) and in reference Lake 239 (silver
triangles, dashed line). (A) 2-year-old ﬁsh, (B) 3-year-old ﬁsh, (C) 4-year-old ﬁsh, (D) 5-year-old ﬁsh. Grey polygon represents AgNP addition period as in Fig. 1. Error bars are ±
1 SE.

interactions indicate that changes in fork length over time differed among
Northern Pike collected from AgNP Lake 222 and reference Lake 239.
This trend was apparent across all age classes but most notable in ages 4
and 5. Mean length of Northern Pike from AgNP Lake 222 in age class 4
decreased by a maximum of 43 mm between 2014 and 2017 (Fig. 3C),
and age class 5 ﬁsh experienced a mean reduction in length of 96 mm
between 2012 and 2016, with no similar observed declines in reference
Lake 239 (Fig. 3D).

3.6. Body condition
Mean body condition across all age classes for Northern Pike collected
from both Lake 222 and Lake 239 did not ﬂuctuate dramatically over
time during the study (Fig. 5 A-D). ANOVA testing on original data for
age class 2 and log transformed data for age classes 3, 4 and 5 for the
lake*year interaction yielded p values above α = 0.05 for all ages examined. Body condition differed primarily between lakes, with Northern
Pike in reference Lake 239 showing consistently higher body condition
relative to Northern Pike from Lake 222 (lake effect: 2 yr: F1,37 = 13.77,
p = 0.0007, α = 0.05; 3 yr: F1,56 = 15.68, p = 0.0002, α = 0.0375;
4 yr: F1,81 = 16.33, p = 0.0001, α = 0.025; 5 yr: F1,70 = 28.89, p < 0.00,
α = 0.0125). However, neither Northern Pike from AgNP Lake 222 nor
reference Lake 239 demonstrated any signiﬁcant changes in body condition
with time (year effect: 2 yr: F3,37 = 2.25, p = 0.099, 3 yr: F3,56 = 1.61,
p = 0.198, 4 yr: F4,81 = 1.21, p = 0.315, 5 yr: F5,70 = 0.851, p = 0.519).

3.5. Weight-at-age
Fluctuations in weight within age classes over the six-year study period
followed similar patterns as those observed in fork length. Northern Pike
from reference Lake 239 experienced a variable but overall increase in
weight over time within each age class. In contrast, Northern Pike from
AgNP Lake 222 experienced an overall decrease in mean weights for all
age classes over the study period (Fig. 4 A-D). Pike from age classes 4 and
5 in Lake 222 displayed the greatest reductions in mean weight, dropping
by 285 g on average over 2013–2015 within age class 4, and by 445 g on
average over 2012–2016 within age class 5 (Fig. 4C, D). Evaluations
using ANOVA tests on rank-transformed data for age classes 2 and 5, and
log-transformed data on age classes 3 and 4 yielded signiﬁcant interactions
when compared against the corrected α levels (lake*year effect: 2 yr:
F3,37 = 3.56, p = 0.023, α = 0.05; 3 yr: F3,56 = 4.48, p = 0.007, α =
0.0375; 4 yr: F4,81 = 5.31, α = 0.0125; p = 0.0005, 5 yr: F5,70 = 4.02,
p = 0.003, α = 0.025). These interactions indicate that weight-at-age patterns signiﬁcantly differed over time between Northern Pike in each lake,
with declines observed in the lake exposed to AgNP and no similar declines
in the reference lake.

4. Discussion
The size-at-age of Northern Pike collected from AgNP Lake 222 declined
signiﬁcantly in the second year of AgNP additions and in the post-addition
phase, whereas no similar change was seen in the reference Lake 239.
Changes in size at age were most obvious in age 4 and 5 ﬁsh, where age
agreement between the experienced and inexperienced agers was highest.
Though Northern Pike densities were stable during the study period in
both lakes, per capita prey availability declined by 40% in Lake 222 during
and following AgNP exposures, while per capita prey availability more than
doubled (129% increase) in Lake 239 during the same time period.
6
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Fig. 4. Weight (g) of Northern Pike for age groups across the six-year study period in AgNP addition Lake 222 (black circles, solid line) and in reference Lake 239 (silver
triangles, dashed line). (A) 2-year-old ﬁsh, (B) 3-year-old ﬁsh, (C) 4-year-old ﬁsh, (D) 5-year-old ﬁsh. Grey polygon represents AgNP addition period as in Fig. 1. Error
bars are ±1 SE.

growth rates in Northern Pike, since reduced growth efﬁciency in ﬁsh has
been reported as a consequence of a reduced predator to prey size ratio
(e.g., Pazzia et al., 2002; Kennedy et al., 2018).
Reductions in Northern Pike size-at-age may also be due to increased
metabolic costs from the high body burdens of Ag, as was suggested for
Yellow Perch from the same whole-lake study (Hayhurst et al., 2020).
The elimination of metals from ﬁsh tissues is a metabolic process mediated
by the cysteine-rich protein, metallothionein, which is often induced to
higher levels during exposures to metals (Martin et al., 2017). In addition,
oxidative stress from exposure to metals results in increased production of
glutathione and other cellular antioxidant systems (Bacchetta et al., 2017;
Martin et al., 2017). Respiratory stress has also been observed in ﬁsh
exposed to AgNPs (Bilberg et al., 2010). Thus, physiological costs associated with reducing Ag loads or coping with stress may have limited available energy for growth in Northern Pike. While speciﬁc growth rates
were not examined in the present study, our results are consistent with a
slowing of growth, resulting in smaller size-at-age in ﬁsh. In short-term
laboratory based exposures of Sheepshead Minnow (Cyprinodon variegatus)
to AgNP, no reductions in growth rates or size-at-age were observed in ﬁsh
exposed to a 10 μg L−1 nominal concentration of AgNP (Grifﬁtt et al.,
2012). Similarly, no changes in growth were observed in Rainbow Trout
exposed to 0.3 and 47.6 μg L−1 measured concentrations of AgNP
(Murray et al., 2017a). However, it was acknowledged in both laboratory
studies that longer periods of exposure may be required to assess changes
more thoroughly in the growth of ﬁsh exposed to environmentally relevant
concentrations of AgNP.
Reduced growth in exposed Northern Pike due to direct impacts of
exposure to AgNP is consistent with previous studies of the effects of
metal exposure on the growth of ﬁshes. For instance, in lakes with high

We hypothesize that these trends can be explained by a combination of:
(a) a decline in the abundance of prey ﬁsh (i.e., Yellow Perch) that caused
reduced growth in Northern Pike through competition among consumers,
and (b) metabolic stress caused by exposure to AgNP that directed energy
away from growth. Reductions in per capita prey availability are consistent
with the observation of reduced growth in Lake 222 Northern Pike, indicating that growth was inhibited as a consequence of increased competition
over declining prey resources (Pierce et al., 2003). The abundance of
adult Yellow Perch in Lake 222 declined by about 50% between 2012
and 2017, from approximately 14,000 individuals per hectare to 7000
(Hayhurst et al., 2020). In the present study, Northern Pike abundance in
Lake 222 was stable over the same time period.
The body condition of Northern Pike in Lake 222 remained stable
despite an observed decline in their preferred prey, Yellow Perch. Given
the reductions in observed prey availability in the lake receiving AgNP,
we would expect declines in body condition, as has been observed in ﬁsh
from other IISD-ELA experiments where food was dramatically limited as
a consequence of experimental manipulations (Kidd et al., 2014; Mills
et al., 2011; Rennie et al., 2019). Length-based body condition is known
to be sensitive to rapid and large changes in prey abundance or intraspeciﬁc
competition (Casini et al., 2016; Rennie and Verdon, 2008; Rennie et al.,
2019). The response of growth, but not body condition to changes in prey
availability indicates that declines in growth may have been a result of reduced growth efﬁciency due to feeding on alternative prey, the Blacknose
Shiner, as a result of reduced availability of Yellow Perch in the lake.
While the CPUE of Blacknose Shiner in Lake 222 also declined during the
experiment (Fig. 6), it is possible that this decline was due to increased predation by Northern Pike, subsidizing the loss of Yellow Perch. A switch to
the smaller prey species, the Blacknose Shiner could explain reduced
7
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Fig. 5. Body condition of Northern Pike in age groups across the six-year study period in AgNP addition Lake 222 (black circles, solid line) and in reference Lake 239 (silver
triangles, dashed line). (A) 2-year-old ﬁsh, (B) 3-year-old ﬁsh, (C) 4-year-old ﬁsh, (D) 5-year-old ﬁsh. Grey polygon represents AgNP addition period as in Fig. 1. Error bars
are ±1 SE.

reduction was attributed to increased activity costs due to “trophic bottlenecks”, where the Yellow Perch failed to switch from benthic to piscivorous
diets until much later in life (Sherwood et al., 2000). However, further analysis showed that direct effects of metal exposure also occurred, causing
increased production of metallothionein as a detoxiﬁcation response and
decreasing the capacity of the Yellow Perch to secrete cortisol and thyroid
hormones, which are key hormones for metabolic regulation (Campbell
et al., 2003). In these studies with Yellow Perch, the cellular-level physiological responses reduced the metabolic activity of the ﬁsh and likely also
impaired conversion efﬁciency (Campbell et al., 2003; Sherwood et al.,
2000).
The data generated in the present study and the available literature indicate that both reduced growth efﬁciency through reductions in Yellow
Perch prey and potentially switching to smaller-sized prey (i.e., Blacknose
Shiner), as well as increased metabolic costs associated with coping with
high tissue levels of Ag are likely both factors that reduced available energy
for growth of Northern Pike. Previous investigations where environmental
contaminants have been added using a whole-lake study design have similarly shown that perturbations to the ecosystem will result in both direct
and indirect impacts on the ecosystems biological occupants (Kidd et al.,
2014; Mills et al., 2011; Rennie et al., 2019).
Observed between-lake differences in body condition are likely due to
differences in prey communities between lakes (Casini et al., 2016;
Rennie et al., 2019). In Lake 222, there is no high-energy, offshore prey species present, whereas in reference Lake 239, Cisco (Coregonus artedi) are
present (Table 1). Previous research has indicated that when Cisco are
available, Northern Pike and other top predators will shift their diet to target this larger and more energy-dense species (compared to Yellow Perch),
providing predatory ﬁsh that can make this dietary switch the beneﬁts of

concentrations of copper, cadmium and zinc, Yellow Perch grew almost
three times slower relative to the growth of Yellow Perch from reference
lakes without heavy metal contamination (Sherwood et al., 2000). These
authors demonstrated that the rates of food consumption by Yellow Perch
from metal contaminated lakes were comparable to those in reference
lakes, yet the overall growth in metal-exposed ﬁsh was slower, indicating
a reduction in conversion efﬁciency (Sherwood et al., 2000). Part of this

Fig. 6. Summer (June–August) Blacknose Shiner catch per unit effort from seine
hauls taken in AgNP addition Lake 222 during a nanosilver exposure experiment.
Grey polygon as in previous ﬁgures. Error bars are ±1 SE.
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reduced foraging costs and maximized energy gain (Kaufman et al., 2006;
Kennedy et al., 2018).
Our results reﬂect the potential impact of AgNP exposures to ﬁsh populations in a whole ecosystem at concentrations likely to be encountered in
waterways currently or in the near future. The mean measured concentrations of Ag in the lake were 4 μg L−1 (Rearick et al., 2018), which is similar
to measured values in surface waters of 1.5 μg L−1 (Liu et al., 2009)
and slightly greater than the high ng L−1 concentrations predicted by
modelling for surface waters (Blaser et al., 2008; Gottschalk et al., 2009;
Sun et al., 2014). The speciation of Ag in the lake was not assessed beyond
determining that the average size of particles in the water column was
20 nm and the levels of Ag+ were very low (Rearick et al., 2018). The
oligotrophic/mesotrophic status of Lake 222 means that ionic strength,
pH and amounts of suspended particulates are low, while levels of DOC
are high, which are all conditions that favor AgNPs remaining in suspension
without hetero- or homo-aggregation and with low rates of dissolution to
Ag+ (Unrine et al., 2012). These conditions do not reﬂect parameters in
all surface waters, but the results of the present study provide an indicator
of the potential for impacts resulting from long-term exposure of ﬁsh populations to AgNP.
Comparisons of ages determined from ﬁn rays of Northern Pike showed
that exact agreement between readers was fair and agreement between all
readers within-one-year was very strong. There was some evidence of age
overestimation in age classes 2 and 3 ﬁsh from previously assigned DFO
ages. However, bias in this direction should reduce our ability to determine
signiﬁcant declines in size-at-age (as a similarly sized ﬁsh is potentially
assigned to an earlier age class during AgNP exposure compared with preexposure). Despite this potential bias, we still observed signiﬁcant declines
in size-at-age for these age classes. Furthermore, in age classes 4 and 5,
where overall agreement was better between the novice and DFOassigned ages, we observed our clearest trends in growth declines, again
suggesting our results were not subject to potential between-reader variation. Using a similar sample size, the ageing ability of the novice ager in
our study was comparable to or better than reported assessments for
other species (Rude et al., 2013).
The previous observations of impacts on the population of Yellow Perch
in Lake 222 reported by Hayhurst et al. (2020) are consistent with evidence
of impacts observed in Northern Pike in the present study. Results from the
current study indicate the potential for indirect effects in Northern Pike
related to changes in lower trophic levels, and the numbers of Yellow
Perch speciﬁcally. However, direct effects from exposures to AgNPs may
also have been a factor in the reduced growth of Northern Pike. Continued
suppression of the growth of Northern Pike up to two years after cessation
of AgNP additions indicates that the impacts extended well beyond the
period of AgNP exposure. Similarly, other whole-lake experiments have
demonstrated signiﬁcant lags in terms of the duration of impacts, extending
years to decades beyond the period of manipulation (Kidd et al., 2014; Mills
et al., 2000; Rennie et al., 2019). This may be particularly true in the case of
AgNP contamination because the material that settles to the sediments may
be an ongoing source of “in place” contamination (Lowry et al., 2012). The
capacity of AgNP to slowly release Ag+, which is the same attribute that
makes it desirable as an antimicrobial agent, highlights the potential for
prolonged impacts in aquatic ecosystems.
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