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Abstract
A comprehensive understanding of how interactions between catchments and downstream lakes affect fish growth rate is 
lacking for many species and systems, yet is necessary for predicting impacts of environmental change on productivity of 
freshwater fish populations. We investigated among-lake variability in growth rate of Northern Pike (Esox lucius), a fish 
species of widespread subsistence and commercial importance. Northern Pike were captured from 11 subarctic lakes that 
span 60,000 km2 and four ecoregions in the Dehcho Region of the Northwest Territories, Canada. Growth rates were related 
to stable isotope ratios and to lake and catchment physicochemistry. Growth, modelled using increment widths (n = 2953) 
measured on cleithra (n = 432), was significantly slower (p < 0.001, adj. r2 = 0.78) in lakes subject to greater inferred catch-
ment influence, which was quantified using a combination of lake and catchment characteristics. While Northern Pike growth 
rate was not related to δ15N, it was positively related to δ13C (p < 0.001, adj. r2 = 0.75). Further analyses revealed that benthic 
invertebrates in lakes subject to greater inferred catchment influence had more depleted δ13C ratios, and we posit that North-
ern Pike growth is slower in these lakes because terrestrially derived organic matter has relatively lower nutritional value 
and bioaccessibility, but further research is necessary. By linking current among-lake variability in Northern Pike growth 
to trophic ecology and to both lake and catchment physicochemical data, results inform predictions of how future changes 
to subarctic lakes and catchments may affect fish growth and productivity.
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Introduction

Growth rates and growth-associated traits in freshwater 
fishes can be influenced by a range of biotic and abiotic fac-
tors that vary among lake ecosystems (Wilson et al. 2019; 
Höhne et al. 2020). As growth rates regulate accumulation 
of contaminants (e.g., mercury) in fish tissues, as well as fish 

population dynamics and ultimately fisheries sustainability 
(King 2007; Sharma et al. 2008), understanding drivers of 
variability in fish growth rates among systems is of toxico-
logical, conservational, and managerial value, particularly 
in an era of rapid environmental change.

Northern Pike (Esox lucius) is a cool-water, lie-in-wait, 
visual hunter that often occupies an apex predator position in 
freshwater food webs (Scott and Crossman 1973; Vøllestad 
et al. 1986; Craig 1996). Northern Pike support important 
commercial, subsistence, and recreational fisheries through-
out the northern hemisphere (Scott and Crossman 1973), 
and are increasingly used as a model organism in studies of 
ecology and evolution due to their wide geographic distri-
bution (Forsman et al. 2015). Growth rates and population 
productivity of Northern Pike have been documented to vary 
in response to a number of environmental and biological 
factors, including water temperature (Casselman 1978; Mar-
genau et al. 1998), water clarity (Craig and Babaluk 1989; 
Margenau et al. 1998), lake primary production (Diana 
1987), prey quality and availability (Diana 1987; Navarro 
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and Johnson 1992; Margenau et al. 1998; Venturelli and 
Tonn 2006), and habitat suitability (Vøllestad et al. 1986; 
Casselman and Lewis 1996). Several of these factors are 
mediated by inputs from the catchment, including terrestri-
ally derived nutrients and dissolved organic matter (DOM).

While studies specific to Northern Pike are lacking, 
Finstad et al. (2014) found that increases in terrestrially 
derived dissolved organic carbon (DOC) resulted in a uni-
modal response in biomass of Brown Trout (Salmo trutta) in 
southern Norway. Fish biomass increased with DOC concen-
trations to reach a maximum at 3 mg/L; above this concen-
tration of DOC, fish biomass decreased. An initial increase 
in fish biomass in response to increasing DOC concentra-
tions (up to 4 mg/L) was also observed for Yellow Perch 
(Perca flavescens) in several boreal lakes in north-central 
Ontario, Canada (Tanentzap et al. 2014). When concentra-
tions of DOC are relatively low (< 4 mg/L), positive rela-
tionships between DOC and fish biomass and growth rate 
have been attributed to energy subsidization, screening of 
UV-radiation, and increased loading of co-varying nutrients 
(e.g., phosphorus and nitrogen), which stimulate in-lake pri-
mary production (Finstad et al. 2014; Tanentzap et al. 2014). 
When DOC exceeds 3–4 mg/L (up to 22 mg/L), declines 
in fish biomass and growth rates have been documented in 
several freshwater fish species, including Pikeperch (Sander 
lucioperca), Walleye (Sander vitreus), Lake Trout (Salve-
linus namaycush), and European Perch (Perca fluviatilis). 
These declines have been largely attributed to light attenua-
tion and consequent impairing effects on water clarity, pri-
mary production, predator–prey interactions, metabolism, 
habitat suitability, foraging area, and feeding efficiency (e.g., 
Karlsson et al. 2009, 2015; Stasko et al. 2012; Finstad et al. 
2014; Ranåker et al. 2014; Craig et al. 2017; van Dorst et al. 
2019).

Effects of DOC concentrations on lake productivity are 
affected by the structural and chemical properties of DOM, 
which regulate its availability for biota at the base of food 
chains (see Nebbioso and Piccolo 2013; Creed et al. 2018). 
Terrestrial DOM that is delivered to freshwaters in runoff 
is predominantly derived from soil organic matter, which 
in turn is mainly composed of decomposition products of 
terrestrial vegetation. Soil-derived DOM exported from 
catchments tends to be aromatic in character, and higher 
molecular weight (e.g., tannins, phenols), as lower molecu-
lar weight compounds have already been metabolized in 
soils at earlier stages of decomposition (Kalbitz et al. 2003; 
Yang et al. 2021). Thus, terrestrially derived DOM tends to 
be less bioaccessible and less energy-rich, whereas DOM 
derived from in-lake primary production tends to be fresher 
in character, with more short-chain, low molecular weight 
compounds (proteins, sugars, amino acids) that may be 
quickly metabolized (Taipale et al. 2014; Brett et al. 2017). 
Relative proportions of catchment—versus lake—derived 

organic matter can, therefore, affect lake productivity and, 
ultimately, fish growth. As quantity and quality of DOM 
exported from terrestrial environments to downstream lakes 
is influenced by a myriad of catchment attributes, including 
area, elevation, slope, and land cover composition (e.g., Wil-
liams et al. 2010; Dranga et al. 2017; Kritzberg et al. 2020; 
Toming et al. 2020), gaining a fulsome understanding of 
among-system variability in fish growth rates requires com-
prehensive data on catchment and lake physicochemistry, 
in addition to data on in-lake biota. There is a general pau-
city of studies that link catchment characteristics with water 
chemistry and fish growth rates, and this is particularly true 
in remote northern regions, where food security and local 
economies are often reliant on healthy fisheries (Islam and 
Berkes 2016; Martin et al. 2020), and where climate-induced 
change to land cover is particularly rapid (e.g., Wang et al. 
2020).

In the Dehcho Region, Northwest Territories (NT), 
Canada, Northern Pike are locally harvested as a subsist-
ence food source for First Nations (Stewart and Low 2000). 
Along with other species (e.g., Walleye, Sander vitreus, and 
Lake Whitefish, Coregonus clupeaformis), Northern Pike 
also used to support commercial fisheries in some regional 
lakes during the second half of the twentieth century (Stew-
art and Low 2000; DFO 2010). Commercial harvest has 
been suspended since the early-2000s due to stock col-
lapses (Kennedy 1962; DFO 2010), but local subsistence 
harvests of Northern Pike continue. Harvests of Northern 
Pike and associated human consumption have been affected 
by high mercury concentrations in some lakes in the Dehcho 
Region, and among-lake variability in mercury concentra-
tions has been partially linked to fish size-at-age or growth 
rates (e.g., Evans et al. 2005; Lockhart et al. 2005). Despite 
local dietary significance and the known role of growth rate 
in regulating mercury concentrations in Northern Pike (e.g., 
Sharma et al. 2008), little is known about what drives varia-
bility in growth rates in Northern Pike in this large subarctic 
region. Local Indigenous fishers have suggested that changes 
to the land and to inflowing waters are affecting growth and 
feeding of several fish species in lakes, including Northern 
Pike. Interactions among fish ecology and lake and catch-
ment physicochemistry thus deserve further investigation.

The objectives of this study were to quantify variability 
in Northern Pike growth rate among eleven lakes located 
within a 60,000 km2 area in the Dehcho Region, NT, and to 
investigate factors in-lake waters and catchments that may 
explain this variability. Indigenous knowledge regarding 
long-term changes in lake catchments and inflows, water 
color (tannins), amount of algae in nearshore lake waters, 
and fish numbers and quality, led to several predictions. We 
tested the prediction that growth rate in Northern Pike would 
be lower in lakes subject to more catchment influence, which 
we quantified using measures of water chemistry, lake area, 
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catchment area, lake area to catchment area ratios, catch-
ment elevation, catchment slope, and land cover composi-
tion of catchments. We also investigated whether growth 
rate in Northern Pike was higher in lakes with more in-lake 
primary production. Finally, relationships between growth 
and trophic ecology of Northern Pike were investigated by 
relating growth rates to stable Nitrogen and Carbon isotope 
ratios (used to infer trophic position and carbon source, 
respectively).

Methods

Field sampling

As part of a large, collaborative, and community-driven 
study on fish from the Dehcho Region, NT, eleven lakes 
(Fig. 1) were comprehensively sampled over a period of 
7 years, from 2013 to 2019. Sampling was conducted by a 
joint University-Indigenous guardian crew, and took place 
each year in mid-August to mid-September. Between one 
and three lakes were sampled each year, depending on access 
(e.g., float plane and remote camp vs road access). Some 
lakes were sampled in more than 1 year to reflect commu-
nity priorities and/or results from interim analyses. A full 

schedule of sampling efforts is presented in Table S1 (Sup-
plementary Information). Four ecoregions were represented 
by the study lakes, including the Horn Plateau (Willow, Big 
Island, Mustard lakes), Northern Alberta Upland (Trout 
Lake), Hay River Lowland (Ekali, Gargan, Sanguez, McGill, 
Kakisa, Tathlina lakes), and Norman Range (Fish Lake).

In each lake, Northern Pike were caught using multi-
mesh gill nets, with stretched mesh size ranging from 20 
to 140 mm. Captured Northern Pike were measured on-
site for fork length (FL). Northern Pike > 120 mm FL were 
then weighed (to the nearest g) and processed in the field, 
whereas individuals < 120 mm FL were frozen whole before 
being shipped to the laboratory for further processing. Dor-
sal muscle tissue (skinless) samples were extracted from 
each large fish for stable isotope analysis, and cleithra were 
extracted to estimate age, and subsequently growth rate 
(Casselman 1990; Faust et al. 2013). All tissues were fro-
zen at − 20 °C in the field. Care was taken to ensure that 
large fish were maintained in a condition that was suitable 
for human consumption after sampling, and were supplied 
to band members of partner First Nations communities after 
sampling was complete.

Benthic invertebrates were collected from each lake to 
facilitate among-lake comparisons of stable isotope ratios 
in fish (i.e., baseline correction; Post 2002). Because 

Fig. 1   Location of the study 
lakes in the Dehcho Region, 
NT, Canada. Willow, Big 
Island, and Mustard lakes are 
located in the Horn Plateau 
ecoregion, Trout Lake is located 
in the Northern Alberta Upland 
ecoregion, Fish Lake is located 
in the Norman Range ecoregion, 
and all other lakes are located 
in the Hay River Lowland 
ecoregion. Base data source: 
Northwest Territories Centre for 
Geomatics and Google Earth 
v7.1.8
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fractionation can vary between littoral and pelagic primary 
producers during DIC uptake (France 1995), and because 
Northern Pike primarily feed in nearshore habitats (Vøll-
estad et al. 1986; Craig 1996), benthic invertebrates were 
collected from littoral, nearshore areas using dip nets 
(250 μm mesh size) to represent the isotopic baseline. Ben-
thic invertebrates were sorted and identified to Family in the 
field, and frozen in the field at − 20 °C.

Lake water samples were collected near the surface 
(approximately 30 cm below the surface) from each lake. 
The remote nature and challenging logistics associated with 
comprehensive sampling of the study lakes prevented sam-
pling of all lakes within 1 year. We were, however, particu-
larly concerned with among-lake variation in water chemis-
try parameters being confounded with among-year variation. 
To address this, all study lakes were sampled for water 
chemistry in two dedicated campaigns in both 2018 and 
2019. Samples were collected from each lake via floatplane 
within a period of 1 week in late August in each of 2018 and 
2019. Water samples were collected from the approximate 
center of lakes. Known volumes of surface water were grab-
collected in new, sterile amber Nalgene bottles, and were 
filtered on-site through ethanol-rinsed 0.42 μm Whatman® 
GF/F filters before being frozen for analysis of chlorophyll-
a (Chl-a), a proxy for primary production. 60 ml of surface 
water was pumped directly from the lake through muffled 
quartz QMA filters using a peristaltic pump, stored in amber 
glass bottles, and kept cool for analyses of DOC, DIC, UV 
Absorbance at 254 nm (abs254), Freshness Index, and Spe-
cific UV Absorbance (SUVA). Approximately 500 mL of 
surface water was collected and kept cool for analyses of 
concentrations of nutrients and ions, including total phos-
phorus (TP), total nitrogen (TN), sodium (Na), calcium 
(Ca), manganese (Mg), chloride (Cl), alkalinity (measured 
as CaCO3), bicarbonate (measured as HCO3), and conductiv-
ity. At the time of water sampling, water clarity was charac-
terized using a Secchi disk.

Laboratory processes

At the University of Waterloo (ON, Canada), frozen North-
ern Pike < 120 mm FL were thawed to room temperature, 
blotted to remove excess moisture, and then measured, 
weighed, and processed. Skinless dorsal muscle tissue 
samples and cleithra were removed and frozen at − 20 °C. 
All frozen Northern Pike and benthic invertebrate tissues 
(shells were removed, where applicable) were freeze-dried 
at − 54 °C and 0.014 mBar for 48 h using a LabConco® 
FreeZone freeze-drier (USA). Freeze-dried samples were 
homogenized using ultra-fine scissors and glass rods 
inside borosilicate scintillation vials, before being weighed 
(0.3–0.35 mg) into tin cups using a Mettler-Toledo® Ana-
lytical Microbalance model XP05DR (Switzerland). 

Prepared samples were analyzed for δ13C and δ15N using 
a Thermo Fisher Scientific® Delta XL continuous-flow iso-
tope ratio mass spectrometer (USA) connected to a Fisons 
Instruments® 1108 Elemental Analyzer (UK) at the Univer-
sity of Waterloo Environmental Isotope Laboratory. Values 
of δ13C and δ15N are expressed in parts per mil (‰) rela-
tive to international standards of Vienna Pee-Dee Belem-
nite and N2 gas, respectively. Precision was estimated using 
duplicate samples that were completed for approximately 
9% (n = 38) and 28% (n = 160) of Northern Pike and benthic 
invertebrate samples, respectively. Mean absolute difference 
(± one standard deviation) in δ15N and δ13C between dupli-
cate samples was 0.001 (± 0.105) ‰ and 0.079 (± 0.229) ‰, 
respectively, for Northern Pike, and 0.038 (± 0.438) ‰ and 
0.013 (± 0.437) ‰, respectively, for benthic invertebrates.

Whole cleithra were hand-cleaned to remove soft tissue 
after being immersed in warm water for 10–20 s. While 
placed beside a fixed ruler on a lab bench, air-dried cleithra 
were then photographed using a Nikon D7500 DSLR digital 
camera (Japan). Widths of annuli (i.e., yearly growth incre-
ments interpreted as alternating translucent and opaque 
zones under reflected light) were measured (in mm) from 
the origin to the outermost edge of cleithra along the anterior 
length (Craig 1996), with age calculated as the number of 
annuli. The outer limit of each translucent zone was consid-
ered as the formation point of the next annulus. For qual-
ity control, images were examined blind by an experienced 
reader twice, with a 3-week time interval between reads. 
Samples were examined for a third time if age estimates 
differed between the first two reads, and samples were not 
used in further analyses if the third reading did not agree 
with one of the first two.

Analyses of Chl-a, TP, and TN were conducted at the 
University of Alberta Biogeochemical Analytical Service 
Laboratory in Edmonton (AB, Canada). Briefly, Chl-a was 
extracted with 95% ethanol on a filter overnight and meas-
ured using a Shimadzu® RF-1501 Spectrofluorophotometer 
(North America Analytical & Measuring Instruments), and 
TP and TN analyses were performed by Flow Injection 
Analysis using a Lachat® QuikChem 8500 FIA automated 
analyzer (Canada). Analyses of DIC, DOC, abs254, Fresh-
ness Index, SUVA, Na, Ca, Mg, Cl, alkalinity, bicarbonate, 
and conductivity were conducted at the Western University 
Biotron Center for Experimental Climate Change Research 
in London (ON, Canada). Concentrations of DIC and DOC 
were determined using phosphoric acid digestion followed 
by persulphate oxidation on an Aurora® 1030  W total 
organic carbon analyzer (USA). Fluorescence and absorb-
ance measures were made with appropriate corrections on a 
Horiba Aqualog® spectrofluorometer (Japan). Absorbance at 
254 nm (abs254) is reported directly as an absolute meas-
ure of total absorbance characteristics of higher molecular 
weight DOM. Freshness Index (a measure of the ratio of 
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more recently produced to more decomposed DOM; Parlanti 
et al. 2000) was calculated as the ratio of emission at 380 nm 
and the emission maximum between 420 and 235 nm at an 
excitation wavelength of 310 nm. Specific absorbance at 
254 nm (SUVA), a measure of the degree of aromaticity of 
DOM, was calculated as abs254 divided by DOC concentra-
tions (Weishaar et al. 2003). Analyses of Na, Ca, Mg, Cl, 
alkalinity, bicarbonate, and conductivity were performed 
using a Dionex ICS-1600 reagent-free ion chromatography 
system (USA) and a AS-50 autosampler (USA).

Lake trophic states

Trophic state was quantified for each lake using Carlson’s 
Trophic State Index (CTSI; Carlson 1977) and measures 
of Chl-a, TP, and Secchi depth (Secchi) with the following 
equations:

where ln was natural logarithm. Following Fuller and Jodoin 
(2016), lakes were then classified into one of four catego-
ries: oligotrophic (i.e., low productivity) for CTSI < 38, 
mesotrophic (i.e., moderate productivity) for 38 < CTSI > 48, 
eutrophic (i.e., high productivity) for 48 < CTSI > 61, and 
hypereutrophic (i.e., extreme productivity) for CTSI > 61. 
The ratio of TN to TP (TN:TP) was used to assess whether 
nitrogen or phosphorus limited primary production in each 
lake (e.g., Hecky et al. 1993).

Geospatial analysis

We used publicly available geospatial data on the Govern-
ment of Canada portal to identify ecoregions and quantify 
lake and catchment characteristics. Data were accessed 
in May 2019 and analyzed using the coordinate system 
ESPG:3581 NAD83(CSRS)/NWT Lambert. For each 
lake, we calculated total catchment area (CA) based on the 
HRDEM v1.3 (HRDEM Natural Resource Canada 2021). 
This same source was used to delineate watershed divides, 
and obtain mean elevation and mean slope in most catch-
ments, but the headwaters of Kakisa and Tathlina lakes are 
not included in this data layer; thus, the Canadian Digital 
Elevation Model 1945–2011 (CDEM Natural Resource Can-
ada 2021) was used for these lakes. Lake surface areas (LA) 

CTSI =
TSIChl - a + TSITP + TSISecchi

3
,

TSIChl - a = 9.81 ln Chl - a in μg∕L + 30.6,

TSITP = 14.42 ln TP in μg∕L + 4.15,

TSISecchi = 60 − 14.41 Secchi depth in m,

and land cover compositions for each catchment were calcu-
lated based on the 30-m resolution 2015 Land Cover of Can-
ada data layer (LCC Natural Resource Canada 2015). Land 
cover in our study area included ten categories: Wetland, 
Water, Temperate or Subpolar Shrubland, Temperate or Sub-
polar Needleleaf Forest, Temperate or Subpolar Broadleaf 
Deciduous Forest, Subpolar Taiga Needleleaf Forest, Subpo-
lar or Polar Shrubland, Subpolar or Polar Grassland, Mixed 
Forest, and Barren Land. Detailed information about each 
category is available in Natural Resources Canada (2019). 
Land cover data were expressed as percentages of CA. 
Finally, the ratio of lake area to catchment area (LA:CA) 
was calculated by dividing LA to CA. Analyses of lake and 
catchment characteristics were done using QGIS v3.12.2 
(QGIS Development Team 2020), GDAL/OGR (GDAL/
OGR Contributors 2020), PostgreSQL/PostGIS v2.5.4 (The 
PostGIS Development Group 2020), and WhiteboxTools 
(Lindsay 2016), as well as with R packages “raster” v3.3-13 
(Hijmans 2020) and “rgdal” v1.5-16 (Bivand 2020).

Data analysis

Statistical analyses were completed using RStudio v1.3.959 
(RStudio Team 2020) integrated with R v4.0.1 (R Core 
Team 2020) and core packages, unless otherwise noted. 
Residuals of all linear models were visually assessed using 
residual plots, and tested for normality using Shapiro–Wilk 
tests. Data were log10-transformed where necessary to meet 
assumptions.

Lake-specific growth rates in Northern Pike were quanti-
fied using the following equation proposed by Gallucci and 
Quinn (1979):

where k is the growth coefficient parameter of the von Ber-
talanffy growth equation (von Bertalanffy 1938), and ω is an 
estimate of early growth rate, in a length-per-time unit. The 
ω growth parameter was chosen for among-lake compari-
son of growth because: (i) it is statistically robust, and its use 
in comparisons avoids problems of analyzing and interpret-
ing the interdependent growth coefficient and asymptotic 
length parameters estimated by the von Bertalanffy growth 
equation (Gallucci and Quinn 1979); (ii) it facilitates com-
parisons with similar studies (e.g., Benoît et al. 2016); and, 
(iii) ω provides an estimate of growth rate in early life, when 
environmental conditions are particularly influential on fish 
growth rates (Pankhurst and Munday 2011). To fit growth 
models, we used incremental width data, which were meas-
urements of individual annuli (in mm) made on images of 
cleithra using the package RFishBC v0.2.3 (Ogle 2019). 
This avoided the bias that can be introduced when fish size at 

size =
�

k
(1 − e

−k⋅age),
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previous ages is estimated through back-calculation (Francis 
1990; Höhne et al. 2020). Fish size at a given age was repre-
sented by the size of cleithra at a given annulus (i.e., distance 
from the origin to ith annulus of cleithra along the anterior 
length). To check the assumption that size of cleithra repre-
sented the size of fish, distance from the origin to the outer-
most edge of cleithra along the anterior length was regressed 
against FL of corresponding individuals. A significant and 
positive linear relationship was found (y = 24.292 + 9.83x, 
adjusted r2 = 0.983). Incremental data did not appear to suf-
fer from the Rosa Lee phenomenon (i.e., smaller estimated 
sizes for a given age in older fish compared to younger fish), 
according to inspection following Duncan (1980). Age 0+ 
Northern Pike were excluded from growth analyses, as were 
annuli that represented growth (since winter annulus forma-
tion) in the year of capture. Lake-specific growth models 
were fit with the package FSA v0.8.30 (Ogle et al. 2020) 
using incremental data for all fish in a given lake.

Relationships among the physiochemical variables for 
all lakes and their catchments were investigated using two 
principal component analyses (PCA) that were performed 
in the package vegan v2.5-6 (Oksanen et al. 2019). First, a 
PCA was completed on land cover data. A second PCA was 
performed using lake chemistry variables, including Chl-
a, DOC, DIC, abs254, Freshness Index, SUVA, TP, TN, 
Na, Ca, Mg, Cl, alkalinity, bicarbonate, and conductivity. 
Lake area to catchment area ratios, mean catchment eleva-
tion, mean catchment slope, and lake-specific PC1 and PC2 
scores of the land cover PCA were also included as variables 
in this second PCA. All data were z-transformed (i.e., mean-
subtracted and divided by standard deviation) before PCAs 
were completed.

To investigate whether among-lake variation in growth 
rate of Northern Pike could be explained by variability 
among lakes in primary productivity, water clarity, inferred 
terrestrial influence, or fish trophic ecology, lake-specific 
estimates of growth rate (ω) in Northern Pike were related 
to Chl-a, Secchi depth, DOC concentrations, PC1 and PC2 
scores from the second PCA (inferred catchment influence 
and in-lake productivity, respectively; see Results), and 
Northern Pike trophic level (δ15Nadj) and dietary carbon 
source (δ13C). Simple linear regressions (LR) were used, and 
alpha was set at 0.05. Each lake was treated as a replicate 
(n = 11). Delta13C and δ15Nadj ratios for Northern Pike were 
estimated at 560 mm FL, which was accomplished using 
an analysis of covariance (i.e., ANCOVA) in the package 
lsmeans v2.30-0 (Lenth 2016); mean FL of all Northern 
Pike sampled was 565.5 mm (median = 562.0 mm), and no 
extrapolation was necessary to estimate lake-specific isotope 
ratios at 560 mm. Delta15N values for individual Northern 
Pike were first adjusted for among-lake variation in baseline 
(δ15Nbase) (Post 2002) using the following equation:

Delta15N ratios of samples from the Sphaeriidae family 
were used for baseline adjustments (Post 2002). Following 
initial analyses focused on Northern Pike, linear regressions 
were also used to relate δ13C ratios in benthic invertebrates 
to PC1 and PC2 scores from the second PCA.

Results and discussion

Characteristics of lakes and inferred catchment 
influence

There was considerable variability in physical and chemi-
cal characteristics among the studied lakes and catchments 
(Table 1; Fig. 2). Lake and catchment areas varied by more 
than two orders of magnitude; LA ranged from 1 to 565 
km2, and CA ranged from 113 to 15,809 km2 (Table 1). The 
LA:CA varied from 0.002 to 0.161, with extremes repre-
sented by McGill Lake (small lake with large catchment) 
and Big Island Lake (medium lake with small catchment). 
Lakes located in the Horn Plateau ecoregion were an order 
of magnitude larger relative to their catchments than lakes 
located in other ecoregions (Table 1; Fig. 2).

Lakes located on the Horn Plateau, as well as Fish Lake, 
located in the Norman Range ecoregion, had different 
catchment land cover compared to lakes located in the other 
ecoregions (Fig. 2). These higher-elevation/latitude lakes 
(i.e., Big Island, Mustard, Willow, and Fish) were clearly 
separated from lakes located in the Hay River Lowland 
(i.e., Ekali, Sanguez, Gargan, and McGill, Trout, Kakisa, 
and Tathlina) along the horizontal axis (i.e., PC1) of the 
land cover PCA (Fig. 3a). Subpolar/polar land cover types 
were negatively associated with PC1 whereas temperate/
subpolar land cover types were positively associated with 
PC1, and this axis explained 65% of total variance in land 
cover composition (Fig. 3a). For example, while subpolar 
taiga Needleleaf forest covered 10–20% of catchment areas 
of lakes located at higher elevations or at higher latitudes 
(Big Island, Willow, Mustard, Fish), this forest type covered 
only 0.01–1% of the catchment areas for lakes located in 
the Hay River Lowland (i.e., Ekali, Sanguez, Gargan, and 
McGill, Trout, Kakisa, and Tathlina) (Fig. 2). Variability 
in the proportion of wetland area primarily drove separa-
tion along PC2, which explained another 20% of variance in 
catchment land cover (Fig. 3a). Lake-specific PC1 and PC2 
scores of the land cover PCA were extracted and renamed 
“region” and “wetland”, respectively (Fig. 3a), for use in the 
second PCA (Fig. 3b).

Patterns among lakes and ecoregions in catchment size 
and composition were reflected in water chemistry, and 

�
15Nadj = �

15N − lake mean �
15Nbase.
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results from the second PCA reflect a gradient of catch-
ment influence along PC1 (Fig. 3b). Lakes located in larger 
catchments (relative to lake area) and with steeper-sloped 
catchments were characterized by higher levels of trac-
ers that reflect terrestrial inputs, including higher levels 
of ions, DOC, DIC, alkalinity, conductivity, and abs254 
(Table 1; Fig. 3b). Variables such as conductivity, alkalin-
ity, bicarbonate, Ca, Mg, and Cl are reflective of mineral 
weathering in the catchment (e.g., Kamenik et al. 2001; 
Singh et al. 2008), and have previously been used as indi-
cators of catchment influence on lake ecosystems in stud-
ies of fish ecology (e.g., Burke et al. 2020). The horizon-
tal axis (PC1) of the second PCA explained 62% of total 
variance in the dataset, and while elevation and LA:CA 
were negatively associated with this axis, mean catchment 
slope, TN, DOC, DIC, abs254, alkalinity, bicarbonate, 
conductivity, Na, Ca, Mg, and Cl were all positively asso-
ciated with this axis (Fig. 3b). Higher-elevation/latitude 
lakes (i.e., Big Island, Mustard, Willow, and Fish) were 
negatively associated with PC1 whereas all lakes located 
in the Hay River Lowland (i.e., Ekali, Sanguez, Gargan, 
and McGill, Kakisa, and Tathlina) were positively associ-
ated with PC1. We thus infer that PC1 reflects a gradient of 
catchment influence from low (negative scores) for lakes in 
the Horn Plateau and Norman Range ecoregions, to high 
(positive scores) for lakes in the Hay River Lowland. Trout 
Lake, located in the Northern Alberta Upland ecoregion, 
grouped with the higher elevation/latitude lakes, which 
likely reflects its relatively large LA to CA ratio (Table 1; 
Fig. 3b).

The vertical axis (PC2) of the second PCA explained 17% 
of variation in this analysis, and was driven by proxies and 

indicators of in-lake primary production, including Chl-a 
and Freshness Index (Fig. 3b). Primary production varied 
independently of the patterns observed among ecoregions for 
catchment influence and LA:CA; both the lowest and high-
est Chl-a values were observed for lakes in the Hay River 
Lowland (McGill and Kakisa, respectively). Positive and 
close associations of TP, Chl-a, and Freshness along PC2 
(Fig. 3b) suggested that primary productivity in most of the 
studied lakes was limited by phosphorus. With TN:TP > 20, 
ten of eleven studied lakes were found to be phosphorus-
limited (Hecky et al. 1993), and mesotrophic or moderately 
productive (Table S2). Kakisa Lake, however, was nitrogen-
limited (i.e., TN:TP < 20; Hecky et al. 1993), and eutrophic 
or highly productive (Table S2).

Northern Pike growth rates

A total number of 2953 annuli widths were measured on 
Northern Pike cleithra (n = 432) and used to model growth 
rates in Northern Pike. Detailed descriptive statistics of 
incremental width data for annuli are presented in Table S3 
(Supplementary Information). Northern Pike growth 
rate (i.e., ω) varied twofold among lakes, and was lowest 
(10.3) in Tathlina Lake and highest (20.9) in Mustard Lake 
(Table 2).

Among-lake variability in Northern Pike growth rates 
was best explained by inferred catchment influence, whereas 
there was no clear relationship between Northern Pike 
growth rates and either in-lake primary production or water 
clarity. Log10-transformed Northern Pike growth rate was 
significantly and negatively (LR: F1,9 = 36.80, p < 0.001, adj. 
r2 = 0.78; Fig. 4a) related to PC1 scores from the second 

Fig. 2   Proportion of land cover 
composition relative to catch-
ment area for each study lake 
in the Dehcho Region, NT, 
Canada. Lakes are grouped 
by ecoregions; ecoregions are 
indicated beneath the X-axis
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PCA (Fig. 3b), which we inferred to reflect catchment influ-
ence; growth rates in Northern Pike were higher in lakes with 
lower inferred catchment influences. Consistent with this, we 
also found a significant negative relationship (F1,9 = 18.44, 
p = 0.002, adj. r2 = 0.64) between ω (log10) and DOC (log10) 
concentrations (Fig. 4b). While previous researchers have 
found that catchment influence or DOC concentrations have 
affected growth rates in other fish species, such as Pike-
perch (Ranåker et al. 2014), Walleye (Stasko et al. 2015; 
Benoît et al. 2016), Lake Trout (Benoît et al. 2016), Bluegill 
(Lepomis macrochirus) (Craig et al. 2017), and European 
Perch (van Dorst et al. 2019) through effects on primary 
productivity and/or water clarity, our results suggest that 
this was not the case in our study. There were no significant 
relationships between Northern Pike growth rates (log10) 
and Chl-a (log10), Carlson’s trophic state index, PC2 (Chl-
a, Freshness Index, TP, SUVA; Fig. 3b), or secchi depth (LR, 
F1,9 =  ≤ 0.08, p ≥ 0.269, adj. r2 ≤ 0.04), and there were also 
no significant relationships between DOC (log10) and Chl-a 
(log10) (LR: F1,9 = 0.20, p = 0.663), or between DOC (log10) 
and water clarity (i.e., Secchi) (LR: F1,9 = 1.64, p = 0.232). 
In these generally well-mixed and relatively shallow lakes, 
it is likely that water clarity is influenced more by suspended 
sediments than DOC concentrations, although data that span 
more of the open-water season would be required to test this 
assertion.

One possible explanation for the negative relationship 
between Northern Pike growth rates and inferred catchment 
influence is the quality of terrestrially derived basal food 
resources. There was a strong positive correlation (Pearson 
r = 0.93, p < 0.001) between DOC (log10) and abs254 (log10), 
and between DOC and other variables indicative of catch-
ment weathering (e.g., conductivity, alkalinity, bicarbonate, 

Fig. 3   Biplots of Principal Component Analyses (PCA). Left (a) 
depicts PCA performed using proportional land cover data (i.e., 
Fig.  2), and right (b) represents PCA performed using all variables 
presented in Table 1, as well as PC1 and PC2 scores from the anal-
yses depicted in (a). Axes of the land cover PCA (a) were inferred 

to represent variability driven by ecoregion (PC1) and proportional 
cover of wetlands (PC2). Axes of the PCA that included all variables 
(b) were inferred to represent a gradient of catchment influence (PC1) 
and primary productivity (PC2)

Table 2   Estimates and ± 95% confidence intervals of early growth 
rate (ω) for Northern Pike in the study lakes

Ecoregion: NR Norman Range, HP Horn Plateau, NAU Northern 
Alberta Upland, HRL Hay River Lowland

Lake (ecoregion) Early growth rate (ω)

Estimate LCI UCI

Fish (NR) 13.36 12.17 14.57
Big Island (HP) 17.84 15.04 20.88
Willow (HP) 14.48 13.14 15.96
Mustard (HP) 20.86 16.68 25.62
Trout (NAU) 15.72 13.66 18.12
Kakisa (HRL) 13.29 12.34 14.35
Tathlina (HRL) 10.29 9.54 11.02
Ekali (HRL) 10.19 9.23 11.24
Gargan (HRL) 11.26 9.86 12.57
McGill (HRL) 11.08 10.09 12.06
Sanguez (HRL) 10.37 9.92 10.81
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Ca, Mg, and Cl; Kamenik et al. 2001; Singh et al. 2008) 
along PC1 (Fig. 3b), which indicates that the greater the 
catchment influence, the greater the inputs of more aromatic, 
high molecular weight terrestrial organic matter. Organic 
matter derived from terrestrial environments is often of rela-
tively lower nutritional quality compared to DOM derived 
from internal production, which provide relatively higher 
levels of essential amino acids and macronutrients (Taipale 
et al. 2014; Brett et al. 2017). Further, elevated quantities 
of DOC from terrestrially derived sources do not compen-
sate for the poorer quality of these resources (Hiltunen et al. 
2019).

Our proposed mechanism for the negative relationship 
between Northern Pike growth rates and inferred catchment 
influence (i.e., lower-quality DOM from the catchment) is 
consistent with results of our analysis on Northern Pike 
growth rates and trophic ecology. Lake-specific growth rate 

in Northern Pike (i.e., log10 ω) was not related to lake-spe-
cific least squares mean δ15Nadj (LR: F1,9 = 0.79, p = 0.398) 
nor to lake-specific least squares mean raw (unadjusted) 
δ15N (LR: F1,9 = 0.074, p = 0.792); lake-specific least squares 
mean δ15Nadj (and δ15N) in Northern Pike varied less than 
three ‰ (~ one trophic level), indicating that Northern Pike 
feed at approximately the same trophic level in all studied 
lakes. There was, however, a significant and positive rela-
tionship between lake-specific log10 ω and least squares 
mean δ13C (LR: F1,9 = 31.08, p < 0.001, adj. r2 = 0.75; 
Fig. 5a). To determine if the positive relationship between 
Northern Pike growth and δ13C reflected among-lake differ-
ences in habitat use of Northern Pike (i.e., the more conven-
tional interpretation) or among-lake differences in sources 
of DIC, we related δ13C of a representative baseline ben-
thic invertebrate family (lake-specific arithmetic mean δ13C 
of Sphaeriidae) to inferred catchment influence (i.e., PC1 
scores of the second PCA), with which DIC was strongly and 
positively associated (Fig. 3b). There was a significant nega-
tive relationship between δ13C of Sphaeriidae and inferred 
catchment influence (LR: F1,9 = 33.19, p < 0.001, adj. 
r2 = 0.77; Fig. 5b). Negative relationships between inferred 
catchment influence and δ13C were also observed when 
this analysis was conducted on other benthic invertebrate 
taxa that were captured in most or all lakes (Chironomidae, 
Dytiscidae, Corixidae, Lymnaeidae), as well as when all 
benthic invertebrate taxa were combined (Tables S4 and S5 
in Supplementary Information). Relationships were stronger 
when analyses were restricted to individual taxonomic fami-
lies, which is not surprising given the diversity of feeding 
tactics among analyzed taxa, and the fact that fractionation 
of carbon isotopes (13C and 12C) can vary among functional 
feeding groups (Woodland et al. 2012; Anas et al. 2019b). 
Overall, the results indicate that benthic invertebrates had 
more depleted δ13C ratios in lakes subject to more catchment 
influence, which is consistent with the findings of Anas et al. 
(2019a). Given that δ13C ratios of benthic invertebrates var-
ied among lakes in a pattern similar to that of Northern Pike, 
and that a large proportion of this variability was explained 
by inferred catchment influence (e.g., 77% for Sphaeriidae), 
we infer that among-lake variability in δ13C ratios in North-
ern Pike reflected variability in the sources of DIC, rather 
than variability in habitat use. This inference is supported 
by a significant, strong, and positive (Pearson correlation, 
r = 0.93, df = 9, p < 0.001) relationship between lake-specific 
δ13C ratios in Northern Pike and lake-specific δ13C ratios in 
littoral benthic invertebrates (all taxa combined).

Benthic consumers reliant on terrestrially derived organic 
matter tend to be relatively less nutritious (in terms of fatty 
acids and other macro nutrients) than those assimilat-
ing internally produced resources (e.g., Lau et al. 2009), 
although terrestrially derived organic matter can support 
consumer growth and production to some extent (e.g., Kelly 

Fig. 4   Linear regressions between lake-specific estimates of North-
ern Pike growth rate (ω) and (a) inferred catchment influence (PC1 
scores in Fig. 3b), and (b) concentrations of dissolved organic carbon
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et al. 2014). Given the low nutritional value and depleted 
δ13C ratios previously observed in benthic consumers that 
rely more on terrestrial resources (Lau et al. 2009; Anas et al. 
2019a), we suggest that our observation of slower growth of 
Northern Pike in lakes with greater inferred catchment influ-
ence reflects relatively lower food quality that propagates 
through trophic levels. Further research, ideally studies that 
include fatty acid concentrations, would provide an inde-
pendent test of our inference of lower nutritional quality in 
basal resources of lakes that are more influenced by their 
catchments. Further, we suggest that future research into 
relationships between terrestrial influence and δ13C ratios 
in fishes should ideally include species that are known to 
feed mostly in littoral habitats, (e.g., pike), mostly in pelagic 
habitats (e.g., adult cisco), and in both pelagic and litto-
ral habitats (e.g., lake trout); as pike are known to occupy 
and feed mostly in littoral habitats and have relatively small 

home ranges, effects of whole-lake drivers (such as terres-
trial influence)—especially those that affect nutrient cycling 
in the littoral zone—may be easier to detect.

As a lie-in-wait predator, feeding success and growth 
of Northern Pike are believed to depend most strongly 
on population density, prey-predator interactions, and the 
presence of submerged aquatic plants (Vøllestad et al. 
1986; Diana 1987; Casselman and Lewis 1996; Craig 
1996; Margenau et al. 1998). Our sampling relied heavily 
on subsistence harvest practices, and was not designed 
to allow quantification of fish community composition 
or relative abundance. Qualitative information retrieved 
from our gill nets (Table S6), however, indicate that Lake 
Whitefish are present in the majority of study lakes (n 
lake = 10 of 11); juvenile Lake Whitefish are a preferred 
prey item for Northern Pike (Scott and Crossman 1973). 
Other commonly observed small-bodied fish species 
(potential prey items for Northern Pike) include Cisco 
(Coregonus artedi) and Ninespine Stickleback (Pungi-
tius pungitius). Diversity of forage fish species appears 
to vary among lakes (Table S6), however, and this likely 
affects growth of Northern Pike in a way that we cannot 
currently quantify. The presence of potential competitors 
also varied among lakes; we observed Lake Trout in lakes 
where Northern Pike grew relatively faster (Big Island, 
Willow, and Mustard lakes), and Walleye in lakes where 
Northern grew relatively slower (e.g., Sanguez, Tathlina, 
Ekali, and McGill lakes). Future research on the presence/
absence and relative abundance of competitor fishes and 
prey fishes, as well as coverage of submerged aquatic veg-
etation, could yield additional insights into among-lake 
variability that we cannot yet explain in Northern Pike 
growth rates in these remote and understudied lakes that 
support food security and overall well-being of northern-
ers in the region.

Conclusion

The Dehcho Region is located at subarctic latitudes, where 
climate warming is having profound effects on lake-catch-
ment interactions via accelerated permafrost thaw, and 
changes in fire regimes and hydrology (Prowse et al. 2006; 
Hugelius et al. 2020). To our knowledge, this is the first 
study that integrates food web, water, lake, and catchment 
data to explore causes of among-lake variability in growth 
of Northern Pike, an important subsistence and commer-
cial species across northern latitudes. Our results revealed 
that growth rate in Northern Pike decreased with increas-
ing catchment influence on lake water chemistry. This may 
be driven by the lower nutritional value and bioaccessi-
bility of terrestrially derived organic matter compared to 

Fig. 5   Results of linear regressions between (a) Northern Pike growth 
rate and least squares mean δ13C (calculated at 560 mm FL), and (b) 
mean δ13C of baseline benthic invertebrate family and inferred catch-
ment influence (PC1 scores from in Fig. 3b)
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more readily bioaccessible organic matter that is produced 
internally. Further research that included fatty acid concen-
trations and prey-predator interactions could lend further 
insight into among-lake variability in growth rates of North-
ern Pike. As many lake and catchment attributes included 
in our study can be quantified and monitored remotely (e.g., 
remote sensing), our findings may accelerate development of 
models for growth rate, especially in remote regions where 
field data are where fish are a primary subsistence food 
source. Our findings also aid in identifying and predicting 
faster and slower growing populations of Northern Pike in 
subarctic lakes, which is of significance for toxicologists and 
fisheries managers, given the vital regulatory role of growth 
rate in fish population dynamics, fisheries sustainability, and 
contaminant accumulation in fish tissues.
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tary material available at https://​doi.​org/​10.​1007/​s00027-​021-​00817-4.
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