m e Taylor & Francis
an. Al,pine Rese;rch s

g Arctic, Antarctic, and Alpine Research
An Interdisciplinary Journal

ISSN: 1523-0430 (Print) 1938-4246 (Online) Journal homepage: www.tandfonline.com/journals/uaar20

Young gravel-pit lakes along Canada’s Dempster
Highway: How do they compare with natural
lakes?

Jasmina M. Vucic, Rachel S. Cohen, Derek K. Gray, Alyssa D. Murdoch, Arnab
Shuvo & Sapna Sharma

To cite this article: Jasmina M. Vucic, Rachel S. Cohen, Derek K. Gray, Alyssa D. Murdoch, Arnab
Shuvo & Sapna Sharma (2019) Young gravel-pit lakes along Canada’s Dempster Highway: How
do they compare with natural lakes?, Arctic, Antarctic, and Alpine Research, 51:1, 25-39, DOI:
10.1080/15230430.2019.1565854

To link to this article: https://doi.org/10.1080/15230430.2019.1565854

© 2019 The Author(s). Published with
license by Taylor & Francis Group, LLC.

@ Published online: 26 Feb 2019.

N
CJ/ Submit your article to this journal &

||I| Article views: 2281

A
& View related articles &'

@ View Crossmark data (&

CrossMark

@ Citing articles: 8 View citing articles '

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uaar20


https://www.tandfonline.com/journals/uaar20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15230430.2019.1565854
https://doi.org/10.1080/15230430.2019.1565854
https://www.tandfonline.com/action/authorSubmission?journalCode=uaar20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=uaar20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15230430.2019.1565854?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15230430.2019.1565854?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15230430.2019.1565854&domain=pdf&date_stamp=26%20Feb%202019
http://crossmark.crossref.org/dialog/?doi=10.1080/15230430.2019.1565854&domain=pdf&date_stamp=26%20Feb%202019
https://www.tandfonline.com/doi/citedby/10.1080/15230430.2019.1565854?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/15230430.2019.1565854?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=uaar20

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH
2019, VOL. 51, NO. 1, 25-39
https://doi.org/10.1080/15230430.2019.1565854

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS | ™ Gheck for updates

Young gravel-pit lakes along Canada’s Dempster Highway: How do they

compare with natural lakes?

Jasmina M. Vucic ®2, Rachel S. Cohen
and Sapna Sharma @°

2, Derek K. Gray ®?, Alyssa D. Murdoch

® Arnab Shuvo ®°,

aDepartment of Biology, Wilfrid Laurier University, Waterloo, Ontario, Canada; "Department of Biology, York University, Toronto, Ontario,

Canada

ABSTRACT

Gravel-pit lakes are a common feature of many human-modified landscapes throughout the world. In
Canada’s north, they are often formed when gravel is extracted to construct dams, bridges, and
highways. Past studies suggest that gravel-pit lakes differ from natural lakes in terms of their
morphometry, water quality, and biological communities. In this study, we compared gravel-pit and
natural lakes by sampling lakes between Inuvik and Fort McPherson in the Northwest Territories. We
collected lake morphometry, water quality, and biological data (zooplankton, macroinvertebrates, and
fish presence) from six gravel-pit lakes and fifteen natural lakes. In comparison to natural lakes, gravel-
pit lakes were four times deeper, two times clearer, and five times smaller in their surface area. In
addition, important nutrients, including phosphorus and nitrogen, were significantly lower in gravel-
pit lakes. Despite the differences in morphometry and nutrients, pelagic zooplankton and littoral
macroinvertebrate communities did not differ significantly between the two lake types. Therefore, we
conclude that despite their recent formation and unnatural morphometry, gravel-pit lakes along the
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Dempster Highway can support invertebrate communities typical of natural lakes in the region.

Introduction

Industrial activity and the development of roadways
throughout the Northwest Territories require the local
mining of sand and gravel, leaving behind many aban-
doned gravel pits (borrow pits). Sand and gravel are
extracted for use in the construction of buildings,
dams, bridges, pipelines, and highways (Bayram and
Onsoy 2014; Mollema and Antonellini 2016;
Sendergaard et al. 2018). Government records available
from the Gwich’in Land and Water Board reveal that
gravel pits in northern Canada are typically used for the
purposes of mineral exploration, geological mapping,
the opening of roads, and highway maintenance.
According to these records, there are eighteen gravel
pits, now lakes, along the Dempster Highway in the
Northwest Territories. Because of the construction of
the highway during the 1970s, some of the earliest gravel
pits opened in the mid-1970s and the extraction of
material from most pits stopped during the 1990s.
However, the demand for gravel mining in the region
is expected to increase to accommodate the future

construction associated with a growing population,
increased resource development, and tourism. For
example, the Inuvik-Tuktoyaktuk highway was com-
pleted in November 2017, providing road access to the
southern coast of the Arctic Ocean, a region where sig-
nificant development is anticipated (Kiggiak-EBA
Consulting Ltd. 2011). Gravel extraction is also antici-
pated to continue in Canada’s north because of the
ongoing maintenance of roadways built over permafrost
and a dynamic active layer that experiences damaging
freeze-thaw cycles.

Gravel-pit lakes are formed when an abandoned
extraction pit floods naturally through an influx of
groundwater, rainfall, and snowmelt, or through connec-
tions with nearby lakes (Gammons et al. 2009; Mollema
and Antonellini 2016; Sendergaard et al. 2018). Although
gravel-pit lakes are common features of landscapes in
many parts of the world, their study has been neglected,
and little is known about the development of these lake
ecosystems following extraction activities (Gammons
et al. 2009; Mollema and Antonellini 2016). Because of
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their young age and artificial construction, gravel-pit
lakes can exhibit differences in important physical and
chemical parameters in comparison with natural lakes
(Boyes 1999; Hindak and Hindékova 2003). Past studies
suggest that most gravel-pit lakes are oligotrophic, clear,
and exhibit from neutral to alkaline pH levels (Hinddk
and Hindakova 2003; Sendergaard et al. 2018). Their
artificial construction can lead to important morpho-
metric differences. Artificial lakes created from mining
or gravel-extraction activities tend to be deep with rela-
tively flat bottoms and steep sides, creating a high depth-
to-surface area ratio (Kalin et al. 2001; Blanchette and
Lund 2016; Mollema and Antonellini 2016). The depth-
to-surface area ratio for gravel-pit lakes ranges from
10 percent to 40 percent, while natural lakes have a ratio
of less than 5 percent (Mollema and Antonellini 2016).
These differences between gravel-pit and natural lakes can
lead to differences in the types of biological communities
that these lakes support. Most gravel-pit lakes are unlikely
to support a high diversity of species in comparison with
natural oligotrophic or mesotrophic lakes because of low
nutrient levels (Gammons et al. 2009). The young age of
gravel-pit lakes may also contribute to decreased biodi-
versity because they have less time to accumulate species
and proceed through the successional cycles exhibited by
many older natural lakes (Lipsey 1980; Ejsmont-Karabin
1995; Hindak and Hindakova 2003; Alfonso et al. 2010).
The high depth-to-surface area ratio of gravel-pit lakes
leaves little room for littoral macrophytes, which act as
important habitat for many invertebrates and play a key
role as refuges and breeding habitats for fish (Scheffer
1999). As a result, benthic communities in gravel-pit lakes
may be typical of deep, poorly lit profundal habitats
(Gammons et al. 2009). Despite these noted generalities,
gravel-pit lakes can vary in their physical, geochemical,
and ecological characteristics in relation to local climate
and watershed characteristics (Gammons et al. 2009).
The composition of biological communities in
gravel-pit lakes will be influenced by the natural bio-
logical diversity in nearby water bodies, the physical
conditions within each lake, as well as dispersal and
colonization processes (Beisner et al. 2006; Allen and
VanDyke 2011; Audet, MacPhee, and Keller 2013).
Zooplankton and phytoplankton can disperse to
gravel-pit lakes using several vectors, including move-
ment through streams, attachment to vertebrates,
insects, and through heavy wind and rain events
(Jenkins and Buikema 1998). In the Northwest
Territories there are a variety of vertebrate vectors,
including the black bear (Ursus americanus), grizzly
bear (Ursus arctos), beaver (Castor canadensis), ruddy
duck (Oxyura jamaicensis), herring gull (Larus argen-
tatus), and the common loon (Gavia immer).

However, the colonization of newly formed lakes
may occur slowly for zooplankton, as many studies
have identified low dispersal rates for this group
(Jenkins and Buikema 1998; Gray and Arnott 2011).
Macroinvertebrates are less likely to be limited by
dispersal, because a variety of species can colonize
via their adult aerial phase (Bilton, Freeland, and
Okamura 2001; Van de Meutter, De Meester, and
Stoks 2007). Exceptions to this generalization are
organisms without an aerial phase, such as oligo-
chaetes and amphipods. The colonization of fish
requires either stream connections to natural lakes or
intentional stocking efforts, and will occur slowly
without human intervention (Shurin, Cottenie, and
Hillebrand 2009; Sendergaard et al. 2018). In general,
past studies show that the distribution of larger organ-
isms, such as fish, are more strongly limited by dis-
persal, while lower trophic levels, such as
macroinvertebrates, zooplankton, and phytoplankton,
disperse more readily (Beisner et al. 2006). However,
dispersal and colonization processes for all taxonomic
groups take time to play out (Louette, De Meester,
and Declerck 2008; Shurin, Cottenie, and Hillebrand
2009; Gray and Arnott 2011); therefore, younger
gravel pits may have lower levels of biological diversity
in comparison to older systems (Lipsey 1980).

To explore the role of gravel-pit lakes as habitat for
aquatic invertebrate species, we investigated whether
there are differences in lake morphometry, water quality,
and biological communities between gravel-pit lakes and
natural lakes. More specifically, this study aims to (1)
investigate differences in water-quality and morpho-
metric characteristics between six gravel-pit lakes and
fifteen natural lakes along the Dempster Highway; (2)
evaluate differences in zooplankton and macroinverte-
brate communities between lake types; and (3) under-
stand relationships among biological, morphometric,
and water-quality variables in both natural and gravel-
pit lakes. Based on the few studies that have been con-
ducted in the past, we hypothesized that (1) gravel-pit
lakes will be deeper, clearer, nutrient poor, and less pro-
ductive in comparison to natural lakes (Sendergaard et al.
2018); (2) species abundance, richness, and diversity will
be lower in gravel-pit lakes for both macroinvertebrates
and zooplankton owing to their young age (Lipsey 1980;
Ejsmont-Karabin 1995; Hindak and Hindakovd 2003;
Alfonso et al. 2010) and low nutrient levels (Dodson,
Arnott, and Cottingham 2000); and (3) macroinvertebrate
and zooplankton community composition will differ
between gravel-pit lakes and natural lakes owing to mor-
phometric and water-quality differences such as water
clarity, nutrient availability, and depth (Blanchette and
Lund 2016; Mollema and Antonellini 2016).



Methods
Study area

This study was conducted between August 17 and
September 1, 2017, along the Dempster Highway,
which runs between Fort McPherson and Inuvik within
the Gwich’in Settlement Area, Northwest Territories
(Figure 1). This study area was chosen because of the
accessibility of both gravel-pit lakes and natural lakes
along the highway. We sampled six gravel-pit lakes and
fifteen natural lakes with surface areas less than 100 ha
for morphometric, water-quality, and biological data
(Figure 1, Table 1). The lakes are located in an area of
boreal forest dominated by coniferous trees, such as
black spruce (Picea mariana), white spruce (Picea
glauca), and jack pine (Pinus banksiana; Sweetman,
Rithland, and Smol 2010). While visiting each lake we
recorded subjective visual observations of the sub-
merged, emergent, and shoreline vegetation present
(Table 1). The region is underlain by discontinuous
permafrost, covering between 50 percent and 90 percent
of the total area, and the landscape includes a mix of
morainal, glaciofluvial, lacustrine, and alluvial deposits
(Kokelj, Zajdlik, and Thompson 2009). Recent climate
change has had a substantial impact on permafrost
(active-layer depth), landscape structure, and vegetation
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(Burn and Kokelj 2009; Kokelj, Zajdlik, and Thompson
2009; Lantz, Gergel, and Kokelj 2010). Most of our study
lakes were located along remote stretches of highway,
and therefore receive drainage primarily from
a landscape of coniferous trees, peat hummocks, bogs,
and small lakes extending on either side of the road.
Based on our observations in the field, only six lakes
had a noticeable inflow of water during our July/August
fieldwork. Three of the study lakes are located in the
town of Inuvik (population ~3,200) and two near the
hamlet of Fort McPherson (population ~700), which
could leave them vulnerable to nutrient pollution
(Figure 1). It is difficult to provide an exact age for the
lakes sampled in this study; however, it is likely that the
natural lakes are much older than the gravel-pit lakes.
The gravel pits along the Dempster Highway are esti-
mated to be approximately twenty-five to thirty years old
based on closing dates recorded in government records
available from the Gwich’in Land and Water Board.
Natural lakes in this region could have formed as early
as from approximately 30,000 years ago, when the
Laurentide Ice Sheet receded, to approximately
13,000 years ago, during the Last Glacial Maximum
(Dredge and Thorleifson 1987; Hill 1996). Although
the construction of the highway may have changed the
hydrology for some lakes in the region (Trombulak and
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Figure 1. Map of lakes sampled along the Dempster Highway between Fort McPherson and Inuvik, Northwest Territories.
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Table 1. Morphometric, water quality, and visually estimated vegetation characteristics of natural lakes and gravel-pit lakes sampled
along the Dempster Highway in August 2017. SD = standard deviation.

Natural Lakes

Gravel-Pit Lakes

Mean Min. Max SD Mean Min. Max SD
Latitude 67.80 67.34 68.35 0.44 67.78 67.38 68.04 0.25
Longitude -133.91 —134.91 -133.28 0.58 -133.75 -134.15 -133.47 0.26
Temperature (°C) 14.06 9.67 16.91 2.27 14.60 12.48 15.84 1.20
pH 6.92 6.10 8.28 0.62 7.81 6.62 8.54 0.80
Conductivity (uS/cm) 259.10 71.70 896.90 190.00 526.65 108.80 1,084.00 360.54
DO (mg/L) 9.63 8.75 11.35 0.95 9.89 9.06 10.32 0.44
Turbidity (NTU) 433 0.34 13.22 4.13 0.98 0.57 1.72 0.45
Area (ha) 17.06 0.44 89.61 24.82 2,57 1.70 341 0.61
Volume (m* x 10,000) 23.70 0.99 181.00 42.10 742 2.54 19.30 6.37
Shoreline length (km) 1.80 0.26 5.58 1.64 0.61 0.49 0.69 0.07
Drainage basin area (ha) 3,143.35 4.92 13,82430  4,303.13 3,604.63 4.68 13,82430  5,214.96
Mean depth (m) 1.62 0.80 2.60 0.51 6.40 3.50 10.00 2.19
Max depth (m) 3.75 1.50 6.10 1.66 11.93 6.90 19.00 4.83
Secchi depth (m) 1.91 0.47 3.65 0.97 4.09 1.26 7.59 2.04
Ca (mg/L) 26.57 8.08 51.03 11.24 30.53 13.11 5253 17.02
Chlorophyll-a (ug/L) 125 0.18 4.97 138 038 0.08 0.94 033
TOC (mg/L) 22.20 11.61 40.39 8.03 15.28 9.30 22.95 5.96
TN (mg/L) 0.55 0.98 0.18 0.07 0.26 0.13 0.42 0.14
TP (ug/L) 56.28 34.24 85.56 16.05 35.24 2297 49.26 9.71
Percent of lake bottom with submerged vegetation® 13.36 0.00 45.00 15.14 7.50 0.00 20.00 8.66
Percent of lake surface with emergent vegetation® 6.07 0.00 20.00 6.56 7.50 5.00 10.00 2.89
Percent of lake surface with floating vegetation® 4.64 0.00 45.00 12.00 1.25 0.00 5.00 2.50
Percent of lake surface with vegetation cover 16.93 0.00 50.00 13.61 16.25 10.00 30.00 9.46
Percent of shoreline consisting of trees’ 23.60 0.00 5133 23.93 5.85 2.25 8.10 2.03
Percent of shoreline consisting of shrubs’ 11.18 0.00 64.17 16.39 1.26 0.00 2.70 1.01
Percent of shoreline consisting of grass’ 21.77 0.00 64.17 25.73 1.08 0.00 1.80 0.63
Total riparian vegetation cover (%) 64.17 5.00 100.00 41.82 9.00 1.00 16.00 7.55

Note. tVisual estimates, not quantitative measures.

Frissell 2000; Kiggiak-EBA Consulting Ltd. 2011), an
examination of historical maps shows that all the natural
lakes we sampled were present on the landscape prior to
highway construction (Department of Energy, Mines
and Resources 1973).

Morphometry and water quality

Morphometric variables included surface area, mean depth,
and maximum depth. These variables were measured by
constructing bathymetric maps of each lake using
a Humminbird Helix 5 chartplotter (Johnson Outdoors
Marine Electronics, Inc.), in combination with Reefmaster
bathymetry software (Reefmaster Ltd.). Drainage basin area
was determined for each lake using the basin tool in
ArcMap version 10.5 (Esri Inc.), using 2 m resolution digital
elevation maps (Porter et al. 2018). Water-quality variables
included Secchi depth (water clarity), turbidity, conductiv-
ity, dissolved oxygen (DO), pH, total nitrogen (TN), total
phosphorus (TP), total organic carbon (TOC), calcium,
chlorophyll-a, and water temperature (Table 1). At the
point of maximum depth in each lake, a Manta+ multi-
parameter probe (Eureka Water Probes) was deployed
from the boat to measure turbidity, conductivity, DO, pH,
and temperature at 1 m depth from the surface. A Secchi
disk was deployed over the shady side of the boat to obtain
water-clarity measurements. In addition, a 1 L water sample
was collected from each site at the deepest point of the lake
using a 3 m polyethylene integrated tube sampler that

collected a sample throughout the top 3 m of the water
column. At the Center for Cold Regions and Water Science
at Wilfrid Laurier, the Perkin Elmer Optima 8000
Inductively =~ Coupled Plasma  Optical ~ Emission
Spectroscopy (ICP-OES) was used to measure calcium
concentrations. The Shimadzu TOC-LCPH carbon and
nitrogen analyzer (Shimadzu Corp.) was used to measure
TN and TOC, because it is capable of measuring a variety of
carbon species and total nitrogen in liquid samples.
Unfortunately, total phosphorus levels were below the
detection limit for the ICP-OES (4 pg/L), and so could
not be determined from the 2017 samples. Low phosphorus
levels have also caused difficulty in previous studies con-
ducted in this region (e.g., Scott et al. 2011). Our TN levels
from the 2017 samples were also implausibly low, possibly
the result of an instrument calibration error. To rectify
these issues, we returned to our study lakes between
July 26 and August 5, 2018, and collected shoreline water
samples for measurement of TP and TN. Samples for TP
were digested in an autoclave with ammonium persulfate
and sulfuric acid, following EPA method 365.1. We then
followed SEAL method G-103-93 to measure TP colorime-
trically using a SEAL Continuous Segmented Flow
Analyzer (SEAL Analytical, Inc.). Estimates of TN concen-
trations for the 2018 samples were obtained as described
previously. Chlorophyll-a data were also obtained by col-
lecting a 250 mL water sample from the shoreline in 2018.
Samples were filtered using Fisherbrand G4 glass fiber
filters, and chlorophyll-a was extracted from the filters



using methanol and was analyzed using a fluorometer
(Turner TD700) at Queens University (Symons, Arnott,
and Sweetman 2012).

Zooplankton and macroinvertebrate communities

Zooplankton samples were collected from each lake at
the point of maximum depth and were preserved on site
using 95 percent ethanol. For lakes greater than 3 m in
depth, a single vertical haul using a 35 cm diameter,
50 pm mesh-size zooplankton net was collected from
each sample site. For shallow lakes less than 3 m in
depth, where a vertical tow was not possible,
a horizontal tow was collected by towing the net behind
the boat for approximately sixty seconds. In both cases,
a mechanical flowmeter attached to the mouth of the net
was used to determine the volume of water that passed
through the net. To calculate zooplankton densities, the
number of individuals in each sample was divided by the
volume of sampled water. In the laboratory, individuals
were identified to the species level according to Aliberti
et al. (2013), using a magnification of 40-400x depend-
ing on the size of the species. Zooplankton were col-
lected from all fifteen natural lakes and from five of the
six gravel-pit lakes in 2017 (one sample container was
damaged during shipping). A zooplankton sample from
the missing gravel pit was collected in August 2018 and
added to our data set.

Littoral macroinvertebrate samples were collected using
a modified version of the Ontario Benthic Biomonitoring
Network (OBBN) protocol (Jones et al. 2007). Samples
were collected using a 500 pm D-net to kick and sweep
macroinvertebrates. Between one and three replicate sam-
ples were taken along perpendicular transects from the
shore. For each replicate, approximately 1 m* of the bottom
was sampled. The protocol was modified from the standard
OBBN in that each replicate was collected for only three
minutes and replicates were not taken from random shore-
line locations on the lake. We used a three-minute kick and
sweep per replicate rather than a ten-minute collection
because the abundance of organic matter on the bottom
of most natural lakes quickly clogged the D-net, preventing
further sample collection. The inability to sample from
random locations along the shoreline stemmed from the
boggy terrain, which made it extremely difficult to walk the
shoreline without sinking several feet into the peat. Each
sample was preserved in 95 percent ethanol and was
brought back to the laboratory for identification.
Macroinvertebrates were identified to the order and family
level according to the OBBN tally sheet (Jones et al. 2007).
Macroinvertebrates were collected from all fifteen natural
lakes and from five of the six gravel-pit lakes.
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To determine fish presence and absence in lakes, we
used a combination of visual fish observations, surveys
with gill nets, and the presence or absence of the phantom
midge Chaoborus americanus (Sweetman and Smol 2006).
Fish presence was confirmed using gill nets in nine natural
lakes and one gravel-pit lake, and by observation in
a second gravel-pit lake. Fish presence or absence was
inferred in an additional eleven lakes based on the presence
or absence of C. americanus, which are a prevalent species
found in northern lakes but are not known to coexist with
fish (Sweetman and Smol 2006). Of these eleven lakes, fish
presence was likely in three natural lakes and two gravel-pit
lakes, whereas the remaining lakes were deemed unlikely to
support fish. Where fish sampling occurred, methods fol-
lowed the Ontario Broadscale Monitoring (BSM) protocol,
which incorporates a standardized study design using large-
and small-mesh gill nets (Sandstrom, Rawson, and Lester
2013). Large-mesh nets target large-bodied fish generally
greater than 20 cm in size, and small-mesh gill nets target
small-bodied fish less than 20 cm. Gill nets were distributed
over varying lake strata depths according to the BSM pro-
tocol for a duration of 16-22 h.

To compare species richness and species diversity
among lakes, we used indices that correct for differences
in sample size (number of individuals identified) among
lakes. For richness, we used rarefaction to calculate values
that reflect an equal taxonomic/sampling effort for each
lake (Hurlbert 1971). Rarefaction accounts for differences
in sampling effort by resampling abundance data for
a particular site hundreds or thousands of times to deter-
mine the average number of species identified for a given
number of individuals collected (Gotelli and Colwell
2001). For zooplankton species richness we rarefied com-
munities to 142 individuals, which was the lowest number
of individuals identified from a single lake. Similarly, for
macroinvertebrate taxa we rarified to 189 individuals for
each lake. Rarefaction was conducted using the rarefy
function in the vegan package for R (Oksanen et al.
2016), which is based on the formulation by Hurlbert
(1971). Similarly, the diversity index used corrected for
differences in taxonomic/sampling effort. Diversity was
calculated according to Chao’s method for calculating
rarified Hill numbers (Chao et al. 2014). We used the
estimateD function in the iNEXT package for R to calcu-
late rarified order 1 Hill numbers representative of the
exponential of Shannon’s entropy index (Hsieh, Ma, and
Chao 2016).

Statistical analyses

Welch’s ¢ tests were used to test for differences in mor-
phometric, water quality, and biological variables asso-
ciated with our first two hypotheses. Welch’s ¢ tests are an
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adaptation of the student’s t test for circumstances where
unequal variances and sample sizes are encountered
(Welch 1947). Data used for all t tests was tested for
normality by performing Shapiro-Wilks tests. If data
were not normally distributed, transformations were
applied to meet this assumption. To meet assumptions
of normality, turbidity, TOC, conductivity, chlorophyll-a,
zooplankton abundance, and macroinvertebrate abun-
dance were log transformed, while TN was square-root
transformed. Levene’s test was used to test for homoge-
neity of variances (the data for all tests passed this
assumption). Bonferroni corrections were used to deal
with the problem of inflating type I error when conduct-
ing multiple independent ¢ tests.

To provide additional insight into our first hypothesis
regarding physicochemical differences between natural
and gravel-pit lakes, we performed a principal component
analysis (PCA) to visualize differences in morphometric
and water-quality variables among lakes. A PCA is
a linear indirect gradient analysis that reduces multidi-
mensional data into a set of compound axes (Dytham
2011). The first PCA axis explains the most variation,
followed by the second axis, and so on (Dytham 2011).
Asaresult, the first few PCA axes will typically explain the
most variation in a data set, and sites (lakes) located closer
together on an ordination plot will have similar environ-
mental characteristics. Morphometry and water-quality
variables were standardized to a zero-mean and unit
variance using the decostand function in the vegan library
in R. The PCA was conducted using the prcomp() func-
tion in the stats package for R (Borcard, Frangois, and
Legendre 2011). Ordination plots for the first two PCA
axes were generated to visualize differences in morpho-
metry and water quality among lakes.

Redundancy analysis (RDA) was used to identify the
morphometric and water-quality variables that may influ-
ence zooplankton and macroinvertebrate community
structure. Redundancy analysis is a multivariate method
used to extract and summarize variation in a set of
response variables that can be explained by a set of pre-
dictor variables (McArdle and Anderson 2001). In this
case, the response variables were zooplankton or macro-
invertebrate species abundances by lake and the predictor
variables were a corresponding series of spatial (latitude),
morphometric (mean depth, maximum depth, lake sur-
face area), biological (fish presence or absence), and
water-quality variables (DO, turbidity, Secchi depth, pH,
temperature, conductivity, calcium, TOC, TP, chloro-
phyll-a, and TN). Lake surface temperatures declined
slightly during the course of our sampling period because
of changes in air temperature, so the effects of lake tem-
perature were removed prior to analysis by conducting
a partial RDA using lake temperatures as a conditioning

variable. It was expected that gravel-pit lakes would sepa-
rate from natural lakes on the biplots owing to differences
in community composition associated with predictor
variables such as water clarity, nutrient availability, and
depth. A stepwise variable selection procedure based on
Akaike Information Criterion (AIC) values was used to
identify variables that were significantly related to the
biological data (Burnham and Anderson 2004). The step-
wise selection was implemented using the ordistep func-
tion in the vegan package for R (Oksanen et al. 2016). To
test for collinearity among predictor variables, the var-
iance inflation factor (VIF) was calculated using the vif
function in vegan (no variables had a VIF > 5; Oksanen
et al. 2016).

Results
Morphometry and water quality

A significant amount of variation exists in morphome-
try and water-quality variables among our study lakes
(Table 1). In terms of morphometry, gravel-pit lakes
were significantly deeper, with a mean depth four times
greater than that of natural lakes (Tables 1 and 2,
Figure 2a). Gravel-pit lakes also had a smaller surface
area, with the mean surface area for gravel-pit lakes
being five times smaller than natural lakes (Table 1).
For water quality, gravel-pit lakes were clearer than
natural lakes, having Secchi depths twice as deep
as natural lakes and turbidity values one-quarter that
of natural lakes (Figure 2a, 2e). Total nitrogen concen-
trations were twice as high in natural lakes compared to
gravel-pit lakes and TP was 1.5 times higher in natural
lakes (Figure 2d,g; Table 2). However, gravel-pit lakes
and natural lakes had similar values for pH, water
temperature, DO, conductivity, chlorophyll-a, TOC,
and calcium (Tables 1 and 2, Figure 2e, 2f). The first
two axes of the PCA explained 55.3 percent of the
variation among lakes (Figure 3). Gravel-pit lakes are
found in the upper-left quadrant of the ordination plot
and are characterized as deep lakes with a small surface
area, high water clarity, and lower nutrients (Figure 3).

Zooplankton and macroinvertebrate communities

Species abundance, richness, and diversity for both
zooplankton and macroinvertebrates were similar in
gravel-pit and natural lakes (Figure 4; Welch’s ¢ tests
p > 0.1 in all cases). Fish presence or absence, mean
depth, Secchi depth, turbidity, and latitude were sig-
nificant predictors of zooplankton community compo-
sition with the first two RDA axes explaining
38.4 percent of the variation (Figure 5a, F = 2.68,



Table 2. Results of Welch's t tests comparing selected water-
quality and physical variables. t tests were conducted only for
variables associated with our three hypotheses. The Bonferroni
p value is corrected for eight tests. df = degree of freedom.

t df p Value Bonferroni p
Turbidity 3.261 22.310 0.004 0.028
Total nitrogen 4714 17.696 0.000 0.001
Mean depth —5.400 5.172 0.003 0.021
Total organic carbon 2.537 7.697 0.036 0.288
Conductivity -2.018 6.745 0.085 0.679
Secchi depth -3.213 9.760 0.010 0.077
Total phosphorus 3.446 12.074 0.005 0.038
Chlorophyll-a 2.261 9.040 0.050 0.400

p < 0.005, adjusted R> = 0.29). The RDA suggests that
species of Daphnia were associated with deeper lakes
and cyclopoid copepods were more abundant in shal-
low lakes. Additionally, the calanoid copepod
Skistodiaptomus pallidus was abundant in fishless, less
turbid lakes. The final RDA model for macroinverte-
brates included chlorophyll-g, fish presence or absence,
and mean depth as significant predictors, and the first
two axes accounted for 21.24 percent of variation in
communities (Figure 5b, F = 1.59, p < 0.05, adjusted
R* = 0.08). The RDA hinted that Gastropoda may be
positively associated with fish absence, and Hemiptera
with mean depth, but for the most part, distinct corre-
lations between macroinvertebrate species and predic-
tor variables were not observed.

Discussion

Gravel-pit lakes were markedly different in their mor-
phometry and in several water-quality characteristics
compared to natural lakes but, surprisingly, zooplank-
ton and macroinvertebrate communities did not differ
between lake types. The relatively deep basins and low
nutrient, chlorophyll-a, and turbidity levels in gravel
pits supported our first hypothesis that these lakes
would be deep, clear, nutrient poor, and less produc-
tive. However, our data provided no support for our
two biological hypotheses. Species richness, species
diversity, and abundance for zooplankton and macro-
invertebrates were not lower in gravel-pit lakes, provid-
ing no support for our second hypothesis. Finally,
community structure for zooplankton and macroinver-
tebrates did not differ between lake types, lending no
support to our third hypothesis that differences in
morphometry and water-quality characteristics would
lead to differences in community structure.

Morphometry and water quality

The values obtained for our morphometric variables
were consistent with other studies, as gravel-pit lakes
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were significantly deeper than natural lakes (Mollema
et al. 2015; Sendergaard et al. 2018). Gravel-pit lakes
also had a smaller surface area than natural lakes, con-
sistent with the idea that these artificial lakes typically
have a higher depth-to-surface area ratio (Blanchette
and Lund 2016). The reason that most gravel pits con-
form to this structure is that deep pits allow for a large
extraction volume while minimizing cost and distur-
bance to terrestrial landscapes (Blanchette and Lund
2016). Low levels of turbidity and high Secchi depths
for gravel pits are likely the result of interactions among
morphometry, nutrients, and organic carbon. Shallow
lakes are often turbid because of wave action, which
causes resuspension of bottom sediments, resulting in
minerogenic turbidity (Bloesch 1995). Although we
have no direct measurements of sediment resuspension
for these lakes, the depth of gravel pits in our study
(mean = 6.40 m) likely means that the resuspension of
bottom sediments through wave action is less frequent
than for the natural lakes (mean depth = 1.62 m).
Water clarity is also influenced by biological produc-
tion in a lake. Chlorophyll-a concentrations were lower
in gravel pits in comparison to natural lakes (although
not after Bonferroni correction) and gravel-pit lakes
had significantly lower TN and TP concentrations
than natural lakes. These differences indicate that
gravel pits are relatively unproductive in comparison
with natural lakes (Brylinsky and Mann 1973; Smith
1982). Finally, TOC levels were lower in gravel-pit lakes
(although not after Bonferroni correction), suggesting
that water coloration resulting from dissolved organic
substances was also lower in gravel-pit lakes.
Decreasing terrestrial biomass has been associated
with decreases in lake TOC levels, so we suspect that
lower TOC levels may be related to the clearing of
vegetation in the watershed in concert with the devel-
opment of the gravel pits (Pienitz, Smol, and Lean
1997; Rihland et al. 2003).

The water-quality measurements for the twenty-one
lakes in our study generally conformed well with pre-
vious studies in the region. The pH of lakes in this
region was found to range between 6.9-7.6 in previous
studies (Swadling, Pienitz, and Nogrady 2000; Kokelj,
Zajdlik, and Thompson 2009; Houben et al. 2016),
which falls into the range for our twenty-one lakes
(6.1-8.5). Total organic carbon levels measured in
thirty-nine lakes by Kokelj, Zajdlik, and Thompson
(2009) averaged 16.1 mg/L, falling between our
recorded concentrations for natural and gravel-pit
lakes, which had mean TOC concentrations of 22.2
and 15.3 mg/L, respectively. The mean chlorophyll-
a concentration in natural lakes was 1.25 pg/L and in
gravel-pit lakes was 0.38 ug/L, which fell within the
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Figure 2. Comparison of selected morphometric and water-quality variables between natural and gravel-pit lakes. Bolded line = med-
ian; lower end of box = first quartile; upper end of box = third quartile; whiskers = range of data; dots = outliers.

range measured by Houben et al. (2016) where concen-
trations ranged from 0.20 pg/L to 19.60 ug/L. Our
calcium levels had a slightly higher range compared to
Houben et al. (2016), Kokelj, Zajdlik, and Thompson
(2009), and Swadling, Pienitz, and Nogrady (2000). We
measured Ca levels between 8.1 mg/L and 52.5 mg/L,

while the aforementioned studies found mean concen-
trations ranging between 8.6 mg/L and 31.4 mg/L.
Conductivity was slightly elevated compared to pre-
vious studies by Houben et al. (2016) and Kokelj,
Zajdlik, and Thompson (2009), who found mean con-
ductivity levels of 108.8 pS/cm and 259.1 pS/cm,
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respectively. The slightly higher range for calcium, and
the elevation of conductivity compared to previous
studies, may be attributed to the fact that all sites
were located along the Dempster Highway,
a significant source of calcareous dust (Gunter 2017).
Our TN levels, which ranged from 0.13 mg/L to
0.98 mg/L, were similar to those concentrations mea-
sured by Houben et al. (2016), where concentrations
ranged from 0.13 mg/L to 0.73 mg/L, and Swadling,
Pienitz, and Nogrady (2000), whose TN concentrations
ranged from 0.25 mg/L to 1.58 mg/L. Our TP levels,
which ranged from 22.97 pg/L to 85.56 ug/L, were also
similar to those concentrations measured by Houben
et al. (2016), where concentrations ranged from
6.40 ug/L to 67.90 ug/L.

Zooplankton and macroinvertebrate communities

Our results did not support the hypothesis that gravel-pit
lakes contain lower zooplankton richness and diversity
because of their younger age. These results contrast with
those of Lipsey and Malcom (1981), where zooplankton
were collected from seven gravel-pit lakes. In that study,
older pit lakes had a greater species richness and diversity
than newer ponds (Lipsey and Malcom 1981). In a separate

study, a similar relationship between lake age and diversity
was also found for phytoplankton (Lipsey 1980). Other
studies also show relationships between age and plankton
diversity in artificial lakes (Ejsmont-Karabin 1995; Dodson
et al. 2007; Alfonso et al. 2010). In our study, we may have
failed to detect a difference between natural lakes and
gravel pits because of the relatively old age of the gravel
pits (minimum, approximately twenty-five years;
AlecSandra MacDonald, Gwich’in Land and Water
Board, personal communication). Both Ejsmont-Karabin
(1995) and Alfonso et al. (2010) found that differences
could be detected on the time scale of one to three decades,
but past that point dispersal and colonization processes
allowed artificial lakes to achieve an equilibrium number
of species. The age of the gravel pits in Lipsey and Malcom
(1981) and Lipsey (1980) varied between one and thirteen
years, a time frame where differences in diversity based on
age would be most evident (Ejsmont-Karabin 1995;
Alfonso et al. 2010).

We also hypothesized that the structure of zooplank-
ton communities (relative abundance of species) would
differ between gravel-pit lakes and natural lakes, owing
to differences in morphometry and water quality.
However, our ordinations did not display any obvious
differences between the lake types. When developing
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Figure 4. Comparison of rarefied species richness, diversity (Hill numbers), and abundance of zooplankton and macroinvertebrates in

natural lakes and gravel-pit lakes.

this hypothesis, we assumed that the physical para-
meters that differed between the two lake types would
be important for structuring zooplankton communities.
Significant differences between lake types were evident
for lake depth, water clarity, TP, and TN. Our redun-
dancy analysis identified mean depth and water-clarity
variables (Secchi depth and turbidity) as significant
predictors of community structure, but not TP or TN.
It is likely that the difference in community structure
between lake types did not materialize as expected

because other physical variables that did not differ
between lake types were also controls on community
structure. For example, in our redundancy analysis for
zooplankton, latitude was significant but did not con-
sistently differ between lake types. Other northern stu-
dies have identified temperature, dissolved organic
carbon, fish presence or absence, phytoplankton (chlor-
ophyll-a), and total phosphorus as major controls on
zooplankton community structure (Moore 1978;
Sweetman and Smol 2006; Richardson 2008; Schilling,
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Loftin, and Huryn 2009; Sweetman, Rithland, and Smol
2010). It is possible that our study did not include
a large enough gradient (range) for those variables
such that they would be selected as significant in our
statistical analyses.

We also expected macroinvertebrate communities to
differ between gravel-pit and natural lakes, owing to the
relatively young age of the former and differences in mor-
phometric and water-quality variables. However, our

analyses did not find a significant difference in richness,
diversity, or abundance between lake types. Similar to zoo-
plankton, the relatively old age of these gravel pits may
suggest that enough time has passed for most macroinver-
tebrate species to colonize these systems, leaving no differ-
ence in diversity metrics. This idea is supported by previous
studies that have demonstrated rapid colonization of new
habitats by benthic invertebrates (Voshell and Simmons
1984; Layton and Voshell 1991; Bass 1992). The taxonomic
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resolution used for macroinvertebrates may also offer an
explanation, because this group was identified to the order
and family level, which perhaps was too coarse to reveal
differences in richness or diversity between lake types. As
with the zooplankton, our ordination did not reveal differ-
ences in the structure of macroinvertebrate communities
between natural and gravel-pit lakes. In our RDA, chlor-
ophyll-g, fish presence or absence, and mean depth were
selected as significant predictors of community structure
for macroinvertebrates. Chlorophyll-a levels and mean
depth did differ significantly between gravel pits and nat-
ural lakes, but the low percentage of variation explained by
the model (21.2%), suggests that macroinvertebrates are
likely structured by variables that we did not measure.

Future directions

While we believe that our study design allowed us to test
our hypotheses, there are some obvious limitations.
Accessing a large number of lakes in isolated northern
environments is difficult, and therefore we were only able
to assemble a data set of fifteen natural lakes and six gravel-
pit lakes that were accessible by the highway. Given this
relatively small sample size, we considered running a power
analysis to identify whether biological differences between
our lake categories (gravel pit versus natural) did exist, but
were not statistically different because of low power.
However, there did not appear to be obvious differences
in means for most variables (e.g., richness), which would
suggest a difference was present but not detected because of
low power. Our study was also limited in that we chose to
focus on pelagic zooplankton and littoral macroinverte-
brates, but excluded littoral zooplankton and profundal
macroinvertebrates. It is possible that future studies explor-
ing differences in profundal macroinvertebrate commu-
nities could find a difference between gravel pits and
natural lakes, especially given differences in depth between
these two lake types. Finally, the redundancy analysis for
our macroinvertebrates explained only 21 percent of varia-
tion in those communities. Although this level of explained
variation is common in many studies (e.g., Tolonen et al.
2018), some studies have been able to explain in excess of
40 percent of the variation in macroinvertebrate commu-
nities (e.g., Dos Santos et al. 2016). This suggests that future
work measuring additional predictor variables that are
relevant for littoral macroinvertebrates communities
could be fruitful (e.g., sediment types).

How should we view gravel pits in the context of
environmental management?

Gravel extraction has several potential negative impacts,
including the destruction of terrestrial habitats and the

exposure of groundwater to pollution and evaporative
losses (Mollema and Antonellini 2016; Sendergaard
et al. 2018). In northern permafrost-laden areas, specifi-
cally, cutting into the ground to extract gravel could lead
to a change in the air-surface temperature balance, pro-
moting slumping and erosion in adjacent areas (Kiggiak-
EBA Consulting Ltd. 2011). However, the results of this
study and others suggest that the end result of gravel
extraction is not entirely negative. In this study, gravel-
pit lakes were found to provide an adequate simulation of
natural lakes for both littoral macroinvertebrates and
pelagic zooplankton. This is consistent with other studies
that suggest that gravel-pit lakes can have ecological value
by providing habitat for aquatic species, increasing biodi-
versity (Ejsmont-Karabin 1995, Gammons et al. 2009;
Alfonso et al. 2010). In addition to their ecological value,
gravel-pit lakes can be used for recreational purposes,
including boating, fishing, and swimming (Sendergaard
et al. 2018). In some parts of the world expected to
experience climate change-related shortages of fresh-
water supplies, gravel-pit lakes may even increase the
availability of surface water (Fang et al. 2010).

Conclusions

In summary, gravel-pit lakes differed in key morpho-
metric and water-quality parameters in comparison with
natural lakes; however, littoral macroinvertebrate and
pelagic zooplankton communities were similar. Gravel-
pit lakes were clearer and deeper with lower nutrient
levels. Despite these differences in morphometry and
water quality, zooplankton and macroinvertebrate com-
munities did not differ in richness, diversity, abundance,
or structure between the two lake types. Our results
suggest that gravel-pit lakes along the Dempster
Highway provide habitat that is of similar quality to
natural lakes. The increasing pressure of northern devel-
opment brings with it both economic growth and the
potential for negative environmental effects. However,
anthropogenic by-products, such as gravel-pit lakes, may
also yield unexpected positive effects for freshwater
resources and the people that depend on them.
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