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Introduction

Biotic communities of flowing waters are influenced by physi-
cal and chemical variables at a range of spatial scales from local
to landscape (Feld and Hering, 2007; Johnson and Host, 2010; Steel
et al., 2010). Local-scale variables include site-specific properties
(e.g., water chemistry and substrate composition), while landscape-
scale variables include bedrock geology and geographic variables
such as catchment physical properties (e.g., elevation, slope; Ri-
chards et al., 1996; Steel et al., 2010). At meso-scales between
local and landscape spatial resolutions, lotic communities may be
influenced by variables such as riparian vegetation and land use
immediately surrounding the stream or river (Newson and Newson,
2000; and see Steel et al., 2010, for additional examples). Current
stream ecological theory hypothesizes a hierarchical relationship
between large- and small-scale variables such that larger-scale
landscape variables (e.g., geology) may in part determine the state
of local-scale variables (e.g., in-stream physical and chemical prop-
erties) (Frissell et al., 1986; Allan and Johnson, 1997; Parsons
and Thoms, 2007). Thus, understanding how lotic communities are
linked to scale-dependent environmental variables is necessary in
order to evaluate and predict community responses to environmen-
tal changes that may extend across one or more levels of spatial
resolution (Allan et al., 1997; Weigel et al., 2003; Johnson and
Host, 2010). For example, do variables measured at local or catch-
ment scales act on lotic communities independently of hierarchical
relationships and influence unique aspects of community structure
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that are not affected by variables at other nested scales? Further-
more, if anthropogenic impacts are manifested at multiple spatial
scales (Allan et al., 1997; Feld and Hering, 2007), do assessments
of such impacts require us to understand the relative importance
of each scale?

Although the importance of spatial scale has been explored
in temperate systems (e.g., Parsons and Thoms, 2007), the relative
importance of variables across multiple scales has not been ex-
plored in Arctic stream systems where more extreme physical con-
ditions may be the overriding factor controlling benthic communi-
ties. In high-latitude and high-elevation environments, climate is
a strong driver that acts on physical and chemical aspects of streams
and rivers (Prowse et al., 2006c). The climatic conditions contribute
to a harsh physical environment characterized by low temperatures,
extended periods of ice and snow cover, and highly variable flow
rates, particularly during ice break-up (Scrimgeour et al., 1994;
Prowse and Culp, 2003; Lods-Crozet et al., 2007). In addition,
Arctic running waters generally have low nutrient levels that, in
combination with the short growing season, contribute to low pri-
mary productivity and a limited availability of energy to support
secondary consumers (Prowse et al., 2006c). To inhabit these sys-
tems, organisms must have adaptations for prolonged periods of
low temperature in winter, low food availability, and high bed
instability related to extreme flooding, ice formation, and ice flows
(Miller and Stout, 1989; Milner et al., 2005; Brittain et al., 2009).
As a result, taxonomic richness is lower in these systems than in
temperate running waters, and communities may be dominated by
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a small number of taxonomic groups that are highly tolerant to
extreme physical conditions (e.g., the macroinvertebrate commu-
nity is dominated by Diptera, particularly Chironomidae; Miller
and Stout, 1989; Oswood, 1989; Milner et al., 2001). Moreover,
biotic interactions may be less prominent in these systems because
of the overriding influence of physical and climatic extremes (Rau-
tio et al., 2008). The large scale of climatic influences suggests
a strong environmental hierarchy in Arctic running waters with
overlapping effects of variables at nested spatial scales.

Arctic stream ecosystems are particularly vulnerable to the
ongoing climate warming as noted by Wrona et al. (2006). Increas-
ing air temperatures are predicted to lead to shorter periods of ice
and snow cover, smaller spring freshets, shifts in water source, and
changes in overall water levels (Prowse et al., 2006b). Thawing
permafrost will affect water chemistry, nutrient levels, turbidity,
and substrate composition in streams and rivers (Wrona et al.,
2006). The predicted changes to the chemical and physical environ-
ment of Arctic freshwaters will be evident across multiple spatial
scales. Although these changes to the physico-chemical environ-
ment are known to be underway, we remain uncertain as to the
most appropriate spatial scale at which to monitor the ecological
effects of climate warming in Arctic stream and river ecosystems.

Within this study, we explore the significance of spatial scale
in structuring the benthic macroinvertebrate communities of eastern
Canadian Low Arctic streams based on a spatial hierarchy ranging
from landscape scale (Geographical Information System data) to
local scale (field data collected at a site). This region is ideal for
our investigation because relative to other areas of the circumpolar
Arctic, it has changed very little over the past 5000 years with
respect to air temperature regime, vegetation, and treeline (Prowse
et al., 2006a). Additionally, conducting our research in the main-
land Low Arctic region provides an opportunity to explore biotic-
abiotic relationships in a more taxonomically diverse area relative
to higher latitudes. Northward movement of eurythermic species
into Arctic regions, particularly those connected to the mainland,
is expected with climate warming, causing increased biodiversity
in Arctic freshwaters (Culp et al., 2012b), and these community
shifts will be initially evident in low-latitude Arctic regions. Thus,
this region has great potential to serve as a source of baseline data
on the role of spatial scale in determining ecological condition of
Arctic running waters. Our primary objectives were to: (i) charac-
terize the structure of benthic macroinvertebrate assemblages of
Low Arctic streams using both relative abundance and biological
metrics; and (ii) determine the spatial scale(s) at which environmen-
tal variables have the strongest association with the structure of
stream macroinvertebrate assemblages. In addition, these baseline
data will contribute to future analyses of biotic and abiotic change
as warming affects the eastern Canadian Arctic.

Methods
STUDY AREA

The study area was located in northern Labrador and Québec
in the eastern Canadian Low Arctic. Sampling took place at 29
sites within either the Koroc River Basin or smaller catchments
draining to the Saglek and Nachvak fjords in the vicinity of Torngat
Mountains National Park Reserve (58�24′N to 59�6′N and 62�47′W
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to 65�26′W; Fig. 1). The Koroc River flows west to Ungava Bay,
whereas the remaining streams largely flow in an easterly direction
to the Labrador Sea. However, barriers to dispersal (in the form of
mountains) were found throughout the Koroc, Saglek, and Nachvak
regions, and were not limited to the provincial border that separates
the Koroc region from the coastal areas. Sites within the Koroc
River Basin were on larger rivers (catchment area ranged between
152 and 3407 km2, with a median catchment area of 542 km2),
while eastern sites were generally located along smaller streams
(catchment area ranged between 13 and 845 km2, with a median
catchment area of 56 km2). Elevations of sites ranged from 15 to
366 m a.s.l. The climate of this region is Arctic, such that streams
and rivers are ice-covered from late October until June. A signifi-
cant spring freshet follows ice break-up, and flows generally de-
cline through the summer except during periods of rainfall (Prowse
et al., 2006c). All sites were above the treeline except for 5 sampling
locations in the Koroc Basin that were at or just downstream of
the treeline. Water source varied between sites, but streams were
generally nival or lake-fed.

DATA COLLECTION

Benthic macroinvertebrates were sampled at each stream site
in August 2007 by using a time-limited, traveling kick-and-sweep
technique, following the standard CABIN (Canadian Aquatic Bio-
monitoring Network) approach (http://cabin.cciw.ca). A 400-�m-
mesh kicknet was held downstream while the collector disturbed
the substrate by kicking and rubbing rocks. The collector moved
through the riffle in a zigzag pattern with the D-net, disturbing the
substrate for a period of 3 min (Reynoldson et al., 2007). Inverte-
brate samples were removed from the net and preserved in 95%
ethanol for transport.

In the laboratory, macroinvertebrate samples were sorted in
their entirety and identified by a Society for Freshwater Sci-
ence–certified taxonomist. Quality assurance procedures were in
place to ensure 95% sorting efficiency. Organisms were identified
to the lowest practical taxonomic level (genus when possible). Be-
cause of their high abundance, Chironomidae were subsampled
until 150 individuals had been obtained from each sample. These
individuals were identified to the lowest practical level, and the
proportion of Chironomidae taxa in the subsample was used to
estimate the total abundance for each chironomid taxon in the total
sample.

Environmental data for each sample location were collected
at landscape, meso-, and local scales. Due to financial and logistical
constraints associated with sampling in such remote regions, field
collection of environmental data was necessarily limited. As a re-
sult, variables at the larger scales (landscape and meso-scales) were
calculated using geospatial data. At the landscape scale, geospatial
data were summarized over the entire catchment area upstream of
the sample location and classified as catchment-scale variables
(Fig. 2, part a). Following Steel et al. (2010), meso-scale data were
summarized for a 1-km-radius catchment buffer upstream of each
sampling location and classified as reach-scale variables (Fig. 2,
part b). At the local scale, physical and chemical data were collected
at the sampling location and were classified as site-scale variables
(Fig. 2, part c).
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FIGURE 1. Location of study area and the 29 sample sites in the Koroc, Nachvak, and Saglek watershed regions of Québec and Labrador,
Canada. The inset panel shows the location of the study area in Canada.

FIGURE 2. Examples of the three spatial
scales over which environmental data were
summarized as indicated by the gray-shaded
area for (a) catchment, (b) 1-km-radius buffer
reach, and (c) site scales.
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TABLE 1

Site-scale variables measured for each sample reach, along with
their description and measurement units. Variables chosen for in-

clusion in the RDAs are indicated with *.

Variable Description Units Used in RDA

Alk Alkalinity mg/L *
Cl Chloride mg/L
SO4 Sulfate mg/L
Ca Calcium mg/L
Mg Magnesium mg/L
Na Sodium mg/L
K Potassium mg/L
TN Total nitrogen (unfiltered) mg/L *
TDP Total phosphorus (filtered) mg/L *
TP-UF Total phosphorus (unfiltered) mg/L
Chl-A Chlorophyll a g/m2 *
Sand Proportion of Sand % *
Gravel Proportion of Gravel %
Cobble Proportion of Cobble % *
Boulder Proportion of Boulder % *

To gather site-scale data, water samples were collected at each
of the 29 sampling locations and analyzed for nutrients, anions,
cations, and metals at Environment Canada’s National Laboratory
for Environmental Testing in Burlington, Ontario, Canada, follow-
ing standardized methods (Environment Canada, 2008; Table 1).
Chlorophyll a was measured by collecting a composite sample of
periphyton from 10 rocks selected at random at each site. A scalpel
was used to remove periphyton from within a 12.9 cm2 template
placed on the upper surface of each rock, and all periphyton scrapes
were combined and preserved in 95% ethanol for transport to the
laboratory. In the laboratory, the combined sample was homoge-
nized, filtered through a GF/C filter, and the chlorophyll a concen-
tration was determined by extracting the filter and retained material
in an 80 �C bath of 90% ethanol for 7 min, then measuring fluores-
cence with a Turner Designs, model 10 series fluorometer (Sartory,
1982). Chlorophyll a concentrations (g m�2) were calculated for
the combined sample to obtain an average site value.

Substrate composition at each site was characterized by mea-
suring the intermediate axis (b-axis) of approximately 200 particles
at the surface of the streambed to the nearest 0.5 cm (0.1 cm for
particles less than 1 cm). Particles were chosen at random through-
out each study site by walking along transects in the stream reach
and measuring substrate particles at the tip of every second boot
step. The proportion of particles in the size range of sand (�0.2
cm), gravel (0.2 to �6.4 cm), cobble (6.4 to �25.6 cm), and boulder
(�25.6 cm) was used to summarize substrate composition. All
measured or estimated chemical and physical variables were classi-
fied as site-scale variables for our analysis (Table 1).

ArcGIS (Version 9.3, ESRI, St. Paul, Minnesota, U.S.A.), a
Geographical Information System (GIS), was used to extract a se-
ries of geospatial variables for each sample location. Geospatial
variables have increasingly been used to quantify large-scale
environmental drivers in studies of hierarchical relationships
(Johnson and Host, 2010). A continuous ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer; http://
asterweb.jpl.nasa.gov/gdem.asp) 30-m-resolution Digital Elevation
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Model (DEM) was used for watershed delineation. The DEM was
processed to remove all depressions through a combination of fill-
ing and breaching. The upstream catchment for each of the sam-
pling sites was delineated using the ESRI Watershed Delineation
toolbox (Noman, 2007). Geospatial variables were extracted for
each of the delineated catchments using tools from the Spatial Ana-
lyst toolbox and extraction tools from the Geospatial Modelling
Environment program (Baier and Neuwirth, 2007; Beyer, 2010;
R Development Core Team, 2010). The extracted geospatial vari-
ables included bedrock and surficial geology, long-term average
annual precipitation, land cover, and landscape measurements (see
Table 2 for details). Field-collected measurements were not possi-
ble for these larger scales because the remoteness of these locations
precluded the opportunity for collecting in situ measurements of
additional variables. Each geospatial scale was comprised of a
unique set of variables.

DATA PREPARATION

Many early instar insects could not be identified past the level
of family or subfamily. To avoid taxonomic redundancy due to
mixed-level identification, we evaluated whether the family- or
subfamily-level (which included organisms identified to subfamily
for Chironomidae, and to family for remaining taxa) could be used
to adequately describe the macroinvertebrate assemblages. The ef-
fect of classifying individuals at a coarser taxonomic level was
evaluated by comparing the spatial arrangement of sample sites in
ordination space when different taxonomic levels were used. Re-
sults (not shown) indicated that there were no significant differ-
ences (at � � 0.05) when either subfamily- or family-level taxon-
omy was used instead of the genus-level. Due to the strong
similarity that was evident in the results based on genus-level and
subfamily-level taxonomy, we chose to use the subfamily-level for
subsequent analyses. Taxa found in the stream sites are listed in
Table 3.

Relative abundance was calculated for each taxonomic level
to reduce the influence of extreme values of total abundance across
sites and focus on differences in taxonomic composition. Relative
abundance values were log10 (x � 1) transformed in order to down-
weight the influence of both dominant and rare taxa. Invertebrate
data were also used to calculate 35 biological metrics in order to
compare the association of environmental variables with relative
abundance data and summary measures of community structure.
Biological metrics included measures of richness, diversity, and
composition at multiple taxonomic levels (e.g., order, family, and
chironomid subfamily; Table 4). Metric values were either log10

(x � 1) or arcsin (�x) transformed depending on which transfor-
mation was found to be most appropriate for the data (Table 4).
Pearson correlation coefficients were used to remove redundant
metrics from the analysis. Strongly correlated (|r| � 0.8) metrics
were deemed to be redundant, and metrics that shared stronger
correlations with other metrics were removed. This resulted in a
subset of 24 structural metrics to be used in further analyses to
quantify and summarize the biological variability in the benthic
community (Table 4).

Environmental variables were log10 (x) or arcsin (�x) trans-
formed as appropriate. Pearson correlations between environmental
variables were examined at each scale (catchment, reach, site) in
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TABLE 2

Summary of all extracted geospatial variables categorized as climate, landscape measurements, bedrock geology, land cover, and surficial
geology descriptors. Variable abbreviations, descriptions, and measurement units are indicated along with the RDA scale for which

each variable was used (if any). Data sources are indicated for each descriptor category.

Data type Variable Description Units RDA scales (if used) Data set source

Climate LTA_Prec Long-term average annual precipitation mm Catchment Meteorological Service of Canada

Landscape WS_Peri Watershed perimeter km ASTER DEM
measurements WS_Area Watershed area km2 Co-variable for all

scales
Mn_Elev Mean watershed/buffer elevation m Catchment
Min_Elev Minimum watershed/buffer elevation m Catchment
Max_Elev Maximum watershed/buffer elevation m
Std_Elev Standard deviation watershed/buffer m

elevation
Rng_Elev Range of watershed/buffer elevation m
Aspect Mean watershed/buffer aspect N/A Catchment
Slope Mean watershed/buffer slope degrees Catchment

Bedrock geology SediBed Relative area of sedimentary bedrock N/A Catchment Geological Survey of Canada,
IntruBed Relative area of intrusive bedrock N/A Catchment Natural Resources Canada
Meta Relative area of metamorphic bedrock N/A
VolcBed Relative area of volcanic bedrock N/A Catchment

Land cover Glacier Relative area of ‘‘Glacier’’ N/A Catchment National Land Cover Data set
BareSoil Relative area of ‘‘Bare soil’’ N/A Reach accessed through Geobase
Water Relative area of ‘‘Water’’ N/A Reach
GrndCov Relative area of ‘‘Groundcover with N/A Reach

dwarf trees and shrubs’’
BrdLeaf Relative area of ‘‘Broadleaf shrubs N/A Reach

with perennial groundcover’’

Surficial geology Glacfluv Relative area of glaciofluvial sediments N/A Reach Parks Canada and Natural
Glaclac Relative area of glaciolacustrine sediments N/A Reach Resources Canada
Glacmar Relative area of glaciomarine sediments N/A Reach

order to select a subset of explanatory variables with minimal re-
dundancy. A pair of variables with |r| � 0.7 was considered to be
strongly correlated (0.7 was used instead of 0.8 to ensure that the
number of environmental variables did not approach the number
of dependent variables), and the variable that shared more strong
correlations with other variables was removed to avoid redundancy.
The number of selected variables ranged from 7 to 13 depending
on the scale that was being considered (Tables 1 and 2).

ANALYTICAL APPROACH

Indirect gradient multivariate analysis was used in order to
examine the spatial separation of sites based on macroinvertebrate
relative abundance or biological metrics. Detrended correspon-
dence analysis (DCA) was run separately for relative abundance
data and biological metrics to determine the proper response model
for each set of dependent variables. The gradient lengths within
our study sites were less than 3.5 standard deviations (SDs) for
both relative abundance data and biological metrics (gradient length
� 3.02 and 1.29 SDs, respectively), which suggested that a linear
response model would be most appropriate (Legendre and Le-
gendre, 1998). We used principal components analysis (PCA) to
examine associations among the communities in the stream sites
based on relative abundance or metrics.

Direct gradient analysis was used to examine the association
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between environmental variables at each of the three spatial scales
and community composition as described by relative abundance
data or biological metrics. Redundancy analysis (RDA) was run
separately for each spatial scale and each set of dependent variables.
Initial analysis revealed that catchment area was a strong driving
factor in the structuring of invertebrate communities in our study
area, and that its effect overshadowed the effects of other variables.
Catchment area was strongly correlated with longitude (r �

�0.70) and reflected a landscape gradient from the small coastal
streams of the Saglek region in the east to the large inland Koroc
River in the west. In order to remove the effect of catchment area
and focus on the effects of the other environmental variables, catch-
ment area was used as a covariable in all RDAs. The variance
inflation factor (VIF) for each variable in the RDA was used to
identify redundant variables for each spatial scale; a variable with
a VIF � 8 was considered to be redundant and was removed from
the analysis. Mean elevation was the only variable found to have
a high VIF and was removed from the catchment-scale analysis.
At each scale, RDA axis eigenvalues were compared with PCA
eigenvalues to determine the proportion of unconstrained commu-
nity variance explained by each RDA axis. RDA biplots were con-
structed to visually examine the associations of environmental vari-
ables at each scale with the invertebrate community and stream
sites.
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TABLE 3

Taxa collected at the sample sites, their abbreviations for
PCA and RDA biplots, and the number of sites at which

each taxon was found.

Number
Group/ of
Order Family Subfamily Abbreviation sites

Diptera Ceratopogonidae D_Cerat 4
Chironomidae D_C 26

Chironominae D_C_Chir 15
Diamesinae D_C_Dia 16
Orthocladiinae D_C_Orth 28
Tanypodinae D_C_Tany 8

Empididae D_Emp 15
Simuliidae D_Simu 21
Tipulidae D_Tipu 8

Ephemer- Ameletidae E_Amel 7
optera

Baetidae E_Bae 24
Ephemerellidae E_Eph 24
Heptageniidae E_Hept 26

Hydra- Feltriidae H_Felt 2
carina

Hygrobatidae H_Hyg 7
Lebertiidae H_Leb 13
Sperchontidae H_Sper 17

Plecoptera Capniidae P_Cap 18
Chloroperlidae P_Chl 6
Leuctridae P_Leu 1
Perlodidae P_Perlo 13

Trichoptera Apataniidae T_Apa 1
Glossosomatidae T_Glos 8
Hydropsychidae T_Hpsy 1
Hydroptilidae T_Hpti 1
Lepidostomatidae T_Lepi 1
Limnephilidae T_Limn 4
Philopotamidae T_Phil 1
Rhyacophilidae T_Rhya 10

Other Acarina Acar 6
Oligochaeta Olig 5
Ostracoda Ost 5

Variance partitioning (see Borcard et al., 1992, for details)
was used to compare the proportion of variance explained by the
three scales of environmental variables and determine whether vari-
ables at small or large scales contributed more to the structuring
of benthic communities at our study sites. One variable was re-
moved from the catchment scale in order to have the same number
of variables as in the site and reach scales (7), as suggested in
Borcard et al. (1992). In order to choose which variable should be
removed from the analysis, we examined eigenvalues and the RDA
biplots to determine which variables appeared to explain the least
amount of community variance. For the analysis using relative
abundance, aspect was removed, while minimum elevation was
removed for the analysis using biological metrics. Variance parti-
tioning was accomplished by running RDAs using different combi-
nations of covariables (see Borcard et al., 1992, for details) in order
to calculate the proportion of variance explained by each scale
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TABLE 4

Biological metrics considered for the analysis, their abbreviations
in PCA and RDA biplots, and data transformations. Metrics chosen
for inclusion in the PCAs and RDAs are indicted with *. Note that
strongly correlated (|r| � 0.8) metrics were deemed to be redun-
dant, and metrics that shared stronger correlations with other met-
rics were removed. Abbreviations used include RA (relative abun-

dance) and P/A (presence/ absence).

Used in
Metric Abbreviation Transformation PCA

Richness Richness Log10(x�1) *
Abundance Abundance Log10(x�1) *
Margalef’s Diversity Margalef None

Index
Pielou’s Evenness Evenness Arcsin(�x )
Shannon-Wiener SW None

diversity
Simpson’s Diversity Simpson Arcsin(�x ) *

Index
Taxonomic Diversity Diversit Log10(x�1) *

(Delta)
Taxonomic Distinctness Distinct Log10(x�1) *

(Delta*)
1 Dominance 1_dom Arcsin(�x )
3 Dominance 3_dom Arcsin(�x )
5 Dominance 5_dom Arcsin(�x )
RA Ephemeroptera (E) RA_E Arcsin(�x ) *
RA Plecoptera (P) RA_P Arcsin(�x ) *
RA Trichoptera (T) RA_T Arcsin(�x ) *
RA Diptera (incl. RA_D Arcsin(�x )

Chironomidae)
RA EPT RA_EPT Arcsin(�x )
RA Non-Dipteran RA_NonD Arcsin(�x ) *
RA Non-insect RA_NonI Arcsin(�x ) *
RA Chironomidae RA_Chid Arcsin(�x ) *
RA Chironominae RA_Chin Arcsin(�x ) *
RA Diamesinae RA_Dia Arcsin(�x ) *
RA Orthocladiinae RA_Orth Arcsin(�x ) *
RA Tanypodinae RA_Tany Arcsin(�x ) *
# Ephemeroptera taxa (E) Num_E Log10(x�1) *
# Plecoptera taxa (P) Num_P Log10(x�1) *
# Trichoptera taxa (T) Num_T Log10(x�1) *
# Diptera taxa (incl. Num_D Log10(x�1)

Chironomidae)
# EPT taxa Num_EPT Log10(x�1)
# Non-Dipteran taxa Num_NonD Log10(x�1)
# Non-insect taxa Num_NonI Log10(x�1) *
# Chironomidae taxa Num_Chid Log10(x�1) *
P/A Chironominae PA_Chin Log10(x�1) *
P/A Diamesinae PA_Dia Log10(x�1) *
P/A Orthocladiinae PA_Orth Log10(x�1) *
P/A Tanypodinae PA_Tany Log10(x�1) *

alone, as well as the proportion of variance that was explained by
the combined effect of the small and large scales. Catchment area
was used as a covariable in each of the variance partitioning RDAs.

Results
COMMUNITY STRUCTURE

The first axes of the PCA ordinations of relative abundance
data and biological metrics accounted for a large proportion of
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community variance, although biological metrics appeared to pro-
vide a stronger statistical summary of macroinvertebrate commu-
nity structure. The first three axes of the PCA ordination of relative
abundance accounted for 58.4% of macroinvertebrate community
variance, with the first axis alone accounting for 26.6% of the
community variance. In contrast, the first three axes in combination
accounted for 75.4% of the community variance in the PCA ordina-
tion of biological metrics, while the first axis accounted for 45.3%
of the variance in the macroinvertebrate community.

Stream sites were highly spatially separated in ordination
space and covered the entire gradient of axes I and II in the ordina-
tion based on relative abundance data (Fig. 3, part a), whereas in
the ordination based on biological metrics, very few sites were
spatially separated and the majority of sites were clustered around
the origin (Fig. 3, part b). Despite using catchment area as a covari-
able, the Koroc River (KR) sites were generally clustered together.
There was a stronger distinction among Nachvak Fjord (NF) and
Saglek Fjord (SF) sites, particularly in Figure 3, part a.

Few taxa contributed to the strong gradients in community
structure; in the PCA biplot based on relative abundance data, the
majority of taxa appeared centrally clustered, with only a small
number of taxa, primarily Ephemeroptera and Diptera families,
determining the spatial separation of sites in ordination space (Fig.
3, part a). The chironomid subfamily Diamesinae appeared to be
an important taxon in the ordination plots of both relative abun-
dance data and biological metrics. Although the abundance of Di-
amesinae showed a weak, positive association with abundances of
Baetidae, it was spatially separated from most taxa in ordination
space and was negatively associated with several invertebrate fami-

FIGURE 3. Principal components analysis biplots of (a) relative abundance and (b) biological metrics data from 29 sites located in the
Koroc (KR), Nachvak Fjord (NF), and Saglek Fjord (SF) watershed regions of Québec and Labrador, Canada. Taxon abbreviations in
(a) are listed in Table 3. Biological metric abbreviations in (b) are listed in Table 4. Data points for taxa/metrics that were only weakly
correlated with axes I and II were not labeled in order to improve readability of the plot.
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lies (Fig. 3, part a). Similarly, the metrics that described the
presence/absence or abundance of Diamesinae were negatively as-
sociated with metrics describing the richness and relative abun-
dance of several taxonomic groups including Ephemeroptera and
Plecoptera (Fig. 3, part b). Moreover, Diamesinae metrics were
negatively associated with taxonomic diversity and distinctness,
which suggested that this subfamily generally dominated the sites
in which it was found.

ASSOCIATION WITH ENVIRONMENTAL VARIABLES

Community structure was highly correlated with environmen-
tal variables at all three spatial scales. The first three axes of the
relative abundance RDAs together explained 74.8–81.1% of the
constrained community variance (Table 5). Higher proportions of
variance were explained when biological metric data were used; the
first three axes together explained 88.5–91.9% of the constrained
variance in the community (Table 5). When the RDA eigenvalues
were adjusted by the total PCA eigenvalues, the first three relative
abundance RDA axes were found to explain 21.0–29.2% of the
unconstrained variance in the macroinvertebrate community,
whereas for biological metrics, the percent explained unconstrained
variance ranged from 29.3% to 40.6% (Table 5). Relative abun-
dance data were most highly correlated with site- and catchment-
scale variables, and biological metrics were most highly correlated
with site-scale variables.

At each spatial scale, environmental variables in the RDA
ordinations had strong associations with the first and second axes
(Figs. 4 and 5). At the catchment scale, the variables positively
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TABLE 5

Variance in relative abundance and biological metric data explained by environmental variables at each spatial scale (catchment, reach,
and site). Variance is reported in terms of % constrained and % unconstrained variance explained by the first three RDA axes.

Relative abundance Biological metrics

% Constrained variance % Unconstrained variance % Constrained variance % Unconstrained variance

Scale Axis I Axis II Axis III Axes I–III Axis I Axis II Axis III Axes I–III

Catchment 36.9 27.8 10.1 28.8 54.1 27.6 6.8 31.4
Reach 48.2 19.9 13.0 21.0 69.5 16.9 5.5 29.3
Site 37.0 26.8 13.9 29.2 62.8 21.7 4.8 40.6

associated with the first axis for both relative abundance and met-
rics included average slope, long-term annual precipitation, relative
area of glaciers, and bedrock geology (a gradient from sedimentary
to volcanic bedrock) (Figs. 4, part a, and 5, part a). The second
axis appeared to primarily represent a gradient in catchment aspect
for biological metrics (Fig. 5, part a). At the reach scale, land cover
descriptors were most important. In particular, bare soil dominated
the first axis for biological metrics (Fig. 5, part b) and both axes
for relative abundance (Fig. 4, part b). At the site scale, the first
RDA axis for both ordinations primarily represented a gradient in
substrate size, ranging from sand to boulders, whereas the second
axis displayed a gradient in nutrients and primary productivity
(Figs. 4, part c, and 5, part c).

The dominant gradient at each spatial scale was not associated
with the majority of taxa and metrics. At the catchment scale, this
was characterized by a clustering of taxa and metrics at the negative
end of the primary gradient (Figs. 4, part a, and 5, part a). At smaller
scales, most taxa and metrics were distributed along secondary
environmental gradients in vegetation and productivity (Figs. 4,
parts b and c, and 5, parts b and c). In contrast, the dominant
environmental variables along the first axis generally had a strong
association with the chironomid subfamily Diamesinae at each spa-
tial scale (Figs. 4 and 5).

Associations between sites and environmental variables were
similar for both relative abundance and biological metric data (re-
sults not shown). A small number of sites was consistently associ-
ated with the primary gradient along the first axis at all scales;
SF05, NF01, and NF03 were positively correlated with variables
such as the relative area of glaciers, bare soil, and the proportion
of sand. At the catchment scale, KR sites were tightly clustered,
whereas NF and SF sites were more separated along the first and
second axes. At smaller scales, there was a stronger separation of
KR sites along gradients of vegetation (reach scale) and productiv-
ity (site scale). Productivity (primarily Chl a and TN) appeared to
strongly contribute to the separation of all sites at the smallest scale.

VARIANCE PARTITIONING

The catchment, reach, and site scales each explained greater
amounts of variance in relative abundance data individually
(21.3%, 15.7%, and 24.4%, respectively; Fig. 6, part a) than did
their combined effects (8.3%; Fig. 6, part a). The reach scale was
most weakly correlated with macroinvertebrate relative abundance;
however, the strong individual effects of each scale indicated that
all three scales explained unique gradients in community structure.
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A larger percentage of variance was explained by combined effects
of the three scales when biological metric data were used (17.6%;
Fig. 6, part b). The site scale stood out as the only scale that ex-
plained much more variance individually (27.6%; Fig. 6, part b)
and thus the only scale to explain unique aspects of community
structure when biological metrics were used.

Discussion
The structure of benthic macroinvertebrate communities in

Low Arctic streams of northern Labrador and Québec was strongly
associated with physical and chemical variables measured at both
landscape and local scales. This result supports the expectations of
hierarchical theory, which states that environmental variables are
interrelated across multiple, nested spatial scales, and that these
interrelationships drive structural relationships of communities
(Brosse et al., 2003; Benda et al., 2004). According to hierarchical
theory, patterns in Arctic assemblages should be driven by the
combined influence of physical and chemical variables at landscape
and local scales in addition to the unique influence of variables
from individual scales. In Arctic systems, these interrelationships
may be particularly evident because of the large-scale influence of
climatic extremes which drive the adverse physical conditions.
High-latitude and high-elevation streams and rivers are subject to
low air temperatures, long periods of ice and snow cover, a short
growing season, and high variations in flow, particularly during
spring melt (Prowse et al., 2006c; Lods-Crozet et al., 2007). In
Arctic and alpine systems, tolerances to such harsh physical and
chemical conditions may represent one of the strongest determi-
nants of community structure (Brittain and Milner, 2001; Brittain
et al., 2001; Castella et al., 2001; Friberg et al., 2001), particularly
in the absence of local anthropogenic influences.

HIERARCHICAL FRAMEWORK OF ENVIRONMENTAL DRIVERS

In our study systems, biological composition was strongly
influenced at multiple spatial scales by habitat variables within
a hierarchical framework. The strength of the unique and joint
contributions differed for each spatial scale, which indicated the
biological importance of variables at multiple scales in these stream
systems. One of the strongest gradients evident in the RDAs was
related to environmental drivers that were associated with habitat
structure and instability; these included the relative area of glaciers,
bare soil, and the proportion of sand. This gradient was evident
across all scales, demonstrating the consistency of habitat-associ-
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FIGURE 4. Redundancy analysis (RDA) biplots
of relative abundance data from 29 sites located
in the Koroc, Nachvak Fjord, and Saglek Fjord
watershed regions of Québec and Labrador, Can-
ada, constrained to environmental variables at
three spatial scales: (a) catchment, (b) reach, and
(c) site. Environmental variable and taxon abbre-
viations are as listed in Tables 1 and 3. Data points
for taxa that were only weakly correlated with en-
vironmental variables were not labeled in order
to improve readability of the plot.
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FIGURE 5. RDA biplots of biological metric
data from 29 sites located in the Koroc, Nach-
vak Fjord, and Saglek Fjord watershed regions
of Québec and Labrador, Canada, constrained
to environmental variables at three spatial
scales: (a) catchment, (b) reach, and (c) site.
Environmental variable and biological metric
abbreviations are listed in Tables 1 and 4. Data
points for metrics that were only weakly corre-
lated with environmental variables were not la-
beled in order to improve readability of the
plot.

J. LENTO ET AL. / 547

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 18 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



FIGURE 6. Results of variance partitioning, showing the percent
variance explained by the catchment, reach, and site scales alone,
their combined effects, and the unexplained variance for the RDAs
using (a) relative abundance and (b) biological metric data. Macro-
invertebrate data are from 29 sites located in the Koroc, Nachvak
Fjord, and Saglek Fjord watershed regions.

ated influences and the strength of the hierarchical nesting. At the
catchment and reach scales, slope, precipitation, the relative area
of glaciers, and the relative area of bare soil all have implications
for habitat stability, as they may affect overland flow and runoff
rates within the system (Knighton, 1998). In addition, the site-scale
gradient in substrate size has implications for both habitat structure
and instability as it can be directly related to stream power and the
potential movement of particles of different sizes (Knighton, 1998).
The range of variables contributing to this habitat structure and
instability gradient across the hierarchical framework is indicative
of the gradient’s potential importance to benthic community struc-
ture in Low Arctic systems. Further evidence of this habitat struc-
ture and instability gradient could have been obtained through anal-
ysis of flow regime and additional habitat structural variables, but
these variables could not be measured at our study sites due to
their remote, northern location. However, other studies in Arctic
systems (Friberg et al., 2001) and temperate systems (Brosse et al.,
2003; Weigel et al., 2003; Sandin and Johnson, 2004) have indi-
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cated the importance of habitat variables, including those related
to instability, across multiple spatial scales. For example, Weigel
et al. (2003) evaluated the macroinvertebrate communities in a set
of minimally disturbed temperate streams and found a primary
gradient in habitat instability from largely coarse substrates to fine
particles. The strength of this gradient was evident at both reach
and catchment scales, similar to the gradient in habitat instability
that appeared to structure the macroinvertebrate communities in
our Low Arctic streams.

Building on the hierarchical landscape-scale template of
stream classification proposed by Frissell et al. (1986), Poff (1997)
suggested that hierarchically nested environmental variables may
act in succession, with landscape-scale variables acting initially as
a filter that determines which organisms can inhabit a particular
area. Local-scale variables subsequently act to modify species com-
position. Although originally described by Poff (1997) to explain
the occurrence of species traits, the concept applies to the analysis
of community composition. Variables at the landscape scale may
initially determine which taxa can inhabit the region (for example,
by filtering out taxa that are not adapted to general high-latitude
conditions), whereas variables at each successively smaller scale
act to further modify the taxonomic composition of the stream (for
example, through the availability of suitable habitat patches). While
not exclusionary of combined effects of the variables at multiple
scales, this concept emphasizes the importance of the individual
effect of variables at each scale. Moreover, Townsend et al. (2003)
suggested that the combination of the effects of variables at differ-
ent scales is the most likely determinant of community structure,
rather than the effect of one scale alone, and the dominance of each
scale as a driver varies among regions (e.g., Brosse et al., 2003;
Townsend et al., 2003; Weigel et al., 2003).

In our hierarchical framework, the primary filter acting on
community structure was characterized by habitat variables that
formed the dominant environmental gradient at each scale. Second-
ary nested filters were evident at smaller scales and were related
to productivity and vegetated land cover. This was particularly
evident for sites on the Koroc River. At the catchment scale, there
was a strong similarity within KR sites based on the primary filter
of large-scale habitat variables. However, at smaller scales, there
was a stronger separation among these KR sites along the secondary
filter gradients of land cover and productivity. This differentiation
of sites would not have been evident if variables at only one scale
had been considered. The strength of the unique and joint effects
of variables at each scale emphasized the importance of considering
a combination of small-, meso-, and large-scale influences on high-
latitude stream systems.

INVERTEBRATE RESPONSE TO HIERARCHICAL FILTERS

The chironomid subfamily Diamesinae dominated the ordina-
tions of community structure and provided an example of the strong
association of taxa with a gradient in habitat instability. The abun-
dance or presence/absence of Diamesinae was positively correlated
with environmental drivers associated with habitat instability, and
these associations were evident across all spatial scales. This taxon
has been shown to be highly tolerant of extreme habitat conditions
that are characteristic of high-latitude and high-elevation streams,
namely low water temperatures and high bed instability (Milner et
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al., 2001). Milner and Petts (1994) developed a conceptual model
to describe how macroinvertebrate composition would be expected
to change with decreasing distance to a glacier, and therefore de-
creasing water temperature and habitat stability. In this model, di-
versity declined with decreasing water temperature and bed stabil-
ity, and Diamesinae (particularly the genus Diamesa) were
suggested to be among the most tolerant organisms. Milner et al.
(2001) validated their model with field data, confirming the high
tolerance of Diamesinae to low temperatures and to bed instability.
Although water temperature data could not be collected at all of
our study sites, the available data indicated lower maximum water
temperature values and standard deviations during the sampling
season in NF and SF area streams (average maximum temperature
� 13.55 �C � 3.19 [n � 4] and 15.37 �C � 3.64 [n � 3],
respectively) than in the KR sites (average maximum temperature
� 18.32 �C � 4.67 [n � 8]). Moreover, the Nachvak and Saglek
Fjord regions also contained smaller glaciers not detected because
of the GIS data layer resolution, indicating that temperature differ-
ences may be due in part to glacial influence. High abundance of
Diamesinae was most associated with NF and SF sites, consistent
with the available information on water temperature. Although con-
ditions at our study sites were less extreme than those at the glacial
sites that were evaluated by Milner et al. (2001), Diamesinae was
also found to be positively associated with a habitat instability
gradient at all three spatial scales. Diamesinae was particularly
dominant at SF05, NF01, and NF03, three sites that were consis-
tently positively correlated with the habitat instability gradient. Fur-
thermore, water temperature data for NF01 indicated a noticeably
low maximum temperature with low seasonal variability (average
maximum temperature � 10.36 �C � 2.16).

IMPLICATIONS FOR MONITORING AND MANAGEMENT OF
ARCTIC STREAMS

Understanding the spatial scales at which physicochemical
variables affect aquatic communities provides important informa-
tion for management and monitoring of streams. Indeed, the strong
relationship between aquatic community structure and environmen-
tal drivers at local and landscape scales in our study indicates that
future perturbations on such systems may influence biotic commu-
nities at multiple spatial scales. Northern aquatic ecosystems may
be even more vulnerable to the influence of direct and indirect
local landscape disturbances due to the potential for regional and
multi-scale effects of climate change. Projected regional increases
in temperature will cause potential shifts to the Arctic landscape
that may lead to changing land use and landscape disturbances
(Prowse et al., 2009). For example, large-scale disturbances associ-
ated with resource exploration and development can alter local
hydrological patterns, which will directly affect aquatic habitat
availability (Prowse and Brown, 2010). Melting of glaciers due to
warming may also have significant effects on regional species pools
(Jacobsen et al., 2012). In addition, increased nutrients associated
with local-scale habitat change, thawing of surface soils, and
slumping (e.g., Bowden et al., 2008) caused by large-scale climate
warming have the potential to alter productivity and community
composition. Locally increased rates of slumping associated with
warmer temperatures have already caused greater sedimentation
levels in aquatic ecosystems (Lantz and Kokelj, 2008). Moreover,
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Benstead et al. (2005) demonstrated a dramatic increase in abun-
dance and biomass of macroinvertebrates in response to short-term
additions of nutrients within a Low Arctic stream.

Despite the relatively low levels of warming that have oc-
curred in our study area to date (Prowse et al., 2006a), recent models
have suggested that the Labrador Sea may be particularly sensitive
to warming-related shifts in circulation and salinity, and this may
impact inland waters in northern Labrador and Québec (Greene
et al., 2008). The results of our study indicate the importance of
monitoring environmental variables along the full extent of the
hierarchical framework to detect impacts from future warming.
Furthermore, climate warming is projected to cause changes to the
hierarchical framework that we have described, for example with
the northward shifting of the treeline (Culp et al., 2012a), and these
changes have the potential to alter the biological importance of
drivers at different scales. However, to date few long-term baseline
data sets exist for northern regions, particularly for lotic systems,
which limits our ability to assess the potential effects of future
landscape disturbance and climate change impacts (Prowse et al.,
2006c). The development of a strategic long-term monitoring strat-
egy for aquatic ecosystems should build on the limited existing data
networks in addition to incorporating large-scale remote sensing
information (Culp et al., 2012a).

SUMMARY

This research provides critical baseline data on running water
communities in northern Labrador and Québec that may be used
for future comparative spatial and temporal analyses. The results
of this study suggest that environmental variables at local (site),
meso- (reach), and landscape (catchment) scales are important driv-
ers of benthic macroinvertebrate community structure in eastern
Canadian Arctic systems. In addition to combined effects of vari-
ables at all three scales, the site, reach, and catchment scales each
described unique gradients in community structure, emphasizing
the importance of the hierarchical framework of environmental
variables within this region. There was a primary filter character-
ized by a clear gradient in habitat structure and instability at large
and small scales, indicating the significance of physical structuring
variables in the absence of anthropogenic effects. A secondary filter
was evident at smaller scales and was related to productivity and
land cover. The hierarchical framework that we have described
provides a knowledge base for the development of a sustainable
long-term monitoring approach for Low Arctic running water eco-
systems. By incorporating measures of environmental drivers at
multiple spatial scales, future monitoring efforts may more effec-
tively respond to current and future pressures on aquatic biodiver-
sity.
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