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Abstract: We aimed to determine which processes drive patterns of a and b diversity in Arctic river benthic
macrofauna across a broad latitudinal gradient spanning the low to high Arctic of eastern Canada (58 to 81oN).
Further, we examined whether latitudinal differences in taxonomic composition resulted from species replacement
with organisms better adapted to northerly conditions or from the loss of taxa unable to tolerate the harsh envi-
ronments of higher latitudes. We used the bioclimatic envelope concept to provide a first approximation forecast
of how climate warming may modify a and b diversity of Arctic rivers and to identify potential changes in envi-
ronmental variables that will drive future assemblage structure. Benthic macroinvertebrates, environmental sup-
porting variables, and geospatial catchment data were collected to assess drivers of ecological pattern. We compared
a diversity (i.e., taxonomic richness) across latitudes and partitioned b diversity into components of nestedness and
species turnover to assess their relative contributions to compositional differences. We found sharp declines in tax-
onomic richness along a latitudinal gradient. This a diversity pattern was not associated with a change in numerical
abundance. b diversity was highest when the most distant latitudes were compared, and pairwise latitudinal com-
parisons indicated that nestedness (loss of species) was the dominant contributor to compositional differences.
Biotic–abiotic associations reflected both large-scale climatic drivers, including air temperature and prevalence
of vegetated tundra, and small-scale secondary abiotic drivers of assemblage composition (e.g., substrate composi-
tion, water chemistry). The importance of nestedness to b diversity across latitudes supports the physiological
tolerance hypothesis that a change in environmental tolerance is a key driver of species richness declines with in-
creasing latitude. Distinct taxonomic assemblages among low and high Arctic latitude sites were associated with
large-scale, climate-related drivers (e.g., temperature trends, terrestrial vegetation), reflecting the primary structur-
ing of assemblages by bioclimatic envelopes. The abiotic environment was the strongest driver of assemblage struc-
ture at high latitudes because of the extreme conditions. With continued warming, biodiversity differences along
latitudinal gradients are expected to become less pronounced as temperatures and vegetation become more similar
from south to north, with local-scale variables becoming dominant biotic drivers.
Key words: Arctic, freshwater, river, alpha diversity, beta diversity, latitude, gradient, benthic macroinvertebrates
Arctic ecosystems are experiencing significant warming as
a result of climate change (Olsen et al. 2011), and substan-
tial temperature increases have occurred from 2005 to 2010
(Walsh et al. 2011). Climate has been proposed as the pri-
mary driver of large-scale patterns in biodiversity, such as
latitudinal diversity gradients (Whittaker et al. 2001). As
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mean temperature isotherms and degree-day boundaries
move northward, the biodiversity of Arctic freshwaters is
expected to respond through range expansion of southern
eurythermic species and potential losses of stenothermic
species (Oswood et al. 1992, Vincent et al. 2011, Culp et al.
2012b). These changesmay lead to shifts ina andb diversity.
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A first approximation for forecasting how climate warm-
ing could modify a and b diversity in Arctic rivers is to ex-
amine the present differences in riverine benthic assem-
blage structure across latitudinal gradients. This approach
uses the concept of bioclimate envelopes (Pearson and
Dawson 2003), wherein regional taxonomic richness and
composition are determined by physiological tolerances
of individual species to climate conditions (Danks 1992,
Danks et al. 1994, Currie et al. 2004). The idea of bioclimatic
envelopes is dependent on the premise that climate exerts a
dominant role in the biogeographical distribution of species.
If this idea is correct, then the variation in diversity at a
macrogeographic scale across latitudinal temperature gradi-
ents can be used to predict the shifts that might occur with
gradual Arctic warming. Thus, species responses to macro-
scale latitudinal gradients can inform predictions of how
climate change will alter species distributions (Pearson and
Dawson 2003).

To date, studies have shown that the a diversity of river-
ine biota decreaseswith increasing latitude (particularly above
407N), although the strength of this relationship is study-
specific (e.g., Oswood 1997, Castella et al. 2001, Vinson and
Hawkins 2003, Hillebrand 2004, Scott et al. 2011). Lower
a diversity at higher latitudes may result from lower energy
availability or physiological tolerance thresholds being ex-
ceeded as latitude increases (Currie et al. 2004). These ef-
fects may be exacerbated by recent glaciation events and
the extreme cold temperatures that limit survival of species
that are not cold-adapted (Jacobsen et al. 1997,Wrona et al.
2006). Differences in species composition among latitudes
(i.e., b diversity) may be driven by either the replacement of
species by organisms better adapted to northerly condi-
tions or the loss of species that are unable to tolerate con-
ditions at higher latitudes (see Baselga 2010).

Theobserveddeclines in richnessof cold-sensitiveEphem-
eroptera, Plecoptera, and Trichoptera (ETP) species (Vin-
son and Hawkins 2003, Scott et al. 2011) and increased
dominance of more tolerant Diptera species at high lati-
tudes (Oswood 1989, 1997) suggest that b diversity among
latitudes in freshwater systems may be driven more by spe-
cies loss (nestedness of assemblage composition) than re-
placement. As climate change promotes the northward range
expansion of eurythermic species (Culp et al. 2012b), these
patterns may shift, with increased richness and more evi-
dence of species replacement (turnover component of b di-
versity) at higher latitudes.

Our aims here were to evaluate patterns of a and b di-
versity of benthic macroinvertebrate assemblages in streams
and rivers across a broad latitudinal gradient and assess the
environmental drivers related to latitudinal differences in
assemblage structure. We conducted this evaluation along
the latitudinal gradient from the sub- to high Arctic of east-
ern Canada (58 to 817N). We expected that taxonomic rich-
ness would decrease at high latitudes because cold-intolerant
EPT taxa would be eliminated and more tolerant Diptera
would predominate. Further, we expected this negative rela-
tionship to be stronger than observed in previous research on
Arctic streams (e.g., Castella et al. 2001, Vinson and Hawkins
2003, Pearson and Boyero 2009, Scott et al. 2011) because
our study extended far into the high Arctic. We also pre-
dicted that b diversity would be driven by species loss with
increasing latitude (i.e., the nestedness component of b di-
versity) because we expected increased environmental harsh-
ness and large-scale climate-related environmental drivers
to play the largest roles in differentiating assemblages among
latitudes.

The eastern Canadian Arctic is an appropriate gradient
for establishing baseline information on ecological condi-
tions because, while it has been relatively stable over the last
several thousand years, it is expected to experience signifi-
cant warming in the future (Prowse et al. 2006). This study
is a component of the Arctic BioNet program of the Inter-
national Polar Year and represents the first attempt to sam-
ple benthic macroinvertebrate assemblage structure in the
Canadian Arctic across such an extensive spatial scale.

METHODS
Study area

The Canadian Arctic encompasses northern regions of
mainland Canada (sub- and low Arctic) and the Arctic ar-
chipelago (low and highArctic; Culp et al. 2012a). Themost
northerly landmass in the Canadian Arctic is Ellesmere Is-
land, which extends to 827N, whereas the sub-Arctic ex-
tends as far south as 507N in central areas of mainland Can-
ada. The eastern Canadian Arctic is primarily comprised of
2 ecozones: the Arctic Cordillera and the Northern Arctic
(Fig. 1). The Arctic Cordillera ecozone is dominated by
mountain ranges, deep valleys, and fjords, whereas the
Northern Arctic ecozone landscape is dominated by hills
and plains (Wiken et al. 1996). Low-latitude and coastal re-
gions of these ecozones include areas of tundra meadow
with small shrubs or hummocks with mosses and lichens,
but northern regions have limited vegetation (Wiken et al.
1996). Both ecozones have Arctic climates with cold tem-
peratures, a short growing season, and substantial spring
freshets. Streams and rivers are generally ice-covered Sep-
tember to July in the eastern high Arctic (discharge data
from sites on Ellesmere Island and northern Baffin Island,
results not shown; HyDAT database, www.ec.gc.ca/rhc
-wsc), October to June (or November–May inwarmer years)
in the low Arctic archipelago (discharge data from sites on
southern Baffin Island, results not shown; HyDAT database,
www.ec.gc.ca/rhc-wsc), andNovember toMay on the north-
ern mainland, which includes both the sub-Arctic and low
Arctic (temperature logger data from northern Labrador and
Québec; results not shown). In addition, Arctic streams of-
ten freeze solid during the winter, which creates a more ex-
treme environment than an ice-covered stream.



Volume 38 September 2019 | 467
The climate in the western and central Canadian Arctic
has warmed, but long-term temperature data in the eastern
Canadian arctic have shown stable temperatures or even
cooling trends (Prowse et al. 2006, 2009). This temperature
stability has been attributed to the strong marine influence
of the Hudson Strait and Labrador Current outflows from
the Arctic that have prevented northward movement in
vegetation and treeline shifts in southern portions of north-
ern Labrador and Québec relative to the west (Prowse et al.
2006). However, recent data indicate that temperatures
in the east have begun to increase (Environment Canada
2012b), and predictive models suggest that a warming
trend will continue in this region (Prowse et al. 2009).
Sampling design
We sampled 86 sites along a latitudinal gradient from

587N to 817N in the eastern Canadian Arctic, with each site
consisting of an approximately 100m stream reach. Groups
of sites were sampled around each of 4 latitudes along this
gradient: 587N (sub- and low Arctic), 637N (low Arctic),
727N (high Arctic), and 817N (high Arctic; Fig. 1). Sites
were spread across a wide geographic area within each lat-
itudinal grouping (covering approximately 3,800 km2 to
14,000 km2 per latitude) and were generally located on dif-
ferent stream systems. Most sites were chosen based on he-
licopter access because of the highly remote nature of the
sampling areas.We sampled 25 sites at 587Nwithin the Ko-
Figure 1. Map of the riverine sample sites in the eastern Canadian Arctic. Sites are at the approximate latitudes of 587N (Torngats/
Koroc), 637N (Iqaluit), 727N (Sirmilik), and 817N (Lake Hazen). The extent of the Arctic Cordillera and Northern Arctic ecozones
in the sampling area is indicated.
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roc River Watershed in northeastern Québec (sub-Arctic)
and in the vicinity of Torngat Mountains National Park
in northern Labrador (low Arctic). We sampled 16 sites at
637N near the city of Iqaluit (population size <7000) in
southern Baffin Island, Nunavut. We sampled 27 sites at
727N in 3 areas of northern Baffin Island near the town of
Pond Inlet (population size <2000) and on Borden Penin-
sula and Bylot Island, which are both part of Sirmilik Na-
tional Park. We sampled 18 sites at 817N on Ellesmere Island,
Nunavut, near Lake Hazen in Quttinirpaaq National Park.
The eastern Canadian Arctic is sparsely populated, and hu-
man impactswereminimal at all sampling sites, as shownby
the low values of N and P at all of our sampling sites (total
nitrogen [TN] 5 26–823 lg/L, total phosphorus [TP] 5
0.9–8.5 lg/L). The mean (±SE) elevation of the sample sites
was 123 (±13) m asl. Catchment area varied across sites at
each latitude. Mean (±SE) catchment areas were similar at
637N (285.8 ± 179.9 km2) and 727N (197.1 ± 89.7 km2), and
at 587N (540.5 ±178.4 km2) and 817N (569.9 ± 408.2 km2),
though catchment area was much more variable at 817N.
Sample sites were variably influenced by glacial, snowmelt,
lake, and groundwater sources. Sites at 58 and 637N had
minimal contemporary glacial influence.

Sampling methods
We sampled in August 2007 (587N), August 2008 (63

and 817N), and July 2009 (727N). To estimate the numerical
abundance of benthic macroinvertebrates, we collected
kick samples following the standard CABIN (Canadian
Aquatic Biomonitoring Network) approach (http://cabin
.cciw.ca). A 400-lm, triangle-framed kick net was used to
collect samples along the stream bottoms using a 3-minute
traveling kickmethod. The sample operatormoved in a zig-
zag fashion upstream through the sample reach, disturbing
(i.e., kicking) the substrate at a depth of ∼5 to 10 cm and
holding the net downstream of the disturbed area to collect
any dislodged organisms and material carried by the cur-
rent (Environment Canada 2012a). The 400-lm-mesh
matches global standards for benthic macroinvertebrate
monitoring (Buss et al. 2015). Invertebrate samples were
preserved in 95% ethanol and transported to the laboratory
for sorting and enumerating macroinvertebrates, which
were identified to the lowest practical taxonomic level (ge-
nus when possible, though many early instar insects could
only be identified to family or subfamily). We used sub-
sampling procedures to identify and estimate the total nu-
merical abundance of each chironomid taxon because Chi-
ronomidae were very abundant.

Water sample bottles were filled upstream of the kick
net collections at each site and sent to the National Labora-
tory for Environmental Testing (Burlington, Ontario, Can-
ada), run by Environment Canada, for analysis of nutrients,
major anions and cations, and trace metals following stan-
dardized methods (Environment Canada 2008; Table 1).
We estimated substrate particle size at each site by measur-
ing the b-axis (to the nearest 0.5 cm or nearest 0.1 cm for
particles less than 1 cm) of 200 cobble particles along the
100-m stream reach. Particles were chosen haphazardly
throughout each study site via a modified Wolman Peb-
ble count (Wolman 1954) by walking in a zigzag pattern
through the reach and measuring a substrate particle at
the tip of every 2nd boot step. Substrate composition was
summarized as 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). We used a scalpel
to scrape periphyton from within a 10 cm2 template on
10 haphazardly selected cobble stones (∼ 12–20 cm) at each
site (total area sampled 100 cm2 per site) and preserved the
composite sample in 95% ethanol for transport to the lab-
oratory. Chl a concentrations (g/m2) were estimated in
the laboratory by extracting the entire sample (algal mass
and ethanol preservative) in hot ethanol and subsequently
measuring fluorescence (Sartory 1982) to obtain a compos-
ite site value.

We estimated geospatial data for each sample site with
ArcMap (Version 10, ESRI, St Paul, Minnesota), a Geo-
graphical Information System (GIS). A continuous ASTER
(Advanced Spaceborne Thermal Emission and Reflection
Radiometer; available from: http://asterweb.jpl.nasa.gov
/gdem.asp) 30-m resolution Digital Elevation Model (DEM)
was used to delineate the upstream catchment area for each
site and generate estimates of catchmentmorphology. These
morphological estimates included metrics such as mean
slope, mean elevation, and eastness. Eastness is calculated
as sin(aspect), which removes problems associated with
the analysis of circular data. Eastness will take values close
to 1 if the aspect is generally eastward, close to –1 if the as-
pect is westward, and close to 0 if the aspect is either north
or south.

We extracted landcover variables from a national land
cover dataset we accessed through Geogratis (https://
www.nrcan.gc.ca/earth-sciences/geography/topographic
-information). These variables summarized the relative ar-
eas of vegetation, tundra, or other forms of ground cover
within each catchment and were grouped into broad cate-
gories for analysis. Finally, we used a geospatial layer with
long-term (1971–2000) average air temperatures to calcu-
late averagemaximumAugust temperatures for each delin-
eated catchment. The long-term temperature data we used
were interpolated for all of Canada through the use of thin
plate, spline-smoothing algorithms (McKenney et al. 2006).

Statistical analyses
Data pre-treatment was conducted prior to analysis to

adjust taxonomic resolution, remove redundant variables,
and transform data as needed. To avoid taxonomic redun-
dancy because of mixed-level identification, we analyzed
the invertebrate numerical abundance data at the level of
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subfamily for Chironomidae larvae and the level of family
or higher for all other taxa. Comparison of the spatial ar-
rangement of sample sites in ordination space indicated
that there were no significant differences (a 5 0.05) when
subfamily or family-level taxonomy was used instead of
genus-level taxonomy (Procrustes analysis; results not
shown). Similarly, Bowman and Bailey (1997) have shown
that family-level identification does not provide different
Table 1. Environmental variables considered for analysis of latitudinal trends, including variable descriptions, units, and source.
Variables included in the final Redundancy Analysis (RDA) are indicated with *.

Data type Variable Description Units Dataset source
Used in
RDA

Water Quality Alkalinity Alkalinity mg/L Field data *

Cl Chloride mg/L *

SO4 Sulphate 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 dissolved phosphorus mg/L *

TP Total phosphorus (unfiltered) mg/L

Chlorophyll a Chlorophyll a g/m2

AFDM Ash-free dry mass g/m2 *

Substrate Composition %Sand % sand in pebble count % Field data *

%Gravel % gravel in pebble count %

%Cobble % cobble in pebble count %

%Boulder % boulder in pebble count % *

Water Source Glacial Presence/absence of glacial
water source to stream

N/A Field data, maps *

Landscape
Measurements

Perimeter Catchment perimeter km ASTER DEM

Area Catchment area km2 *

ElevationMean Mean catchment elevation m *

ElevationMin Minimum catchment elevation m

ElevationMax Maximum catchment elevation m

Eastness Mean catchment aspect presented
as eastness

N/A

SlopeMean Mean catchment slope degrees *

Bedrock Geology Sedimentary Relative area of sedimentary bedrock N/A Geological Survey of
Canada, Natural
Resources Canada

Intrusive Relative area of intrusive bedrock N/A *

Metamorphic Relative area of metamorphic bedrock N/A *

Volcanic Relative area of volcanic bedrock N/A

Land cover Bare/Sparse Relative area of barren, exposed,
non-vegetated, or sparsely vegetated
rock/soil/land

N/A National Land Cover
Dataset accessed
through Geobase

*

Shrubs Relative area of bryoids or shrubs
(tall, short, or dwarf )

N/A

Wetland Relative area of wetlands N/A

VegetatedTundra Relative area of tundra vegetated
with graminoids

N/A *

Coniferous Relative area of coniferous vegetation
(sparse to dense)

N/A *

Climate MaxAug-
MeanTemp

Long-term average maximum
August temperature

7C Canadian
Forestry Service

*
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assemblage patterns than that of lower levels in studies
when broad spatial pattern is of primary interest. Rare taxa
that had a total numerical abundance of <5 individuals
across all 86 sites (i.e., generally a single individual found
at a single site) were removed prior to analysis to avoid put-
ting undue weight on extremely rare taxa. In total, we
removed 10 taxa from our analyses, each with total abun-
dance of 1 to 3 individuals at 86 sites. The numerical abun-
dances for the remaining 36 invertebrate taxa (Table 2)
were log10(x 1 1) transformed to down-weight the influ-
ence of dominant taxa. Environmental variables were log10(x)
or arcsin (√x) transformed as appropriate (Table 1). Pear-
son correlations between environmental variables were used
to select a subset of 25 explanatory variables with minimal
redundancy (FrF < 0.7).

We estimated a and b diversity to assess latitudinal dif-
ferences in taxonomic richness and assemblage composi-
tion. First, we compared family richness across latitudes
Table 2. Benthic macroinvertebrate taxa found along the eastern Canadian Arctic latitudinal gradient from 58 to 817N, indicating the
number of sites (out of 86) at which each taxon was found, and the highest latitude at which it was collected.

Group/Order Family Subfamily Abbreviation
Number
of Sites

Highest
Latitude (7N)

Diptera Ceratopogonidae D_Cerat 20 81

Chironomidae Chironominae D_Chin 39 81

Diamesinae D_Dia 75 81

Orthocladiinae D_Orth 85 81

Prodonominae D_Pro 11 81

Tanypodinae D_Tany 33 81

Diptera Pupa D_Pupa 83 81

Empididae D_Emp 22 63

Muscidae D_Mus 14 81

Simuliidae D_Simu 51 72

Tipulidae D_Tipu 54 81

Ephemeroptera Ameletidae E_Amel 24 63

Baetidae E_Bae 37 72

Ephemerellidae E_Eph 21 58

Heptageniidae E_Hept 23 58

Hydracarina Feltriidae H_Felt 9 63

Hydrozetidae H_Hyd 39 81

Hygrobatidae H_Hyg 18 63

Lebertiidae H_Leb 29 81

Sperchontidae H_Sper 66 81

Plecoptera Capniidae P_Cap 38 72

Chloroperlidae P_Chl 18 58

Leuctridae P_Leu 2 58

Nemouridae P_Nem 3 58

Perlodidae P_Perlo 20 63

Trichoptera Apataniidae T_Apa 3 63

Glossosomatidae T_Glos 11 58

Hydropsychidae T_Hpsy 4 58

Hydroptilidae T_Hpti 1 58

Lepidostomatidae T_Lepi 1 58

Limnephilidae T_Limn 8 63

Philopotamidae T_Phil 1 58

Rhyacophilidae T_Rhya 15 58

Trichoptera Pupa T_Pupa 3 58

Other Acarina Acar 18 81
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to test whether a diversity declinedwith increasing latitude.
We tested for differences in mean family richness among
the 4 latitude groups with a non-parametric Kruskal–
Wallis 1-way analysis of variance by ranks, followed by
Dunn’s test for multiple comparisons with a correction for
tied data (at a5 0.05) because there were different numbers
of samples and unequal variance among latitudes. Beta di-
versity and its component parts were described following
Baselga (2010). Presence/absence data were used to calcu-
late dissimilarity indices representing b diversity, turnover,
and nestedness. To assess b diversity across latitudes, we
summarized the abundance data at each latitude as presence
or absence of taxa across all sites at that latitude (i.e., by
summing numerical abundances across all sites sampled
in a latitude group and converting data to presence/ab-
sence). We then calculated and partitioned b diversity with
a single set of presence/absence data for each of the 4 lati-
tudes (i.e., one set of presence/absence data each for 587N,
637N, 727N, and 817N, rather than site-specific data). Fol-
lowing Baselga (2010), presence/absence data were used
to calculate the Sørenson dissimilarity index (bSOR) as a
measure of b diversity and to partition b diversity into spe-
cies turnover and nestedness components through pairwise
comparisons of each latitude. The b diversity from species
turnover or replacement across regions was calculated with
the Simpson dissimilarity index (bSIM; Baselga 2010, Baselga
et al. 2012). We calculated the portion of b diversity that is
attributable to a loss of species across regions (i.e., where an
assemblage is comprised of a subset of the species found in
another location without the introduction of new species to
replace those that are lost) as nestedness-resultant dissimi-
larity (bNES; Baselga 2010, Baselga et al. 2012). Pairwise cal-
culation of bSOR, bSIM, and bNES was used to assess whether
compositional differences between low and high latitudes
were primarily the result of species turnover or nestedness.
b diversity calculations were done in R version 3.4.2 (R De-
velopment Core Team 2015) with the betapart package
(Baselga and Orme 2012).

We used indirect gradient analysis and analysis of simi-
larities to examine latitudinal differences in taxonomic com-
position and direct gradient analysis to assess latitudinal
associations of biota with environmental variables. Direct
and indirect gradient approaches were chosen over distance-
based methods to allow simultaneous ordination and de-
scription of patterns in sites and biota. Initially, we assessed
whether the biotic data were best described by a linear or
unimodal response model, which is tested with detrended
correspondence analysis (DCA) to determine the degree of
spatial turnover or total b diversity underlying the assem-
blage data (estimated by the gradient length in standard
deviations of the first axis in the analysis; ter Braak and
Šmilauer 2002). The gradient length of the first DCA axis
(representing the degree of turnover in our study sites) was
<3.5 standard deviations (gradient length 5 2.81), which
suggested that linear response models (principal compo-
nents analysis for indirect analysis and redundancy analysis
for direct analysis) would be most appropriate (Legendre
and Legendre 1998). Because the DCA indicated that a lin-
ear model was most appropriate for our data, we used prin-
cipal components analysis (PCA) to examine changes in as-
semblage structure along the latitudinal gradient of stream
sites. PCAwas conducted on the covariancematrix of trans-
formed abundances with post-standardization of species
scores to represent correlations on the biplot (ter Braak and
Šmilauer 2002). To determine whether assemblage struc-
ture differed significantly among latitudes, we conducted
analysis of similarity (ANOSIM) on the Euclidean distance
matrix (which underlies the PCA) for all samples. Redun-
dancy analysis (RDA) was used to examine the association
between environmental variables and assemblage struc-
ture. The number of explanatory variables (25) was >½ the
number of taxa (36), and to avoid overfitting the data, we
further reduced the number of selected variables to 18 by re-
moving variables that had low axis scores, appeared highly
redundant with other environmental variables in ordination
space, and whose removal did not appear to have a large ef-
fect on analysis results (see Table 1 for final list of environ-
mental variables included in RDA). We expressed the RDA
axis eigenvalues as a percentage of the PCA eigenvalues to
determine the proportion of unconstrained assemblage var-
iance explained by each RDA axis. Ordinations were tested
in Canoco for Windows version 4.55 (ter Braak and Šmi-
lauer 2002), and ANOSIM was conducted in PRIMER 6
(Clarke and Warwick 2001).

RESULTS
Taxonomic richness decreased markedly with increas-

ing latitude, and ranged from an average of 14 families at
587N (range: 2–23 taxa per site) to an average of 4 families
at 817N (range: 1–6 taxa per site; Fig. 2, Table 3). Average
richness was significantly different among latitudes (Kruskal–
Wallis rank-sum test, Hc 5 57.916, p < 0.001). Post-hoc
comparisons showed that the 2 high-Arctic regions had sig-
nificantly lower family richness than the 2 low-Arctic re-
gions (a 5 0.05, Fig. 2). Average richness decreased across
all latitudes (Fig. 2), but variability among sites did not al-
low for the detection of significant differences between 58
and 637N or between 72 and 817N (Fig. 2).

Beta diversity was highest between the most distant lat-
itudes, a result consistent with trends in a diversity (Fig. 3).
Across all latitudinal comparisons, the portion of b diver-
sity associated with nestedness was ∼2� higher than the
portion associatedwith species turnover (Fig. 3). This differ-
ence indicates that compositional differences across the lat-
itudinal gradient are dominated by a loss of species rather
than replacement with different species.

Stream sites were clearly grouped by latitude for 58, 63,
and 817N in the PCA ordination of invertebrate assemblage
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composition, reflecting stronger similarity in assemblage
structure within than among latitudes. In contrast, sites
at 727N overlapped both the high Arctic sites at 817N and
low Arctic sites at 637N, and therefore appeared to be tran-
sitional between them (Fig. 4). The 1st axis of the PCA or-
dination separated sites at 587N from higher latitude sites
and explained 26.4% of the variance in assemblage struc-
ture. The 2nd axis explained 20.5% of the variance and sep-
arated stream sites at the higher latitudes. There were dis-
tinct groupings of sites at 63 and 817N along the 2nd axis,
and the sites at 727N were spread across the gradient. The
results of the ANOSIM indicated that assemblage structure
differed significantly among all latitude groups (global R 5
0.557, p < 0.001; p < 0.001 for all pairwise comparisons).
However, the pairwise R for the comparison of 72 and
817N was low (pairwise R 5 0.298), indicating a moderate
similarity among sites at these latitudes (for all other lati-
tude comparisons, pairwise R 5 0.609–0.733).

Low- and high-latitude sites primarily separated along
the 1st PCA axis because of differences in assemblage rich-
ness across the latitudinal gradient. Sites at 587N were pos-
itively associated with a large number of taxa, particularly
EPT families, whereas sites at higher latitudes were associ-
ated with high abundances of Oligochaeta and a number of
dipteran families, particularly the chironomid subfamilies
Orthocladiinae and Diamesinae (Fig. 4). Separation of the
higher latitudes along the 2nd PCA axis was primarily as-
sociated with variation among sites in dipteran taxa and
mites. The chironomid subfamilies Tanypodinae, Chirono-
minae, and Orthocladiinae and 3 families of mites were as-
sociated with sites at 637N, whereas the dipteransMuscidae
and Ceratopogonidae and the chironomid subfamily Pro-
donominae were associated with sites at 817N (Fig. 4).
Figure 2. Boxplot estimates of a diversity at riverine sites
sampled at 587N (Torngats/Koroc), 637N (Iqaluit), 727N (Sir-
milik), and 817N (Lake Hazen). The horizontal line indicates the
sample median, box ends mark the interquartile range, whis-
kers indicate data range, and points denote statistical outliers.
Differences in letters above latitudes indicate significant differ-
ences in their mean family richness values (Kruskal–Wallace rank-
sum test and Dunn’s multiple comparison test, a 5 0.05).
Table 3. Mean (±SE) values of invertebrate abundance, richness, and diversity, and a selection of abiotic variables that had
high axis scores in the RDA for each latitude. For glacial source, the presented value is the proportion of sites at each
latitude with a glacial water source.

Latitude

587N
637N

727N
817N

Variable
Québec & Torngat
Mountains NP Iqaluit

Pond Inlet &
Sirmilik NP Quttinirpaaq NP

Invertebrate abundance 1077 ± 299 1827 ± 323 1740 ± 237 1492 ± 522

Family richness 14.0 ± 0.9 9.3 ± 0.5 6.2 ± 0.4 4.3 ± 0.3

Shannon–Weiner Diversity 1.82 ± 0.11 1.47 ± 0.06 1.31 ± 0.06 1.05 ± 0.08

LTA max August Temperature 9.16 ± 0.27 9.10 ± 0.17 5.05 ± 0.24 20.37 ± 0.36

Glacial source (proportion of sites) 0% 0% 22.20% 44.40%

Relative area intrusive bedrock 14.54 ± 3.60 98.75 ± 0.72 0.75 ± 0.0.75 0

Mean catchment slope 14.20 ± 1.33 4.74 ± 0.12 12.02 ± 0.61 11.27 ± 1.24

Relative area coniferous vegetation 1.45 ± 0.34 0 0 0

Relative area vegetated tundra 0 3.56 ± 1.42 18.06 ± 2.64 7.46 ± 1.49

Relative area bare/sparse land 53.39 ± 1.93 62.23 ± 5.69 38.20 ± 4.92 29.19 ± 5.29

% boulder 4.21 ± 0.65 15.91 ± 4.00 4.13 ± 1.25 1.72 ± 0.45

Total phosphorus unfiltered (mg/L) 0.002 ± 0.0002 0.002 ± 0.0003 0.003 ± 0.0004 0.003 ± 0.0002

Alkalinity (mg/L) 0.003 ± 0.001 0.002 ± 0.000 0.045 ± 0.018 0.077 ± 0.028

Ash-free dry mass (g/m2) 1.99 ± 0.62 16.20 ± 5.80 8.82 ± 2.68 10.44 ± 6.30
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Few taxa were present at the highest latitude (817N), and
Chironomidae represented an average of >80% of the ben-
thic macroinvertebrate population (with relative abun-
dance of Chironomidae as high as 98.6%; Fig. 5). This con-
trasted sharply with sites at 587N, where average relative
abundances ofChironomidae andEphemeropterawere sim-
ilar at ∼35 to 40% each (Fig. 5). Sites at 587N had as many as
4 families of Ephemeroptera, 4 families of Plecoptera, and
6 families of Trichoptera. In contrast, sites at 63 and
727N had at most 1 to 2 families of Plecoptera and Ephem-
eroptera and there were no Trichoptera at 727N. At 817N,
these orders of insects were not found, and assemblages
included Diptera (primarily Chironomidae), Hydracarina,
and Oligochaeta. However, total organism abundance was
higher at the more northern latitudes despite the lower
taxonomic richness (Table 3), and average abundance of
Chironomidae alone was 1322 individuals at 817N, higher
than the average abundance of all taxa combined at 587N
(1077 individuals; Table 3).

Invertebrate assemblage composition across latitudes
was highly correlated with environmental variables. The
1st axis of the RDA explained 20.6% of the unconstrained
variance in the assemblages, whereas the 2nd axis explained
another 12.8% of the unconstrained variance. Together,
these 2 axes explained 64.6% of the constrained variance
in assemblage structure (Fig. 6). The 1st axis was primarily
associated with vegetation and temperature, and the low
Arctic sites at 587Nwere associated with coniferous vegeta-
tion and greater long-term average maximum August tem-
peratures. In contrast, the sites at the highest latitudes (high
Arctic sites at 72 and 817N) were associated with vegetated
tundra and lower temperatures (Fig. 6, Table 3). Ephem-
eroptera families were primarily associated with the pres-
ence of coniferous vegetation, whereas Oligochaetes and
the chironomid subfamily Orthocladiinae were negatively
correlatedwith coniferous vegetation. The chironomid sub-
family Diamesinae was negatively correlated with both co-
niferous vegetation and long-term average maximum Au-
gust temperature. Water chemistry also played a role in
the primary separation of sites, and the high Arctic sites
were associated with higher measurements of alkalinity,
TP, and TN (Fig. 6; Table 3). TP was generally low across
all latitudes (average TP across all sites was 0.002 mg/L),
but several sites at 587Nhad particularly low TP concentra-
tions (as low as 0.0009 mg/L).

The 2nd RDA axis provided a more clear separation of
assemblages at low and high Arctic sites than did the
PCA, with most sites at 727N grouping more clearly with
sites at 817N. This axis described a gradient in temperature,
catchment, and in-stream physical and chemical condi-
tions (Fig. 6). Assemblages at 637N were positively asso-
ciated with high relative abundance of intrusive bedrock,
Figure 3. Beta-diversity partitioning results between pairs of latitudes. The height of each bar indicates the total b diversity (bSOR)
for pairwise comparisons of latitudes, and the shading of bars indicates the amount of b diversity attributable to species turnover
(bSIM; gray) and nestedness (bNES; black). Larger values of bSOR indicate a greater dissimilarity between latitudes. All plots are on the
same scale (bSOR range 5 0.0–0.6) to facilitate comparisons of the magnitude of dissimilarity across latitudes.
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high ash-free dry mass, and a high proportion of boulders
(as high as 50% of the substrate composition), but nega-
tively associated with mean slope and mean elevation. At
817N, assemblages were associatedwith smaller particle sizes
and high levels of potassium, but the high Arctic sites (72
and 817N) appeared to be more clearly separated from
637N along the 2nd RDA axis by temperature-related vari-
ables. For example, assemblages in the high Arctic sites dis-
played a strong negative association with long-term average
maximum August temperature and a positive association
with glacial water sources, although not all sites at these lat-
itudes were glacially-fed (Fig. 6, Table 3).

DISCUSSION
Analysis of benthicmacroinvertebrate assemblages from

rivers across a broad latitudinal gradient in the eastern Ca-
nadianArctic showed that a diversity declinedwith increas-
ing latitude and that b diversity was highest between the
most distant latitudes. The large spatial-scale differences in
composition among latitudes were largely associated with
the nestedness component of b diversity, which indicates
a loss of taxa with increasing latitude. This result supports
the hypothesis that physiological tolerance is an important
driver of species richness. Furthermore, the differences in
composition between low- and high-Arctic sites were asso-
ciated with large-scale, climate-related factors such as tem-
perature trends and the presence of trees or tundra. This
result implies that climatic conditions are primarily respon-
sible for structuring Arctic stream benthic assemblages, es-
pecially at high latitudes, which is consistent with the con-
cept of bioclimatic envelopes (e.g., Brown et al. 1996, Pearson
and Dawson 2003, Shah et al. 2014). The biotic gradient
in our data resulted from species loss with increasing lati-
tude, rather than a change in total abundance, which re-
flects the importance of species-specific tolerances to the
harsh environment of the high Arctic. The sharp declines
in taxonomic richness with increasing latitude that we ob-
served here are consistent with previous observations that
freshwater invertebrate richness declines towards the poles.
However, by including high latitude sites we were able to
produce stronger evidence of this trend than has been re-
ported in previous studies of non-glacial streams (Vinson and
Hawkins 2003, Hillebrand 2004, Scott et al. 2011, Jacobsen
and Dangles 2012).

Latitudinal shifts in taxonomic diversity
Declines in a diversity with increasing latitude in the

eastern Canadian Arctic were not associated with declines
in total numerical abundance of organisms. Thus, the harsh
northern conditions do not necessarily limit the number of
individuals that can inhabit a stream, but they instead limit
only the number of taxa. Trends of decreasing a diversity
with increasing latitude have been previously explained
Figure 4. PCA ordination of benthic macroinvertebrate
assemblage structure at Arctic riverine sample sites at 587N
(Torngats/Koroc), 637N (Iqaluit), 727N (Sirmilik), and 817N
(Lake Hazen). Shape and shading of sample points indicates
latitude at which sample was collected. Open circles are taxon
points (see Table 2 for taxonomic abbreviations).
Figure 5. Mean relative abundance (±SE) of invertebrate tax-
onomic groups at each latitude of the eastern Canadian Arctic:
587N (Torngats/Koroc), 637N (Iqaluit), 727N (Sirmilik), and 817N
(Lake Hazen).
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mechanistically by a number of hypotheses, including those
that describe richness as a function of energy availability or
physiological tolerance levels (Currie et al. 2004). In partic-
ular, the energy-richness hypothesis (see Currie et al. 2004)
predicts that numerical abundance, biomass, and richness
should all decline as resource availability decreases. Our
finding that a diversity declined with increasing latitude
follows this hypothesis, but our finding that there is no
commensurate change in numerical abundance is counter
to this hypothesis. However, biomass may have been lower
at the most northerly sites because there was a dominance
of small-bodied organisms. The high numerical abun-
dances at these sites occurred despite low primary produc-
tivity (evident as a significant decline in Chl a at 817N;
results not shown) that was probably a result of the low nu-
trient levels and short growing season (albeit with continu-
ous daylight).

The latitudinal richness gradient we observed is most
consistent with hypotheses related to physiological toler-
ance levels. Specifically, the loss of species with increasing
latitude, as evidenced by the dominance of the nestedness
component of b diversity, suggests that temperature toler-
ance shapes assemblage composition by filtering out spe-
cies that cannot survive the environmental conditions at
the highest latitudes (sensu Poff 1997). The taxa that prolif-
erated in our northernmost sites, including Oligochaeta
and the Chironomidae subfamilies Diamesinae and Ortho-
cladiinae, are similar to the taxa found at northern glacial
sites in Svalbard (Castella et al. 2001). Moreover, models
of glacially-fed systems describe bioclimatic envelopes for
the most cold-tolerant taxa and provide important infor-
mation about temperature tolerances of organisms that
may be found throughout the Arctic, even in non-glacial
systems (e.g., Milner and Petts 1994, Brittain and Milner
2001, Milner et al. 2001). In these glacial models, Ortho-
cladiinae, Oligochaeta, and Diamesinae are all described
as the most cold-tolerant taxa, with Diamesinae in particu-
lar found to be tolerant of temperatures below 27C (Milner
et al. 2001). Thus, assemblages at the highest latitudes in
the eastern Canadian Arctic provided support for the bio-
climatic envelope concept and were dominated by cold-
tolerant taxa (e.g., Diamesinae, Orthocladiinae, and Oligo-
chaeta; Milner et al. 2001).

The shift in taxonomic composition from 58 to 817N
was most evident as a loss of EPT taxa, resulting in a high
nestedness component of b diversity. This pattern is con-
sistent with other studies that sampled as far north as
707N (e.g., Vinson and Hawkins 2003, Scott et al. 2011,
Shah et al. 2014), but in our study, which extended the lat-
itudinal gradient to 817N, declines in EPT taxa were more
severe. In particular, Vinson and Hawkins (2003) and Scott
et al. (2011) found weaker declines in Trichoptera than
in Ephemeroptera or Plecoptera up to 707N. In contrast,
we found only 2 families of Trichoptera at 637N, and all
other trichopterans were absent above 587N. The stronger
declines in richness that we observed at similar latitudes
relative to other studies probably occurred because the
eastern Canadian Arctic has experienced greater long-term
stability of air temperatures (i.e., less warming) than other
areas of the Arctic (Prowse et al. 2006). In particular, the
majority of sites at 587N in the eastern Arctic (i.e., northern
Labrador) are above the treeline, whereas the western Ca-
nadian Arctic treeline has moved above 687N in some
areas (Scott et al. 2011). As a result, sites sampled at 587N
in the eastern Canadian Arctic more closely resemble sites
at 707N in other areas of the Arctic with respect to climate
and surrounding vegetation, which appears to be reflected
in their biodiversity.

The latitudinal patterns within our study are similar to
those described by Castella et al. (2001), who found sharp
declines in richness with increasing latitude in glacially-
fed stream systems. These changes may have resulted from
increasing environmental harshness that was driven by gla-
cial inputs (Jacobsen and Dangles 2012). In this study, there
was a higher predominance of glacially-fed systems in the
high Arctic latitudes we sampled, indicated by the impor-
tance of glacial source as a driver of the benthic macroin-
vertebrate assemblage. However, not all of our high Arctic
Figure 6. RDA ordination of benthic macroinvertebrate
assemblages in Arctic riverine sample sites at 587N (Torngats/
Koroc), 637N (Iqaluit), 727N (Sirmilik), 817N (Lake Hazen), and
environmental variables. Shape and shading of sample points
indicates latitude at which sample was collected. Open circles
are taxon points (see Table 2 for taxonomic abbreviations).
Labeled vectors indicate direction of change of environmental
variables (see Table 1 for description of environmental variables).
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sites were glacially-fed (only 22% of sites at 727Nand 44% of
sites at 817N), so the large loss of EPT taxa we found was
not driven solely by glacial influence. This result contrasts
with that of Blaen et al. (2014) who found that Svalbard
rivers in non-glaciered basins often were more diverse and
had higher macroinvertebrate abundance than assemblages
in glacierized basins.
Drivers of biotic change along the latitudinal gradient
If climate exerts a dominant role in determining assem-

blage composition, as suggested by the concept of biocli-
mate envelopes (Pearson and Dawson 2003), then large-
scale environmental drivers that are influenced by climate
should be closely associated with compositional changes
along a latitudinal gradient. Temperature can be a particu-
larly important driver of diversity along latitudinal gradi-
ents of stream benthic macroinvertebrates (Jacobsen et al.
1997, Castella et al. 2001). Our data support this idea, as
a distinct shift in assemblage structure was associated with
decreasing temperatures along the latitudinal gradient. For
example, winter freezing and low temperatures are impor-
tant environmental factors that affect mayfly (Ephemer-
optera) distributions (Brittain 2008), which were notably
absent at the highest latitudes where temperatures were
coldest. Furthermore, low latitude sites were positively as-
sociated with coniferous vegetation, and higher latitude
sites were positively associated with vegetated permafrost.
Both of these vegetational patterns are driven by climate.
This pattern reflects the shift in stream conditions along
the latitudinal gradient, with increasingly cold tempera-
tures and declining vegetation towards the north resulting
in a habitat characterized by a short growing season and
low primary productivity in streams and the surrounding
riparian zone (Vinson and Hawkins 2003). This type of lat-
itudinal change in abiotic conditions may lead to limited
taxonomic richness through exceedance of stress thresh-
olds (e.g., related to temperature, food availability, and hab-
itat quality) for a number of taxa (Brown et al. 1996, Currie
et al. 2004). In addition, oceanic barriers between conti-
nents and islands may also contribute to these biodiversity
gradients (Brittain 1990).

Large-scale drivers were associated with the dominant
patterns along our latitudinal gradient, but smaller-scale
drivers (i.e., site-scale variables such as water chemistry
and substrate composition) were also important because
there was a secondary gradient that drove patterns across
the higher latitudes. This finding supports the suggestion
of Pearson and Dawson (2003) that bioclimatic envelope
models should be viewed in a hierarchical framework, sim-
ilar to the landscape-filteringmechanisms proposed by Poff
(1997). Climate acts at the largest scales (global to regional)
to structure assemblages, topography and land cover act at
intermediate scales (regional to local), and in-stream abiotic
characteristics and biotic interactions act at the smallest
scales (local to micro). In our study, secondary drivers of as-
semblage structure were related to intermediate- and small-
scale variables, including bedrock composition and in-stream
differences in substrate composition and water chemistry.
Drivers related to substrate structure and stability are im-
portant determinants of assemblage structure in glacial
streams (Castella et al. 2001) and also play an important
role in structuring assemblage composition in non-glacial
streams in the low Arctic (Lento et al. 2013).
Predicting the impacts of climate change on Arctic
freshwater communities

As warming of Arctic environments continues because
of climate change (e.g., see review in Prowse et al. 2009),
biodiversity differences along latitudinal gradients, such
as those in this study, are expected to become less pro-
nounced. The primary drivers of temperature and vegeta-
tion will probably shift and become more similar across
the latitudinal range, with high latitude conditions begin-
ning to resemble those at low latitudes. For example, Isaak
and Rieman (2013) developed stream isotherm shift rates
based on stream temperature and stream slope and predicted
global shifts in stream isotherms of 5 to 143 kmwith air tem-
perature increases of 27C. In addition, Wrona et al. (2016)
suggested that the proliferation of shrubs (i.e., shrubifica-
tion, sensu Myers-Smith et al. 2011) within riparian zones
of Arctic rivers will provide additional allochthonous mate-
rial to enhance riverine productivity. Moreover, Domisch
et al. (2013) used bioclimatic envelope models to predict
distributional shifts in stream macroinvertebrates across
Europe with climate warming and projected shifts in suit-
able habitats of 4.7 to 6.67N on average.

As conditions in the high Arctic change to more closely
resemble those currently found in the low Arctic, we pre-
dict that macroinvertebrate assemblage composition will
also begin to resemble that currently found in the low Arc-
tic. In particular, we expect strong compositional shifts in
high Arctic systems characterized by marked increases in
macroinvertebrate richness. Mustonen et al. (2018) noted
that the strongest shifts in the invertebrate assemblages
of Finland streams in response to climate change are pre-
dicted to occur at the highest latitudes and that they will
be most evident as species replacement. Such findings have
strong implications for the eastern Canadian Arctic, where
nestedness is currently the dominant component of b di-
versity across latitudes. Barriers to dispersal may play a role
in slowing assemblage shifts in the Canadian Arctic archi-
pelago, but northward distributional shifts may mean that
the strong distinction that is currently evident among as-
semblages at 58, 63, and 817Nwill become less clear. Alpha
diversity may become more similar across these latitudes
as more species ranges expand northward, and b diversity
across latitudes may become more driven by species turn-
over than nestedness as thermal tolerances play less of
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a role in structuring assemblages (Mustonen et al. 2018).
If obligate cold-water species of macroinvertebrates exist
within themost cold-tolerant taxonomic groups (e.g., within
the Diamesinae, Orthocladiinae, and Oligochaeta), loss of
these species at the highest latitudes would be expected with
warming. In addition, a northward expansion of EPT taxa
may be expected in response towarming conditions, causing
a reduced dominance of dipteran taxa at the highest lati-
tudes. This northward expansion will probably proceed
faster in western than eastern Arctic rivers of North Amer-
ica as warming has been disproportional among these areas
to date (Prowse et al. 2006).

As differences in climate-driven environmental drivers
across latitudes become less extreme, small-scale environ-
mental drivers, such as substrate composition and water
chemistry, may assume greater importance. In our study,
nutrients were not strongly associated with benthic as-
semblage structure at any latitude because all sites along
the latitudinal gradient had extremely low nutrient levels.
With climate change, however, nutrients could begin to
play a larger role in determining assemblage composition
in streams (Wrona et al. 2016) because these ecosystems
are sensitive to nutrient enrichment. Nutrient enrichment
may arise as a result of human expansion into the north
or erosion by wind or water associated with dryer soils. In
the western Canadian Arctic, permafrost thawing has led
to significant inputs of nutrients, solutes, and suspended
sediments into stream systems (Kokelj et al. 2013), and
these inputs have been shown to negatively affect macro-
invertebrate abundance (Chin et al. 2016). Permafrost deg-
radation will be a growing concern in the east with contin-
ued warming (Bring et al. 2016, Wrona et al. 2016), and the
changes to the physical and chemical environments caused by
permafrost-related slumping (e.g., Chin et al. 2016) may be-
come a dominant driver of benthic assemblage composition.

Our analysis of stream macroinvertebrates is the 1st as-
sessment of this scale in the Canadian Arctic, and provides
important information regarding baseline conditions in
these systems–information that is vital to allow detection
of trends in response to a changing climate.With continued
warming, differences in benthic macroinvertebrate assem-
blages along the latitudinal gradient are expected to become
less pronounced as temperatures and vegetation become
more similar from south to north and as small-scale drivers
increase in importance. Instead, variables such as substrate
composition and water chemistry will probably become the
dominant drivers of biotic composition.
ACKNOWLEDGEMENTS
Author contributions: JMC and JL contributed to the study de-

sign, statistical analyses, and manuscript preparation. RAC con-
tributed to the study design and manuscript preparation. EL and
DH contributed tomethods development, field logistics, andman-
uscript preparation.
This work is a component of the Arctic BioNet program of
the International Polar Year. We are grateful for the superb tech-
nical assistance of K. Heard, D. Hryn, C. Logan, J. McPhee, and
A. Ritcey. We are particularly indebted to D. Cote, A. Simpson,
T. Knight and T. Sheldon (Torngat Mountains National Park
Reserve); A. Maher and C. Elverum (Sirmilik National Park);
R. Glenfield (Quttinirpaaq National Park); and J. Sweetman and
D. McLennan of Parks Canada who introduced us to important
northern contacts and helped arrange field logistics. Jamal Shirley
of the Nunavut Research Institute provided logistical support in
Iqaluit. A special thank you is extended to J. Anderson, P. Ang-
netsiak, B. Barbour, K. Dicker Jr., R. Harris, H. Haye, J. Merku-
ratsuk, E. Merkuratsuk, and J. Webb who served as bear moni-
tors for our field crews. The Arctic BioNet program was conceived
and administered by F. Wrona. We acknowledge Geogratis and
Geobase and the data sources within for provision of geospatial
data. Funding to JMC and RAC was provided through International
Polar Year grants from Environment Canada and the Natural Sci-
ences and Engineering Research Council of Canada, respectively.
The Polar Continental Shelf Project provided transportation and
logistical support in Ellesmere and Baffin Islands. Constructive
comments from P. Chambers, R. Brua, A. Yates, and anonymous
reviewers improved earlier manuscript drafts.
LITERATURE CITED
Baselga, A. 2010. Partitioning the turnover and nestedness com-

ponents of beta diversity. Global Ecology and Biogeography
19:134–143.

Baselga, A., and C. D. L. Orme. 2012. betapart: an R package for
the study of beta diversity. Methods in Ecology and Evolution
3:808–812.

Baselga, A., D. Orme, S. Villeger, J. De Bortoli, and F. Leprieur.
2012. Partitioning beta diversity into turnover and nestedness
components. Package ‘betapart’, Version 1. (Available from:
https://cran.r-project.org/web/packages/betapart/index.html)

Blaen, P. J., L. E. Brown, D. M. Hannah, and A. M. Milner. 2014.
Environmental drivers of macroinvertebrate communities in
high Arctic rivers (Svalbard). Freshwater Biology 59:378–391.

Bowman, M. F., and R. C. Bailey. 1997. Does taxonomic res-
olution affect the multivariate description of the structure of
freshwater benthic macroinvertebrate communities? Canadian
Journal of Fisheries and Aquatic Sciences 54:1802–1807.

Bring, A., I. Fedorova, Y. Dibike, L. Hinzman, J. Mård, S. H. Mer-
nild, T. D. Prowse, O. Semenova, S. L. Stuefer, andM.-K.Woo.
2016. Arctic terrestrial hydrology: a synthesis of processes, re-
gional effects, and research challenges. Journal of Geophysical
Research: Biogeosciences 121:621–649.

Brittain, J. E. 1990. Life history strategies in Ephemeroptera and
Plecoptera. Pages 1–12 in I. A. Campbell (editor). Mayflies
and stoneflies: Life histories and biology. Proceedings of the
5th International Ephemeroptera Conference and the 9th Inter-
national Plecoptera Conference. Springer, New York.

Brittain, J. E. 2008. Mayflies, biodiversity and climate change.
Pages 1–14 in F. R. Hauer, J. A. Stanford, and R.L. Newell
(editors). International Advances in the Ecology, Zoogeogra-
phy, and Systematics of Mayflies and Stoneflies. Volume 128.
University of California Publications in Entomology, Univer-
sity of California Press, Berkley, California.



478 | Latitudinal declines in river biodiversity J. M. Culp et al.
Brittain, J. E., andA.M.Milner. 2001. Ecology of glacier-fed rivers:
current status and concepts. Freshwater Biology 46:1571–1578.

Brown, J. H., G. C. Stevens, and D. M. Kaufman. 1996. The geo-
graphic range: size, shape, boundaries, and internal structure.
Annual Review of Ecology and Systematics 27:597–623.

Buss, D. F., D. M. Carlisle, T.-S. Chon, J. Culp, J. S. Harding, H. E.
Keizer-Vlek, W. A. Robinson, S. Strachan, C. Thirion, and
R.M.Hughes. 2015. Stream biomonitoring usingmacroinverte-
brates around the globe: a comparison of large-scale programs.
Environmental Monitoring and Assessment 187:4132.

Castella, E., H. Adalsteinsson, J. E. Brittain, G. M. Gislason, A.
Lehmann, V. Lencioni, B. Lods-Crozet, B. Maiolini, A. M.Mil-
ner, J. S. Olafsson, S. J. Saltveit, and D. L. Snook. 2001. Macro-
benthic invertebrate richness and composition along a latitu-
dinal gradient of European glacier-fed streams. Freshwater
Biology 46:1811–1831.

Chin, K. S., J. Lento, J. M. Culp, D. Lacelle, and S. V. Kokelj. 2016.
Permafrost thaw and intense thermokarst activity decreases
abundance of stream benthic macroinvertebrates. Global
Change Biology 22:2715–2728.

Clarke, K. R., and R. M. Warwick. 2001. Change in marine com-
munities: an approach to statistical analysis and interpreta-
tion. 2nd edition. PRIMER-E, Plymouth, UK.

Culp, J. M.,W.Goedkoop, J. Lento, K. S. Christoffersen, S. Frenzel,
G. Guðbergsson, P. Liljaniemi, S. Sandøy, M. Svoboda, J. Brit-
tain, J. Hammar, D. Jacobsen, B. Jones, C. Juillet, M. Kahlert, K.
Kidd, E. Luiker, J. Olafsson, M. Power, M. Rautio, A. Ritcey, R.
Striegl, M. Svenning, J. Sweetman, and M. Whitman. 2012a.
The Arctic freshwater biodiversity monitoring plan. CAFF In-
ternational Secretariat, CAFF Monitoring Series Report Nr. 7,
Akureyri, Iceland.

Culp, J. M., J. Lento, W. Goedkoop, M. Power, M. Rautio, K. S.
Christoffersen, G. Guðbergsson, D. Lau, P. Liljaniemi, S. San-
døy, and M. Svoboda. 2012b. Developing a circumpolar mon-
itoring framework for Arctic freshwater biodiversity. Biodiver-
sity 13:215–227.

Currie, D. J., G. G.Mittelbach, H. V. Cornell, R. Field, J.-F. Guégan,
B. A. Hawkins, D. M. Kaufman, J. T. Kerr, T. Oberdorff, E.
O’Brien, and J. R. G. Turner. 2004. Predictions and tests of
climate-based hypotheses of broad-scale variation in taxo-
nomic richness. Ecology Letters 7:1121–1134.

Danks, H. V. 1992. Arctic insects as indicators of environmental
change. Arctic 45:159–166.

Danks, H. V., O. Kukal, andR. A. Ring. 1994. Insect cold-hardiness:
Insights from the Arctic. Arctic 47:391–404.

Domisch, S., M. B. Araújo, N. Bonada, S. U. Pauls, S. C. Jähnig, and
P. Haase. 2013. Modelling distribution in European stream
macroinvertebrates under future climates. Global Change
Biology 19:752–762.

Environment Canada. 2008. Schedule of Services. The National
Laboratory for Environmental Testing. Environment Canada,
Burlington, Ontario.

Environment Canada. 2012a. Canadian Aquatic Biomonitoring
Network field manual—wadeable streams. Water Science and
Technology Directorate, Science and Technology Branch, Dart-
mouth, Ontario.

Environment Canada. 2012b. Climate trends and variations bul-
letin for Canada. Annual 2012 Summary. Atmospheric Envi-
ronment Service, Climate Research Branch, Ottawa, Ontario.
Hillebrand, H. 2004. On the generality of the latitudinal diversity
gradient. American Naturalist 163:192–211.

Isaak, D. J., and B. E. Rieman. 2013. Stream isotherm shifts from
climate change and implications for distributions of ectother-
mic organisms. Global Change Biology 19:742–751.

Jacobsen, D., and O. Dangles. 2012. Environmental harshness and
global richness patterns in glacier-fed streams. Global Ecology
and Biogeography 21:647–656.

Jacobsen, D., R. Schultz, and A. Encalada. 1997. Structure and di-
versity of stream invertebrate assemblages: the influence of tem-
perature with altitude and latitude. Freshwater Biology 38:247–
261.

Kokelj, S. V., D. Lacelle, T. C. Lantz, J. Tunnicliffe, L. Malone, I. D.
Clark, and K. S. Chin. 2013. Thawing of massive ground ice in
mega slumps drives increases in stream sediment and solute
flux across a range of watershed scales. Journal of Geophysical
Research: Earth Surface 118:681–692.

Legendre, P., and L. Legendre. 1998. Numerical Ecology. 2nd En-
glish edition. Elsevier, New York.

Lento, J., W. A. Monk, J. M. Culp, R. A. Curry, D. Cote, and E.
Luiker. 2013. Responses of low Arctic stream benthic macro-
invertebrate communities to environmental drivers at nested
spatial scales. Arctic, Antarctic, and Alpine Research 45:538–
551.

McKenney, D., P. Papadopol, K. Campbell, K. Lawrence, and M.
Hutchinson. 2006. Spatial models of Canada- and North
America-wide 1971/2000 minimum and maximum tempera-
ture, total precipitation and derived bioclimatic variables.
Frontline, Forestry Research Applications, Canadian Forestry
Service, Sault Ste Marie, Ontario.

Milner, A. M., J. E. Brittain, E. Castella, and G. E. Petts. 2001.
Trends of macroinvertebrate community structure in glacier-
fed rivers in relation to environmental conditions: a synthesis.
Freshwater Biology 46:1833–1847.

Milner, A. M., and G. E. Petts. 1994. Glacial rivers: physical hab-
itat and ecology. Freshwater Biology 32:295–307.

Mustonen, K. R., H. Mykrä, H. Marttila, R. Sarremejane, N.
Veijalainen, K. Sippel, T. Muotka, and C. P. Hawkins. 2018.
Thermal and hydrologic responses to climate change predict
marked alterations in boreal stream invertebrate assemblages.
Global Change Biology 24:2434–2446.

Myers-Smith, I. H., B. C. Forbes, M. Wilmking, M. Hallinger,
T. Lantz, D. Blok, K.D. Tape,M.Macias-Fauria, U. Sass-Klaassen,
E. Lévesque, S. Boudreau, P. Ropars, L. Hermanutz, A. J. Trant,
L. S. Collier, S.Weijers, J. Rozema, S. A. Rayback,N.M. Schmidt,
G. Schaepman-Strub, S. Wipf, C. Rixen, C. B. Ménard, S. Venn,
S. Goetz, L. Andreu- Hayles, S. Elmendorf, V. Ravolainen,
J. Welker, P. Grogan, H. E. Epstein, and D. S. Hik. 2011. Shrub
expansion in tundra ecosystems: dynamics, impacts and re-
search priorities. Environmental Research Letters 6:045509.

Olsen, M. S., T. V. Callaghan, J. D. Reist, L. O. Reiersen, D. Dahl-
Jensen, M. A. Granskog, B. Goodison, G. K. Hovelsrud, M.
Johansson, R. Kallenbom, J. Key, A. Klepikov, W. Meier, J. E.
Overland, T. D. Prowse, M. Sharp,W. F. Vincent, and J.Walsh.
2011. The changing Arctic cryosphere and likely consequences.
Ambio 40:111–118.

Oswood, M. W. 1989. Community structure of benthic inverte-
brates in interior Alaska (USA) streams and rivers. Hydro-
biologia 172:97–110.



Volume 38 September 2019 | 479
Oswood, M. W. 1997. Streams and rivers of Alaska. In: A.M.
Milner and M.W. Oswood (eds.). Freshwaters of Alaska: Eco-
logical Syntheses. Ecological Studies 119:61–106.

Oswood, M. W., A. M. Milner, and J. G. Irons. 1992. Climate
change and Alaskan rivers and streams. Pages 331–356 in
P. Firth and S. G. Fisher (editors). Global Climate Change and
Freshwater Ecosystems. Springer–Verlag, New York.

Pearson, R. G., and L. Boyero. 2009. Gradients in regional diver-
sity of freshwater taxa. Journal of the North American Ben-
thological Society 28:504–514.

Pearson, R. G., and T. P. Dawson. 2003. Predicting the impacts of
climate change on the distribution of species: are bioclimate
envelope models useful? Global Ecology and Biogeography
12:361–371.

Poff, N. L. 1997. Landscape filters and species traits: towards
mechanistic understanding and prediction in stream ecology.
Journal of the North American Benthological Society 16:391–
409.

Prowse, T. D., C. Furgal, B. R. Bonsal, and T. W. D. Edwards.
2009. Climatic conditions in northern Canada: past and fu-
ture. Ambio 38:257–265.

Prowse, T. D., F. J. Wrona, J. D. Reist, J. J. Gibson, J. E. Hobbie,
L. M. J. Lévesque, and W. F. Vincent. 2006. Historical changes
in Arctic freshwater ecosystems. Ambio 35:339–346.

R Development Core Team 2015. R: A Language and Environ-
ment for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria.

Sartory, D. P. 1982. Spectrophotometric analysis of chlorophyll
a in freshwater phytoplankton. Hydrological Research Insti-
tute, Department of Environmental Affairs, Pretoria, South
Africa.

Scott, R.W., D. R. Barton, M. S. Evans, and J. J. Keating. 2011. Lat-
itudinal gradients and local control of aquatic insect richness
in a large river system in northern Canada. Journal of the
North American Benthological Society 30:621–634.
Shah, D. N., S. Domisch, S. U. Pauls, P. Haase, and S. C. Jähnig.
2014. Current and future latitudinal gradients in streammacro-
invertebrate richness across North America. Freshwater Sci-
ence 33:1136–1147.

ter Braak, C. J. F., and P. Šmilauer. 2002. Reference Manual and
User’s Guide to CANOCO for Windows (version 4.5). Center
for Biometry, Wageningen, The Netherlands.

Vincent, W. F., T. V. Callaghan, D. Dahl-Jensen, M. Johansson,
K.M. Kovacs, C.Michel, T. D. Prowse, J. D. Reist, andM. Sharp.
2011. Ecological implications of changes in the Arctic cryo-
sphere. Ambio 40:87–91.

Vinson, M. R., and C. P. Hawkins. 2003. Broad-scale geographical
patterns in local stream insect genera richness. Ecography
26:751–767.

Walsh, J. E., J. E. Overland, P. Y. Groisman, and B. Rudolf. 2011.
Ongoing climate change in the Arctic. Ambio 40:6–16.

Whittaker, R. J., K. J. Willis, and R. Field. 2001. Scale and species
richness: towards a general, hierarchical theory of species di-
versity. Journal of Biogeography 28:453–470.

Wiken, E. B., D. Gauthier, I. Marshall, K. Lawton, and H.
Hirvonen. 1996. A perspective on Canada’s ecosystems: an
overview of the terrestrial and marine ecozones. Occasional
paper no. 14. Canadian Council on Ecological Areas, Ottawa,
Ontario.

Wolman, M. G. 1954. A method of sampling coarse bed material.
Transactions of the American Geophysical Union 35:951–956.

Wrona, F. J., M. Johansson, J. M. Culp, A. Jenkins, J. Mård, I. H.
Myers-Smith, T. D. Prowse, W. F. Vincent, and P. A. Wookey.
2016. Transitions in Arctic ecosystems: ecological implica-
tions of a changing hydrological regime. Journal of Geophys-
ical Research: Biogeosciences 121:650–674.

Wrona, F. J., T. D. Prowse, J. D. Reist, J. E. Hobbie, L. M. J. Lé-
vesque, and W. F. Vincent. 2006. Climate change effects on
aquatic biota, ecosystem structure and function. Ambio 35:359–
369.


