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Comparative regional assessment of factors
impacting freshwater fish biodiversity in Canada

Cindy Chu, Charles K. Minns, and Nicholas E. Mandrak

Abstract: This study presents a broad analysis of freshwater fish species biodiversity in relation to environmental and
stress metrics throughout Canada. Species presence–absence data were used to calculate richness and rarity indices by
tertiary watershed. Richness is higher in the southern parts of Canada, whereas rarity is concentrated in a “ring of rar-
ity” around the periphery of the country. Environmental and stress indices were developed for each watershed using
readily available mapped information. The environmental index was estimated using growing degree-days above 5°C,
elevation range (m) within the watershed, mean annual sunshine hours, and mean annual vapour pressure (kPa). The
number of crop farms, forestry, waste management, and petroleum refining facilities, road density (km·1000 km–2),
dwelling density, and discharge sites (chimneys and laundry outlets) per 1000 km2 described the human stresses in
each watershed. Conservation priority rankings were developed for the watersheds using an integrative index of the
three indices. Watersheds in southern Ontario and British Columbia were ranked high because they contain the greatest
biodiversity and the most stress. This study indicates how regional analyses can guide fisheries and watershed management.

Résumé : Notre étude présente une large analyse de la biodiversité des espèces de poissons sur tout le territoire cana-
dien en relation avec des métriques de l’environnement et du stress. Des données de présence–absence des espèces ont
permis de calculer des indices de richesse et de rareté par bassin versant tertiaire. La richesse est plus importante dans
les régions du sud du Canada, alors que la rareté se distribue en un « anneau de rareté » à la périphérie du pays. Des
indices de l’environnement et du stress ont pu être élaborés pour chaque bassin versant à l’aide de données cartogra-
phiées facilement disponibles. L’indice environnemental se base sur le nombre de degrés-jours de croissance au-dessus
de 5 �C, l’étendue des altitudes (m) dans le bassin, le nombre moyen annuel d’heures d’ensoleillement et la pression
de vapeur moyenne annuelle (kPa). Le nombre de fermes agricoles, d’industries forestières, d’installations de récupéra-
tion des déchets et de raffineries de pétrole, ainsi que la densité des routes (km·1000 km–2), des habitations et des sites
de déversements (cheminées et décharges de blanchisseries) par 1000 km2 ont servi à décrire les stress anthropiques
dans chaque bassin. Un classement de priorité de conservation a été élaboré pour les bassins à l’aide d’un indice inté-
grateur des trois indices. Les bassins de l’Ontario et de la Colombie-Britannique ont reçu des rangs élevés car ils
contiennent la plus grande biodiversité et subissent les plus grands stress. Notre étude démontre comment des analyses
régionales peuvent orienter la gestion des pêches et l’aménagement des bassins versants.

[Traduit par la Rédaction] Chu et al. 634

Introduction

Population growth, human activities, and climatic change
are increasing the stresses on aquatic resources everywhere
(Vörösmarty et al. 2000). Despite an apparent wealth of
fresh waters in Canada, the continual expansion of indus-
trial, urban, and agricultural activities is negatively impact-

ing water quality and supply. There is growing evidence of
this expansion imperilling valuable freshwater fishery re-
sources (Schindler 2001; Natural Resources Canada 2002).
Traditionally, scientists have performed ecological risk as-
sessments to measure the potentially adverse effects of hu-
man activities on ecosystems. These assessments often focus
on specific stresses, locations, trophic levels, or organisms.
However, several studies have shown that aquatic ecosys-
tems respond to the combination of stresses placed on them
(Latour and Reiling 1994; Hall et al. 1999; Cash et al. 2000).
There is a need to develop broader-based assessments be-
cause the results of single-component studies may only mea-
sure a portion of the risk to aquatic life.

Watershed-scale assessments have emerged as a key ap-
proach in many environmental programs worldwide (Stroud
1992; Foran et al. 2000). They allow many stresses to be in-
cluded in risk assessment models or assessment of pervasive
freshwater stresses like climate change (Minns and Moore
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1995) and acidic deposition (Kelso et al. 1990) on a regional
or national basis. There have been few attempts to assess the
impact of multiple stresses on a national basis, and none for
freshwater resources. A wider spatial perspective can pro-
vide important insights for the management of freshwater re-
sources and their fisheries.

The objective of this study is to assess the pressures on
Canada’s freshwater fishes at the watershed scale across the
whole country. A comparative analysis of biodiversity is first
used to identify watersheds with greater species richness and
concentrations of rarer fishes. Next, environmental data are
used to develop an environmental (E) index for each water-
shed. Then, industrial and population pressures, measured
using recent census data, are combined to identify stressed
watersheds in Canada. Finally, the three components are com-
bined into an integrated, categorical index to help identify na-
tional priorities for conservation efforts given the varying levels
of stress, environmental conditions, and biodiversity among
the watersheds.

Materials and methods

Spatial units, data, and analysis
Four distinct spatial units were used in this study: political

(provinces and territories), tertiary watersheds, ecodistricts,
and census subdivisions (CSD; Fig. 1). Tertiary watersheds
are part of a hierarchy of primary through quaternary water-
shed units established by the Water Survey of Canada
(WSC) and documented in the Reference Index Hydrometric
Map Supplement (WSC 1977). Environment Canada devel-
oped the ecodistrict units (Ecological Stratification Working
Group 1996). Ecodistricts are the fourth level of a spatial hi-
erarchy covering all of Canada and are based on relief, land-
forms, bedrock geology, soils, and terrestrial vegetation. A
range of mean annual climate metrics has been derived by
ecodistrict based on the 30-year climate norms spanning
1961–1990 (Agriculture and Agri-Food Canada 1997). The
CSD is one of several spatial aggregation scales used by Sta-
tistics Canada (1999a, 1999b) for census data and was cho-
sen so that, for most areas, tertiary watershed units would
contain several CSD units. A wide variety of data about pop-
ulation, housing, business, and resource use activities are
available by CSD unit and will be described in more detail
below. The political units provide a convenient and familiar
subnational scale for summary overviews of input data and
results. Tertiary watershed units were the main spatial unit
for all data analysis and modelling.

ArcView geographic information system (GIS) software
(ESRI 1996) was the primary platform for overlaying and
assembling data among the four types of map units. Eco-
districts were spatially joined on tertiary watersheds to allow
area-weighted computation of ecodistrict metrics for each
watershed. Similarly, census subdivisions were overlaid on
watersheds to allow area-weighted computation of watershed
values of census metrics. The watersheds were overlaid on
political units to allow computation of provincial and territo-
rial means for both input metrics and derived indices.

Comparative regional assessment of biodiversity
Presence–absence data were available for 229 freshwater

fish species, including recent invaders such as the round
goby (Neogobius melanostomus) in the Great Lakes. These
data provided the fish composition in 855 of the 953 tertiary
watersheds throughout Canada (Fig. 2a) and were assembled
from an extensive compendium of site-level observations (N.E.
Mandrak, Great Lakes Laboratory for Fisheries and Aquatic
Sciences, Fisheries and Oceans Canada, P.O. Box 5050,
867 Lakeshore Road, Burlington, ON L7R 4A6, unpublished
data). This database contains data from more than 30 gov-
ernment agencies and museums from across North America
and currently has 378 901 fully georeferenced records for
229 species. To predict the presence or absence of a species
in the remaining 98 watersheds, stepwise logistic regression
equations were developed for each species. A subset of 10
randomly chosen watersheds with species presence–absence
data was reserved to validate the regression models. The re-
gressions were performed using ecodistrict metrics averaged
by watershed (Table 1) and, if known, the natural distribu-
tion of each native species. The natural distribution excluded
watersheds where the species had been introduced from other
parts of Canada. Historical data were used to determine the
natural distributions (Scott and Crossman 1973; N.E.
Mandrak, unpublished data). These distributions were used
so the predictive presence–absence equations would not
overestimate the distribution of a native species. The predic-
tive equations were not constrained by watershed bound-
aries; therefore, the presence or absence of a species was
based on the habitat and climate conditions available and did
not take into account dispersal routes, or lack thereof, from
one watershed to another.

The logistic regressions were performed using SYSTAT
10 (SPSS 2000) with the following MODEL and LOSS (de-
viance) equations following the approach used by Minns and
Moore (1995):

(1) MODEL YObs =
exp( )

( exp( )

B B X B X
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(2) LOSS = –2[YObslog(YEst)

+ (1 – YObs)log(1 – YEst)]

Because of the large number of tests being performed, the
significance level was Bonferroni corrected from α = 0.05 to
α = 0.003, that is, 0.05 divided by 17 (the number of vari-
ables being tested; SPSS 2000). The resultant regression
models were used to predict presence–absence in watersheds
with no data. With a complete presence–absence dataset,
richness (Ii) and rarity (Qi) indices were calculated using
equations presented in Minns (1987). This approach is dif-
ferent from other richness indices such as the Shannon–
Weaver and Simpson’s indices because it does not require
the abundance estimates of a species in the community. The
proportional occurrence of each species is used to calculate
its conservation priority (qj)

(3) qj = 1.0 – S nij
i

n

=
∑

1

/
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Where Sij is the presence (1) or absence (0) of species j in
watershed i and n is the number of tertiary watersheds. Rare
species have qj values close to 1, whereas common species
have values close to 0.

(4) Ii = S q qij
j

m

j j
j

m

= =
∑ ∑

1 1

/

The richness index Ii is defined as the sum of priorities of
species present divided by the sum of priorities for all spe-
cies. Sites with Ii values close to 1 have many widespread
species. The rarity index Qi calculates the average priority of
species present at the site.

(5) Qi = S q Sij
j

m

j ij
j

m

= =
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1 1
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Watersheds with high Qi values are dominated by rare spe-
cies. Watersheds with high Ii and low Qi values have an
abundance of common well-distributed species and few rare
species, whereas watersheds with high Qi and low Ii values
were indicative of communities with many rare species (Minns
1987).

The two indices were then standardized to one by dividing
each Ii and Qi value for each watershed by the maximum Ii
and Qi values across all watersheds. The average of the two
indices was then used as a biodiversity index value (Ri) that
took into account species commonness and rarity. Water-
sheds with high Ri values possess either many common spe-
cies or mostly rare species. These indices were then mapped
onto a tertiary watershed map of Canada using GIS. The
percentage frequency quartiles were used to define the clas-
sification categories shown on the species richness, rarity,
and rank index maps. The richness (Qi), rarity (Ii), and rank

(Ri) indices and all subsequent indices are summarized by
political unit to aid interpretation and discussion of results.

Comparative regional assessment of the environmental
index

Ecodistrict metrics (Agriculture and Agri-Food Canada
1997) provided the environmental information needed to de-
velop an E index for each watershed (Table 1). This index
was used as a surrogate of the potential conditions in lakes
and rivers as climate variables are the main determinants of
water temperature and runoff regimes (King et al. 1999).
The landscape variables such as surficial geology in the
ecodistrict data were not used in this assessment because
they are reported as categorical rather than continuous vari-
ables. Their use would have required a far more complex an-
alytical approach that was not justified for this preliminary
national assessment.

Descriptive statistics (mean, standard deviation, skewness,
and variance) were calculated for each variable, and vari-
ables that were highly skewed (skewness values ≥2) were
log10 transformed (Table 1). The skewness value of 2 was
suggested by SPSS (2000), and the log10 transformations en-
sured that all variables met the assumption of normality for
the principal components analysis (PCA). Data were stan-
dardized and a PCA was performed using a correlation ma-
trix to identify which variables explained much of the variance
in the environmental data. These variables were then used to
develop the E index. The PCA results were analyzed using
the B4–broken stick criterion suggested by King and Jack-
son (1999). First, the number of principal component axes
was determined using the eigenvalues, axes with eigenvalues
less than 0.70 were removed. Second, the number of axes
needed to explain 80% of the variance was retained follow-
ing King and Jackson (1999). Third, table D, page 406, in
Numerical Ecology (Legendre and Legendre 1983a) provided
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Acronym Environmental variable Mean Median SD Min. Max. Skew Variance

DPANN_ME Mean annual dew point (°C) –2.33 –2.66 3.56 –12.06 5.99 –0.11 12.69
GSL Growing season length (days) 155.62 167.70 45.19 0.00 278.61 –1.06 2 042.15
GDD0 Growing degree-days (0°C) 2021.17 2121.42 697.67 0.00 3593.42 –0.70 486 743.12
GDD5 Growing degree-days (5°C) 1129.57 1169.67 475.69 0.00 2357.32 –0.56 226 279.20
GDD10 Growing degree-days (10°C) 478.24 470.24 274.07 0.00 1362.06 0.00 75 113.78
GDD15 Growing degree-days (15°C) 94.34 56.09 103.56 0.00 601.40 1.24 10 724.20
EGDD Effective growing degree-days 1148.77 1208.65 461.81 0.00 2322.78 –0.70 213 263.97
MEAN_ELE Mean elevation (m) 493.39 342.19 419.77 2.50 2151.12 1.47 176 209.33
ELEVDIFF Elevation difference (m) 699.18 428.56 705.35 44.80 4914.53 2.06 497 515.02
PERMA Percent permafrost 0.19 0.01 0.30 0.00 1.00 1.47 0.09
PE_ANN_P Potential annual evapotranspiration (mm) 510.75 528.67 161.67 2.81 960.73 –0.24 26 137.21
TOTP_ANN Total annual precipitation (mm) 694.83 541.63 435.68 1.57 3127.20 1.75 189 818.19
SRANN_ME Mean daily global solar radiation

(MJ·m–2·day–1)
11.68 11.93 1.20 8.20 13.82 –0.55 1.44

SHANN_ME Mean annual duration of bright sunshine
hours

1915.37 1911.61 232.36 1379.02 2415.15 –0.04 53 991.67

TMEAN_AN Mean annual air temperature (°C) 0.01 1.11 5.52 –19.24 9.64 –1.07 30.49
VPANN_ME Mean annual vapour pressure (kPa) 0.68 0.68 0.13 0.40 1.00 0.13 0.02
WIANN_ME Mean annual hourly wind speed (km·h–1) 14.03 13.76 3.51 5.96 26.18 0.41 12.31

Note: SD, standard deviation; Min., minimum; Max., maximum.

Table 1. Descriptive statistics of the ecodistrict variables used in logistic regressions developed to predict species presence or absence
in the tertiary watersheds of Canada.
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the total variance associated with different eigenvalues ac-
cording to the broken-stick model. If the variance explained
was less than the broken-stick value, the axis and any subse-
quent axes were removed. These selection criteria provided
the number of axes retained for further analysis. The variable
with the highest loading on each axis was then used to de-
velop the E index. Growing degree-days (above 5°C), eleva-
tion range, mean annual sunshine hours, and vapour pressure
explained 85% of the total variance in the environmental data.

These variables were then standardized by dividing the
values in each watershed by the maximum value across all
watersheds. An E index value was then developed for each
watershed by calculating the average of the four standard-
ized variables. The average was chosen because it gave each
variable equal weight in the index. The index values and ter-
tiary watersheds were then mapped with GIS, using percent-
age frequency quartiles as classification categories.

Comparative regional assessment of human stresses
Census data from Statistics Canada were used to estimate

the stress placed on each watershed (Table 2). A limitation

of the Canadian census data is that it does not provide direct
measures of environmental impacts in the form of effluent
loads and flows, areas of habitat modified or destroyed, or
flows and levels of water supply altered. However, it is un-
deniable that concentrations of humans and their associated
activities will inevitably cause change in the ecosystems in
which they occur. Here the measures of human presence
have been used to highlight their geographic concentration
across the country.

Fishing stress was removed from the analysis because it
included both recreational and commercial fishing of marine
and freshwater stocks. Freshwater fishing stress alone could
not be calculated from the data. This stress is indirectly cap-
tured using the population density estimates.

PCA using the B4–broken-stick method were used to
identify which industrial and population stresses explained
much of the variance in the data. This identified crop, waste
facilities, petroleum manufacturing, forestry, dwelling den-
sity, number of discharge sites, and road density as the stress
descriptors used for further analysis (Table 2). The density
for each of these variables was standardized by dividing
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Chu et al. 627

Fig. 1. The Canadian distribution and pattern of (a) the boundaries of provinces and terrritories, (b) tertiary watershed units,
(c) ecodistricts, and (d) census subdivisions.
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each value by the maximum value across all watersheds. An
overall stress index was calculated as the average of all the
agricultural, industrial, and population stress values in each
watershed. Again, quartiles were used to categorize the data
on the resulting map.

Combining indices for regional assessment
The biodiversity rank (R), E, and cumulative stress (S) in-

dices were combined to produce an eight-category ranking
of the watersheds (Table 3). The 50th percentile of the distri-
butions of each index was used to delimit high and low cate-
gories. This provided an overall regional classification with
eight combinations to assess the present composition of fish
assemblages and the environment and human stresses in
Canadian watersheds. These eight categories were then sim-
plified to three conservation priorities using the reasoning
described in Results (Table 3).

Results

Comparative regional assessment of biodiversity
With the Bonferroni-corrected significance level, signifi-

cant logistic regressions were developed for 201 of the 229
species found throughout Canada. The 28 species that were
not significant occurred in ≤3 of the 953 watersheds. These
included invaders such as the tubenose goby (Proterorhinus
marmoratus) and orangespotted sunfish (Lepomis humilis),
tropical species such as the guppy (Poecilica reticulata) and
sailfin molly (Poecilia latipinna), and extirpated species such
as the gravel chub (Erimystax x-punctatus). Consequently,
these species were assumed to be absent in the other water-
sheds.

Using the subset of 10 watersheds to validate the regres-
sion models, prediction success was greater than 90% for
157 of the 201 species, 70–90% for 27, and greater than
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Fig. 2. Canadian freshwater fishes by tertiary watershed: (a) the number of species present, (b) the estimated species richness index (I
index, Ii), (c) the estimated rarity index (Q index, Qi), and (d) the composite biodiversity index (rank index, Ri).
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60% for the remaining 17 species. Growing degree-days
(above 5°C; GDD5) was the most important predictor of spe-
cies presence or absence and contributed significantly to the
regression equations for 110 of the 201 species. Mean an-
nual dew point (°C; DPANN_ME) and potential annual
evapotranspiration (mm; PE_ANN_P) were the second and
third most important variables to calculate species presence
or absence. These findings prompted a further investigation
of the relationship between these variables and species rich-
ness.

Linear regressions were developed using the total number
of species and environmental data readily available for the
855 watersheds. GDD5 was the strongest predictor of bio-
diversity (R2 = 0.25, p < 0.001), followed by DPANN_ME
(R2 = 0.08, p < 0.001) and PE_ANN_P (R2 = 0.06, p <
0.001) (Fig. 3). Not surprisingly these demonstrate the im-

portance of temperature and water for freshwater fishes.
Currie and Paquin (1987) found that evapotranspiration also
explained 76% of the variation in tree species richness in
North America and can accurately be used as a surrogate for
productivity.

The Ii index map showed high species richness in the
southern regions of the country, especially throughout On-
tario, southern Quebec, and British Columbia (Fig. 2b and
Table 4). The map of the Qi index showed a ring of rarity
around the perimeter of the country with the vast interior
area supporting less rare species (Fig. 2c and Table 4). The
high values in Nunavut arise from the very low species rich-
ness being dominated by Arctic species such as the Arctic
grayling (Thymallus arcticus) and Arctic cisco (Coregonus
autumnalis), which are rare elsewhere in Canada. Pacific-
basin species such as the coast range sculpin (Cottus
aleuticus) and prickly sculpin (Cottus asper) as well as the
peamouth (Mylocheilus caurinus) and northern pike minnow
(Ptychocheilus oregonensis) are unique to British Columbia.
The rank index which averaged the Ii and Qi indices showed
high values in the north and south of the country (Fig. 2d
and Table 4).

Comparative regional assessment of the environmental
index

The E index map identified British Columbia, southern
Ontario, and the Maritimes as having high E index values
(Fig. 4a). High E index values represent watersheds with
greater than 1370 GDD5, within watershed elevation differ-
ences of 1350 m, 1820 sunshine hours, and vapour pressures
of 0.81 kPa. In general terms, these watersheds are warm
and humid with a diverse topography. The E index generally
decreased from south to north with the exception of British
Columbia and the Yukon where values decreased from west
to east. The pattern exhibited in British Columbia and the
Yukon reflects temperate coastal marine influences.

© 2003 NRC Canada
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Acronym Stress variable (1000 km–2) Mean Median SD Min. Max. Skew Variance

CROP Crop farms 2.85 0.10 9.64 0.00 119.16 8.24 88.77
ANIM Animal farms 6.04 0.29 18.04 0.00 229.78 7.06 307.54
FORE Forestry operations 2.36 0.21 6.42 0.00 97.79 9.23 26.77
SUPP Support facilities for agriculture and

forestry
0.82 0.05 2.87 0.00 49.56 11.93 7.27

OIL Facilities for oil and gas extraction 2.54 0.00 45.18 0.00 1 046.46 20.54 2041.19
MINI Mining (except coal and gas facilities) 0.17 0.00 0.88 0.00 18.75 15.39 0.78
UTIL Facilities for utilities 0.23 0.00 2.26 0.00 50.62 18.94 5.10
WAST Waste management and remediation

facilities
0.32 0.00 2.11 0.00 45.87 18.30 4.26

WOOD Wood products manufacturers 0.72 0.02 3.30 0.00 66.44 13.93 10.91
PAPE Paper manufacturers 0.08 0.00 0.79 0.00 16.87 17.09 0.62
PETRO Petroleum manufacturers 0.18 0.00 3.01 0.00 69.89 20.49 9.06
POP96 Number of people as per 1996 20 940.47 790.54 80 156.62 0.00 1 358 088.90 –0.17 2.13
DWELL96 Number of dwellings as per 1996 8 027.26 269.61 31 595.13 0.00 548 213.19 0.00 2.00
DISCHARGE Number of discharge sites (chimeys and

laundry facilities)
1.20 0.09 3.44 0.00 44.30 2.10 0.09

ROAD Road density (km) 706.82 181.02 1 349.80 0.00 14 506.90 –0.46 1.25

Note: SD, standard deviation; Min., minimum; Max., maximum.

Table 2. Descriptive statistics of Statistics Canada census variables used as stress indicators in the comparative assessment of tertiary
watersheds.

Table 3. Classification of the freshwater tertiary watersheds into
three conservation priority categories considering species
biodiversity, environment, and anthropogenic sources of stress.
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Comparative regional assessment of human stresses
The human S index showed higher levels throughout the

southern regions of the country (Fig. 4b). Stresses were par-
ticularly high in southern Ontario, along the St. Lawrence
River to New Brunswick and Nova Scotia, and in southern
British Columbia and Alberta (Table 4). Population stresses
and dwelling and road density contributed to the high stress
levels in Ontario and the Maritimes. In British Columbia and
Alberta, population, as well as crop farming and forestry, re-
sulted in high stress levels. The Yukon, Northwest Terri-
tories, and Nunavut were relatively stress-free compared with
the rest of the country.

Combining indices for regional assessment
The R, E, and S indices were used to classify the water-

sheds into eight categories (Fig. 4c). These were then simpli-
fied into three categorical conservation priorities using the
high and low categories for each index (Table 3). The gen-
eral premise was that any combinations of the three indices
with high–high–low characteristics, respectively, were given
intermediate priority, whereas watersheds with high–low–
low, respectively, had low priority. This approach gave the R,

E, and S indices equal weight in assigning the conservation
priorities.

Most watersheds throughout British Columbia, southern
Ontario, and along the St. Lawrence Seaway to New Bruns-
wick and Nova Scotia had high R – high E – high S levels
and were thus assigned a high conservation priority (Figs. 4c
and 4d). Watersheds with high R – high E – low S were as-
signed an intermediate priority because, although they sup-
port many species, they are not currently stressed. However,
the proximity of many of these watersheds to the high-stress
watersheds of southern Ontario and British Columbia sug-
gests that as urban and suburban development increases, these
watersheds will experience stress increases. Urbanization,
agriculture, and forestry were the predominant stresses in the
high R – low E – high S watersheds of Alberta, Manitoba,
and Ontario. These watersheds were assigned an intermedi-
ate conservation priority.

The high rank of the high R – low E – low S watersheds
of the Arctic and northern Ontario describes two different
fish assemblages. The high rank in the Arctic is due to a pre-
dominantly rare species assemblage, whereas the watersheds
in northern Ontario possess a diverse assemblage of many
common fishes. These watersheds are designated as low pri-
ority because their E index values were low and they are not
under immediate stress.

Watersheds of the Yukon and southern Quebec had low R –
high E – low S and the watersheds just east of the Rockies
and in the Maritimes only differed from these by their stress
level (Fig. 4c). The low R in both types of watersheds is in-
dicative of a fish assemblage possessing a few common spe-
cies. The conservation priorities for these watersheds have
been set to low for the low-stress watersheds and intermedi-
ate for the high-stress watersheds (Fig. 4d).

Low R – low E – high S watersheds were common in Al-
berta and Saskatchewan. Many of these watersheds, espe-
cially in Alberta, had some of the highest stress levels in
Canada and have limited diversity. Limited water supply is
of particular concern in these areas, especially as climate
change may exacerbate the situation. This suggests that the
fish assemblages in these watersheds should be given high
priority. Watersheds from the Northwest Territories to Labra-
dor had low R – low E – low S characteristics and were thus
assigned a low conservation priority (Figs. 4c and 4d).

Discussion

Limitation of approach to indexing
The use of standardization and PCA to select variables for

the E and S indices might be considered a top-down ap-
proach. A bottom-up approach would require specification
of causal links between natural and stress variables and life
processes in individual species. The bottom-up process, al-
though valuable in providing a more defensible chaining of
testable hypotheses, is not feasible for an overview assess-
ment like this. A preferable approach would be a combina-
tion of top-down for all species with bottom-up for selected
species to provide evidence of consistency. By using quartile
percentage categories for mapping classification, the relativ-
ity of conditions among watersheds was emphasized. The
evaluation of the absolute significance of these indexes
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Fig. 3. Relationships between freshwater fish species richness
(number of species) in Canadian tertiary watersheds and (a) grow-
ing degree-days above 5°C, (b) mean annual dew point tempera-
ture (°C), and (c) potential annual evapotranspiration (mm).
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Province
Number of
watersheds

Number of watersheds
with no species data I Q R

Environmental
Index

Cumulative
stress

British Columbia 111 3 0.07 0.82 0.49 0.89 0.22
Alberta 115 12 0.03 0.67 0.37 0.83 0.27
Saskatchewan 80 4 0.03 0.65 0.35 0.81 0.17
Manitoba 81 3 0.07 0.71 0.44 0.80 0.17
Ontario 131 10 0.18 0.76 0.57 0.86 0.28
Quebec 138 5 0.08 0.70 0.44 0.82 0.17
New Brunswick 28 3 0.05 0.74 0.45 0.86 0.24
Prince Edward Island 5 0 0.05 0.75 0.48 0.84 0.22
Nova Scotia 44 0 0.05 0.75 0.44 0.85 0.24
Newfoundland and Labrador 51 11 0.02 0.69 0.37 0.83 0.14
Northwest Territories 66 17 0.02 0.66 0.35 0.81 0.04
Nunavut 63 24 0.01 0.75 0.39 0.71 0.01
Yukon 40 6 0.03 0.73 0.40 0.86 0.06

Table 4. Summary of the number of watersheds per province, the number of watersheds with no species data, and the provincial
means for all indices.

Fig. 4. Tertiary watershed-level (a) environmental and (b) stress indices, (c) the combined high–low classification based on rank, envi-
ronment, and stress, and (d) the assigned conservation priority ratings. E, environment; Hi, high; Lo, low.
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would require bottom-up type assessments for cross calibra-
tion.

Discussion of the indices
The Ii and Qi indices were used to describe the fish bio-

diversity found in the tertiary watersheds of Canada. Species
richness was highest in Ontario and southern Quebec,
whereas high Qi values were found around the perimeter of
the country. This pattern is consistent with postglacial coloni-
zation patterns for freshwater fishes in Canada (Crossman and
McAllister 1986). Five refugia have been identified for North
American fishes during the Wisconsinan glacial period. These
include the Atlantic, Pacific, Missourian, Beringian, and Mis-
sissippian refugia. The Mississippian refugium had the larg-
est and most diverse fauna (Crossman and McAllister 1986).
The high species richness in Ontario and Quebec can be at-
tributed to the proximity and unimpeded dispersal routes to
these areas from nearby refugia (Legendre and Legendre
1983b; Mandrak and Crossman 1992). One hundred and
twenty species originated from the Mississippian refugium,
whereas 19 species came from the Atlantic Coast refugium
and two species from the Missourian refugium (Mandrak
and Crossman 1992).

The high species richness in Ontario is directly related to
the relatively warmer climate in these watersheds. Mean an-
nual air temperature has been linked to the distribution of
many species and has been identified as the dominant clima-
tic variable affecting species richness in Ontario (Mandrak
1995; Minns and Moore 1995; King et al. 1999). In our
study, GDD5 contributed significantly to the predictive mod-
els of presence–absence for 110 of 201 species. However,
the dominant role of temperature in determining distribution
limits of fishes may be overstated in these analyses because
of the limitations noted by McAllister et al. (1986). Dis-
persal into interior regions of Canada since the last glaci-
ation may yet be incomplete or unevenly blocked by barriers
and, coupled with the lower levels of survey coverage as one
moves northward, may have resulted in misleading northern
boundary limits for many species.

The presence of many rare species in British Columbia
can be attributed to its glacial history and the presence of the
Rocky Mountains. Many of these species originated from the
Columbia River drainage system, whereas most species in
other regions of Canada originated from the Mississippian
refugium (Crossman and McAllister 1986; Mandrak and
Crossman 1992). These species were distinct from those in
the Mississippian refugium and colonized the area via coastal
and interior routes west of the continental divide. The Rocky
Mountains acted as a physical barrier preventing the dis-
persal of species to, and from, other parts of Canada (Briggs
1986).

Arctic species are limited throughout the rest of Canada
because they are adapted to their circumpolar conditions.
This may take the form of morphological changes such as
sensory organs and coloration (Power 1997). Higher levels
of climate warming expected in the Arctic will severely stress
these species.

A regional assessment of the environmental variables was
consistent with aquatic productivity patterns throughout Can-
ada. Aquatic productivity is lower in northern environments

as a result of low temperatures and low nutrient loadings
(Rigler 1977). This suggests that the variables in the E index
not only explain much of the variance in the environmental
data, they can also be adequately used as surrogates of aquatic
productivity in the watersheds.

Fishing stress was removed from the analysis because it
included both recreational and commercial fishing of marine
and freshwater stocks. Although this represents a major short-
coming regarding the stress directly impacting freshwater
fishes, future research will develop the relationship between
population density and fishing pressure. As populations and
urban development increase, enhanced access to freshwater
fisheries will produce fishing mortality rates comparable with
those that have overwhelmed commercial fisheries through-
out Canada and the world (Pauly et al. 2001).

Road and dwelling densities were the dominant stresses in
Ontario and along the St. Lawrence River to New Brunswick
and Nova Scotia. These stressors, a result of urban develop-
ment, not only threaten the physical habitat of watercourses
but also disrupt the chemical composition of nearby waterways
through road runoff and effluents from sewage discharge sites.
In addition to the population stresses, crop farming and for-
estry were the principal stressors in British Columbia and
Alberta. Crop farming alters water quality through the use of
pesticides and fertilizers, and forestry practices can change
the physical habitat of lakes and rivers by increasing erosion
and siltation (Breitburg et al. 1999). Physical habitat alter-
ation and chemical alteration or pollution have been identi-
fied as contributors to the extinction of 27 North American
fish species in the last century (Miller et al. 1989). Our study
identified dwelling, road density, crop farming, and forestry
as the dominant stresses in the southern watersheds of Can-
ada, which suggests that biodiversity in these watersheds is
threatened.

The map of the combined indices showed that watersheds
in southern British Columbia and Ontario have high conser-
vation priorities. Using measures such as degree of land
cover alteration, water-quality degradation, habitat fragmen-
tation, impact of introductions, and exploitation, Abell et al.
(2000) also designated these areas among the critical and en-
dangered ecoregions in North America. As with our study,
much of northern Canada was classified as “relatively sta-
ble” and “relatively intact”, meaning that compared with the
rest of North America, these regions have low conservation
status. The ecoregion scale of the Abell et al. (2000) study is
comparable to the primary and secondary watershed level
classification in Canada (WSC 1977). The tertiary watershed
level of our study allowed a more detailed inventory of bio-
diversity, environment, and stress to better assess the differ-
ences among watersheds.

Implications for fisheries and watershed management
The findings of this research can be used to guide fisheries

and watershed management at different levels. The biodiversity
results can be used for species conservation management, and
the combined indices can guide national and provincial wa-
tershed management agendas.

The R index allowed us to compare the watersheds using
both species richness and rarity. Watersheds with high rank
values contain either many common species or many rare
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species. The goal of most species conservation agendas is
twofold, the maintenance of biodiversity and prevention of
species extirpation or extinction (Abell et al. 2000). The re-
sults of the R index therefore suggest that, on a species ba-
sis, watersheds in British Columbia, Ontario, and Nunavut
should be given the highest priorities for conservation.

The Qi index that mapped the distribution of rare species
can be used to identify potentially new species at risk given
their current distribution throughout Canada. Before assign-
ing a conservation status to a species, the Committee on the
Status of Endangered Wildlife in Canada (COSEWIC) con-
siders the risk of extinction or extirpation of that species at
the national level (COSEWIC 2002). The Qi index provides
a list of species that are nationally rare. However, historical
information will be needed to determine if rarity is due to
the natural distribution of the species or a reduction in spe-
cies range. The Qi index therefore represents a starting point
for further COSEWIC assessments of species at risk. In fact,
comparison of the COSEWIC species list and the Qi species
list indicated that the Qi index correctly identified all fresh-
water fishes currently listed as extirpated, endangered, threat-
ened, or of special concern (COSEWIC 2002).

If a species at risk occurs in more than one watershed, the
eight category combined index can be used to determine the
range of stress and environmental conditions that the species
may experience. This information will then allow agencies
to prioritize conservation or rehabilitation efforts between
watersheds if warranted.

The pattern of stress emphasizes the strong north–south
gradients in Canada and the degree to which the human pop-
ulation is concentrated near the southern border. Despite the
small population relative to total land area, the spatial extent
of human intrusion into the natural landscape is massive.
Population stresses measured as dwelling density and road
density were identified as the principal stresses throughout
the southern regions of Canada. With human population growth
in Canada projected to increase by at least three million peo-
ple over the next 25 years (Statistics Canada 2001), there is
an urgent need to assess the extent to which this will change
watershed stress levels. The S index provides a ready tool
for identifying which watersheds will be affected by this
change. For example, watersheds adjacent to the high-stress
areas in Ontario and British Columbia may be readily im-
pacted by stress increases.

The conservation priority rankings developed here provide
broad guidelines for management action given the biodiversity,
environmental conditions, and stress levels in Canadian wa-
tersheds. Every watershed should be conserved at some level
to ensure ecological sustainability, and our rankings do not
suggest that some are more important than others. They
identify which watersheds require more intensive manage-
ment efforts because of their fish assemblage, environmental
conditions, and stress levels. Our study provides a quantita-
tive tool for the management of watersheds on a national
perspective and identifies the southern regions of the coun-
try, especially British Columbia, the Prairies, Ontario, and
Quebec as the highest priority. From here, government agen-
cies can develop management strategies such as the Syden-
ham Aquatic Ecosystem Recovery Strategy. This strategy is
the first in Canada to use species biodiversity, anthropogenic

sources of stress, and physical habitat data to develop an
aquatic ecosystem recovery strategy (Staton et al. 2003).

Next steps
Future work will involve the development of different sce-

narios using already published climate-change projections
(Flato et al. 2000). Our presence–absence models will be
used to predict the future distributions of many freshwater
fishes after climate change in Canada. This will provide an
evolving assessment framework for examining pressures on
freshwater fish biodiversity from a national and regional per-
spective.

Conclusions
That Canada’s concentrations of freshwater fish biodiversity

overlap considerably with concentrations of humans and their
development activities should not be a surprise to anyone.
However, these results are cause for concern for several rea-
sons.
(1) Much of the information used to compile our “current”

picture of fish distributions is dated, drawing on collec-
tions mostly compiled before the 1990s. Given that an-
thropogenic stresses and introductions of exotics are a
major cause of extinction and extirpation and their im-
pacts have recently increased dramatically, our current
picture may in fact be a “historical” one.

(2) Our understanding and knowledge of most of Canada’s
freshwater fishes are extremely limited, and governments
everywhere are reluctant, or have a limited ability, to in-
vest in the scientific programs needed to undertake ongo-
ing monitoring and inventorying.

(3) Increases in Canada’s human population and increasing
levels of all human activities will inevitably increase
and intensify human pressures on freshwater resources,
making it more difficult to conserve and protect fresh-
water fish biodiversity, species-at-risk, and fisheries.

(4) The combined, pervasive, and largely unmeasured ef-
fects of overexploitation and climate change will only
exacerbate and disperse the other anthropogenic pres-
sures.

The health of our freshwater fish resources will be a mea-
sure of our success in balancing social, economic, and envi-
ronmental factors in pursuit of a truly sustainable future for
ourselves and the ecosystems on which we depend.
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