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Linking temporal changes in crayfish communities to
environmental changes in boreal Shield lakes in south-central
Ontario
Brie A. Edwards, Donald A. Jackson, and Keith M. Somers

Abstract: When aquatic ecosystems are among those most intensely affected by local and regional environmental change, it is
crucial that stressors are identified to set priorities for future research and mitigation. Studies relating changes in important or
sensitive assemblages to environmental changes provide a means to quantify potential stress on aquatic biota. Crayfish are ideal
taxa for this type of study because they influence ecosystem structure and function and are sensitive to biotic and abiotic
changes. We used historical and contemporary crayfish abundance and select environmental data for 100 inland lakes in central
Ontario, to identify factors that are correlated with community membership and species distributions at each time and to
elucidate environmental factors that can be directly linked to changes in relative abundance between the two time periods. Our
results show that declines in lake calcium, invasions of warm-water centrarchids, and anthropogenic shoreline development
have increased in their relative influence over time. These stressors may be affecting other freshwater biota directly, or indirectly
through food web changes or altered abiotic interactions among the environmental changes.

Résumé : Quand des écosystèmes aquatiques sont parmi les plus touchés par les modifications locales et régionales du milieu
ambiant, la détermination des facteurs de stress revêt une importance capitale pour l’établissement des priorités en ce qui concerne
la recherche future et les mesures d’atténuation. Les études visant à établir des liens entre la modification d’assemblages importants
ou sensibles et des modifications du milieu permettent de quantifier les stress possibles sur le biote aquatique. Les écrevisses
constituent un taxon idéal pour ce genre d’études puisqu’elles influencent la structure et la fonction de l’écosystème et sont sensibles
aux changements biotiques et abiotiques. Nous avons utilisé des données historiques et contemporaines sur l’abondance
des écrevisses et sur certaines conditions ambiantes pour 100 lacs intérieurs du centre de l’Ontario afin de cerner les facteurs
corrélés à l’affiliation à la communauté et aux répartitions des espèces aux deux époques et pour faire la lumière sur les facteurs du
milieu qui pourraient être directement associés aux variations de l’abondance relative entre ces deux époques. Nos résultats
montrent que l’influence relative de diminutions des concentrations de calcium dans les lacs, d’invasions de centrarchidés
d’eaux tempérées et de l’aménagement anthropique des berges a augmenté dans le temps. Ces facteurs de stress pourraient avoir
une incidence sur d’autres biotes d’eau douce, soit directe ou encore indirecte, par l’intermédiaire de modifications du réseau
trophique et d’interactions abiotiques altérées entre différentes modifications du milieu ambiant. [Traduit par la Rédaction]

Introduction
A fundamental goal in community ecology is to understand the

environmental constraints on species distributions and the fac-
tors affecting assemblage patterns. Aquatic communities, such as
fish or benthic invertebrates, are thought to be structured by
biotic and abiotic factors that operate on multiple temporal and
spatial scales (Tonn 1990; Jackson et al. 2001; Mykrä et al. 2007).
Given that aquatic ecosystems are among those most intensely
affected by local and regional environmental change (Master 1991;
Jelks et al. 2008), it is important to understand not only how these
factors structure communities, but also how community mem-
bership can change over time and under anthropogenic influence.
There is a growing body of literature documenting the extent to
which aquatic species such as fish, crayfish, and amphibians have
been negatively affected by environmental change in North Amer-
ica (e.g., Williams et al. 1989; Stuart et al. 2004; Taylor et al. 2007;
Jelks et al. 2008; Edwards et al. 2009). However, researchers in

general have yet to quantitatively relate declines in particular
community members to specific environmental or anthropogenic
influences.

Communities that are sensitive to biotic and abiotic character-
istics of environmental change and that influence ecosystem
structure or function are important for identifying the most in-
fluential stressors on aquatic ecosystems. Crayfish are a good
choice by these criteria because their relative abundance is
thought to be driven by various chemical and physical conditions
of their aquatic environments (Capelli and Magnusson 1983;
France and Collins 1993; Larson and Olden 2013). Crayfish have
historically been used as biological indicators of environmental
condition in relation to anthropogenic stressors such as contam-
ination by heavy metals (Alikhan et al. 1990) and lake acidification
(Reid and David 1990; Somers et al. 1996; David et al. 1997). Cray-
fish also greatly influence the structure and function of the
ecosystems they inhabit (Momot et al. 1978; Momot 1995) by phys-
ically modifying aquatic habitats and altering the flow of energy
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through the food chain (Creed and Reed 2004; Phillips et al. 2009a,
2009b).

Despite their influential role in aquatic ecosystems, very little is
known about the environmental factors that shape the member-
ship and relative abundances of crayfish communities, or how the
relative importance of these factors may change over time. This
knowledge gap is likely due, in part, to a lack of data with which
to assess changes in crayfish assemblage patterns over time. A
recent study of long-term declines in the abundances of several
crayfish species in Ontario (Edwards et al. 2009) provides a unique
opportunity to evaluate crayfish community ecology in both his-
torical and contemporary contexts and to relate changes in spe-
cies distributions and abundances to concurrent changes in
biological, chemical, and physical conditions in the environment.

The purpose of this study is to identify factors related to crayfish
species distributions and community composition in an area of
more than 22 000 km2 in Ontario, Canada. Our specific objectives
are to determine the biotic and abiotic factors associated with
crayfish community composition and species distributions in the
study region, both historically and contemporarily, and to iden-
tify those environmental stressors that are potentially driving the
declines in relative abundance observed between the historical
and contemporary datasets. The results of this work will improve
our understanding of crayfish community ecology in relation to
environmental change. Because crayfish are both environmen-
tally sensitive and important in influencing other biota, these
findings will provide insights into which environmental stressors
are potentially impacting the aquatic ecosystems of the region.

Materials and methods

Crayfish assemblage data
Crayfish occurrences and abundances were evaluated in 100

inland lakes in south-central Ontario (Fig. 1), which were sampled
using the same methodology in two temporally distinct surveys.
The first survey, which we will term “historical”, was conducted
between 1989 and 1994 (David et al. 1997), and the second, which
we will term “contemporary”, was conducted between 2002 and
2007 (Edwards et al. 2009). The time span between the historical
and contemporary surveys of individual lakes ranged from 10 to
18 years. Crayfish were collected using wire-mesh minnow traps
that were baited with wet cat food and set overnight (Edwards
et al. 2009; Somers and Reid 2010). Fifty-four traps were deployed
in three typical crayfish habitats (Hein et al. 2007) in each lake
(18 traps per habitat). These habitats consisted of macrophyte-
dominated habitat, rock- or cobble-dominated habitat, and woody
debris- and detritus-dominated habitat. Crayfish were identified
using the taxonomic keys in Crocker and Barr (1968). Catch per
unit effort (CPUE; number of a given species per trap per night)
was used as an estimate of relative abundance. Seven species were
encountered in the surveys and the CPUEs were summarized in
species-by-site matrices.

Environmental matrices
Environmental matrices were constructed to evaluate the po-

tential influences of spatial location, lake morphological attri-
butes, water chemistry, predatory fish communities, and temporal
characteristics (see Table 1 for ranges and means). The spatial
characteristics included latitude (decimal degrees) and lake eleva-
tion (metres) above sea level. For morphological attributes we
included lake area (hectares) and mean depth (metres). Morpho-
logical and spatial data were provided by the Ontario Ministry of
the Environment (Girard et al. 2007). An index of shoreline devel-
opment (rating from 1 to 10 based on a visual assessment of the
proportion of anthropogenically altered landscape, such as
cleared land, roads, structures, etc., around the lake perimeter)
was also included at the time of the contemporary survey to assess
the potential impact of human presence.

Water chemistry was sampled during the same years as the
crayfish were sampled from each lake, using a 5 m vertical com-
posite sampler (see Edwards et al. 2009 for details). A total of seven
chemical parameters were considered to be potentially important
for crayfish. We included three parameters related to the acidifi-
cation status of lakes: Gran alkalinity (Alkti, mg·L−1 CaCO3), pH,
and sulfate concentration (SO4, mg·L−1). Dissolved organic carbon
(DOC, mg·L−1) was included because in boreal lakes it is considered
a master variable, potentially regulating light penetration, het-
erotrophic production, and metal toxicity. We included total phos-
phorus (TP, mg·L−1) as an indication of the nutrient status of lakes.
Calcium concentration (Ca, mg·L−1) was included because it is a
crucial resource for crustaceans such as crayfish that must ac-
tively maintain a calcified exoskeleton (Greenaway 1974; Holdich
2002; Hammond et al. 2006). Finally, aluminum concentration (Al,
mg·L−1) was included because it is known to be toxic to crayfish at
high levels, particularly when waters are acidified or low in dis-
solved Ca (Malley and Chang 1985; Hermann 2001).

The fish most commonly believed to predate upon crayfish in
Ontario are three non-native (MacRae and Jackson 2001; Vander
Zanden et al. 2004) centrarchids (smallmouth bass and large-
mouth bass (Micropterus dolomieu and Micropterus salmoides) and
rock bass (Ambloplites rupestris)) and two native fishes (yellow perch
(Perca flavescens) and brown bullhead (Ameiurus nebulosus)) (Collins
et al. 1983). However, yellow bullhead (Ameiurus natalis), northern
pike (Esox lucius), muskellunge (Esox masquinongy), and brook trout
(Salvelinus fontinalis) are also thought to consume crayfish as a no-
table portion of their diet (Scott and Crossman 1973; Coker et al.
2001; Mandrak and Burridge 2009). Fish inventory data for the

Fig. 1. Map of south-central Ontario indicating the survey lakes,
with an inset showing the location in the broader Great Lakes region.
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study lakes consisted of presence–absence information produced
from the Ontario Ministry of the Environment and Ontario Min-
istry of Natural Resources databases (David et al. 1997 and unpub-
lished data). A total of 56 fish species were present in the set of
lakes studied, including all of those believed to consume crayfish.
Two of these species (muskellunge and yellow bullhead) were
found in 5% or fewer of the study lakes and were therefore re-
moved to avoid confounding due to rare data and to maximize
parsimony. In addition, yellow perch was almost ubiquitous
across the region, being found in 85% of the lakes, and was also
removed, as it would provide little insight into differences among
lakes. The remaining predators were further collapsed into two
presence–absence variables, one for non-native bass predators (in-
cluding smallmouth bass, largemouth bass, and rock bass) and
one for native predators (including brook trout, northern pike,
and brown bullhead).

Temporal variables were included to test for any interannual or
intraseasonal trends, and consisted of the year of sampling and
the Julian sampling date.

Statistical analyses
Transforming variables can reduce the influence of outliers,

improve the linearity of associations between variables, and bet-
ter approximate univariate and multivariate normality (Quinn and
Keough 2003). The CPUEs were square-root-transformed (�y + 0.5),
which is typical when working with count data that are right-
skewed (Quinn and Keough 2003). All environmental variables in
both the contemporary and historical datasets were visually in-
spected for skewness. With the exception of pH in both datasets,
transformations were applied to all chemical and morphological
variables. Simple log10(x) transformations were used for lake mor-
phology, and log10(x + 1) transformations were used for the major-
ity of chemistry variables, except that alkalinity was transformed
using log10(x + 2). All explanatory variables were then standard-
ized to z scores before further analysis.

Each of the following analyses was performed separately for the
historical and contemporary datasets. For those lakes that were
found to contain crayfish and for which there were no missing
environmental data (n = 66 historical and 57 contemporary), de-
trended correspondence analysis (DCA) of species data was used to
determine whether linear or unimodal ordination methods
would be most appropriate. These ordinations of the species data
indicate that gradients are short for both the contemporary (axes
1 and 2 lengths of 0.38 and 0.24 SD units, respectively) and histor-
ical (axes 1 and 2 lengths of 0.91 and 0.58 SD units, respectively)
matrices. It is typical to choose linear ordination methods when

gradient lengths are <2 SD units (ter Braak and Smilauer 2002;
Leps and Smilauer 2003; Oksanen 2011). Therefore (as outlined in
Fig. 2), principal components analysis (PCA) was selected to look
for generalities in the associations between species and lakes
(Fig. 3), and redundancy analysis (RDA) was used as a direct gradi-
ent analysis to identify the relationships between environmental
predictors and community composition (Legendre and Legendre
1998) (Fig. 4). The variance explained dropped sharply beyond the
second axes in our RDAs; therefore, we present two-axis solutions
for our ordinations. Indirect gradient analysis, in which environ-
mental variables were tested for correlation with either of the two
retained PCA axes of lake communities, was also conducted to
identify important community–environment relationships (Table 2).

Variance inflation factors (VIFs) were used to detect the pres-
ence of multi-colinearity in the environmental variables. Vari-
ables were backwards eliminated, such that the variable with the
highest VIF was removed, and the VIFs were recalculated on the
remaining variables. This process was continued as necessary un-
til all variables had VIF values below 10. The resultant environ-
mental matrices were used as constraining variables in the RDAs
to identify the overall amount of inertia (variation in community
composition summarized) in species composition constrained by
all aspects of measured environmental variability and to interpret
the influence of this variability on the crayfish abundances. The
significance of each environmental matrix in explaining crayfish
community variability was determined using a Monte Carlo per-
mutation test with 999 iterations. The amount of constrained
community variation uniquely attributable to each environmen-
tal variable was calculated as the difference between the total
variance constrained in the full model and that with the focal
variable excluded (Table 2).

Additionally, an amalgamated dataset was created by combin-
ing the historical and contemporary abundance matrices (result-
ing in a combined 123 lake dataset), and an RDA was performed
with a single categorical constraining variable representing time
(contemporary or historical) to determine whether temporal dif-
ferences exist between the historical and contemporary commu-
nity compositions. As before, a permutation test (999 iterations)
was used to test whether this constraining variable was significant
(i.e., whether differences in community composition exist be-
tween the two time periods).

Finally, an amalgamated environmental matrix was used to
identify important environmental variables linked to community
patterns across time periods using the same VIF selection proce-
dure as before, and again an RDA was conducted with the final

Table 1. Summary information for all environmental variables in the crayfish-containing lakes (66 historical and
57 contemporary) considered in the analyses.

Historical dataset Contemporary dataset

Variable Notation Min. Max. Mean Min. Max. Mean

Latitude Lat 44.18 46.39 45.32 44.18 46.45 45.35
Elevation Elev 175.30 440.40 316.37 175.30 510.50 317.20
Lake area Area 10.0 6374.0 332.7 10.0 6374.0 362.9
Mean depth Depth 1.8 31.6 6.9 1.7 20.5 6.2
Shoreline development Sdev — — — 0 9 3.35
Bass Bass 0 1 0.68 0 1 0.72
Native predators Pred 0 1 0.74 0 1 0.70
Study year Year 1 7 3.32 3 6 5.12
Julian date Date 181 240 213.05 177 235 200.79
Alkalinity Alkti −0.11 118.90 8.82 0.00 131.00 11.48
Aluminum Al 0.00 119.00 30.19 5.48 134.00 51.41
Calcium Ca 1.65 42.80 4.59 0.74 55.70 5.80
Dissolved organic carbon DOC 1.30 10.00 4.59 1.70 10.20 4.69
pH pH 5.37 8.61 6.54 5.36 8.31 6.57
Sulfate SO4 3.95 15.10 6.94 2.90 17.90 5.64
Total phosphorus TP 2.30 46.20 9.42 3.10 18.40 8.18
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Fig. 2. Flow diagram to illustrate the organization of data matrices and which matrices were involved in the various ordination techniques
(PCA, principal component analysis; RDA, redundancy analysis) employed to answer our basic research questions.

Fig. 3. Principal component analysis ordination of community data from the historical (a) and contemporary (b) surveys. Species are labeled
using the following abbreviations: Cb, Cambarus bartonii; Cr, C. robustus; Oi, Orconectes immunis; Oo, O. obscurus; Op, O. propinquus; Or, O. rusticus;
Ov, O. virilis.

24 Can. J. Fish. Aquat. Sci. Vol. 71, 2014

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
U

ni
ve

rs
ity

 o
f 

T
or

on
to

 o
n 

01
/0

6/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



environmental matrix to identify biotic and abiotic gradients as-
sociated with the differentiation of communities between the two
time periods (Fig. 5).

Ordination analyses were carried out in R 2.15.0 (R Development
Core Team 2010), using the vegan package 2.0-3 (Oksanen et al.
2009).

Results
In the historical survey, 74 of the 100 lakes contained crayfish.

Of these, 8 lakes were missing data for one or more environmen-

tal variables, which left us with a 66 lake dataset for analysis. In
the contemporary survey, 67 of the lakes contained crayfish, but a
further 10 lacked some environmental data, yielding a 57 lake
dataset for analysis. The seven crayfish species encountered were
present over varying ranges of environmental conditions in the
two survey periods (Table S11).

The lake sites were differentiated by their community member-
ship along two retained PCA axes (Fig. 3), which together repre-
sent 36.5% of community variability for the historical survey and
38.6% for the contemporary survey. In the historical data ordination,

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2013-0232.

Fig. 4. Redundancy analysis ordination of community data constrained by environmental predictors from the historical (a) and
contemporary (b) surveys. Species are labeled using abbreviations as in Fig. 3. Some environmental variables are labeled using abbreviations
as follows: Lat, latitude; Elev, elevation; Sdev, shoreline development index; Pred, native predator index; Alkti, alkalinity; DOC, dissolved
organic carbon; TP, total phosphorus.

Table 2. Pearson correlations and significance for indirect analyses of the association of environ-
mental variables with the principal component axes from the ordinations of community data (Fig. 3)
as well as unique community variation constrained by each environmental variable in the redun-
dancy analysis ordinations (Fig. 4).

Historical Contemporary

PCA1 PCA2 RDA PCA1 PCA2 RDA

Variable r p r p % r p r p %

Lat 0.18 0.15 0.00 0.98 3.9 0.07 0.57 0.14 0.31 2.1
Elev −0.22 0.08 0.06 0.66 2.1 −0.27 0.04 0.40 0.002 4.6
Area 0.20 0.10 0.01 0.93 2.7 −0.20 0.13 −0.14 0.28 1.9
Depth −0.23 0.06 0.07 0.59 2.1 0.24 0.07 0.15 0.25 9.5
Sdev — — — — — −0.23 0.09 −0.28 0.03 4.3
Bass 0.25 0.04 −0.22 0.07 4.5 0.04 0.79 −0.46 <0.001 2.7
Pred −0.18 0.14 0.03 0.83 0.7 0.16 0.22 0.12 0.36 1.1
Year 0.26 0.03 −0.04 0.77 1.4 0.14 0.30 −0.10 0.45 2.2
Date 0.24 0.05 −0.18 0.15 2.6 0.06 0.64 −0.06 0.65 1.0
Alkti 0.11 0.36 −0.14 0.28 — 0.09 0.52 −0.40 0.002 —
Al 0.16 0.19 0.01 0.94 0.5 0.05 0.73 0.09 0.51 1.6
Ca 0.19 0.13 −0.03 0.80 2.1 −0.06 0.65 −0.29 0.030 1.2
DOC 0.18 0.14 −0.21 0.09 1.3 0.14 0.29 −0.13 0.32 5.6
pH 0.04 0.77 −0.16 0.20 2.8 −0.02 0.90 −0.37 0.004 1.0
SO4 0.07 0.58 0.20 0.11 1.0 −0.14 0.31 −0.08 0.52 0.7
TP 0.16 0.36 −0.04 0.77 1.1 0.15 0.28 −0.42 0.001 3.3

Note: Significant p values (p = 0.05) are shown in bold.
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the first axis explains 20.3% of the variation in crayfish com-
munities and separates native orconectids, Orconectes virilis and
Orconectes propinquus, from non-native orconectids, Orconectes
obscurus and Orconectes rusticus, as well as Cambarus robustus. The
second axis explains 16.2% of the variation and separates Cambarus
bartonii from the other species, particularly Orconectes immunis,
with which it is strongly negatively associated (Fig. 3a). In the
contemporary ordination, the first axis explains 23.0% and simi-
larly separates O. virilis and O. propinquus from the other species,
with the notable exception that these two orconectids are now
positively associated with C. robustus. Axis 2 explains 15.6% and
again separates C. bartonii from the other species; however, the
strongest negative associations on this axis are now between
C. bartonii and the non-natives O. obscurus and O. rusticus (Fig. 3b).

Indirect gradient analysis relating the lake environmental vari-
ables to the lake axis scores yielded several significant correla-
tions of varying magnitude (Table 2). Historically, only bass
presence–absence and sampling year were important and both
were positively associated with axis 1. Contemporarily, shoreline
development, bass presence–absence, alkalinity, Ca, pH, and TP
were all significantly negatively associated with the second axis,
and elevation was positively associated with axis 2 and negatively
associated with axis 1.

The constrained, direct gradient analyses (RDAs) performed
well in capturing variability in the community data (999 permu-
tations on full models, both p < 0.05). A total of 35.2% of the
community variability was explained by the environmental vari-
ables in the historical ordination (17.3% on axis 1 and 14.3% on
axis 2, Fig. 4a), and a total of 47.4% was explained in the contem-
porary ordination (31.0% on axis 1, 10.2% on axis 2, Fig. 4b). The

most prevalent species, C. bartonii, O. virilis, and O. propinquus, were
strongly associated with the ordination axes, whereas the remain-
ing species were plotted close to the origin. The VIF procedure
resulted in the exclusion of alkalinity (highly correlated to Ca and
pH) from both ordination analyses. Calcium also had high vari-
ance inflation factor (historical VIF = 13.3 and contemporary VIF =
13.0 after Alkti was removed), but the ordinations with Ca ex-
cluded (e.g., Fig. S11) were indistinguishable from those with Ca
included, and so we report the latter for comparative purposes.

The historical ordination (Fig. 4a) contains two gradients of sites
at right angles to one another. Orconectes virilis and O. propinquus
are associated with one gradient that runs a diagonal in a negative
direction along both axes. These two orconectids are positively
associated with the presence of native predators and tend to be
found in deep, lower latitude but higher elevation lakes where
bass are absent, pH is high, and DOC and Al levels are low.
Cambarus bartonii is associated with the second gradient, which runs
diagonally in a positive direction along axis 2 and a negative di-
rection on axis 1. This cambarid is associated with high-latitude,
high-elevation lakes where bass are absent and waters have high
SO4 concentrations and low pH, DOC, and TP. Counter to our
expectations, all three species were negatively associated with Ca
level. Temporally, the orconectids tended to be sampled early in
the season and in the earlier sampling years. Cambarus bartonii was
also more likely to be sampled early in the season but in the later
sampling years.

The contemporary ordination (Fig. 4b) similarly contains two
gradients of lakes at right angles, but there is more scatter. The
first gradient runs positively along the first axis and is strongly
associated with O. virilis and, to a lesser extent, O. propinquus. The

Fig. 5. Redundancy analysis ordination of community data from the combined historical and contemporary surveys constrained by
environmental predictors including time period. Historical sites are open circles and contemporary sites are grey circles. Species are labeled
using abbreviations as in Fig. 3 and some environmental variables are labeled using abbreviations as in Fig. 4.
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second gradient is associated with the second axis, with C. bartonii,
and to a lesser extent O. immunis, plotted on the positive end and
O. propinquus plotted on the negative end. Orconectes virilis is most
strongly associated with small but deep lakes that contain native
predators and have higher DOC. Orconectes propinquus is associated
with low-latitude, low-elevation lakes with higher TP, pH, and Ca,
where bass tend to be present. Cambarus bartonii and O. immunis
were associated with high-elevation lakes at higher latitudes,
where Al levels tend to be higher and pH, TP, and Ca levels are
lower. The additional variable, index of shoreline development,
clustered closely with lake area, pH, Ca, and bass presence and
was negatively associated with latitude, elevation, and depth. All
species were negatively associated with the development index.
There were no associations between crayfish abundance and sam-
pling date, but there was a tendency for O. propinquus to be sam-
pled in later years and for C. bartonii and O. immunis to be sampled
in the earlier years.

In general, there was concordance between the relative
strength of associations of environmental variables with the RDA
ordination axes (Fig. 4) and the amount of unique variation attrib-
uted to each variable (Table 2). Notably, however, depth, which
did not display strong associations in either the historical or the
contemporary RDA, was associated with the greatest amount of
unique community variability of any environmental variable in
the contemporary dataset. In the contemporary ordination, depth
is very closely associated with the presence of O. virilis and native
fish predators, and strongly negatively associated with shoreline
development, lake area, and to a lesser extent pH and Ca.

The combined historical and contemporary RDA ordination
(Fig. 5) captured 26.9% of community variability (13.5% on axis 1
and 11.0% on axis 2) and was statistically significant (p = 0.001), as
was time (historical vs. current) as a single constraining grouping
variable (p = 0.03). As before, alkalinity was removed because of
high VIF. Once again the ordination contains two main gradients
of lakes at right angles to one another, with the first associated
with O. virilis and O. propinquus and the second associated with
C. bartonii. The contemporary sites cluster closely together in the
region of the ordination where abundances are lowest. The time
variable representing the shift in assemblages between the histor-
ical and contemporary surveys is most closely associated with Ca,
pH, TP, DOC, Al, lake area, and the presence of bass.

Discussion

Assemblage patterns
The two cambarids (C. bartonii and C. robustus), both native to the

region, were rarely found together (only two co-occurrences, both
historical) and displayed opposing environmental relationships.
A strong negative association and largely non-overlapping distri-
butional pattern for these two congeners has been documented
previously in Ontario (Guiasu et al. 1996) and parts of the United
States (Crocker and Barr 1968). Researchers have found that these
two cambarids have similar ecological preferences (Crocker and
Barr 1968; Berrill 1978; Hamr and Berrill 1985), but it has been
proposed that a strong competitive dominance of C. robustus over
C. bartonii has resulted in competitive exclusion of the latter by the
former, when resources are limiting (Lodge and Hill 1994; Guiasu
and Dunham 1999). Therefore, we speculate that the association
of C. bartonii with higher latitude, higher elevation lakes (which
tend to be smaller and lower in Ca, pH, DOC, and TP) may result
from the two congeners having different environmental prefer-
ences in our study region, or possibly from C. bartonii having been
forced out of lower lakes by range expansion of C. robustus.

Contrastingly, the two most common native orconectids (O. virilis
and O. propinquus) were frequently found to co-occur (43% of
historical and 33% of contemporary sites that contained one of
these two also contained the other) and displayed similar prefer-
ences. Previous work has identified shared preferences in this pair

(Crocker and Barr 1968; Capelli 1975) as well as a propensity for
coexistence (Capelli and Magnusson 1983; Hill and Lodge 1999;
Olden et al. 2006). Therefore, the co-occurrence pattern we ob-
served is consistent with documentation from other parts of their
native ranges.

The remaining native orconectid, O. immunis, was found in a
handful of lakes scattered across the region, and it is unclear
whether specific environmental preferences, geographic isola-
tion, or competition is driving the opposing associations between
it and the other Orconectes spp. The segregation of O. immunis and
O. virilis among waters in their shared range has been attributed to
distinct environmental preferences and competitive exclusion of
O. immunis by O. virilis (Bovbjerg 1970). Despite the proximity of
O. immunis and C. bartonii in our contemporary two-dimensional
ordination, these two species were found to co-occur only twice in
either time period. It appears that like C. bartonii, O. immunis may
be excluded from the more suitable sites by its native congeners
into spatially isolated lakes with different and less preferable en-
vironmental conditions.

The two invasive species, O. obscurus and O. rusticus, were found
in only a few geographically clumped lakes, driving their associ-
ations with different environmental gradients than the natives in
our analyses. With these limited occurrences we cannot resolve
whether these species have different environmental preferences
or whether they have had insufficient time to expand their range.
Orconectes rusticus was only encountered south of the Canadian
Shield, and its association with large lakes having highly modified
shorelines is consistent with the link between invasion probabil-
ity and human presence identified in Capelli and Magnusson
(1983). Orconectes rusticus has been sighted on the Shield (Phillips
et al. 2009b), but the likelihood of it becoming established beyond
this environmental transition may be low (Edwards et al. 2013; see
below). Orconectes rusticus is thought to have very similar environ-
mental preferences to and competitive dominance over O. virilis
and O. propinquus, frequently leading to their replacement (Lodge
et al. 1986; Olden et al. 2006, 2011).

Ecological drivers
Native predatory fish were not significant factors in either time

period. It would appear that, at least for the lakes and species
considered here, these predators do not impose strong top-down
control of crayfish abundance relative to other factors. While sig-
nificant top-down influences of these fish have been identified for
numerous river and lake crayfish populations, many of these have
coexisted for extended periods of time in balance with native fish
predators (Momot and Gowing 1977; Lodge and Hill 1994; Nyström
et al. 2006). The presence of invasive bass species was important in
both surveys, with increased relative importance in the contem-
porary period. Novel predators often have greater impacts on na-
ive crayfish populations because they are not recognized as a
threat (Shave et al. 1994). In both time periods, it was C. bartonii
and O. immunis that had a strong negative association with bass,
whereas O. rusticus, C. robustus, and to a lesser extent O. propinquus
and O. virilis displayed a positive association. Orconectes obscurus
was neutral with regard to bass presence. The combined presence–
absence measure of predation pressure used here was a very
coarse way to investigate the dynamics between several bass spe-
cies and crayfish in the region. That said, fish occurrence data
have proven useful in predictive models for invasive zooplankton
(Bythotrephes longimanus) in the same region (Wang and Jackson
2011). Unfortunately, reliable estimates of the abundances of the
three bass species were not available, and should therefore be a
goal of future work.

Historically, pH and Al were two of the most important envi-
ronmental correlates, but both decreased slightly in their relative
importance in the contemporary survey. Metal toxicity is ampli-
fied under acidic conditions (Malley and Chang 1985; Wright 1995;
Kozlova et al. 2009), so one would expect the influence of Al on
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crayfish to diminish with recovery from acidification. Interest-
ingly, SO4 had minimal importance in both ordinations, despite it
being a common indicator of lake acidification (Stoddard et al.
1999; Dillon et al. 2003; Jeffries et al. 2003).

The relative influence of DOC decreased between time periods,
whereas the nutrient status of lakes, as indicated by their TP
concentrations, displayed a relative increase in its influence be-
tween the two time periods and was consistently associated with
larger, more southerly, lower elevation lakes. In the contempo-
rary dataset, and as one would expect, phosphorus was positively
associated with the index of lake shoreline development. Species
vary in their tolerance to trophic conditions in lakes, but all of
Ontario’s open-water crayfish, except O. immunis, are thought to
prefer cool, clear, well-oxygenated conditions (Crocker and Barr
1968; Capelli 1975; Berrill 1978).

Without a historical estimate of shoreline development, we
cannot know how its influence may have changed owing to in-
creased human settlement over time. Contemporarily it is an im-
portant correlate linked with other typical indicators of human
use, such as large lake size, elevated nutrient status, pH, and the
presence of bass. Lake depth and area show opposing associations
in both surveys, indicating that larger, more developed lakes tend
to have shallower mean depths.

Calcium was an important predictor in both surveys, but its
relative importance increased in the contemporary period. This is
not surprising, since Ca has become more limiting over time ow-
ing to regional declines in Ca in the waters of the Canadian Shield
(Watmough and Dillon 2003; Jeziorski et al. 2008; Edwards et al.
2009). Very little is known about the tolerance of the freshwater
crayfish that live in this region to low Ca levels (Cairns and Yan
2009). The only previously published information on low-Ca tol-
erance in crayfish comes from populations in New Zealand
(Paranephrops zealandicus) and Europe (Astacus astacus), where wa-
ters are comparatively rich in Ca (10 and 20 mg·L−1, respectively).
In lab studies, P. zealandicus was found to have a lower limit of
5–10 mg·L−1 (Hammond et al. 2006), whereas A. astacus required
<1 mg·L−1 for survival (Rukke 2002). Orconectes rusticus, which is
native to the Ca-rich waters of the Ohio river basin, was found to
have reduced survival below 2.5 mg·L−1 in the lab (Edwards et al.
2013). All of these estimated levels are likely too low, as they are
based on controlled lab studies, free of the additional stresses of a
natural environment. The requirements in a natural setting may
be much higher and may vary among populations and environ-
mental backgrounds. Moreover, while lower limits may govern
the presence of a given species, the relative abundance of popula-
tions has more to do with where conditions fall along an optimum
gradient, and to our knowledge no work has been done in this
area.

An association between C. bartonii and high-elevation waters
has been demonstrated previously (DiStefano et al. 1991; David
et al. 1997). However, to our knowledge this is the first known
association between high elevation and O. immunis. The associa-
tion between this orconectid crayfish and lower elevation and
latitude lakes is probably a legacy of their postglacial coloniza-
tion, thermal preferences, and increased sensitivity to the lower
pH conditions at high elevations (Berrill et al. 1985; Hollett et al.
1986; DiStefano et al. 1991).

Because of the considerable geographic scale covered and the
number of sites to sample, it was not possible to randomize the
sampling order. Lakes were sampled in small groups in random
order, thereby introducing some small-scale spatio-temporal au-
tocorrelation into the data. Interannual effects (among years of
sampling within a survey period) were important in both periods,
but more so in the historical period. This indicates an artifact of
the historical sampling design, wherein the regions sampled in
the later years tended to be at higher latitudes and were more
likely to contain C. bartonii. In the contemporary sampling period,
higher latitude and elevation lakes containing O. immunis and

C. bartonii were associated with the earlier years, whereas lower
latitude and elevation lakes with O. propinquus were associated
with the later years. Intraseasonal trends in the historical period
indicated that all three of the more common species tended to be
sampled earlier in the season, whereas sampling date was unim-
portant in the contemporary ordination.

The combined ordination tells us that there have been signifi-
cant changes between the two time periods, resulting in con-
temporary communities that are less diverse with much lower
relative species abundances. Historically, crayfish were more
abundant in lakes, and the lakes were less influenced by stressors
than they are contemporarily. Those lakes that still contain cray-
fish (albeit at low abundances) are higher in Ca and pH but are also
more likely to have developed shorelines, elevated DOC and nu-
trient and Al levels, and invasive bass predators.

Implications for lake ecosystems
Our findings advance our understanding of freshwater crayfish

ecology in the region. Approximately 30%–40% of community
variation was related to the environmental variables included in
either time. This is a typical level of explanatory power for these
types of predictors in direct gradient analyses of real populations
(Cottenie 2005).

Several generalizations can be derived from the crayfish–
environment relationships identified here, which have important
implications for understanding the relative influence of various
factors on the aquatic ecosystems of central Ontario. Static char-
acteristics of lakes, such as lake morphology and spatial location,
are important in structuring community patterns, but in light of
the multitude of contemporary environmental changes, have be-
come less important over time, with the exception of lake depth,
which is tightly linked to our indicators of anthropogenic im-
pacts. Our findings raise particular concern over the contempo-
rary influence of human development, invasive bass species, and
the legacy effects of acidification, including pH levels and Ca loss.
Although these factors were all important historically, their influ-
ence relative to the other environmental variables considered has
increased (assumed for anthropogenic shoreline development,
which we know to have intensified over time but lack historical
data for a formal comparison) for all except pH.

Additional information that could capture as yet unexplained
variation might include watershed characteristics or climate in-
formation, but as more variables are added to constrained ordina-
tions they actually become less constrained and less useful.
Numerous aquatic studies (Jackson et al. 2001; Brind’Amour and
Boisclair 2006), including crayfish distribution studies (Capelli
and Magnusson 1983; Olden et al. 2011; Larson and Olden 2013),
have identified the importance of watershed-scale factors such as
watershed size, dominant geologies and land uses, and lake order
or connectivity. While we did not test for such factors directly, we
have indirect evidence that watershed-scale factors such as lake
order (high-elevation lakes tend to have lower connectivity and
are less likely to contain bass) and density of anthropogenic
land uses (correlated with TP, latitude, elevation, and shoreline
development) play an important role in determining crayfish dis-
tribution and abundance in the region.

It is also possible that bottom-up processes related to habitat
availability, lake productivity, or prey availability could account
for some of the unconstrained variation in crayfish relative abun-
dance. Unfortunately this type of data was not collected in the
historical survey and thus was not included in contemporary sur-
veys of these lakes. The relative importance of top-down (i.e., fish
predation) and bottom-up control of omnivorous food webs is not
well understood (Menge 2000; Hoekman et al. 2009) and remains
an important topic for future study.

Lakes act as sentinels for studying multiple interacting regional
changes over space and time (Carpenter et al. 2007). Using a set of
important lake indicator species, we have identified important
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stressors on the aquatic systems of this study region and other
regions that are experiencing similar types and intensities of re-
gional environmental changes. Future research and monitoring
efforts can focus on the direct effects these stressors may be hav-
ing on other components of freshwater ecosystems, as well as the
indirect effects that could radiate throughout food webs with
changes in crayfish diversity and abundance along stressor gradi-
ents. Given that we have found most communities to be experi-
encing multiple potential stressors simultaneously, it will also be
important that future work ascertain the ways various regional
environmental changes may act in concert (whether effects may
be cumulative, synergistic, interactive, etc.) to impact aquatic bi-
ota in boreal waters (Christensen et al. 2006). Unfortunately, in-
clusion of potential interactive effects would mean adding dozens
of interaction term variables, which is beyond the capabilities of
redundancy analysis given the number of sites in our datasets.
Identification of the first-order threats included here is the first
step toward conservation and management of freshwater crayfish
and their aquatic ecosystems; however, a pressing issue going
forward will be to investigate the unique ways in which stressors
can interact and lead to cumulative effects in inland aquatic systems
(reviewed in Ormerod et al. 2010; Palmer et al. 2011; Schindler 2001).
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