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Abstract

We characterized ¢hassociation between climatedasomatic growth in 125 North
American populations of smallmouth basseropterus dolomieu. Using multivariate techniques
(i.e., principal componentnd Procrustes analyses), we foandoverall signitant concordance
between 8 climate variablesdald cover, frost frequency, preitgtion, mean air temperature,
minimum air temperature, maximum air temperature, mean summer air temperature, and growing
degree days above AT) and 4 growth variables (body lehdhcrements for ages 1 to 4).
Bivariate linear regressions revealed that tiveas a significant positiveelationship between air
temperature variables and earlpwgth while growth atater ages was geradly less influenced
by climate. Given that thgeographical range of smallmouihass has beeapidly expanding
over the past century, we alsgamined how the ichate-growth relatinships differed in
populations that have been intragd outside the nativdistribution. Analysis of residuals from
the Procrustes test irwdited that the concondee between climate amggowth was likely higher
for populations within the nativenge and lower for introduc@dpulations. Mechanisms that
might generate this pattern inde the possibility @t the introduced populations have not had
time to adapt to their new envirments and the possibility thgsowth might respnd atypically
to the more extreme climates experiencedideatfe native range dlfie species.

Keywords. growth; climate; temperatey Procrustes; principal cormpents analysis; invasion;

species range; multivariate statistibirropterus dolomieu.
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I ntroduction

Intra-specific variation in g history traits appears ubiquitoias many fish species (Roff
1992). Given that lifdistory parameters such as somgtiowth and maturity schedule can
influence population dynamicsi@ act as indicators of ovexqdoitation (Shuteet al. 1998;
Trippel 1995), it is impdant to understand thmechanisms involved iproducing life history
variability. Temperature (Bearsg@erfer and North 1995), physidabitat charactestics (Shuter
et al. 1998), and food supplChen and Harvey 1995) are factatsntified as cordates of life
history variation among fish poilons, but their importancercaary depending on the spatial
scale examined. For examplecdbdifferences indod availability can iftuence life history
variation between adjacent populaso(Dunlop et al. 200%dut climate ofterdrives life history
variability among populations spread acrossgdaeographic area é@mesderfer and North
1995).

For the present study, we examined the infbgeof climate on somatic growth variability
in smallmouth basd\licropterus dolomieu, populations spanning adé geographical area.
Within a species’ nate range, somatic growth rates ofteary intra-specifically along a
latitudinal cline (e.g., Jensen et 2000; Lester et aR000) that is th result of an environmental
response and (or) genetdaptation to climat(Conover and Schultz 29). As distance from
the center of a species distrilmrtiincreases, populatiotend to experienc@creasingly stressful
climatic conditions and as asudt, populations at the rangeundaries ofteexist at their
physiological limits (Brown e&l. 1996; Parmesan et al. 2000)hen species are introduced
outside of their ni@ve distribution, the physiolgical stress experiencedthé range border might
be further amplified andomatic growth might vary with climatin an atypical way. It might

also take time for imoduced populations to agt to the climate ithe new environment.
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Therefore, as one moves awfagm the center of a speciestmal distribution, and from the
native to the introduced ranglge associations between climand growth should weaken and
perhaps change altogether.

Using the smallmouth bass as a study spewiesassessed the faNng two hypotheses:
() there is an associationtiaeeen climate and the somatiogith of populatns that are
distributed across a ge@gphic area large enough to spamread range in thate; (ii) the
association between climate asawmatic growth weakens atdbeyond the boundaries of the
species native distribution. We chose thelbnwuth bass because pasudies have shown a
link between somatic growth amtimate in this species (Be@sderfer and North 1995) and the
range of the species hlasen expanding rapidly over thespaentury (Robbinand MacCrimmon
1974) and will likely continue texpand in the future withiohate warming (Shuter and Post
1990). The smallmouth bass is armavater littoral predator natvto central and eastern North
America (Lee et al. 198@®cott and Crossman 1973). Begimprimarily in the 1800s, humans
started introducing smallmoubass in waterbodies throughdbrth America (and eventually
throughout the world) to proge angling opportunities (Roinis and MacCrimmon 1974).
Introductions were made by paite citizens ad by government agencidbe sources of these
introductions were both naturahd hatchery reargabpulations (Kerand Lasenby 2000;
Robbins and MacCrimmon 1974frurther expansion of the sttmouth bass range has come
through human activities atuding the release of fish frobait buckets (Litek and Mandrak
1993) and from the construction whterways and canals (Crosan 1991). Range expansion
has also occurred by natural dispersal throughwtitershed both from tige and introduced
sources (Robbins and MacCrimmon 1974)eSéintroductions havead large and often

negative impacten native fish communities (Jacksp®02; Vander Zandeet al. 1999).
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In our analysis of the association betweemate and growth in the smallmouth bass, we
focused on 8 climate variableddiad cover, frost frequey, precipitation, mean air temperature,
minimum air temperature, maximum air temperat summer air temperature, growing degree
days above 1) and 4 somatic growth variables (bddggth increment for ages 1 to 4). A
previous study by Beamesdererd North (1995) examined thelationship between growth and
several environmental variables409 North American populatiortd smallmouth bass; in that
study, age at quality lengtB§0 mm) was used as an indexgodwth and was pdasvely related
to latitude and rgatively relatedo mean air temperatueand degree days above’C0
(Beamesderfer and North 1995). We expand ornvibik by performing mitivariate analyses
(principal components analysisdProcrustes randomization tesisgrowth and climate data,
by analyzing additional climatvariables (i.e., pcipitation, cloud covergnd by examining

differences between natiaad introduced populations.

M ethods

We obtained data on North Anigain populations of smallmouth bass from five sources:
() population survey dateollected by the Ontario Ministryf Natural Resowes (OMNR); (ii)
angler tournament datallected by the Nova $tia Departmenodf Agricultureand Fisheries;
(i) electrofishing datacollected by the State of Conieat Department of Environmental
Protection (Jacobs and O’Donnell 1996); (iv)adpublished in Carlater (1977); (v) data
published in the primarlterature after 1975.

Body length information and calcified agitigsues were collected from smallmouth bass
populations in Ontario betwed®82 and 2001 by the OMNR using three types of sampling

programs: the Near Shore Comanity Index Netting NSCIN) program, thé&all Walleye Index
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Netting (FWIN) program, and angl programs. The NSCIN programquires standardized trap
nets to be placed in randdotations around lakes during tlaée summer and early autumn
(Lester et al. 1996). Anglingrograms typically involve a eel survey wher anglers are
interviewed and theifish sampled (e.g., Shuter et al. 198j)s occurs modtrequently in the
summer and autumn. Other sdespwere obtairgefrom the FWIN progranthat occurs in the
autumn and places bottom-setltimesh monofilament gill nets aandom locabns around lakes
(Morgan 2002).

Body lengths were measured and seal@ples collected from angler tournaments
conducted on Nova Scotia pdations in 1995-1998 and from eteafishing surveys conducted
on Connecticut lakse reservoirs, and streams in 19885. Nova Scotitournaments were
conducted between May and October and detafedmation can be faud in MacMillan et al.
(2002). Each location ithe Connecticut electrofishing sess was sampled one to four times
using night electrofishing dumg April-June and October-Newmber (Jacobs and O’Donnell
1996).

We obtained additional growttata on North Americapopulations from Carlander’s
Handbook of Freshwater FisheryoBigy (1977). We also seassththe primary literature for
smallmouth bass growth data fished after 1975 (Table 1). Fmany populations (> 54%),
sampling years were pooled to proviégpresentative sample sizeé&le also limited our analyses
to populations with sample sggreater than 30, however, 98¥populations had sample sizes
greater than 50 and 70% hadngde sizes grater than 100.

Back-calculations

Many sampling programs target adult members of the poptibn and therefore we had

to estimate lengths at youngereadrom scale measurements.eTMNR and Nové&cotia scale

samples were treated using a common back-caicalprocedure that we we able to validate
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independently. For eh of our two most extensivelyustied populations (@voking Lake and
Opeongo Lake in Ontari€anada), body lengtand scale radius measuarents at capture were
available for over 300 fish (kor Provoking = 315, N floOpeongo = 447) covieg a broad range
in body sizes (6 to 40 cm). For each pagioh, body size and ate radius closely {>= 0.94)

followed a single allometric relationshifp.gngth, L = a(scale radius)®). Despite the large

differences in lifetime growtpattern between them (Dunlepal. 2005a), both populations
exhibited essentially idemtal body-scale relationshiganalysis of Covariance,if23= 0.27,P =
0.60), with exponent estimatds\alues) equal to 0.755 (Omago) and 0.744 (Provoking), and
95% confidence intervals (£0.018)at overlapped the cadénce intervals for exponent
estimates derived from 15 addital populations where length rasgeere largemough (lengths
ranged at least between tth40 cm) to provide reasonable estimates @hean for 15
populations = 0.751, SD = 0.031). v@én that 17 populations inted exhibited an exponent
estimate essentially identidal the Opeongo-Provoking values (~0,AB§ felt confident in using
this estimate when back-calculating growthdrigts for our OMNR and diva Scotia samples.

We used the following equation ¢g@nerate these estimates,

075

L at earlier age= L at capture* (Scaleradius at earlier age/ Scale radius at capture) "> and

we validated the procedure using marked aodptured adult smallmttubass sampled over 5
years on Provoking Lake and @ugyo Lake (sampling outlingd Dunlop et al. 2005a). For
each individual, we compared back-calculdestjth estimates derivétbm scale samples taken
at re-capture eventsitly actual lengths obserdat earlier capture evenand found no statistical
difference between estimatadd actual lengths$-yalue = -0.33, df = 68 = 0.74). The
percentage error (Jestimated féekgth — actual fork length|/actuark length) of the estimates

ranged from 0.03% to 24% and was below 5% fomtlagority (83%) of indviduals. Scale ages
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were also validated in ¢hProvoking Lake and @pngo Lake smallmouth bass populations
against ages obtaiddérom opercula.

Back-calculated lengths froatale measurements weredable for all Connecticut
populations (Jacobs and O’Donne896). We used back-calctdd lengths where available
from Carlander (1977) and fromhatr published sources. Iddition, some populations were
characterized using obsedvsizes at agePopulations that lacked data young age classes (i.e.,
due to a lack of samplingr back-calculation datayere not used in our alyses. The Fraser-Lee
back-calculation method (CarlandiE977; Francis 1990; Klumb at. 1999) was used in the
Connecticut study, thetudies summarized in Carlander (197@&f)d in other published studies.
To ensure that #ferences in back-calculation methodologmesre not drivinghe results of our
study, we repeated all of osubsequent statistical analysessng Fraser-Lee back-calculated
lengths for the OMNR and Nova &@ populations. Since the rétsurom both sets of analyses
were nearly identicalye are confidenthat our findings are notéyproduct of mixing back-
calculation methods. The resultge will discuss in detail ardnose derived usg our validated
back-calculation method for the QWR and Nova Scotia populatis and the published estimates
of size at age provided in tloeiginal literature sources.

Growth variables

Mean size (fork length) at age was msstied for each smallmouth bass population.
Where necessary, we convertethtéength (TLEN) to fork lagth (FLEN) using the conversion
(FLEN = TLENe 1.03) published in Carlander (1977). mopulations where there was more
than one source of data, mean size at age veaagad. Given that siz a later age is not
independent of sizat earlier ages (@., Size at age 2 =z& at age 1 + growthjising consecutive
size at age datdirectly in multivariateanalyses might pduce spurious results (Jackson 1997).

Therefore, we used body length iensrents as variables in our sfjud_ength increments for ages
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1 to 4 (estimated by subtting mearsize at aga-1 from mean size at age¢ were used to avoid
problems with missing data (sompepulations lacked da on ages above hé validity of age
and back-calculation estimates likely becomesaiasingly poor after age®). We therefore had
estimates of four growth variables for eachallmouth bass populatiolength increment from
age 1to 2, age 2 to 3,@8 to 4, and age 4 to 5.
Climatevariables

We obtained information on climate from the CRU Global Climate Dataset available
through the Intergovernmental Panel on Clen@hange (IPCC), Dafaistribution Centre
(http://www.cru.uea.ac.uk/link). These data condistie0.5° latitude by 0.5° longitude gridded
mean monthly climatology infanation for the period 1961-1990. dmean monthly data were
based on interpolation ofata collected by surface weathetisins (number of stations ranged
between 3615 and 19,800 dependinghe climate variable) andeaconsidered to be of high
quality (New et al. 1999)We obtained the mean monthly clite data for each smallmouth bass
population using its geographicalardinates. We averaged thean monthly data to obtain
annual estimates of cloud coyground frost frequency, predaiion, mean air temperature,
minimum air temperature, and maximum air terapge; we also estinted summer mean air
temperature and annudggree days above @ Monthly degee days above 10 were
determined by subtracting %0 from each monthly mean temperatand then bynultiplying by
the total number of days in eagtonth. This was then summed foe thntire year to estimate the
annual degredays above €. We chose summer air tematrre and degregays above 1%C
as additional climate variabl@sour study because they aréated to length of the growing
season for smallmouth bass and pasearch suggests that thesriables and growing season
length are important correlateggrowth in this species @mesderfer and North 1995; Shuter

and Post 1990).
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Distribution map

We used the range map Bpbbins and MacCrimmon (18Yto identfy the native
distribution of smallmouth &3 in North America. The mge map was digitized and the
smallmouth bass populations for it we had data we placed on the magccording to their
coordinates. Popations that fell within the native mge were classifieds native and
populations that fell outside die native range were classified as intretucUsing ArcGIS
(Esri Inc. 2001, version 8.0he centre of ta native distributin was identified as the geographic
centroid of a polygon with thgolygon representing éhoutline of the native distribution. The
distance (in m) from the geograpéli center of the tiwe distribution wa®stimated for each
population.

Statistical analyses

We obtained estimates of the growtidalimate variable®r 125 smallmouth bass
populations (44 were tige and 81 weréntroduced; Figure 1)Degree days above ADwere
loge transformed for linearity in all subsequent gsak. We performed singolinear regressions
between the climate andayrth variables and asssed statistical signdance of relationships
using Analysis of Variance (ANOVA)To control for possible Typeerrors with multiple tests,
we adjusted significance ldgeusing the Bonferroni cagction (Quinn and Keough 2002). The
adjusted significance leve?, < 0.00156, was estimated @95 (the un-correcte@-value)
divided by the total number of tests (32).

Principal components analysis (PCA) wesformed separately on the climate and
growth data using a correlatiomatrix (Legendre and Legendt898). A Procrustes analysis
(Jackson 1995; LegendradciLegendre 1998) was run with th@ses (standardizkto a variance
of 1) of the first twagprincipal components for both the climaind growth PCAs as inputs. We

used the first two PCA componerts inputs to the Procrustes aisid so that we could reduce

10
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the multiple, often corretad variables down to mindependent variablésat explain most of
the variation.

A Procrustes test is used to analyze thecordance between twotdasets (climate and
growth in this case). In a®urustes analysis, o the data configurains (i.e., the climate
matrix) is rotated and scaledaagst a reference configuratione(i, the growth ntax) until the
residual sum-of-squarés minimized (Jackson 1995). Toadwate the signifance of the
Procrustes rotation and the contance between the climate agrowth datasets, we used the
Procrustes randomization tesROTEST) developed by Jacks(®95). The PROTEST is more
powerful than the commonly uséthantel test and can assess ¢bacordance between matrices
for individual observationgPeres-Neto and Jackson 2001 a PROTEST, the fis a
goodness-of-fit statistic thatescribes the assoti@n between data mates; smaller values
indicate a higher cowmecdance (Jackson 1995). The stepa PROTEST aras follows: (i)
estimate the observed rior two data sets (i.e., by minimigj the sum-of-square residuals); (ii)
randomize the rows of one thfe matrices and recalculaté;riii) repeat tle first two steps
numerous times to give distribution of random fvalues (Jackson 1995). The PROTEST
counts the number of randonf statistics that have a residsaim-of-squares smaller than or
equal to the observed’mnd aP-value can be generatéaitest the observed?for significance
(Jackson 1995).

We performed a PROTEST using our growtkadset as the refaree configuration and
we repeated the randomization step 998@$i to assess the significance of tHestatistic
(Jackson 1995). Residual distas between matrices for eaubservation (olesvations are
populations in this cas&jere calculated in order to identify the cordance between growth and
climate for individual populationsarger residuals indicate poorer concordance (Jackson 1995;

Peres-Neto andiackson 2001).

11
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We performed two analyses BROTEST residuals. First, éwvaluate our prediction that
introduced populations have lom&oncordance with climateje tested for a statistical
difference, using ANOVA, between introduced and native pojpunisiin the magnitude of
PROTEST residuals (it residuals logtransformed for normality). Second, we tested for a
relationship between PROTESesidual and distance to the cergéethe nativedistribution (with
both variables lagtransformed for normality) in order tietermine if the&eoncordance between
climate and growth deteriates as distance from the centethaf native distributin increases.
Analyses of Ontario populations

We chose the Ontario poptitans as a focus for furthstudy because they were
represented by a relatively l&gample of both nag and introduced popations and because
they were sampled with silar methodologies (i.e., by tt@MNR sampling programs). We
performed three analyses o&tntario populations: (i) an ANOV# compare the residuals of
native and introduced populatis; (ii) a regression of PR@SBT residual on distance to the
center of the native distributiofiji) interpretation of Procruss superimposition plots. The
Procrustes superimposition plgteres-Neto and Jasdn 2001), where rafiial vectors from the
PROTEST are plotted with theayrth vectors from the PCA, wased to graphically interpret
the relationship between variabland the magnitudend direction of PROTEBresiduals. In a
Procrustes superimposition pltte starting position of a residuadctor represents the observed
position of the population ithe reference (i.e., growth) mataxd the arrow head (the apex of
the residual vector) regsents the position ofélpopulation in the rotatgde., climate) matrix
after it has been configured; thadgh of each residual vectorttse magnitude athe individual
residual for a population (Peres-Neto dadkson 2001). By comparing Procrustes
superimposition plots, we caletermine if somatic growth imative and itroduced Ontario

populations differ systematically their response to climate.

12
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To statistically compare ¢hdirection of residual vectobetween nativand introduced
populations in Ontario, weivided populations into one &dur quadrants depending on the
direction of their residual vectoiQuadrant A was assignedgopulations with residual vectors
pointing towards a positive value on the first (d@.and second (i.e., y) &rustes axis, quadrant
B was assigned to thopeinting to a positive value on the filgxis and a negative value on the
second axis, quadrant C svgiven to those pointing to a néiga value on thdirst and second
axis, and quadrant D wassigned to those pointing to a niagavalue on the first axis and a
positive value on the second axShi-square tests were doneditermine if tle direction of
residual vectors among poputats from native or introducembpulations waslifferent from

random.

Results

There was considerable varat among populations in somatoowth (Table 1). Length
increment for age 1 (i.e., growftom age 1 to 2) wéed from 4.1 to 12.5 cm (mean £ SD = 6.8 +
1.4 cm); for age 2, it varied from 2.5 to 10.0 gnean £ SD = 5.9 + 1.4 cm); for age 3, it varied
from 1.0 to 8.2 cm (mean £ SD = 5.0 + 1.3 cnmyl dor age 4, it varied fra 1.8 to 8.0 cm (mean
+SD = 4.2 + 1.2 cm).

The bivariate regressionstieen climate and growth rables contained a lot of
variation but some notabpatterns were detected. When we adjuBtedlues using the
Bonferroni correction, therwas a significant (& < 0.00156) positive relationship between
growth at age 2 and all temperature varigpleetween growth at age 1 and summer air
temperature, between growthagfe 3 and summer air temperature, and between growth at age 3

and growing degredays above T (Table 2). Therwas a significant (e < 0.00156)

13



Climate and growth ithe smallmouth bass

negative relationspibetween growth at ageand frost frequency (T&b2). Cloud cover and
precipitation did not vargignificantly with anygrowth variable and #re were naignificant
relationships betweemw climate variable angrowth at age 4.

For the PCA of climate data, the first asgtond axes (principabmponents) explained
76% and 16% of the variation respectively.eTinst principal comporrg contrasted frost
frequency with temperature variab and the second componeritatentiated prepitation and
cloud cover from the othenariables (Figur®). The PCA scores oftiroduced populations were
shifted slightly to the right athe native population@-igure 2), indicatig slightly colder
temperatures in introduced populaso There was an outlier froRine Flat Lake in California
where there were low levels oloud cover ad precipitation.

The first and second components of thengh PCA explained 49% and 28% of the
variation. The first pncipal componenplaced growthat all ages the positive direction with
little overall difference in magnitudand direction between varigs (Figure 2). The second
component separated grovahearly ages (1 and #pm growth later in fie (age 3 and 4; Figure
2). Introduced and native population PCA scoresewseattered and showad distinct pattern
(Figure 2).

Results of the PROTHSIndicated a significat concordance betweetfimate and growth
(residual sum ofquares = 1.54; fr 0.95;P = 0.003). The largest refsial (0.38) was for Pine
Flat Lake in California (introdwexl) and the smallest residu@l@1) was for Skoaimata Lake in
Ontario (native). In our first test of PROTE#&3Siduals, the sduals of introduced populations
were significantly larger #m for native populations {fr23= 7.79;P = 0.006). In our second test,
we found a significant pasie relationship between residual mégde and distance to the center

of the nativedistribution (k 123=4.11;P = 0.04).

14
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There was a contrast betwette PROTEST residuals oftinduced and native Ontario
populations. Introduced Ontario populations had sigmiflgdarger residuals (Ro= 22.91;P =
0.00002) and there was a sigoént positive relationship beégn residuaiagnitude and
distance to the center tfe native distribution (0= 18.12;P = 0.00013; 7= 0.32; Figure 3).
The positive relationship in FiguBeis apparently being driven lilge introduced populations and
analysis without the native poptitans substantially increasestamount of vaance explained
(F11s= 20.39;P = 0.0003; = 0.54).

The Procrustes superimpositi plots indicated ieresting contrastsetween native and
introduced Ontario populationsif¢fare 4). The residal vectors had cluped apexes in both
native and introducedopulations but the clump for the nagipopulations was located close to
the origin while the clump for #hintroduced populations was loedtwell above iad to the left
of the origin (Figue 4). This indicated a similar withoategory (i.e., nate or introduced)
climate but a different betweentegory climate. This differenda climate between native and
introduced populations was prditarelated to the more nogm distribution of introduced
relative to nawre populations in Ontario {@ure 1). The orientatioaf native Ontario residual
vectors was more varied tharatlof the introduced populations, wh were generafl oriented in
directions opposite to tise defined by the early growth v (Figure 4). This indicated a
varied growth response in natigepulations but generglfaster observed growth in many of the
introduced populations than wasgicted by their climate chatacistics. Accordingly, the
direction of residual vectorsdinot differ from random in nativ@ntario populations (Figure 4c;
X? = 3.09; df = 3P = 0.38) but differed from random intinduced Ontaripopulations (Figure

4d; X* = 10.68; df = 3P = 0.01).
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Discussion

Climate contributed to variation in sontagrowth among North American smallmouth
bass populations; both the bivaeaelationships between variablend the signifant PROTEST
supported this conclusion. Of the climate variables, thoseedela air temperature had the
strongest relationship with growth, and in particular, groattiioung ages. Warmer air
temperatures result in genllyahigher thermal input ta waterbody and higher water
temperatures (Matuszek anduger 1996). Warmer watemgeratures and longer growing
seasons positively influence smatinth bass growth and survivali(i§ et al. 1999Shuter et al.
1980) which would explain the ptise association leveen air temperature and growth we
found in this study.

Smallmouth bass typically mae between ages 4 and éuidop et al. R05a) and thus,
the influence of climatappeared stage-specibiecause it had a stronger relationship to growth
at young, immature ages than typically matages. For young agdasses, the positive
relationship between temperataned growth means that largewdy sizes can b&chieved in
southern, warmer climates. Larger body siethe end of therst growing season are
associated with increased survival probabilitiesrdtre winter in smallouth bass (Shuter et al.
1980) and in a variety afther species (Garveat al. 1998; Hurst and @over 1998; Schultz et
al. 1998). In northern climatesnteeratures are coldegrowing seasons shorter, growth rates
slower, and survival of young aglasses limited; these retatships have likely been major
drivers of the northern nge limit in this species (Shutem@&Post 1990). Similar to what we
observed for the smallmouth bass, a positiveicglahip between early gwth and temperature
has been found in other freshwagport fish such as walley&nder vitreus (Lester et al. 2000),

and bluegill,Lepomis macrochirus (Tomcko and Pierce001). This relationship does not appear
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universal, however, gen that a recentusdly of yellow perchPerca flavescens, found no
association between temperature and growthsumraey of 72 Ontario populations (Purchase et
al. 2005).

Whereas climate was reldtéo early growth, biat factors might play large role later in
life. In walleyeS. vitreus, pre-maturation growth is influencég air temperature (Lester et al.
2000) while asymptotic fegth is related to populan density (Sass et al. 2004). In bluedill,
macrochirus, the significant relationship betweenesiat age and summer air temperature
decreases with age whereas the relationship betsiee at ageral lake size strengthens with
age (Tomcko and Pierce 2001). dimatically similar smallmuth bass populains from Nova
Scotia (MacMillan et al2002) and Ontario (Duop et al. 2005a), small adult body sizes are
found in lakes that lac&ther predatory fish species. Ahet reason for more variation in the
relation between climate and growth at older agésaisafter maturation, energy is invested into
reproduction (Lester et al. 2004yhe somatic growth patterns observed in a population will be
influenced by the timing of maturan and how much energyiisvested in reproduction (Lester
et al. 2004). As a result, thdagon between climate and growthweaker for typically mature
age classes. Therefore, insted being primarily driven bglimate, adult growth might be
shaped more by biotic factors such as poputatiensity, food avaiklity, fish community
structure, and reproductive investment.

Numerous studies have examined somatevijn rate variatioralong latitudinal clines
(e.g., Beamesderfer ainbrth 1995; Jensen et &000) but none that wenkw of have examined
how the relationship differs imtroduced populations. In oumsly, introduced populations had
higher PROTEST residuatlsan native populations indicatimgss concordandsetween climate
and growth. Furthermore, highessiduals were obsexd in those populatiorfarthest from the

center of the native distriboth. There are several possible masfor the pattern of larger
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residuals in non-nativegpulations. First, some introducpdpulations mighhot have been
established long enough @dapt to the climte in the new environmenA few populations in
Nova Scotia, for exampleyere introduced agcently as 10-25 yeaago (MacMillan et al.
2002). Second, the climate (and gibs/ other environmental conditions) in those locations
outside the nativdistribution might be more extreme amnak within the clinate-growth response
range typically experiered by smallmouth bass. Althoutitere is a posite relationship
between temperature and growtl, iftstance, there might be apper limit to the growth, thus
reducing or altering the response of growtllimate usually observad native populations.
Third, recently introduced populatis might show fast somaticayvth rates as their population
expands into an environment with little intraesgic competition for fod or other resources
(e.g., Shuter and Ridgway 2002). this third case, before poptian equilibrium is reached, the
linkage between somatic growth and climate widué quantitatively dfierent from the linkages
characteristic ohative populations aquilibrium.

The large Procrustes residuafantroduced populations weli&ely also the result of
multiple population sources. Buo the nature and breadthsofallmouth bass introductions, we
could not identify the eact source or date of origin each introduced popation. The large
residuals do not imply thalimate and growth arnot related in introduced populations. Climate
is still expected to iftuence growth in introduced populatiobst the respondgs just weaker,
more varied, or atypical of wha normally observed within theative distribution.The multiple
sources (hatcheries versus natural dispersal eteigd time since intduction (i.e., from 10 to
200 years ago), the vasinge (i.e., from East to Weatd North to South) over which
populations have been introducedd varied ecological conditions (i.e., fameailability) have
likely all contributed tdhe residual variationbserved in introducegbpulations. What our

study shows is that climateeaywth relationships are distinbetween introduced and native
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populations. Future researcould aim at pinpointing the forctsat have shapetie differences
in these relationships.

The patterns we observed in the Ontario popariatprovide furtheevidence aso why
the association between climand growth was weakenedimroduced populations. The
relationship between cliate and growth weaken&dth increasing disince from the native
distribution. This mighbe because the climate becomesersevere in the north where the
introductions have occurred and (or) becauseahge expansiohas proceeded from south to
north making those populations fuest north, the mosécently introduced. Bm the analysis of
residual vector direains, we also found evidence that gtiowas faster than what climate
typically predicted irthe introduced Ontario populationBast somatic growth might occur
because population densitieg énw in recently introducedopulations and not limited by
resources. Another possibilitytizat populations have agted to the cold teperatures or short
growing seasons in Ontario (the northern limit of the species’ ranggjotyng faster (or by
increasing their capacity for groly, thus following the pattern demonstrated for Atlantic
silversidesMenidia menidia (Yamahira and Conover 2002). In teesse, the fact that introduced
Ontario populations occur in mon@rthern latitudes than thetive populations, might explain
why we do not see the same patterthin the native range in @ario. Populations introduced to
the south of the native range mighitially show faser growth, like thosentroduced in northern
Ontario, as they expand into theew environments. Howevemce stabilized, those southern
introduced populations migladapt to tb warmer climatic conditions mways that vary from that
observed in the north.

The bivariate relationshiggetween climate and growtiontained a large amount of
unexplained variation (T#2). The poorer concordance beem climate and growth exhibited

by the introduced populations doubt produced some tfe variability. Differences in the
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year(s) of population sartipg have likely also conibuted to the variation. In our study, the
climate variables represented a 30 year mearads the growth variables were measured along
a shorter time-scale (typicalowver 1-4 years). However, theeugf back-calculations and multi-
year sampling likely reduced much of the pot@rgaampling-year effects because the growth
histories of smallmouth bass of mple ages, sampled overultiple years, were typically used to
calculate the length anements for each population. Theref, the lagth increments for a
population represented the grovattern averaged over sealecohorts and would be less
influenced by short-term flucttians in climate. We also lgowledge tht although significant
steps were taken to reckithem (i.e., through validation)rers in aging and back-calculations
might have contribied to the observed variation.

Differences between the sammgiyears of introduced andtivee populationsnight have
also contributed to the varan around bivariate rei@nships. If introduced populations were
usually sampled more recently than napepulations, discrepanadetween climate and
growth in introduced paulations might refleatecent trends in cliate. However, although
introduced populations in our studiere on average sampled irgslily more recent years (mean
sampling year was 1987 for introduced and 1982&dive populations; butote that publication
year was used for some populations for wisampling year was not available), in Ontario,
residuals of introduceplopulations were largehan native poputens even though their
sampling year(s) did not differ (mean samplysgr was 1995 for both introduced and native
Ontario populations). Theremralthough differencaa the timeframe of sampling might have
contributed to the variation, ¢ly do not appear to be dmg the relationships observed.

The use of air temperature rather than wemperature in ourstly might have also
contributed to the obserdevariation. Waterbodies of different sizesdypes might have similar

climates but different water temperatures (e.g., Oswald anddr2004; Shuter et al. 1983).
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However, this fact is less liketo have influenced patterns ang lake populations because the
smallmouth bass is largely a littoral species antmt@mperatures in the shallow littoral areas of
lakes are not as senseito the size of theraterbody (e.g., Dunlop at. 2005a; Shuter et al.
1980; Shuter et al. 1983h6&ter et al. 1985). Wes want to point out #t our study focused on
climate and how its assi@ation with growth weakens intioduced populationsWe therefore
did not explore many of the otherriables that have likg contributed to theariation in growth.
Variables found to contribute toawth variation in othefreshwater specieand that might have
similar effects in the smallmoutiass, include lake size (Purchasal. 2005; Shet et al. 1998),
water clarity (Lester et al. 2008huter et al. 1998; Tomcko@ Pierce 2001), maximum lake
depth (Tomcko and Pier@®901), and food supply (Chen and Harvey 1995).

Past studies of environmehgrowth linkages among geogtapally diverse smallmouth
bass populations (e.g., Beameder and North 1995; Puin et al. 1995), although
comprehensive, have relied on traditional regoesand correlation statisi. The multivariate
test we used, PROTEST, was veseful in identifying patternsf concordancéetween climate
and growth that otherwise walbe difficult to déect. Whereas mamyf our bivariate
relationships were vak, the Procrustes test was highignificant. Thus, although the
relationship between indidual growth and climatvariables was oftendtily variable (with low
r? values), there was a strong mleéassociation between climatad growth that could only be
detected through an appraie multivariate testuch as Procrustes.

In our analyses, we employed a Procrustdbdt minimized the dual sum-of-squares
between the climate andayrth matrices; this is the mosatitional approackPeres-Neto and
Jackson 2001). However, it is possible te ather methods for mimizing differences in
Procrustes analysis, for examplee repeated-medians fit, a reardtfit approaclfe.g., Olden et

al. 2001). Just as is the caserfon-parametric bivariate fits,gistant-fit Procrustes analysis
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would be less influenced by outliers than titaelitional least-squasdit (Siegel and Benson
1982) and although the least-sq@aapproach detected meanmgdatterns in our analysis,
future studies might benefit fino considering other, less tréidnal Procrustes fits.

The current study provideuseful predictions of the imapt of climate change on existing
smallmouth bass populations andights into the ways that wé introduced smallmouth bass
populations might diffefrom long-established tige populations. Ouresults suggest that
climate warming will lead to fastgrowth rates, most notably yung ages. Juvenile growth is
tightly linked to the timing omaturation (Dunlop et al. 2005hihd thus, clima change could
have a significant impact aeproductive schedules throughiitgpact on somatic growth.
Furthermore, smallmouth basgroductions can havelarge and negative impaon native fish
communities (Jackson 2002; MacRae and daick001; Vander Zanden al. 1999). The
distribution of smallmouth basss been expanding throughout Warld as a direct result of
conscious human actisrflguchi et al. 2004; Robbinsaé MacCrimmon 1974). This range
expansion will likely ontinue in the futureral be facilitated by climatwarming, particularly
along the northern part oféhrange (Shuter and Post 199@)ere some northerly range
expansion has already been observed (Figusent® the Robbis and MacCrimmon (1974) map
was made. Our resulsiggest that as these populationsade new environents, they might
exhibit considerable variation life history chaacteristics dependg on the origin of the initial
colonists, the geographical loaatiof the introdutton, and the length ofrtie since colonization.
These differences could play gsificant role in deermining the impact of these invasions on
native fish communitiegnd therefore, further research on Itr@ogical factors that shape these
differences would be dfirect practical use and, in additiomould provide valable insight to

our understanding of the basimlogy of smallmouth bass.
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Table 1. Characteristiad 125 smallmouth basbjicropterus dolomieu, populations.

Waterbody Type Loc Category Source Length increment (cm)
Age 1 Age 2 Age 3 Age 4

Alexander Lake CT |Introduced CT Electrofishing 5.8 5.8 3.6 2.1
Aylesford Lake NS Introduced NS Tournament 6.2 444348
Balsam Lake ON Native OMNR 6.7 595.143
Bantam Lake CT Introduced CT Electrofishing 4.1 495938
Barkhamsted Lake CT Introduced CT Electrofishing 7.8 8.76.24.0
Bashan Lake CT |Introduced CT Electrofishing 59 5.63.84.0
Bennett River MD Introduced Carlander (1977) 7.6 6.61.02.2
Bethany Lake CT Introduced CT Electrofishing 8.8 9.36.23.3
Big Buffalo Creek River MO Native Reed and Rabeni (1989) 54 4.7 4.8 4.3
Big Gull Lake ON Native OMNR 6.1 484435
Big Lake Lake ME Introduced Carlander (1977) 6.8 6.95.84.9
Big Piney River MO Native Carlander (1977) 71 545153
Black Pond Lake CT Introduced CT Electrofishing 5.8 547438
Black River MO Native Carlander (1977) 8.6 7.66.35.9
Black River Lake NS |Introduced NS Tournament 7.0 423237
Boot Lake ON Introduced OMNR 6.7 453.64.3
Buckhorn Lake ON Native OMNR 6.1 544.75.1
Candlewood Lake CT Introduced CT Electrofishing 6.3 6.76.7 5.8
Catoctin River MD Introduced Carlander (1977) 9.3 515456
Cedar Lake ON Introduced OMNR 7.1 524133
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Clarke

Clear
Clearwater

Cliff
Connecticut, central
Connecticut, north
Conowingo Pond
Couchiching
Coventry
Crooked Pine
Crotch

Crystal

Dashwa Crow
Deep Creek

Des Moines
Dickey

Drag

Easton

Fall Creek

Fort Gibson
Galena

Gardner

Lake

Lake

River

Lake

River

River

River

Lake

Lake

Lake

Lake

Lake

Lake

Lake

River

Lake

Lake

Lake

Lake

Lake

River

Lake

PA

Wi

ID

ON

CT

CT

PA

ON

CT

ON

ON

CT

ON

MD

IA

ON

ON

CT

NY

OK

Wi

CT

Native

Introduced

Introduced

Introduced

Introduced

Introduced

Introduced

Native

Introduced

Introduced

Native

Introduced

Introduced

Introduced

Native

Native

Native

Introduced

Introduced

Native

Native

Introduced

Carlander (1977)
Marinac-Sanders and
Coble (1981)
Carlander (1977)
OMNR

CT Electrofishing
CT Electrofishing
Heisey et al. (1980)
OMNR

CT Electrofishing
OMNR

OMNR

CT Electrofishing
OMNR
Carlander (1977)
Carlander (1977)
OMNR

OMNR

CT Electrofishing
Carlander (1977)
Carlander (1977)

Forbes (1989)

CT Electrofishing

8.8

4.9

5.7

55

8.8

8.3

7.8

6.8

6.3

6.5

6.6

4.3

8.5

7.6

10.6

5.9

5.3

8.4

5.5

7.3

6.1

6.7

8.34.627

4153565

494627

443534

7.7593.8

6.75.54.1

5.2 7.7

6.06.65.6

5.75.73.8

6.67.35.5

594959

7.26.65.8

6.54.134

8.77.05.1

6.6 41

464140

473340

8.7753.6

3.03.12.0

6.05.22.6

498125

6.6594.9

3.8

4.6
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Gaspereau
Cayuga
George

Go Home
Gould

Grand
Highland
Housatonic
Idlewild
Jordan
Joseph
Kaministiquia
Kashwakamak
Kennebec
Killams
Koshlong
Lake of the Woods
Lerome
Lillinonah
Little Gull
Little Miami

Little River

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

River

Lake

River

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

River

Lake

NS

NY

NS

ON

ON

NS

CT

CT

PA

IL

ON

ON

ON

ON

NS

ON

ON

ON

CT

ON

OH

NS

Introduced

Introduced

Introduced

Native

Native

Introduced

Introduced

Introduced

Introduced

Native

Native

Introduced

Native

Native

Introduced

Native

Introduced

Introduced

Introduced

Introduced

Native

Introduced

NS Tournament
Carlander (1977)
NS Tournament
OMNR

OMNR

NS Tournament
CT Electrofishing
CT Electrofishing
Carlander (1977)
Carlander (1977)
OMNR
Stephenson and Momot
(1991)

OMNR

OMNR

NS Tournament
OMNR

OMNR

OMNR

CT Electrofishing
OMNR
Carlander (1977)

NS Tournament

6.1

4.8

5.3

6.5

8.0

5.9

6.6

6.5

8.7

8.3

4.5

9.5

6.8

6.5

6.3

5.9

7.8

6.8

7.3

8.0

7.3

6.2

393426

474340

373127

555541

10.0 7.0

433.63.1

6.04.94.2

433957

767354

7.33.93.8

464447

42186.3

5.85.84.0

544238

433131

515373

493.93.7

6.76.8 3.6

585456

6.6595.0

7.15343

443738

4.3
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Little River OK Native Carlander (1977) 7.8 5.04.34.7
Little Vermillion Lake ON Introduced OMNR 5.8 343733
Loch Raven Lake MD Introduced Carlander (1977) 9.7 10.0 7.8
Mansfield Hollow Lake CT Introduced CT Electrofishing 7.6 7.54.64.1
Maquoketa River 1A  Native Paragamian (1984) in 59 6.4556.2
Weathers and Bain (1992)
Mashapaug Lake CT |Introduced CT Electrofishing 6.1 534.743
Massie River OH Native Carlander (1977) 6.6 6.9554.0
Middle Bolton Lake CT Introduced CT Electrofishing 6.3 514134
Milo Lake NS Introduced NS Tournament 6.6 5.84.23.0
Muddy Run Pond River PA Introduced Heisey et al. (1980) 8.5 55 3.5
Muscatatik River IN  Native Carlander (1977) 4.1 494.16.2
Nebish Lake WI Native Serns (1984) 5.8 6.24.954
New River River VA Introduced Austen and Orth (1988) in 6.6 584.328
Weathers and Bain (1992)

Nishin Lake ON Introduced OMNR 5.6 443729
Norris Lake TN Native Carlander (1977) 12.5 8.2 4936
North Eels Lake ON Native OMNR 5.8 544041
Nym Lake ON Introduced OMNR 6.4 555.66.0
Oneida Lake NY Native Carlander (1977) 6.9 6.55.33.2
Opeongo Lake ON Introduced OMNR; Dunlop et al. 2005a 4.8 4.2 4.4
OPP Lake NS Introduced NS Tournament 8.2 584.34.3
Panuke Lake NS Introduced NS Tournament 9.8 6.74.83.7

Pats Creek River WI Native Forbes (1989) 7.8 6.84.94.1
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Pefferlaw
Pekagoning
Pickerel
Pine Flat
Pocotopaug
Porters
Potomac
Provoking
Pseudo
Quabbin
Quinebaug
Rainbow
Red Cedar
Rice
Rosseau

Salmon

Salmon River

Salmon Trout

Sandusky
Saugatuck
Shenipsit

Shoal

River

Lake

Lake

Lake

Lake

Lake

River

Lake

Lake

Lake

Lake

Lake

River

Lake

Lake

River

Lake

Lake

River

Lake

Lake

Lake

ON Native

ON Introduced

ON Introduced

CA Introduced

CT Introduced

NS Introduced

MD Introduced

ON Introduced

ON Introduced

MA Introduced

CT Introduced

CT Introduced

WI Native

ON Native

ON Native

ID Introduced

NS Introduced

ON Native*

OH Native

CT Introduced

CT Introduced

ON Introduced

Robbins and MacCrimmon
(1977)

OMNR

OMNR
Carlander (1977)
CT Electrofishing
NS Tournament
Carlander (1977)
OMNR; Dunlop et al. 2005a
OMNR
Carlander (1977)
CT Electrofishing
CT Electrofishing
Carlander (1977)
OMNR

OMNR
Carlander (1977)
NS Tournament
OMNR
Carlander (1977)
CT Electrofishing
CT Electrofishing

OMNR

6.5

9.4

7.1

8.1

5.6

7.5

8.5

4.9

6.5

7.7

6.8

7.3

8.7

7.8

5.7

5.3

9.2

5.4

7.7

6.3

6.1

6.8

6.15.14.3

8.75.63.5

6.35.75.3

8.7534.6

707359

584.73.8

544243

3.5 3.2

5.12.63.8

8.66.64.4

756.01.8

8.87.34.0

8.05.35.2

6.35.54.5

5.15.04.9

413927

6.64.62.9

6.64.93.5

5.05.6 8.0

6.74.53.8

494747

5.04.84.2

28
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Shoals Reach

Simcoe

Skootamata

Smoke

Snake

Spectacle

Stillwater

Tadenac

Terramuggus

Turkey

Twelve Mile

Wangum

Waramaug

West Hill Pond

West Thompson

Wyassup

Zoar

River

Lake

Lake

Lake

River

Lake

River

Lake

Lake

River

Lake

Lake

Lake

Lake

Lake

Lake

Lake

AL

ON

ON

ON

ID

NS

OH

ON

CT

IA

ON

CT

CT

CT

CT

CT

CT

Native

Native

Native

Introduced

Introduced

Introduced

Native

Native

Introduced

Native

Native

Introduced

Introduced

Introduced

Introduced

Introduced

Introduced

Slipke et al. (1998);
Weathers and Bain (1992)

OMNR

OMNR

OMNR
Carlander (1977)
NS Tournament
Carlander (1977)
Carlander (1977)
CT Electrofishing
Carlander (1977)
OMNR

CT Electrofishing
CT Electrofishing
CT Electrofishing
CT Electrofishing
CT Electrofishing

CT Electrofishing

7.8

5.9

5.9

5.1

5.9

6.5

6.1

6.9

5.1

6.1

7.0

5.8

6.1

6.9

7.9

8.8

6.1

828253

585455

494743

474744

593425

6.14.73.3

7.86.85.9

253959

535234

6.85.14.7

7.04.954

6.37.05.3

456.56.3

493531

6.04.127

7.66.15.0

574749

*fell on the border of the native and introdugadge and category is unsure

‘River’ includes streams and creeks and ‘Lake’ includes reservairp@nds; Loc = state or

province abbreviation;&rce = Connecticut elgofishing survey (CT Electrofishing), Nova

Scotia angling tournamé (NS Tournament), Ontario Minrgtof Natural Resources sampling

program (OMNR), or publishedata (showing reference).
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Table2. Statisticsfor bivariatelinear regressions between growth and climate variables.

2

Dependent variable Independent variable r P-value Intercept Slope
Age 1 growth Cloud cover 0.02 0.17 10.12 -0.052
Age 1 growth Frost frequency 0.08 0.00 8.56 -0.013
Age 1 growth Precipitation 0.01 0.35 6.34 0.018
Age 1 growth Mean temperature 0.07 0.00 6.07 0.010
Age 1 growth Minimum temperature 0.07 0.00 6.66 0.010
Age 1 growth Maximum temperature 0.07 0.00 5.52 0.010
Age 1 growth Summer temperature 0.09 0.00* 4.04 0.015
Age 1 growth Ln(Degree days 10) 0.08 0.00 -1.99 0.952
Age 2 growth Cloud cover 0.01 0.36 8.25 -0.037
Age 2 growth Frost frequency 0.14 0.00* 8.33 -0.018
Age 2 growth Precipitation 0.00 0.48 5.54 0.014
Age 2 growth Mean temperature 0.13 0.00* 4.84 0.015
Age 2 growth Minimum temperature 0.13 0.00* 5.67 0.015
Age 2 growth Maximum temperature 0.12 0.00* 4.10 0.014
Age 2 growth Summer temperature 0.14 0.00* 2.21 0.020
Age 2 growth Ln(Degree days 10) 0.14 0.00* -6.92 1.385
Age 3 growth Cloud cover 0.00 0.74 5.76 -0.012
Age 3 growth Frost frequency 0.06 0.00 6.47 -0.011
Age 3 growth Precipitation 0.00 0.52 4.66 0.012
Age 3 growth Mean temperature 0.06 0.00 4.29 0.009
Age 3 growth Minimum temperature 0.07 0.00 4.81 0.010
Age 3 growth Maximum temperature 0.06 0.01 3.84 0.009
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Age 3 growth
Age 3 growth
Age 4 growth
Age 4 growth
Age 4 growth
Age 4 growth
Age 4 growth
Age 4 growth
Age 4 growth

Age 4 growth

Summer temperature
Ln(Degree days 10)
Cloud cover

Frost frequency
Precipitation

Mean temperature
Minimum temperature
Maximum temperature
Summer temperature

Ln(Degree days 10)

0.08

0.09

0.01

0.00

0.01

0.00

0.00

0.00

0.01

0.01

0.00*

0.00*

0.34

0.92

0.25

0.75

0.83

0.68

0.28

0.26

2.42

-4.18

6.17

4.29

4.78

4.18

4.24

4.10

3.48

1.49

0.014

0.987

-0.030

-0.000

-0.019

0.001

0.001

0.001

0.004

0.296

*significant P-value with the Bonferonni correction @i 0.00156).
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Figure 1. Locations of 125 sangsmallmouth bas$/icropterus dolomieu, populations in
North America. The shadedearis the native range of atitmouth bass frm Robbins and
MacCrimmon (1974).

Figure 2. Results of the prinpal components analysis@Rr) of smallmouth basicropterus
dolomieu, climate and growth data. )(dariable scores (i.e., corréilans) for the PCA of climate
data. (b) Variable scores for the PCA of gtlowata. (c) Individugbopulation scores for the
PCA of climate data. (d) Indidual population scores for tHRCA of growth data. Closed
circles are introducepopulations and open tridleg are nativgpopulations.

Figure 3. Relationship between PROTE$esiduals and diahce to the cent@f the native
distribution for smallmouth basklicropterus dolomieu, populations in Ont&, Canada. Closed
circles are introducepopulations and open tridleg are nativgpopulations.

Figure4. PROTEST residuals of smallmouth badsropterus dolomieu, populations in
Ontario, Canada. Yd&rocrustes superimposition plot fuative populations. Insert shows the
growth vectors from the PXC(from top to botton of insert are growth a@ge 4, age 3, age 2 and
age 1). (b) Procrustes suipeposition plot for introducegopulations.(c) Frequency
distribution of PROTESTesidual vector direction for nagwopulations. Insert illustrates
guadrant assignments (A, B, C, Bgsed on the direction of thesidual vector. (d) Frequency

distribution of PROTES residual vector direction for introduced populations.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
0.2
(a) (b)
0.1 — l§ -
2 y -
£ 0 SS
S |
o
O]
-0.1 — —
02 | | | |
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1
Growth PC | Growth PC |
0.8

0.2

o
o
|
O
o

Frequency
o
N
I

o
N
I

A B C D
Quadrant

B C
Quadrant

44



	front.pdf
	dunlop_T05218.pdf

