Semple, J.C., H. Faheemuddin, Y.A. Chong, M.K. Sorour, J.A. Hood, I. Khamis, Y. Ma, and K. Kornobis. 2013. A multivariate
morphometric study of the Solidago canadensis | S. lepida complex of Solidago subsect. Triplinerviae. 1. Northeastern taxa
(Asteraceae: Astereae). Phytoneuron 2013-58: 1-20. Published 21 August 2013. ISSN 2153 733X

A MULTIVARIATE MORPHOMETRIC STUDY
OF THE SOLIDAGO CANADENSIS/S. LEPIDA COMPLEX
OF SOLIDAGO SUBSECT. TRIPLINERVIAE.
I. NORTHEASTERN TAXA (ASTERACEAE: ASTEREAE)

JOHN C. SEMPLE, HARISFAHEEMUDDIN, Y. ALEX CHONG, MARIAM K. SOROUR, JENNIFER A. HOOD,
IMRAN KHAMIS, YUNFEI MA, AND KATHERINE KORNOBIS
Department of Biology
University of Waterloo
Waterloo, Ontario Canada N2L 3G1
Corresponding author: jcsemple@uwaterloo.ca

ABSTRACT
The Solidago canadensis/S. lepida complex stretches across much of North America. A
multivariate morphometric analysis including 28 vegetative asrdlftraits scored on 162 specimens
was performed to assess the classification of the compleastern North America proposed by
Semple (2013). Discriminant analysis indicates suppontefawgnizing the following taxéBolidago
elongata andS lepida in western North America arfl brendiae, S canadensis (var. canadensis and
var. hargeri), andS fallax (var.fallax and varmolina) in eastern North America.
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The Solidago canadensis L./ S. lepida DC. complex occurs across much of North America
(Semple & Cook 2006). Taxonomic treatments of the complex hafezedifgreatly in how many
taxa are to be recognized and at what taxonomic rankialBef1915) described two varieties &s
lepida var. fallax Fern. andS. lepida var. molina Fern., and he treate®l elongata Nutt. asS lepida
var. elongata (Nutt.) Fern In the same paper, Fernald also described a hairyvstdmmore southern
race asS. canadensis var. hargeri Fern. The complex also includ8sgigantea Ait. Melville and
Morton (1982) presented a multivariate study of the east@endfhithe complex focusing only on
those occurring in Ontario. They found support for recoggite two varieties db canadensis: S
lepida at specific rank, anfl. gigantea. Cronquist (1994) treatesl lepida asS canadenis var. lepida
(DC.) Crong., and he noted th&tgigantea was an easily recognized species separate frorfi. the
canadensis complex.

In the Flora of North America, Semple and Cook (2006) fatidwielville and Morton on
Solidago canadensis, recognizeds. lepida subspfallax (Fern.) Semple with Fernald's two varieties
in synonymy, restricte®. elongata to the Pacific Coast states from Washington to Caliégrand
treatedS gigantea as a separate species. Semple (2013) treated Fereakleyn varieties d
lepida as$S fallax var. fallax andS. fallax var. molina (Fern.) Semple and Fernald'sldngata” as a
new specieS brendiae Semple.

Also included in theSolidago canadensig/lepida complex are the wester® lepida var.

salebrosa (Piper) Semple anfolidago rupestris Raf., which along witl&. gigantea are not covered
in the multivariate analysis presented below. OtheciepefSolidago subsectTriplinerivae (Torr.
& A. Gray) Nesom are included in the informBdrtifolia Group (Semple, Astereae Lab web site,
continuously updated) and are not included in the mulat@@nalysis presented below. Additional
multivariate morphometric studies in preparation by theerdste Lab will cover taxa not included
below.
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MATERIALSAND METHODS

In total, 162 specimens from BOON, MIN, JKM in ROM, and WAn MT (Thiers,
continuously updated) were selected for inclusion in thiysisaof northeastern North American taxa
from a matrix of 280 plants covering the entire transcontih&otedago canadensis/lepida complex.
Thirteen vegetative and 15 floral traits were scored &hespecimen: 1-5 replicates per character
depending upon availability of material and whether or not #iewas meristic (Table 1). Mean
values were used in the analyses, while raw values ws®d to generate ranges of variation for each
trait. Sample sizes varied among taxa based on thefdize range of distribution and availability of
specimens: 2B brendiae, 30 S canadensis var. canadensis, 12 S canadensis var. hargeri, 26 S.
elongata, 12 S.fallax var.fallax, 11 S.fallax var.molina, and 27S. lepida var. lepida; one additional
specimen was included by not assigned to an a priori group.

Table 1. All characters scored on specimensincluded in the study S. canadensis/S. lepida complex; traits
scored in replicates of five when material available; 1 value for meristic traits.

STMHT Height of the stem from base to the top of tiflorescence (cm)

LLFN Lower stem leaf length (mm)

LLFW Lower stem leaf length (mm)

LLFWTOE Length of lower stem leaf from widest point to tip (mm)
LLFSERNUM Number of serrations on one side of a lower stem(&tdé with the most)
MLFLN Mid stem leaf length (mm)

MLFW Mid stem leaf width (mm)

MLFWTOE Length of mid stem leaf from widest point to tip (mm)
MLFSERNUM Number of serrations on one side of a mid stem ledé {sith the most)
ULFLN Upper stem leaf length (mm)

ULFW Upper stem leaf width (mm)

ULFWTOE Length of upper stem leaf from widest point to tip (mm)
ULFSERNUM Number of serrations on one side of a upper stem lek#f \(gth the most)
CAPL Length of inflorescence from tip to base of lowest bhafoon)

CAPW Width of pressed and dried inflorescence at widest p(irt

INVOLHT Height of involucre from base to tip of longest phyllarym)

OPHYLL Length of outer phyllary (mm)

IPHYLL Length of inner phyllary (mm)

RAYNUM Number of ray florets

RSTRAPL Length of the ray strap (lamina; mm)

RSTRAPWD Width of the ray strap (lamina; mm)

RACHBL Length of the ray floret ovary at anthesis (mm)

RPAPL Length of the ray floret pappus at anthesis (mm)

DISCNUM Number of disc florets

DCORL Length of the disc floret corolla in total (mm)

DLOBL Length of the disc floret lobes (mm)

DACHBL Length of the ray floret ovary at anthesis (mm)

DPAPL Length of the ray floret pappus at anthesis (mm)

Traits used to define a priori groups were not includatiéranalyses to avoid circular logic.

Differences in general inflorescence shape and brancliaacteristics, lower stem pubescence
density, and leaf pubescence density were used to definmra gyoups along with geographic
location.

All analyses were performed using SYSTAT v.10 (SPSS 200R).pair-wise Pearson
correlation matrix was created to determine which dtara were highly correlated. One trait of
each pair that had a > |0.7| correlation value was @adldrom the analysis to avoid possible
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pleiotropic effects of a single gene and to make the testsliofiypothesis more stringent. Stepwise
discriminant analysis (STEPDISC) was used to setadstthat best separated groups based on the
Mahalanobis distances between a priori group centroids.

Classificatory Discriminant Analysis was run on N-litgaselected by the STEPDISC
analysis, if more than N-1 traits were selected, @i lowest sample size of the a priori groups; in
this study N = 11. Geisser probabilities of assignmenatb @ priori group were generated for each
specimen a posteriori based on the Mahalanobis distarmasttie specimen location plotted in N-
dimensional hyperspace to each a priori group centroideakiand Jackknifed analyses were run in
each classificatory analysis to test the strengtlyrolip separation in terms of the numbers of
discriminating traits. Results are presented in the fofrt) F-value matrices based on Mahalanobis
distances between group centroids and 2) tables sumnggtiie results of the two methods of doing
the classificatory discriminant analyses. Conclusioeseweached based on the percent of correct
placements of specimens and the probabilities of the p&dsnbeing correct and visual re-
examination of each specimen initially and latter higlesolution digital images of the specimens.
Lastly, a canonical analysis was performed as a dimemeduction technique to allow visualization
of results in 1 to 3 dimensions with the number of disiens being N-1, where in this case N equals
the number of a priori groups in an analysis.

Six separate discriminant analyses were performete fifst was performed on seven a
priori groups and included 162 specimens assigned to one of phieragroups; one additional
specimen was included but not assigned to an a priori groupecénd analysis was performed on
two a priori groups of just specimens Sflidago brendiae andS. canadensis. A third analysis was
performed on three a priori groups of just specimenS bfendiae, S canadensis var. canadens's,
and S. canadensis var. hargeri. A fourth analysis was performed on two a priori groopgust
specimens of brendiae andS fallax. A fifth analysis was performed on three a prioriug® of just
specimens ofS brendiae, S fallax var. fallax, and S fallax var. molina. A sixth analysis was
performed on two a priori groups of just specimensSofcanadensis var. canadensis and S
canadensis var. hargeri.

RESULTS

Seven taxa analysis

Data on all specimens were used to generate a Pearsmta@an Matrix. The following
pairs of traits had correlations greater than |0.7|FM—ULFLN, MLFW-UPLWF, CAPL-CAPW,
INVOLHT-DCORL, IPHYLL-RPAPL, IPHYLL-DCORL, RPAPL-DCORLRPAPL-DPAPL, and
DCORL-DPAPL. MLFL, UPLW, IPHYLL, DCORL and DPAPL werexcluded in the discriminant
analyses. CAPL and CAPW were also excluded as thexseused to partially define a priori groups.
Stepwise discriminant analysis selected the following séaés as useful in separating the a priori
groups in the analysis including all taxa: RPAPL (17.01),YRAM (12.35), ULFLN (10.83),
MLFW (7.19), INVOLHT (7.04), DISCNUM (5.60), and DLOBL (5.39) decreasing order of F-to-
remove value. Wilks's lambda, Pillai's trace, anavley-Hotelling trace tests of the null hypothesis
that all groups were the samples of one group had probabifftigs= 0.000 that the null hypothesis
was true. The F-matrix for the discriminant analysigresented in Table 2.

In the Classificatory Discriminant Analysis, corrassignments of specimens for taxa ranged
from 63% to 96%. The Classification matrix and Jackknife claasibn matrix are presented in
Table 3 and the Geisser assignment probabilities by taxonptzstariori taxa are summarized in
Table 4.Individual a priori taxa are presented below in decreagider @f percent correct placement.

* Twenty-five of the 26 specimens (96%) assigned a priorigantbsterrgolidago elongata were placed a
posteriori intoS. elongata with 15 specimens placed with 90-100% probability; the meaigrasent
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probability was 84%. Two of collections assigned a posteido8 elongata were from southwestern
British Columbia: Murrin Prov. PkLomer 6361 (UBC); SurreyLomer 6467 (UBC).

* Twenty-three of the 27 specimens (89%) assigned ai poi&olidago brendiae were placed a posteriori
in S. brendiae with 11 specimens placed with 90-100% probability; the me&dgrement probability was
70%. Of the three specimens not assigned a posterigrbtendiae, one was assigned  canadensis
var. canadensis with 33% probability, one was assigned $o canadensis var. hargeri with 49%
probability, and one was assignedtdallax var.fallax with 62% probability.

* Twenty-six of the 30 specimens (87%) assigned a prioHolidago canadensis var. canadensis were
placed a posteriori in vacanadensis; six specimens with 87-100% probability, 15 specimens with 60-
79% probability; and five with 50-59% probability; the meanigassent probability was 65%. Of the
four specimens not placed in vaanadensis, one was placed in vahnargeri with 66% probability, two
were placed ir&. brendiae with 49% and 81% probability, and one was place8 idongata with 68%
probability.

* Sixteen of the 21 specimens (76%) assigned a pridblidlago canadensis var. hargeri were placed a
posteriori in var.hargeri; four specimens with 90-100% probability, four specimensh vii0-89%
probability, five specimens with 69-79% probability, and thspecimens with 41-49% probability; the
mean assignment probability was 65%. Of the five specimetnglaced in varhargeri, four were placed

in var. canadensis with 44-73% probability and one was placedsifbrendiae with 97% probability. One
of the two field collected specimens®fcanadensis var.hargeri from Europe was assigned a posteriori to
var. hargeri with 41% probability; the other was assigned a postermnar. canadensis with 58%
probability.

* Eight of the 12 specimens (67%) assigned a priori toStimlago fallax var. fallax were placed a
posteriori into varfallax; 4 specimens with 81-95% probability, three with 75-77% probglzlitd two
with 52-53% probability; the mean assignment probability was.838the four specimens not placed in
var. fallax, one was placed in vamolina with 60% probability, one was placed$hbrendiae with 49%
probability, and one was placed $ lepida with 36% probability (32% in varfallax and 31% in var.
molina), and one irS. canadensis var. hargeri with 38% probability (27% t0 var. molina and 22% to var.
fallax).

* Twelve of the 19 specimens (63%) assigned a priori tdSthielago fallax var. molina were placed a
posteriori into varmolina; 1 specimen with 97% probability, four with 74-88% probahilibur with 57-
64% probability, and one with 40% probability; the mean assignprebability was 50%. Of the seven
specimens were not placed in vamlina a posteriori, three were placed in Viatlax with 85%, 53% and
42% probability, two were placed & brendiae with 62% and 46% probability, and two were place8.in
elongata with 50% and 41% probability.

* Seventeen of the 27 specimens (63%) assigned a pithe Bolidago lepida var. lepida were placed a
posteriori into varlepida; 14 specimens with 90-100% probability, two with 72-81% probabilitg, @ne
with 53% probability; the mean assignment probability was 6@bthe 10 specimens not placedSn
lepida var. lepida, one specimen from northern Ontario was placefl mlongata with 98% probability,
four specimens were placed $ elongata with 47-69% probability, one diploid specimen from the
Northwest Territories in western Canada was placedl brendiae with 46% probability, one specimen
was placed ir§ fallax var. molina with 46% probability (45% to S. lepida), and three specinesre
placed inS fallax var.fallax with 73%, 64% and 39% probabilities, respectively with the first twhaxe
being hexaploids from British Columbia.
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Table. 2. Between Group F-matrix for the seven taxa analysis, df =7, 145

brendiae  canadensis elongata  fallax hargeri lepida
canadensis 15.713 0.000
elongata 21.500 24.660 0.000
fallax 6.286 15.238 15.284 0.000
hargeri 17.938 5.450 27.342 11.914 0.000
lepida 30.280 50.234 17.410 11.119 36.769 0.000
molina 11.686 13.959 11.274 3.212 12.446 10.261

Wilks' lambda = 0.0481, df =7, 6, 155; approx. F= 15.1988, df Z@2,prob = 0.0000

Table 3. Results of the Classificatory Discriminant Analysis of the S. canadensis/S. lepida complex.

Classification matrix (a priori assignments in rowspateriori assignments in columns)

.g ©

% o) g 8 © @© g

i g 5 & ()} © £ =

& T = @ I S 38
brendiae 24 1 0 1 1 0 0 89
canadensi's 2 26 0 0 1 0 0 87
elongata 0 1 25 0 0 0 0 96
fallax 1 0 0 8 1 1 1 67
hargeri 1 4 0 0 16 0 0 76
lepida 1 0 5 3 0 17 1 63
molina 1 0 2 3 0 1 12 63

Totals 30 32 33 15 19 19 14 79
Jackknifed classification matrix
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brendiae 23 1 0 1 2 0 1 85
canadensi's 2 25 1 0 2 0 0 83
elongata 0 2 24 0 0 0 1 92
fallax 2 0 0 8 2 1 1 67
hargeri 2 4 0 0 14 0 2 67
lepida 2 0 6 3 0 16 1 59
molina 2 0 3 3 0 1 11 58
Total 29 31 34 15 16 18 17 75

5



Semple et al.: Solidago canadensis| S. lepida complex @

Table4. Summary of mean values of Geisser assignment probabilities for each taxon to taxon:

brendiae canadensis hargeri elongata fallax  molina lepida

S. brendiae 70% 6% 5% 3% 9% 7% 1%
S. canadensis
var. canadensis 8% 65% 19% 3% 0% 4% 0%
var. hargeri 6% 23% 65% 1% 1% 5% 0%
S. elongata 2% 3% 2% 84% 0% 6% 3%
S. fallax
var. fallax 11% 1% 4% 0% 63% 18% 4%
var. molina 5% 4% 4% 10% 19% 50% 8%
S. lepida 2% 0% 0% 15% 8% 9% 66%

In the Jackknifed Classificatory Discriminant Analysisfrect assignments did not change or
changed little from the linear Classificatory Discrirmb&nalysis. On average the decrease was 4%,
with no changesolidago fallax var. fallax. The largest decrease was ®rcanadensis var. hargeri
dropping from 76% to 67% correct placement a posteriori.

One hexaploid specimen from New Brunswick was unassignedaqeari group so that it
was not used in the Stepwise Discriminant Analysistaadyeneration of the discriminant functions
used to assign specimens a posteriori. This specimem@haded in the Classificatory Discriminant
Analysis and placed ifiolidago lepida var.lepida with 100% probability.

The results of the canonical analysis are shown in FigureEigenvalues for first three
canonical axes were 3.022, 1.048, and 0.838.

Solidago brendiae and S. canadensis analysis

Data on the 74&olidago brendiae andS canadensis specimens were used to generate a pair-
wise Pearson Correlation Matrix. The following pairs @fiter had correlations greater than [0.7]:
CAPL-CAPW, RPAPL-DCORL, RPAPL-DPAPL, and DCORL-DPAPLCORL and DPAPL
were excluded in the discriminant analyses. CAPL andWAfere also excluded as these were used
to partially define a priori groups. Stepwise discrimireamalysis selected the following four traits as
useful in separating the a priori groups in the analysisiding all taxaRAYNUM (44.68), ULFLN
(25.12), ULFSERNUM (9.98), and INVOLHT (8.63) in decreasing orofe F-to-remove value.
Wilks’s lambda, Pillai's trace, and Lawley-Hotellingdeatests of the null hypothesis that all groups
were the samples of one group had probabilities of p = 0.00@hhaull hypothesis was true. The
between group F-matrix (df= 5 68) included just the one value of 44/@il&' lambda = 0.2657, df
=4,1, 72; approx. F=44.6777, df = 4, 69; prob = 0.0000.

In the Classificatory Discriminant Analysis, the partof correct assignments of specimens
for Solidago brendiae andS. canadensis were 96% for each. Twenty-two of 23 specimens assigned a
priori to the S brendiae were placed a posteriori int® brendiae; 17 specimen with 98-100%
probability, three with 90-93% probability, and two with 81% 88&0% probability. One specimen
of S brendiae was assigned a posteriori $o canadensis with 82% probability; this specimen was
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from east of Escomins, Quebec, near the St. Lawrence Bkt had a damaged upper stem that
distorted inflorescence development. Forty-nine of 51 smeE@massigned a priori to the
canadensis were placed a posteriori inf® canadensis, 39 specimen with 97-100% probability, six
with 90-96% probability, and two with 74% and 81%% probabilityd awo with 52% and 56%
probability. Two specimens were assigned a posterio8 tarendiae with 95% (Georgian Bay,
Ontario) and 77% (New York) probability.

A two dimensional plot of the number of ray florets esrghe upper leaf length for
specimens o$olidago brendiae andS. canadensis (including both varieties) is shown in Figure 2.

Solidago brendiae, S. canadensis var. canadensis, and S. canadensis var. hargeri analysis

Data on the 7&olidago brendiae and the two varieties & canadensis specimens were used
to generate a pair-wise Pearson Correlation Matrix. fohewing pairs of traits had correlations
greater than |0.7|CAPL-CAPW, RPAPL-DCORL, RPAPL-DPAPL, and DCORL-DPAPL.
DCORL and DPAPL were excluded in the discriminant ssedy CAPL and CAPW were also
excluded as these were used to partially define a priotupg. Stepwise discriminant analysis
selected the following six traits as useful in separétiega priori groups in the analysis including all
taxa: RAYNUM (27.52), MLFW (17.11), ULFL (8.26), INVOLHT (7.29), ULFSBRIM (5.66),
and DLOBL (4.99) in decreasing order of F-to-remove valiélks’'s lambda, Pillai's trace, and
Lawley-Hotelling trace tests of the null hypothesis thlitthree groups were the samples of one
group had probabilities of p = 0.000 that the null hypothesis tmae. The F-matrix for the
discriminant analysis is presented in Table 5.

Table 5. F-matrix for the discriminant analysis of Solidago brendiae, S. canadensis var. canadensis, and
S. canadensisvar. hargeri; df = 6 66.

brendiae canadensis hargeri
brendiae 0.000
canadensis 24.078 0.000
hargeri 24.666 10.920 0.000

Wilks' lambda = 0.1394 df= 6 2 Approx. F= 18.4579 df= 12 132; prob = 0.0000

In the Classificatory Discriminant Analysis, the partof correct assignments of specimens
for Solidago brendiae, S canadensis var. canadensis, andS. canadensis var. hargeri were 96%, 97%,
and 86%, respectively. Twenty-three of 24 specimengrassia priori to theS brendiae were
placed a posteriori int8. brendiae; 18 specimens with 96-100% probability, four specimens with 77-
88% probability, one specimen with 67% probability, and one sEgcwith 38% probability (37%
to var.hargeri, 25% to varcanadensis). One specimen @& brendiae was assigned a posteriori$o
canadensis var. hargeri with 57% probability, toS. brendiae with 22% probability, and t&
canadensis var. canadensis with 21% probability; this was again the specimen was frast ef
Escomins, Québec. Twenty-eight of 29 specimens assigpedrato S. canadensis var. canadensis
were placed a posteriori into vacanadensis, 15 specimens with 90-100% probability, eight
specimens with 71-84% probability, and one specimen with 69% Iplbp#31% to var.hargeri).
Again the Georgian Bay, Ontario, specimen was assignesl brendiae with 79% probability.
Eighteen of 21 specimens assigned a priori tdtlanadensis var. hargeri were placed a posteriori
into var. hargeri; 10 specimen with 90-100% probability, three specimens witB7P6 probability,
and five specimens with 52-58% probability (48-42% to ¢anadensis). One greenhouse grown
voucher specimen of a New York collection was assignedseempari toS brendiae with 71% (27%
to var. hargeri). Two specimens assigned a priori to Vargeri were assigned a posteriori to var.
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canadensis with 81% and 71% probabilities. Two naturalized specimensiohargeri collected in
the greater Zirich area, Switzerland, were placed eempastin var. hargeri with 89% and 52%
probability.

Table 6. Results of the Classificatory Discriminant Analysis of the S. brendiae/S. canadensis complex.

Classification matrix (a priori assignments in rowspateriori
assignments in columns).
brendiae canadensis hargeri % correct

brendiae 23 0 1 96
canadensis 1 28 0 97
hargeri 1 2 18 86

Totals 25 30 19 93

Jackknifed Classification matrix
brendiae canadensis hargeri % correct

brendiae 22 0 2 92

canadensis 2 28 0 97

hargeri 2 7 13 62
Total 24 35 15 85

The results of the canonical analysis are shown in FigureERjenvalues for first two
canonical axes were 2.622 and 0.980.

Solidago brendiae and S. fallax analysis

Data on the 5&olidago brendiae andS fallax specimens were used to generate a pair-wise
Pearson Correlation Matrix. The following pairs of gsdiad correlations greater than [0.7]: MLFLN—
ULFLN, MLFW-ULFW, CAPL-CAPW and RPAPL-DPAPL. ULFLN, drRPAPL were excluded
in the discriminant analyses. MLFW, ULFW, CAPL, andR®3X were excluded as these were used to
define a priori groups. Stepwise discriminant analysiscsed the following five traits as useful in
separating the a priori groups in the analysis includingaath: DPAPL (41.34), ULFSERNUM
(29.12), INVOLHT (12.06), MLFLN (6.007), and RAYNUM (5.03) in demseng order of F-to-
remove value. Wilks's lambda, Pillai's trace, anavley-Hotelling trace tests of the null hypothesis
that all three groups were the samples of one group hashipilities of p = 0.000 that the null
hypothesis was true. The between group F-matrix (df= 1)3n8kided just the one value of 21.441;
Wilks' lambda = 0.3093, df=5, 1, 52; approx. F= 21.4407, df = 5, 48r@/0000.

Table 7. F-matrix for the discriminant analysis of Solidago brendiae, S. fallax var. fallax, and S. fallax
var. molina;, df = 4 48.

brendiae fallax molina
brendiae 0.000
fallax 10.293 0.000
molina 25.830 4,139 0.000

Wilks' lambda = 0.2590 df = 4, 2, 51; AppfF= 115773 df= 8 96; prob = 0.0000

In the Classificatory Discriminant Analysis, the partof correct assignments of specimens
for Solidago brendiae andS fallax were 96% and 90%, respectively. Twenty-three of 24 spes
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assigned a priori t& brendiae were placed a posteriori int® brendiae; 12 specimen with 100%
probability, five with 96-99% probability, three with 83-87%, atiulee 70%, 62%, and 52%
probability. One specimen & brendiae from Red Lake, Ontario was assigned a posteriof. to
fallax with 92% probability. Twenty-two of 24 specimens assigned aripgo theS. fallax were
placed a posteriori int&. fallax; 15 specimens with 99-100% probability, seven with 92-97%
probability, and two 78% and 66% probability. Three specimssig@ed a priori t&. fallax were
assigned a posteriori ® brendiae with 91% probability (Saint-Gabriel, Québec and probably shoul
have been assigned a priori ® brendiae), 52% probability (Lark Harbour, west coast of
Newfoundland with leaves intermediate in width betwées two species), and 51% probability
(Gros Morne Mt., Newfoundland).

Table 8. Results of the Classificatory Discriminant Analysis of Solidago brendiae, S. fallax var. fallax,
and S. fallax var. malina.

Classification matrixa priori assignmeniin rows, a posteriori assignmel in

columns)

brendiae fallax molina % correct
brendiae 20 4 0 83
fallax 1 9 2 75
molina 0 5 13 72
Total 21 18 15 78
Jackknifed classification matrix

brendiae fallax molina % correct
brendiae 19 5 0 79
fallax 1 9 2 75
molina 1 5 12 67
Total 21 19 14 74

A two dimensional plot of disc floret pappus length at amhesrsus the number of upper
leaf serrations (one side of leaf) for specimensatidago brendiae andS. fallax (including both
varieties) is shown in Figure 4.

Solidago brendiae, S. fallax var. fallax and S. fallax var. molina analysis

Fifty-four specimens ofolidago brendiae, S fallax var.fallax, andS. fallax var. molina were
included in the analysis. The following pairs of traitsl le@rrelations greater than |0.7|: MLFLN—
ULFLN, MLFW-ULFW, CAPL-CAPW, and RPAPL-DPAPLULFL and RPAPL were not used in
further analyses. MLFW, UPLW, CAPL, and CAPW wereleded from the analysis because the
traits were used in defining a priori groupStepwise discriminant analysis selected the following
traits as useful in separating the a priori groups in traysis: DPAPL (20.09), ULFSERNUM
(12.54), RAYNUM (7.87), and INVOLHT (5.90) in decreasing ordeFdo-remove value. Wilks’s
lambda, Pillai's trace, and Lawley-Hotelling tracstseof the null hypothesis that all groups were
samples of the same group had probabilities of p = 0.00¢h#aull hypothesis was true.

In the Classificatory Discriminant Analysis, the partof correct assignments of specimens
a posteriori forSolidago brendiae, S fallax var.fallax, andS. fallax var. molina were 83%, 75%, and
72%, respectively. Twenty of the 24 specimensSobrendiae were assigned a posteriori £
brendiae with 15 specimens assigned with 92-100%, and four assigned/afh 75%, 60% and
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48%. Four specimens 8f brendiae were assigned a posteriori$ofallax var.fallax with 66% (17%
each to Sbrendiae and var.molina; from the Chibougamau area, northwestern Québec), 62% (32
to var. molina; from Red Lake, Ontario), 60% (31% & brendiae, 9% to var.molina; from the
Chibougamau Park, Québec), and 45% probability (38% twendiae and 17% toS. fallax var.
moling; this was the damaged specimen from Escomins, Québiem). of the 12 specimens 6&f
fallax var. fallax were assigned a posteriori to véallax with one specimen assigned with 90%
probability, four specimens with 76-83% probability, two specimmwith 62-69% probability, and
one with 46% probability (30% to vamolina, 24% toS. brendiae). Three specimens assigned a
priori to S. fallax var. fallax were assigned to other taxa; two were assigned tanadina with 85%
and 77% probability and one was assigne#l twendiae with 85% (the specimen from Saint-Gabriel,
Québec). Thirteen of the 18 specimens assigned a pri&iftdlax var. molina were assigned a
posteriori to varmolina with five specimens assigned with 92-98% probability, fivehv@1-84%
probability, two with 74 and 78% probability, and one with 53% phodiya (47% to var.fallax).
Five specimens assigned a priori3dallax var.molina were assigned a posteriori to viatlax with
79%, 68%, 55%, 53% and 46% with most of the remaining smaller plitilealio var.molina. The
two specimens with the lower probabilities of assignmentitofallax were also assigned 23-24% to
S brendiae (a sparsely hairy lower stem, hexaploid specimen fronGdspé, Québec).

The results of the canonical analysis are shown in Fidei§envalues for first two canonical
axes were 2.50 and 0.1.88.

A two dimensional plot of disc floret pappus length at amhesrsus the number of upper
leaf margin serrations (one side of the leaf) for spensofSolidago brendiae, S fallax var. fallax,
andS fallax var.molina is shown in Fig. 6.

Solidago canadensis var. canadensis and S. canadensis var. hargeri analysis

Fifty-one specimens &olidago canadensis were included in the analysis; 30 veanadensis
and 21 varhargeri. The following pairs of traits had Pearson correlatigneater than |0.7|: CAPL—
CAPW, RSTRAPL-DCORL, RPAPL-DCORL, RPAPL-DPAPL, and CRIGDPAPL. RPAPL
and DCORL were not used in further analys8gepwise discriminant analysis selected the following
traits as useful in separating the a priori groups in tladysis including all taxa: ULFW (12.34),
RAYNUM (8.17), DLOBL (7.00), MLFLN (6.81), ULFLN (5.03) and INMQHT (4.61) in
decreasing order of F-to-remove value. Wilks's lambditgi'® trace, and Lawley-Hotelling trace
tests of the null hypothesis that all three groups weresamples of one group had probabilities of p
= 0.000 that the null hypothesis was true. The betweeampdrematrix (df= 13, 34) included just the
one value of 11.112; Wilks' lambda = 0.3976, df = 6, 1, 49; appioxl1.1123, df = 5, 44; prob =
0.0000.

In the Classificatory Discriminant Analysis, the partof correct assignments of specimens
a posteriori forSolidago canadensis var. canadensis and S canadensis var. hargeri were 97% and
81%, respectively. Twenty-nine of the 30 (97%) of the vasanadensis specimens were assigned a
posteriori to varcanadensis with 22 specimens with 90-100% probability, four specimens W8th
84% probability, and two specimens with 56% and 53% probabiliye specimen was assigned a
posteriori to varhargeri with 83% probability. Seventeen of the 21 specimens ofhaageri were
assigned a posteriori to var. hargeri with twelve spensnwith 90-100% probability, three
specimens with 78-82% probability, and one specimen with 54% pritpalilulton Co.,
Pennsylvania, voucher cultivated at WAT). Four specimerigreska priori to varhargeri were
assigned a posteriori to vaanadens's with 90%, 77%, 56%, and 53% probabilities.

The results of the canonical analysis are shown as gtastdn Fig. 7. Eigenvalue for first
two canonical axis was 1.515.
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A two dimensional plot of upper leaf width versus the numifeupper ray florets for
specimens o$olidago canadensis var. canadensis andS. canadensis var. hargeri is shown in Fig. 8.

DISCUSSION

Seven taxa analysis

Based on the percents of correct assignments and theefiggs of high probabilities of
those assignmentSoplidago brendiae, S canadensis var. canadensis, andS. elongata were fairly well
supported as species with 0-4% decrease in correct aipostéassification values between the
linear and jackknifed analyseSolidago canadensis var.hargeri had less support with a 9% decrease
in correct a posteriori classification values for tive methods of classificationSolidago lepida, S.
fallax var. fallax, andS. fallax var. molina had less support with correct a posteriori values of 63-
67%. Most of specimens & lepida with a known chromosome number were hexaploid; those
known to be diploids were placed with varying probabilitree mostly diploidS. elongata, and the
mostly diploidS. fallax.

The traits with the higher F-to-remove values were mebys characters known to be
influenced by ploidy level (Heard & Semple 1988; Semglale 1990; Semple & Cook 2006).
Involucre height, which is strongly influenced by ploidy levelSolidago was only a lower level
differentiating character. Involucre height was criticaseparating. lepida from diploid or possibly
diploid specimens o§. fallax var. molina in northern Ontario. Involucre height also may explain
why diploid specimens d lepida from western Canada and the USA were atypical forsidumple
of the species and were misplaced it@ongata. At the species level, 20 of 27 specimens.of
fallax (74%) were assigned a posteriori to the species indicstipgort for recognizing the species,
but specimens of the two varieties &ffallax were assigned to each other with sometimes low
probabilities indicating less support for recognizing the vasethdditional analyses of the western
taxa are needed to resolve the western problems and anelnded here.

Noted in the Results was the inclusion of two specimens aflongata from British
Columbia. Semple and Cook (2006) did not list the species &g jpesent in Canada.

A hexaploid specimen from the Gaspé, Quebec, assigned a tprigolidago fallax var.
molina was assigned a posteriori$olepida. Lower stem pubescence of this plant was very sparsely
villous-strigose as were some of thdepida plants from northern Ontario. Such plants may just be
more hairy than normab lepida. Some of the hexaploid western specimensdiepida were
assigned tc. fallax var. molina but with low probability. No hairy-stemmed raceSflepida has
been described to date. Additional research is neededlangex sample size or with molecular
techniques to determine whether or not describing a new-si@nymed taxon i&. lepida would be
justified, as appears to be the caseéSf@manadensis var. hargeri andS fallax var. molina.

Support for the new speci&vlidago brendiae was higher than expected considering how
many taxa have been described in $heanadensis/Slepida complex and that no one recogniZ&d
brendiae as a distinct taxon previously. This might also be éselt of a long period of lumping by
botanists such as Arthur Cronquist following Fernald’s tapjitof taxa in 1915. Someone who felt
that it was reasonable to tréatlepida as a variety ofs. canadensis would not be likely to look for
ways to split up the eastern portion of thecanadensis/S. lepida complex into more species. The
involucres ofS. brendiae are taller than those @& canadensis, both taxa are only known at the
diploid level so the difference is not a of ploidy level effe

In the field in 2006, some collections &dlidago brendiae made by JCS were obviously not
S fallax and obviously no& canadensis based on leaf width, nature of the leaf serrations eafl |
surface features (shiny or not). Preliminary analys#is avsmaller data set of specimens mostly
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from the northern Gaspé had higher percents of correctnpdatevalues folS. brendiae, but also
included specimens with lower percent probabilities ofgiaent for specimens treated &dallax
and S canadensis or when treated aS brendiae in other analyses. When the sample siz&. of
brendiae was more than doubled with additional specimens beinggdand when some of those
possibleS brendiae specimens from elsewhere in Quebec, Newfoundland, News®icky Nova
Scotia and Prince Edward Island were re-assignefl boendiae, then the variances of canonical
scores decreased significantly farbrendiae even as the ranges of character variation increased fo
some traits. Specimens from Nova Scotia and Prince Edslardi that had been assigned with low
probabilities or ambivalently t8. brendiae, S canadensis, or S. fallax, became specimens assigned to
S brendiae with much higher probabilities following the expansion of the sangplaclude the full
range of variation of traits occurring in the species. thes understanding of Fernald's eastern
“elongata” emerged, correct placements improved as the matrix nepsatedly expanded over
several years.

In the diagram plotting canonical scores (Fig. Sjlidago brendiae specimens are not
strongly separated from other taxa in the middle of the amgpotting the first and second canonical
scores, but on the plot of the first versus the third canlostcses many of th8 brendiae specimens
are separated out from the central coreSofallax andS. lepida specimens. This illustrates the
generally larger F-matrix values separat®gbrendiae from most other taxa in the seven taxon
analysis (Table 2). The analyses are done based on dsstagteeesen specimens plotted in seven
dimensions, which obviously cannot be visualized. The caalbreduction method is thus only a
reflection of what the statistics are really showing.the case o$. brendiae, the statistics indicate
that the taxon is sufficiently distinct to warrant 9psdevel recognition.

The decision to tre&folidago brendiae andS fallax as species was also reached following a
shift in species concept as appliedSbidago (Semple 2012; Semple et al. 2012; Semple & Peirson
2013; Peirson et al. 2013). In this case, the result is &ibgeap of what had been a multi-tax8n
lepida (Semple & Cook 2006) into eastern and western groups ofespgsemple 2013). While
Cronquist (1994) continued to lump taxa into larger multi-rspecies, Semple (Astereae Lab web
site) has moved to deCronquistiglidago by recognizing many more narrowly defined species with
different ecological preferences. The latter approaan ligé with recent molecular data (Peirson et
al. 2013) followed by Semple and Peirson (2013) in subldeatiles.

Additional analyses were performed to comp&olidago brendiae with diploid eastern
species with which it can be confused. Remowntegpida andS elongata from the comparisons
ensured that additional useful characters besides thodd¢audefineS. brendiae, S. canadensis, and
S fallax could be found via stepwise discriminant analyses.sd laglditional analyses are discussed
below.

Solidago brendiae and S. canadensis analysis

In this analysis, four characters were found to beulgefseparatingolidago brendiae and
S canadensis (96% correct placement a posteriori for both speciésgsignment to a priori group
was based on differences in the appearance of thedrh@gads in the two species illustrated in Ill. 1.
The S brendiae shoot in Fig. 9A has a much leafier inflorescenceyaw#h more ascending
branches; this is more similar 8 fallax than toS canadensis. The most important characters in
terms of size of the F-to-remove values were upper legtheand the number of ray florets per head
(see Fig. 2). Specimens &fbrendiae that had shorter upper leaves had the most ray floreise
than 14) well outside the range 8§f canadensis, while specimens of brendiae with fewer ray
florets had the longest upper leaves well outside the randg® cfnadensis. These traits in
combination with the appearance of the inflorescencey aeparates the two species in nearly all
cases.
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lllustration 1. Floral arrays &olidago brendiae (A) andS canadensis (B).

Solidago brendiae, S. canadensis var. canadensis, and S. canadensis var. hargeri analysis

The results of this analysis indicate tBalidago brendiae is about equally different from the
two varieties ofS canadensis, but the two varieties are much less so different feach other based
on the F-matrix values (Table 5).

Solidago brendiae and S. fallax analysis

The results of this analysis indicate tBalidago brendiae is distinct fromS. fallax but not as
well-supported as in the comparisonSobrendiae andS. canadensis based on the F-matrix values in
the two analyses and the percents of correct a pastela@ement. This suggests tt&tbrendiae
last shared a common ancestor w@hfallax, but confirmation of this hypothesis will require
molecular approaches and a true phylogenetic methodology. Mudtevariethods are useful in
defining group limits but are not designed to resolve phylogeredéitonships.

Solidago brendiae, S. fallax var. fallax and S. fallax var. molina analysis

Disc floret pappus length at anthesis was determined toeitecharacter separatiSgidago
brendiae and the two varieties @. fallax followed by the number of upper leaf margin serrations.
Mid and upper stem leaf width was used to definbrendiae a priori in this analysis so it was not
used in the discriminant analysis, leaving less obviou$ @early more technical characters to
distinguish the taxa. Of note is the result that specinmansmolina was much more likely to be
assigned a posteriori to vdallax than were specimens of véallax assigned to vamolina. Values
of percents of correct a posteriori assignment to tyameS. fallax were much lower (75% and 72%)
than in the case of the varieties &f canadensis (97% and 86%), although in both analyses
assignment to varieties was based on just the dendijirsfon the lower portion of the stem.

Solidago canadensis var. canadensis and S. canadensis var. hargeri analysis
Support for recognizing two varieties 8olidago canadensis was strong. Six traits were
selected as useful in separating v@nadensis and var.hargeri, but with only one trait mid leaf
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length (MLFLN) having a F-to-remove value greater thGn Assignment to each variety was based
on the absence or presence of lower stem pubescent. Thedieiginth the stem became obviously
moderately to densely pubescent varied considerably. isTaisbiguity in defining the two varieties
is compounded by the observation that in subsEgplinerviae, larger thick older lower stems
sometimes lose their pubescence with age, although a fesvdnascars still can indicated the more
juvenile condition. The difference in the length of growingsseabetween North Carolina and
Wisconsin, southern Ontario and Québec might explain sortteedfifference between the mid and
upper leaf size traits in the somewhat more northerrcaaadensis and the somewhat more southern
var. hargeri, but the ranges overlap considerably. Possibly resourcepysled plant to make hairs
influence floral traits by not being available for theievelopment. A molecular approach to
differentiating the two varieties is needed to resolve phylege questions. This study clearly shows
that there are morphological differences between the twetisr beyond just stem hairiness. The
differences yield multivariate analysis results thed comparable to species level taxa included in
this study. The first author is not comfortable with theaitleat var.canadensis and var.hargeri
should be treated as separate species. The degremdiataess at different heights on the stem is
variable in multiple species in subsettiplinerviae and in the genus overall. Without additional
non-morphological data to support species level status of haol glabrous lower stem morphs,
varietal recognition is seems sufficient.
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Figure 1. Two dimension plots of CAN1 versus CAN2 andNCArersus CAN3 scores generated by the
Canonical Analysis of specimens of th@idago canadensig/S. lepida complex; 95% confidence ellipses are
shown for each taxon.
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Figure 6. Two dimensional plot of the disc pappus lengtinésig) versus the number of upper leaf margin
serrations (one side) for specimen$didago brendiae, S fallax var.fallax andS. fallax var. molina; 95%
confidence ellipses are shown for each taxon.



Semple et al.: Solidago canadensis| S. lepida complex 2(

15 [ [ [ [ [

canadensis
10 —

COUNT

hargeri ]

0
4 3 -2 -1 0 1 2 3 4
CAN1

Figure 7. Histogram of CAN1 frequencies generated bZ#rmnical Analysis of specimensSifidago
canadensis var.canadenss andS canadensis var. hargeri.

13 -
121 cx " -
% %o x canadensis
5 "nr | = hargeri
S 10k .
©
n'd
5 9 f\\l 7
o
o 8r -
£ A\ -I -
> 7+ BTy ¥ -
6+ x: = —
]
5 | L
0 5 10 15
Upper Leaf Width

Figure 8. Plot of upper leaf width versus number of kanefs for specimens &blidago canadensis var.
canadensis andS canadensis var. hargeri; 95% confidence ellipses are shown for each taxon.



