
1905

American Journal of Botany 100(9): 1905–1915. 2013.

 American Journal of Botany  100(9): 1905–1915,  2013 ; http://www.amjbot.org/ ©  2013  Botanical Society of America

       “Are you a native of this place?” queried Orlando in Shakespeare’s 
 As You Like It . Indeed, it is not always evident whether an indi-
vidual is indigenous or nonindigenous in origin.  Carlton (1996)  
categorized those taxa not demonstrably assignable to either 
category as “cryptogenic,” remarking that such examples ap-
pear to be particularly common among aquatic organisms. Add-
ing to diffi culties in ascribing the appropriate phytogeographic 
affi nity to a species is the fact that genetically nonindigenous 
populations can occur within the indigenous range of some 
taxa. Although such reports are relatively uncommon in the lit-
erature, examples have been documented in fi sh ( Mabuchi 
et al., 2008 ), insects ( Mun et al., 2003 ), and fl owering plants 
( Brodersen et al., 2008  ;   Simberloff et al., 2012 ). Notable in the 

latter group is  Phragmites australis  (Cav.) Trin. ex Steud., a 
case in which invasive, nonindigenous genotypes have progres-
sively displaced indigenous populations, following their initial 
introduction into North America ( Saltonstall, 2002 ). 

 A thorough understanding of the genetic composition of non-
indigenous populations is essential in the development of ef-
fective management plans. Such knowledge is particularly 
important where multiple intraspecifi c introductions have oc-
curred, because dissimilar genotypes can differ physiologically 
( Brodersen et al., 2008 ), possess varying degrees of resistance 
to herbicides ( Michel et al., 2004 ;  Benoit and Les, 2013 ), and 
exhibit different susceptibility to biological control agents 
( Karban, 1992 ). Thus, in cases where nonindigenous genotypes 
have been introduced into the indigenous range of a species, 
concerns are heightened about hybridization and generation of 
uniquely adapted, potentially invasive genotypes. It also re-
mains unclear to what extent the introduction of foreign alleles 
might infl uence the ability of native plant populations to re-
spond to changing environmental conditions. To fully evaluate 
the potential impact of nonindigenous populations, however, it 
is fi rst necessary to detect them, and this task can be daunting 
for conspecifi c introductions because of their high degree of 
phenotypic similarity to native populations. 

 In the course of an ongoing systematic investigation of the 
genus  Najas  L., we became interested in the distributional 
pattern exhibited by  Najas gracillima  (A. Braun) Morong, a sub-
mersed, annual, aquatic angiosperm native to North America and 
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  •  Premise of the Study:  The discontinuous North American distribution of  Najas gracillima  has not been explained satisfactorily. 
Infl uences of extirpation, nonindigenous introduction, and postglacial migration on its distribution were evaluated using fi eld, 
fossil, morphological, and molecular data.  Najas  is a major waterfowl food, and appropriate conservation measures rely on 
accurate characterization of populations as indigenous or imperiled. 

 •  Methods:  Seed lengths of  N. gracillima  from native Korean populations, a nonindigenous Italian population, and North Ameri-
can populations were compared using digital image analysis. DNA sequence analyses from these regions provided nine nrITS 
genotypes and eight cpDNA haplotypes. 

 •  Key Results: Najas gracillima  seeds from Eurasia and California are shorter than those from eastern North America. Nuclear 
and chloroplast DNA sequences of  N. gracillima  from Korea and Italy were identical to California material but differed from 
native eastern North American plants. Eastern North American specimens of  N. gracillima  at localities above the last glacial 
maximum boundary were identical or similar genetically to material from the northeastern United States and Atlantic Coastal 
Plain and Piedmont but divergent from plants of the Interior Highlands–Mississippi Embayment region. 

 •  Conclusions:  In California,  N. gracillima  is nonindigenous and introduced from Asia. In eastern North America, populations 
that colonized deglaciated areas were derived primarily from refugia in the Atlantic Coastal Plain and Piedmont. Genetic data 
indicate initial postglacial migration to northeastern North America, with subsequent westward dispersal into the Upper Great 
Lakes. These results differentiate potentially invasive California populations from seriously imperiled indigenous eastern 
North American populations. 
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been poorly quantifi ed in  N. gracillima  and requires further 
evaluation, especially with respect to the CA occurrences. 

 The present study was undertaken to evaluate these different 
possibilities with hopes of providing a better understanding of 
the species’ current distributional pattern. Our approach was to 
procure material of  N. gracillima  for genetic and morphological 
analyses from as many portions of its existing range as possible 
to ensure proper identifi cation of the material as well as to fa-
cilitate among-population comparisons. Our primary objectives 
were (1) to ascertain whether the anomalous CA occurrences 
of  N. gracillima  are indigenous or nonindigenous to North 
America—if the CA plants are indigenous, they should exhibit 
greater genetic and morphological (seed) similarity to eastern 
North American than to Asian populations; and (2) to evaluate 
the role of southern populations of  N. gracillima  in the postgla-
cial recolonization of northern habitats in eastern North Amer-
ica. By comparing the genetic profi les of plants sampled in 
presumed refugia south of the last glacial maxima to those in 
deglaciated regions north of that boundary, we hoped to iden-
tify the most likely postglacial migratory routes followed by 
this species. 

 MATERIALS AND METHODS 

 Sampling and mapping —   Field work was conducted from 2009 to 2012 in 
all 24 states where  Haynes (2000)  reported historical records of  N. gracillima . 
At each occurrence located, specimens were retrieved by hand or using a 3.7-m 
collapsible rake. Field-collected plants were preserved for genetic analysis in 
CTAB solution ( Rogstad, 1992 ) and preserved as dried herbarium material for 
voucher specimens, which were deposited in the CONN herbarium (Appendix 1). 
These collections were georeferenced on site using a GPSmap 76CS porta-
ble GPS unit (Garmin International, Olathe, Kansas, USA). Colleagues contrib-
uted additional material of  N. gracillima  from one nonindigenous European 
locality (Italy), six indigenous Asian populations (Korea), and nine North 
American populations; permission also was granted to extract DNA from her-
barium specimens (CDA, CONN, EIU, ILLS, JEPS, LSU, UC, and UNA), 
which provided study material from 12 North American localities (Appendix 1). 
Herbarium accessions were georeferenced manually using locality information 
provided by the collectors. Data from fi ve previously reported sites ( Les et al., 
2010 ) also were added. Altogether, 52  N. gracillima  collections (7 Eurasian and 

eastern Asia ( Triest, 1988 ). In particular, the present North 
American distribution of this species ( Haynes, 2000 ) is unusual 
in several respects. 

 When common,  Najas  species are a major food of waterfowl, 
which readily consume the seeds and leafy portions of the plants 
( Martin and Uhler, 1939 ). However,  N. gracillima  (slender wa-
ternymph) is relatively rare throughout its range, being listed as 
imperiled (S1–S3) in 56% of the 24 American states and three 
Canadian provinces where historical records exist ( Haynes, 2000 ; 
 NatureServe, 2012 ). Most occurrences are concentrated in the 
region north of the last (Pleistocene) glacial maximum (LGM), 
mainly along the eastern seaboard and scattered throughout the 
Upper Midwest ( Haynes, 2000 ). Disjunct and sporadic sites exist 
in the upper Mississippi Valley region, and along the southeast-
ern piedmont, extending as far south as Alabama ( Haynes, 2000 ). 
The contemporary decline of  N. gracillima  populations is attrib-
uted primarily to cultural eutrophication, because this species is 
categorized ecologically as one requiring cool northern habitats 
characterized by clear, soft, unpolluted water ( Wentz and Stuckey, 
1971 ;  Haynes, 1979 ). 

 In this respect, the southern range extent of  N. gracillima  is 
anomalous because such localities usually are atypical of these 
conditions. Further complicating matters has been the 20th-century 
introduction of  N. minor  All., a morphologically similar but nonin-
digenous species. The close vegetative resemblance of  N. gracil-
lima  to the nonindigenous  N. minor  ( Meriläinen , 1968   ;   Wentz and 
Stuckey, 1971 ;  Haynes, 1979 ) has resulted in numerous misidenti-
fi cations, which have led to inaccurate distributional accounts. Un-
like  N. gracillima ,  N. minor  thrives in warmer, turbid, eutrophic 
conditions ( Wentz and Stuckey, 1971 ), raising the possibility that 
some of the southern records of  N. gracillima  could represent mis-
identifi cations of  N. minor . However, the presence of fossil  N. gra-
cillima  seeds deposited in representative southern sites some 
12 000–20 000 yr ago has implicated the southern region as a gla-
cial refugium for the species ( Stuckey, 1983 ), so it is possible that 
it survives there essentially as a relict. Because of these complicat-
ing factors, it remains unclear how or to what extent the southern 
populations of  N. gracillima  have contributed to the reestablish-
ment of northern postglacial populations. 

 Most unusual are reports of  N. gracillima  from the Sacra-
mento Valley of the thoroughly botanized state of California 
(CA), which fi rst materialized in 1966 (data provided by the 
participants of the Consortium of California Herbaria: http://
ucjeps.berkeley.edu/consortium/) and are disjunct by >2400 km 
from the nearest eastern North American occurrences of the 
species. Presumably, this pattern represents a recent introduc-
tion of native  N. gracillima  to the western United States 
( Kartesz, 2011 ), which would imply that CA populations origi-
nated from native populations in eastern North America. The 
precise source of the CA plants, however, has never been eluci-
dated. Despite the recency of the CA records, the occurrence of 
disjunct western distributions in other predominantly eastern 
aquatic plants ( Les, 1986 ) does not entirely rule out the possi-
bility that  N. gracillima  might be indigenous to the state, but 
somehow overlooked. However,  N. graminea  Delile, a nonin-
digenous Asian species introduced to CA as an agricultural 
(rice-fi eld) weed ( Thorne et al., 2012 ), suggests yet another 
possibility, given that  N. gracillima  is known to have been 
introduced to southern Europe similarly as a rice-fi eld weed 
( Triest, 1988 ). By comparing relative seed lengths,  Triest (1988)  
concluded that the European introduction of  N. gracillima  prob-
ably originated from an Asian rather than North American 
source; however, variation in seed morphology ( Fig. 1 )  has 

 Fig. 1. Seed-length variation in  Najas gracillima . (A–C) Seeds from 
native North American populations. (A) Tennessee ( C. B. Hellquist 17174 , 
CONN); (B) Connecticut ( S. Sheldon s.n. , 14 September 2007, CONN); 
and (C) Pennsylvania ( Rhoades & Block s.n. , 6 August 2002, CONN). (D) 
Seed from California ( D. Les 1049 , CONN). (E) Seed from Italy (slightly 
crushed and fl attened) ( C. D. K. Cook & R. Salluci 5400 , CONN, Z). (F) 
Seed from California ( V. H. Oswald & L. Ahart 8093  (JEPS). Two discrete 
size classes (A–C; D–F) are evident (see  Fig. 2 ).   
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in pixels divided by pixels/mm for each corresponding magnifi cation. Ranges 
in seed length were compiled from the resulting data separately for specimens 
originating from Korea, Italy, CA, and the United States (excluding CA). Mean 
seed lengths among North American nrITS genotypes were compared with 
QuickCalcs (GraphPad Software, San Diego, California, USA) using two-tailed 
 t -tests (assuming equal variance), although sample sizes of several genotypes 
(nr4, nr5) were too small to provide meaningful comparisons. The same analy-
sis was performed to compare the mean of pooled North American seed data 
(nr1–6; excluding CA) to the mean of pooled seed data from CA and Italy 
(nr7). 

 Additional seed-length data were obtained for comparison from several 
accounts in the literature. These sources included the seed-length ranges re-
ported for  N. gracillima  by  Triest (1988) , who provided separate values for 
indigenous Asian specimens, southern European (nonindigenous) specimens, 
and North American material. The seed-length range of  N. gracillima  re-
ported by  Na and Choi (2012)  also was incorporated, based on measurements 
of 18 Korean specimens, including six that we sampled in our DNA sequence 
analyses (Appendix 1). 

 DNA isolation, sequencing, and analysis —   DNA sequence data were ob-
tained from three loci (nrITS,  rbcL ,  trnK / matK ) following  Les et al. (2010) . 
Briefl y, total genomic DNA was extracted using standard methods ( Doyle and 
Doyle, 1987 ). A slightly modifi ed protocol that reduced the initial incubation 
time and number of chloroform and 70% ethanol washes was used for dried 
herbarium material. Amplifi cation and DNA sequencing of the nuclear ribo-
somal (nr) region (ITS-1, 5.8S, and ITS-2; 741 nt) and chloroplast (cp) regions 
( trnK  5 ′  intron [916 nt];  matK  [216 nt] and  rbcL  [1151 nt] coding regions) fol-
lowed the methods described by  Les et al. (2010) . Because our earlier work 
showed the ITS region to be the most variable of these loci in  Najas , it was se-
quenced for all accessions. Variation among the aligned ITS sequences was 
summarized as a parsimony split network using the program Splitstree4 ( Huson 
and Bryant, 2006 ) to depict relationships among the  N. gracillima  genotypes 
detected. Analysis of the cp regions was performed only on a subset of acces-
sions representing each nrITS variant pool:  trnK / matK  (28 accessions);  rbcL  
(25 accessions). As each novel genotype or haplotype was encountered, acces-
sions were resequenced at least once to eliminate the possibility of polymerase 
chain reaction artifacts or other sequencing errors. 

 All new sequences were generated using an ABI 3100 automated sequencer 
(Applied Biosystems, Foster City, California, USA). Sequence data (nrITS) for 
the Korean material were retrieved from GenBank (HQ687138–HQ687143) 
after verifi cation from our analysis of material originating from the same acces-
sions (kindly provided by H. K. Choi). Sequences were aligned using MUSCLE 
as implemented in MEGA5 ( Tamura et al., 2011 ) and checked manually in 

45 American) were evaluated. Accessions from 19 states provided represen-
tative coverage across the distributional range of the species (number of sites 
indicated): Alabama (AL, 1), California (CA, 9), Connecticut (CT, 9), Illinois 
(IL, 1), Indiana (IN, 1), Kentucky (KY, 1), Massachusetts (MA, 3), Maine 
(ME, 1), Minnesota (MN, 6), Missouri (MO, 1), North Carolina (NC, 1), New 
Hampshire (NH, 1), Ohio (OH, 1), Pennsylvania (PA, 2), Rhode Island (RI, 3), 
South Carolina (SC, 1), Tennessee (TN, 1), Vermont (VT, 1), and Wisconsin 
(WI, 1). 

 Georeferenced records were mapped using the ArcMap application as im-
plemented in the ArcGIS 10 Desktop software package (ESRI, Redlands, Cali-
fornia, USA) with points displayed using a North America Lambert Conformal 
Conic (ESRI: 102009) projection. A GIS layer was added to represent the dis-
tribution of  N. gracillima  as reported previously by  Haynes (2000) . This feature 
was achieved by downloading the map from the FNA website (http://www.
efl oras.org/object_page.aspx?object_id=11260&fl ora_id=1), tracing it using 
CorelDraw version 12 (Corel, Mountain View, California, USA), and import-
ing the resulting image into ArcMap, using the Georeferencing tool to match 
the distribution accurately to the projection. Similarly, a map layer was pro-
vided to depict the extent of glaciation reached during the LGM based on  Dyke 
(2004) . Sixteen  N. gracillima  macrofossil (seed) localities were added to the 
map from reports by  Wright and Watts (1969) ,  Watts (1970 ;  1979 ),  Delcourt 
(1980) ,  Delcourt et al. (1983) ,  Stuckey (1983) ,  Watts et al. (1992) ,  Delcourt and 
Delcourt (1996) ,  Almquist et al. (2001) , and  Hilgartner and Brush (2006) . 

 Seed morphology —   Digital image analysis was used to obtain length mea-
surements for 65  N. gracillima  seeds sampled from 26 accessions originating 
from three regions: the United States, excluding CA ( n  = 51); CA ( n  = 12); and 
Italy ( n  = 2) (Appendix 1). The sample of seeds measured included all nrITS 
genotypes (see below) found in the United States (nr1–nr7;  Fig. 2 ) . Prior to 
measurement, the thin, adhering pericarps were removed by rolling each seed 
lightly across a cellophane tape surface. 

 Seeds were photographed at 31.5 × , 40 × , or 50 ×  magnifi cation using a Leica 
MZ16 dissecting microscope connected to a JVC KY-F75U digital camera. 
Three or four images per seed were taken manually at different depths of fi eld. 
Depth-of-fi eld reconstruction software Auto-Montage Pro version 5.02.0096 
(Syncroscopy, Frederick, Maryland, USA) was used to align and compile im-
ages into a single image per seed. The number of pixels per millimeter was 
determined by measuring one millimeter on a ruler for each magnifi cation using 
the measure tool in the GNU Image Manipulation Program (GIMP) for Mac 
version 2.6.6 (http://www.gimp.org). The length in pixels was measured as the 
line from the point of the funiculus connection, to the distal end of the seed; 
width was determined as a line perpendicular to the length line at the widest point 
of the seed. Length and width in millimeters were calculated as the measurements 

 Fig. 2. Discrete length classes (above and below horizontal black line) distinguish seeds from indigenous versus nonindigenous (asterisked) source 
populations of  Najas gracillima . Sample sizes ( n ) are indicated for all seeds measured in this study (see Appendix 1). The range bars include means (short 
horizontal bars) for those measurements reported in this study or by  Na and Choi (2012) . The ranges of seed lengths corresponding to different U.S. geno-
types (nr1–6) vary but remain distinct from Eurasian and California plants (nr7–9). Raw data were unavailable from values reported by  Triest (1988)  or  Na 
and Choi (2012) . For newly reported data, means sharing the same letter or number within or between size classes did not differ signifi cantly ( P  < 0.05).   
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(1.60–2.20 mm) but did not overlap with the ranges reported for 
North American plants (excluding CA specimens) ( Fig. 2 ). The 
CA specimens of  N. gracillima  ( n  = 12) possessed seed lengths 
(1.64–2.00 mm) that fell within the range (1.60–2.20 mm) re-
ported across all Old World accessions ( Fig. 2 ). Seeds from the 
six indigenous North American nrITS genotypes ranged in 
length as follows (sample sizes indicated): nr1 ( n  = 14), 2.45–
2.90 mm; nr2 ( n  = 14), 2.66–3.31; nr3 ( n  = 8), 2.44–3.04; nr4 
( n  = 2), 2.80–2.95; nr5 ( n  = 3), 2.38–2.44; and nr6 ( n  = 10), 
2.38–2.76. Although these ranges differed somewhat (mainly 
with respect to the smaller sample sizes), minimum seed lengths 
of all six genotypes exceeded the maximum lengths of seeds 
reported from Eurasia or CA ( Fig. 2 ). 

 Mean seed lengths from our data were as follows: nr1 ( n  = 
14), 2.66; nr2 ( n  = 14), 2.93; nr3 ( n  = 8), 2.69; nr4 ( n  = 2), 2.88; 
nr5 ( n  = 3), 2.41; nr6 ( n  = 10), 2.57; nr1–6 ( n  = 51), 2.72; CA 
( n  = 12), 1.84; and Italy ( n  = 2), 2.00. The mean length of pooled 
eastern North American seeds (genotypes nr1–6) differed sig-
nifi cantly ( P  < 0.05) from seed-length data for genotype nr7 
from CA ( t  = 13.71, df = 60,  P  < 0.01), Italy ( t  = 4.69, df = 50, 
 P  < 0.01), and CA + Italy ( t  = 14.27, df = 62,  P  < 0.01). Mean 
seed lengths of genotype nr7 also differed signifi cantly from 
each of the eastern North American genotypes: nr1 ( t  = 15.84, 
df = 26,  P  < 0.01), nr2 ( t  = 19.71, df = 26,  P  < 0.01), nr3 ( t  = 
11.65, df = 20,  P  < 0.01), nr4 ( t  = 11.50, df = 14,  P  < 0.01), nr5 
( t  = 7.83, df = 15,  P  < 0.01), and nr6 ( t  = 14.33, df = 22,  P  < 
0.01). Otherwise, signifi cant differences involved only geno-
types nr2, nr5, and nr6. Seeds of nr2 generally were larger, their 
mean length differing signifi cantly from all other genotypes ex-
cept one, as follows: nr1 ( t  = 4.48, df = 26,  P  < 0.01), nr3 ( t  = 
2.91, df = 20,  P  < 0.01), nr5 ( t  = 5.30, df = 15,  P  < 0.01), and 
nr6 ( t  = 5.86, df = 22,  P  < 0.01), the exception being nr4 ( t  = 
0.45, df = 14,  P  = 0.66), which had a small sample size ( n  = 2). 

Mesquite ( Maddison and Maddison, 2011 ). Newly generated sequences associ-
ated with all voucher material (see Appendix 1) were accessioned in GenBank 
under the following series: KF016094–KF016134 (nrITS); KF016048–
KF016069 ( rbcL ); and KF016070–KF016093 ( trnK / matK ). 

 RESULTS 

 Despite fairly extensive searches, we did not collect  N. gra-
cillima  populations in a number of states (AL, DE, IL, MI, MD, 
NC, NJ, NY, OH, SC, and VA), which we attributed to extreme 
rarity, extirpation, or misidentifi cation of plants in those locali-
ties. By supplementing our fi eld collections with herbarium 
specimens, however, we were able to evaluate material from 19 
of 25 (76%) of the states where  N. gracillima  has been reported 
(Appendix 1). These accessions represent a reasonable survey 
of extant  N. gracillima  localities throughout the reported range 
of the species, including a thorough sampling of the anomalous 
CA occurrences ( Fig. 3 ) . 

 Mapped macrofossil localities provided records of  N. gracil-
lima  extending more than 33 thousand years before present 
(kybp). The age of macrofossil localities south of the LGM 
boundary ranged from 0.23 kybp (MD) to >33 kybp (AL). The 
two macrofossil sites north of the LGM boundary represented 
ages of 8.57–9.26 kybp (east central ME) and 10.4–10.8 kybp 
(eastern MN). Macrofossil sites were located near the three major 
regions (Upper Mississippi Valley, Upper Great Lakes, and East-
ern Seaboard) that were sampled for DNA analysis ( Fig. 3 ). 

 Seed morphology —    Eurasian specimens of  N. gracillima  
possessed shorter seeds (1.60–2.20 mm) than those that origi-
nated from eastern North America (2.38–3.31 mm;  Fig. 2 ). The 
range of seed length for nonindigenous European plants (1.70–
2.10 mm) fell within those reported for indigenous Asian plants 

 Fig. 3. Distribution of  Najas gracillima  with locations of specimens sampled for genetic analyses. The light gray-shaded areas depict the distribution 
of  N. gracillima  reported by  Haynes (2000) . An unshaded polygon delimits the major rice-growing region (>35 000 acres) of California ( National Agricul-
tural Statistics Service, 2012 ). The solid black line approximates the extent of glaciations during the LGM. Macrofossil localities are marked by circled 
X’s. Different nrITS genotypes are indicated as solid black circles (nr1), white stars (nr2), white circles (nr3), a black triangle (nr4), a black-centered white 
circle (nr5), black-centered white triangles (nr6), or black asterisks (nr7).   



1909September 2013] LES ET AL.— NAJAS GRACILLIMA 

haplotypes by 3–4 nucleotides ( Table 2 ). One of the Korean 
haplotypes ( trnK / matK 4) also characterized all of the CA 
material examined (the herbarium material from Italy did not 
yield adequate DNA for amplifi cation and sequencing of this 
region). 

 Like nrITS and  trnK / matK , the  rbcL  alignment also lacked 
indels within the 1151 sites sequenced. Despite its limited vari-
ation, we were able to detect three  rbcL  haplotypes ( rbcL 1–3) 
in  N. gracillima  ( Table 2 ). Two haplotypes ( rbcL 1–2) differed 
by two nucleotides and were detected only among American 
accessions. A third haplotype ( rbcL 3) differed from the Ameri-
can haplotypes by 1–3 nucleotides and characterized the acces-
sions from Korea and also those from CA ( Table 2 ). Sequence 
data for this locus also could not be obtained from the herbar-
ium material from Italy. 

 Our selection of loci effectively distinguished  N. gracillima  
from  N. minor  (see  Les et al., 2010 ), enabling us to differentiate 
even vegetatively similar, fi nely leaved, sterile specimens of 
the latter from the former. A number of sites reported previ-
ously to contain  N. gracillima  were found currently to contain 
only the invasive  N. minor , indicating either earlier misidentifi -
cations or the displacement of the former by the latter. In addi-
tion, we found that several CA specimens of  N. gracillima  ( E. 
Dean 5773  [UCD];  E. Dean 5106  [UCD];  V. H. Oswald & L. 
Ahart 4852  [UC]; and  V. H. Oswald & L. Ahart 8093  [JEPS]) 
had been misidentifi ed previously as  N. graminea . These speci-
mens were included in our analyses once their identifi cations 
had been corrected. 

 All DNA sequence data placed the CA material of  N. gracil-
lima  with the Asian rather than American plants. There was not 
one instance where a CA plant possessed any genotype or hap-
lotype found in  N. gracillima  specimens occupying the eastern 
portion of its North American range; in every case, the CA 
plants completely matched the nrITS genotype and cpDNA 
haplotypes found in plants originating from Goseong, Gangwon 
Province, Korea. 

 DISCUSSION 

  Najas gracillima  is native to far eastern Asia (China, Japan, 
Korea, Russia, and Taiwan) and North America ( Triest, 1988 ). 
In the Old World, the plants occur commonly in association 
with rice fi elds, and adventive populations have been intro-
duced to Southern Europe (Italy, France, and Spain), where ag-
ricultural practices associated with rice culture have been 
implicated as their principal pathway for introduction ( Triest, 

Seeds of nr5 generally were smaller, their mean length differing 
signifi cantly from three genotypes: nr1 ( t  = 2.88, df = 15,  P  = 
0.01), nr2 ( t  = 5.30, df = 15,  P  < 0.01), and nr4 ( t  = 8.11, df = 3, 
 P  < 0.01); but not from two genotypes: nr3 ( t  = 2.14, df = 9, 
 P  = 0.06) and nr6 ( t  = 2.19, df = 11,  P  = 0.05). Genotype nr6 
differed signifi cantly from nr4 ( t  = 3.30, df = 10,  P  < 0.01), 
which had a small sample size ( n  = 2). 

 DNA sequence analysis —    The nrITS alignment for  N. gra-
cillima  was devoid of indels within the 741 sites examined, and 
no indication of intragenomic polymorphism was observed in 
any of the accessions sequenced. Although no two accessions 
exceeded 1.61% nucleotide divergence, sequence variation was 
suffi cient to differentiate nine distinct genotypes (nr1–9) for the 
locus ( Table 1 ) . Six genotypes (nr1–6) occurred exclusively 
among the North American collections surveyed. Genotype nr2 
was found in six states (CT, MA, NC, NH, OH, RI) both north 
and south of the LGM boundary. Two genotypes were found in 
fi ve states each: nr1 (CT, IN, ME, MN, WI) and nr6 (AL, IL, 
KY, MO, TN). Genotype nr3 occurred in three states (CT, PA, 
VT); nr4 (NH) and nr5 (SC) each were found in only one state. 
Genotypes nr2, nr3, and nr5 each differed from nr1 by a single 
nucleotide change, whereas nr4 differed by two nucleotides. 
The nr6 genotype differed more radically, exhibiting eight sub-
stitutions in relation to nr1, seven of them concentrated within 
a 13-nt region of ITS-2 ( Table 1  and  Fig. 4 ) . This divergent 
genotype characterized accessions from fi ve states south of the 
LGM boundary and south or west of the Appalachian Moun-
tains. It was not detected in any population sampled from sites 
north of the LGM boundary ( Figs. 3 and 4 ). 

 Three genotypes (nr7–9) were detected among the six 
Korean samples analyzed, nr8 being the most common of these 
(4 localities). One genotype (nr9) was observed only in Jeonbuk 
Province and another (nr7) only in Gangwon Province (Goseong). 
The latter (nr7) also occurred in the nonindigenous Vercelli, 
Italy, sample as well as in all nine CA localities analyzed ( Table 1  
and  Fig. 4 ), indicating the origin of this material from an Old 
World rather than New World source. 

 The  trnK  (916 nt)/ matK  (216 nt) alignment for  N. gracillima  
also was devoid of indels within the 1132 sites examined. Even 
though sequence divergence in this region (<0.4%) was much 
lower than for nrITS, still we were able to differentiate fi ve dis-
tinct haplotypes ( trnK / matK 1–5) among the accessions evalu-
ated ( Table 2 ) . Three haplotypes ( trnK / matK 1–3) were detected 
only in the American samples and differed from one another by 
 ≤ 2 nucleotides. Two novel haplotypes ( trnK / matK 4–5) distin-
guished the Korean samples, which differed from the American 

  TABLE  1. Nuclear DNA (nrITS) variation in  Najas gracillima . Shown sequentially are the 16 mutations (in relation to nr1) detected along a 741-nt region 
sequenced. Boxed area shows identity of one Asian genotype (nr7) with nonindigenous populations (*) from southern Europe and California. 

Genotype ITS-1 (locus) ITS-2 (locus)

nr1 (USA) C A G C G C G A C T C G G T A C
nr2 (USA)  A A G C G C G A C T C G G T A C
nr3 (USA) C A G C G  A G A C T C G G T A C
nr4 (USA)  A A G C G C G A C T C G G T  T C
nr5 (USA) C A G C G C G A C T C G G T A  T 
nr6 (USA) C A G C G C  A  G  A  C  G  A  T T A  T 
nr7 (Asia) C  G G C  T C G A C T C G G  C A C
 Italy* C  G G C  T C G A C T C G G  C A C
 California* C  G G C  T C G A C T C G G  C A C
nr8 (Asia) C  G G C  T C G A C T C G G T A C
nr9 (Asia) C  G  T  T  T C G A C T C G G T A C
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the following examples illustrate.  Najas gracillima  was col-
lected from Lafayette Reservoir, AL, in 1979, when it was de-
scribed as “abundant” ( R. R. Haynes 7204 ;  7380  [UNA]). Just 
4 yr later (1983), the plants had become “rare” at the site, per-
sisting in a hollow stump, which presumably protected them 
from herbivorous carp ( R. R. Haynes 8721  [UNA]). We found 
no trace of  N. gracillima  during our survey of Lafayette Reser-
voir in 2009 and presume that the AL plants have been extir-
pated.  Wentz and Stuckey (1971)  reported that  N. gracillima  
had not been collected in OH since 1918, concluding that it 
“probably does not occur in the state.” We also did not locate 
the species during our OH fi eld work in 2010 and 2012. We did 
fi nd a 1990 specimen from OH ( Bissell et al., s.n.,  ALA), which 
indicated that the species may not be extirpated; however, it is 
at least exceptionally rare in that state. It is doubtful that  N. 
gracillima  occurs anywhere in DE, where despite our survey of 
every major water body in the state in 2012, we could fi nd no 
trace of it.  Najas gracillima  is believed to be extirpated in MD 
( U.S. Department of Agriculture, 2012 ), where we again did 
not observe any extant occurrence.  Najas gracillima  was un-
known in NC prior to the 1950s ( Martin and Uhler, 1939 ; 
 Muenscher, 1944 ). Although it was reported as common 
throughout the state by some later authors ( Beal, 1977 ;  Haynes, 
1979 ,  2000 ), others (e.g.,  Godfrey and Wooten, 1979 ) did not 
acknowledge its occurrence anywhere in the southeastern 
United States.  Franklin and Finnegan (2006)  listed  N. gracil-
lima  as rare (S2) in NC but extirpated or historical from all 12 
counties of known occurrence. We were unable to locate any 
extant populations in the state, despite rather extensive searches. 
Similarly,  N. gracillima  either is extremely rare or extirpated 
from eastern VA, where we could not locate the plants despite 
the occurrence of a few historical records ( Muenscher, 1944 ; 
 Haynes, 1979 ). 

 Inaccurate distributional accounts have resulted from mis-
identifi cation of the nonindigenous  N. minor  as the vegetatively 
similar  N. gracillima  ( Meriläinen , 1968   ;   Wentz and Stuckey, 
1971 ;  Haynes, 1979 ). At least one report of  N. gracillima  in TN 
is based on a misidentifi ed specimen of  N. minor  ( Webb and 
Dennis, 1981 ). Among the more recent records reported from 
southern IL, at least some also represent misidentifi cations of 
 N. minor  ( Michaels and Sass, 2010 ; R. Phillippe, personal com-
munication). The current distribution of  N. gracillima  in IL is 
diffi cult to evaluate. The species is rare in the state and was not 
even reported there by  Haynes (1979) . Our 2010 survey of sites 
in southern IL did not locate  N. gracillima  even though several 
legitimate historical records (pre-1984) exist from that area 
( Ebinger 10789 ; EIU;  Ebinger 11898 ; EIU;  Ebinger 11903 ; 
EIU;  Ebinger 11915 ; EIU;  Ebinger 12109 ; EIU;  Fisher s.n. , 
EIU;  Ulaszek 927 ; ILLS). 

1988 ). In North America the present distribution of  N. gracil-
lima  has been summarized by  Haynes (2000) , but its current 
range is diffi cult to interpret as a consequence of extirpations, 
confusion with the nonindigenous  N. minor , and introductions 
of conspecifi c but nonindigenous populations. 

 Although fossils document the presence of  N. gracillima  in 
portions of eastern North America 9000–24 000 yr ago ( Stuckey, 
1983 ), widespread disappearances from many historical locali-
ties ( Wentz and Stuckey, 1971 ;  Haynes, 1979 ) have altered its 
distribution signifi cantly over the past century. More than 30 yr 
ago,  N. gracillima  already had become “exceedingly rare” 
throughout its range, presumably because of its inability to tol-
erate pollutants ( Haynes, 1979 ). 

 Extreme rarity or extirpation explains the majority of cases in 
which we did not locate the species during our fi eld surveys, as 

 Fig. 4. Parsimony split network showing relationships among nine 
nrITS genotypes (nr1–9) of  Najas gracillima . Open white circles (locali-
ties in gray text) = native North American genotypes; open circles with 
square inset (localities in black text) = native Asian genotypes; black cir-
cles = point mutations; states are abbreviated (see text); underlined states 
indicate North American occurrences south of the LGM boundary; aster-
isked labels = nonindigenous localities.   

  TABLE  2. Chloroplast DNA variation ( trnK / matK ;  rbcL ) in  Najas gracillima . Shown sequentially are the eight mutations detected along the 1132-
nt ( trnK / matK ) and 1151-nt ( rbcL ) regions sequenced. Boxed area shows identity of Asian haplotypes ( trnK/matK 4;  rbcL 3) with nonindigenous 
populations (*) from California (n/a = cpDNA loci could not be amplifi ed successfully from the Italian herbarium specimen material). 

Genotype  trnK/matK  (locus) Genotype  rbcL  (locus)

 trnK/matK 1 (USA) T G C G G  rbcL 1 (USA)  C G A
 trnK/matK 2 (USA) T G C  T G  rbcL 2 (USA) A G  T 
 trnK/matK 3 (USA) T  A C G G  rbcL 3 (Asia) A  T A
 trnK/matK 4 (Asia)  G G  T G  C California* A  T A
 California*  G G  T G  C Italy* n/a n/a n/a
 Italy* n/a n/a n/a n/a n/a
 trnK/matK 5 (Asia)  G G  T G G
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 Seed morphology —    Specimens of  N. gracillima  from CA 
possess much smaller seeds than the plants native to eastern 
North America ( Fig. 1 ). On the basis of measurements obtained 
using digital image analysis, the seeds of  N. gracillima  exam-
ined from the eastern United States were, on average, a third 
(32%) longer (  x    = 2.72 mm) than those originating from CA 
(  x    = 1.84 mm), and the ranges in seed length observed for these 
two regions did not overlap ( Figs. 1 and 2 ). By contrast, mea-
surements of seed length reported for material of  N. gracillima  
originating in eastern Asia or southern Europe coincided well 
with those obtained for the smaller CA seeds ( Figs. 1 and 2 ). 
Thus, this discrete difference in seed length would indicate that 
CA material is of Old World rather than eastern North Ameri-
can provenance. 

 Previously,  Triest (1988)  proposed that seed-length differ-
ences might help to elucidate the source of nonindigenous 
southern European  N. gracillima  plants, concluding similarly 
that the shorter-seeded European plants appeared to better 
match the lengths of seeds originating from eastern Asian rather 
than North American specimens. He could not, however, deter-
mine defi nitively whether the European plants originated from 
eastern Asia or from North America because the range of North 
American seed lengths reported by  Haynes (1979)  exceeded 
values observed for Old World specimens, yet also extended to 
the smaller lengths more typical of native Asian plants. In ret-
rospect, this anomaly is understandable given that the treatment 
by  Haynes (1979)  included CA plants, which would have 
skewed his measurement range. Our results confi rm that seed 
length can be used to ascertain the origin of southern European 
 N. gracillima  as  Triest (1988)  intended. Essentially, we found 
that New World plants possessed seed lengths >2.3 mm, 
whereas Old World plants have seed lengths <2.3 mm ( Fig. 2 ). 
The lengths of seeds from all the European material we evalu-
ated clearly placed them among the values reported for Asian 
rather than North American specimens ( Fig. 2 ). 

 The larger seed size of extant North American  N. gracillima  
is consistent with the size of fossilized seeds of this species. 
Macrofossil seeds of  N. gracillima  recovered from deposits as 
old as 75–125 kybp in Canada, 20.1–22.9 kybp in GA, and 10.4 
kybp in MN ( Wright and Watts, 1969 ;  Watts, 1970 ;  Anderson 
et al., 1990 ) have lengths ranging from 2.4 to 2.8 mm. The 
smallest seeds from extant eastern U.S. populations were asso-
ciated with genotypes nr5 and nr6, both known only from 
localities south of the LGM boundary. It would be informative 
to compare germination rates among different seed sizes of 
 N. gracillima , given that the largest seeds are associated with 
genotypes (nr2-4) that occur in northern latitudes, where addi-
tional seed resources could be benefi cial. 

 Because plants of  N. gracillima  that originated from different 
geographic areas do not differ vegetatively ( Triest, 1988 ), it is 
conceivable that nonindigenous genotypes could easily be in-
troduced cryptically into an area where they might remain un-
detected for years. Moreover, despite their annual habit, a fair 
number of CA specimens that we examined lacked mature 
seeds, which provide the only taxonomically informative char-
acters for comparison. Even the different seed-length classes 
that we have described are not striking upon casual observa-
tions of different specimens, among which individual seed 
lengths can vary considerably ( Fig. 2 ). To quantify such minute 
(e.g., 0.1-mm) differences accurately, fairly precise and consis-
tent measurements are required, which we achieved using digi-
tal image analysis. 

 The continued invasion of  N. gracillima  habitats by  N. minor  
has resulted in some voucher specimens (identifi ed as one or 
the other species) that actually represent mixtures of both 
( Wentz and Stuckey, 1971 ). The aggressive spread of  N. minor  
also has made it extremely diffi cult to determine whether the 
sole presence of  N. minor  at a historical  N. gracillima  locality 
represents an original misidentifi cation or a recent displace-
ment. In one such case,  N. gracillima  reportedly was collected 
from Ross Barnett Reservoir, MS, in 1970 ( S. B. Jones 19054  
[MISS]), yet our survey of the site in 2009 found only  N. minor  
present. Similarly, in 2012 we surveyed sites in southern IN 
reported to contain  N. gracillima  by  Thomas et al. (2005) , but 
found only  N. minor  plants. Other inconsistencies are evident 
by the listing of an identical voucher specimen for both taxa—
for example, the same specimen from Knob Lake, IN ( Starcs 
2123 ; BUT), which  Wentz and Stuckey (1971)  cited both for  N. 
gracillima  (p. 293) and  N. minor  (p. 300). We surveyed Knob 
Lake, IN, in 2010, only to fi nd  N. minor  exclusively. 

 The preceding examples emphasize the utility of genetic data 
for distinguishing  N. gracillima  from  N. minor  with confi dence. 
We often were hesitant to identify some of our own fi eld collec-
tions of  N. gracillima  in the absence of seeds, which provide the 
most reliable nonmolecular characters for identifi cation. Be-
cause we verifi ed the identifi cation of all collections geneti-
cally, our survey of populations ( Fig. 3 ) comprises a reliable 
sample of populations in the United States and serves as a suit-
able basis for phytogeographic evaluation. 

 Najas gracillima in California —    Because of its uncertain ori-
gin in CA,  N. gracillima  could be categorized as a cryptogenic 
species in the sense of  Carlton (1996) . Populations of  N. gracil-
lima  often are regarded as indigenous in CA ( Haynes, 2000 ; 
 NatureServe, 2012 ;  U.S. Department of Agriculture, 2012 ) despite 
their fairly recent discovery and anomalous geographic disjunc-
tion ( Fig. 3 ). Although similar east–west North American dis-
junctions are exhibited by a number of other aquatic plants ( Les, 
1986 ), it is not likely that  N. gracillima  ever was native to CA. 
Because such a pattern is attributed to successive glacial events 
( Les, 1986 ), such an explanation would require that relictual 
populations of  N. gracillima  had been overlooked throughout a 
region that was botanized extensively for more than a century. In 
addition, the increasing discovery of new CA populations over 
the past 50 yr renders such a hypothesis untenable and indicates 
a far more recent origin of populations in that area. 

 In the latest fl ora of CA,  Thorne et al. (2012)  described  N. 
gracillima  as “native to ne US,” implying that the CA plants 
potentially had originated from the northeastern part of the 
country. Yet we are unaware of any source that provides an 
explanation for how this species, so rare in the eastern portion 
of its North American range, could have been introduced west-
ward to any of the distant CA localities. Waterfowl represent 
the most signifi cant dispersal agents of  Najas  seeds ( Triest, 
1988 ); however, the major North American waterfowl fl yways 
are oriented from north to south ( Lincoln, 1935 ) and, thus, in-
compatible with such a dispersal pattern. 

 Contrary to these previous assessments, our study is the fi rst 
to provide conclusive morphological and genetic evidence that 
the CA populations of  N. gracillima  are not native but nonin-
digenous to North America. We propose that  N. gracillima  rep-
resents a cryptic introduction to CA from eastern Asia, which 
has been obscured by the phenotypic similarity of plants 
throughout the species’ range. These conclusions are derived 
from the following results. 
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  Dieffenbacher-Krall and Jacobson (2001)  conducted a simi-
lar analysis using a more extensive pollen profi le data set, which 
included 683 North American sites. In contrast to the more me-
thodical pace indicated by  Vesper and Stuckey’s (1977)  analy-
sis, those results indicated that aquatic plants essentially 
recolonized habitats along the front of the Laurentide ice sheet 
nearly as quickly as it retreated northward, a conclusion similar 
to that reached by  Iversen (1954)  for European aquatic plants. 
Despite their larger data set, the analysis by  Dieffenbacher-
Krall and Jacobson (2001)  revealed little insight regarding spe-
cifi c source refugia or directional routes of migration into the 
Great Lakes region because of the rapid colonization rate 
indicated. 

  Sawada et al. (2003)  again evaluated the postglacial migra-
tion of North American aquatic plants using an even larger data 
set comprising 782 pollen profi le sites. Even though that study 
suggested additional migratory routes for aquatic plants in 
western North America, their results basically reiterated those 
of  Dieffenbacher-Krall and Jacobson (2001) : that aquatic plants 
colonized habitats along the retreating Laurentide ice front 
quite rapidly. 

 Although these pollen profi le studies have clarifi ed some 
details regarding how aquatic plants recolonized newly degla-
ciated habitats in North America, they cannot specifi cally ad-
dress  Najas , whose delicate pollen does not fossilize ( Birks, 
1980 ). Here, a comparable analysis must rely on the macro-
fossil record, which is considerably less comprehensive for 
 N. gracillima  (our current compilation includes just 16 North 
American localities). By using the macrofossil record,  Stuckey 
(1993)  categorized  N. gracillima  as a “Species of the Appala-
chian Upland and the Interior Highlands….” The addition of 
fossil reports since that work extends its former distribution to 
the Mississippi Embayment and Gulf Coastal Plain regions 
( Fig. 3 ). 

 The availability of only two macrofossil sites north of the 
LGM, however, precludes any substantive disclosure of migra-
tory routes for  N. gracillima . Consequently, the existence of  N. 
gracillima  in ME by 8.57–9.26 kybp ( Almquist et al., 2001 ) 
and in MN by 10.4–10.8 kybp ( Wright and Watts, 1969 ) is 
compatible with different scenarios regarding the origin of the 
species in the Upper Great Lakes region. If two different migra-
tory routes were followed as suggested for many other aquatic 
plants by  Vesper and Stuckey (1977) , then the somewhat earlier 
date observed for the ME locality could refl ect a more rapid 
recolonization of the northeastern United States from a large 
pool of populations surviving along the Atlantic Coastal Plain 
with a somewhat slower colonization of the Upper Great Lakes 
region (MN) attributable to fewer refugia in the Interior High-
lands ( Fig. 3 ). Alternatively, an incremental colonization from 
the Atlantic Coastal Plain occurring fi rst to the Northeast and 
then westward to the Upper Great Lakes would be equally 
plausible. 

 Although distinguishing between the preceding hypotheses 
seemingly is intractable from the existing fossil record, a clearer 
picture is provided by genetic data. Only one genotype (nr6) 
was found among extant  N. gracillima  populations in the Inte-
rior Highlands–Mississippi Embayment region ( Fig. 3 ). The 
isolated nature of these populations is indicated by the rela-
tively high level of DNA sequence divergence between nr6 and 
all other populations of  N. gracillima  examined ( Table 1  and 
 Fig. 4 ). Moreover, the nr6 genotype was not detected anywhere 
north of the LGM boundary ( Fig. 3 ), which indicates a lack of 
northward postglacial migration from populations in the Upper 

 DNA sequence analysis —    Seed data results were confi rmed 
by molecular data, which provided congruent evidence for the 
origin of Southern European and CA plants of  N. gracillima . 
Out of the nine nrITS genotypes detected among the material 
that we evaluated, specimens from Asia (Korea), Southern Eu-
rope (Italy), and CA possessed the same (nr7) genotype ( Table 
1  and  Fig. 4 ). Except for the Italian material (which did not 
yield suffi cient DNA for cpDNA analysis), this same group of 
plants also possessed identical haplotypes among the eight de-
tected for two cpDNA loci:  trnK / matK  and  rbcL  ( Table 2 ). 
Taken together, the CA material of  N. gracillima  not only pos-
sessed the smaller seeds characteristic of Old World plants 
( Figs. 1 and 2 ), but also completely matched native Asian mate-
rial that originated from Goseong, Korea, at all three DNA loci 
surveyed. By contrast, neither the CA plants nor the Italian ma-
terial possessed any of the features characteristic of native pop-
ulations that originated from the eastern United States ( Tables 
1 and 2 ;  Figs. 2 and 4 ). Accordingly, these results provide de-
fi nitive evidence for the nonindigenous introductions of both 
the CA and Italian material analyzed. 

  Triest (1988)  commented extensively on the association of 
 N. gracillima  with rice fi elds. He described several life-history 
traits of this species as being well adapted to the fl uctuating 
environment (seasonal water drainage) characteristic of rice 
culture. These features include the ability of  N. gracillima  to 
achieve rapid seed production by means of (geitonogamous) 
self-pollination and the ability of the seeds to retain viability 
after >2 yr of storage in dry sand ( Triest, 1988 ). He attributed 
the dispersal of  N. gracillima  to the European rice fi elds to 
accidental transport with agricultural products and queried 
whether CA plants also grew in rice “paddy” ( Triest, 1988 ). 

 The match of European and CA  N. gracillima  plants to Ko-
rean material is understandable, given the status of the latter 
region as a major worldwide rice producer ( Dawe, 2002 ). It is 
highly likely that  N. gracillima  was introduced to CA along 
with seeds or rice plants that originated either from Korea, or 
from other eastern Asian regions where this distinctive geno-
type might also occur. Not surprisingly, the current distribution 
of  N. gracillima  in CA lies almost exclusively within the major 
rice-growing region of the state ( Fig. 3 ). 

 Najas gracillima in glaciated North America —    With respect 
to indigenous North American populations of  N. gracillima , the 
migratory routes followed during the colonization of deglaci-
ated habitats have been diffi cult to elucidate. Fossil pollen and 
macrofossils often provide useful data for reconstructing the 
phytogeographic history of plants ( Gugger and Sugita, 2010 ) 
and have been used to study the migration of aquatic angio-
sperms.  Vesper and Stuckey (1977)  synthesized pollen profi le 
data to elucidate the most likely migratory routes followed by 
aquatic plants as they recolonized the Great Lakes region sub-
sequent to the LGM, which in the Northern Hemisphere oc-
curred approximately 19–20 kybp ( Clark et al., 2009 ). Their 
analysis suggested two main routes in the eastern United States: 
migration northeastward or northwestward from the Missis-
sippi Valley and migration north along the Atlantic Coastal 
Plain through New England and then westward ( Vesper and 
Stuckey, 1977 ). Their pollen profi le analysis also indicated that 
extreme westward localities in the region (e.g., MN and WI) 
were likely to have been colonized primarily by source popula-
tions that originated in the Mississippi Valley because of the 
substantial barrier to east–west migration imposed by the Ap-
palachian Mountains ( Vesper and Stuckey, 1977 ). 
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 N. gracillima  populations to rice-fi eld conditions ( Triest, 1988 ) 
indicates that the ecology of Asian plants also differs from that 
typically associated with the species in northeastern North 
America. 

 Our results show  Najas gracillima  to be a complex species 
that exhibits morphological, ecological, and genetic divergence 
across its broad geographic range. With respect to future con-
servation efforts, we emphasize the following: (1)  N. gracillima  
is nonindigenous in California, where it should be managed not 
as an imperiled taxon, but as a potentially invasive weed; (2) 
our analyses indicate that a high level of genetic diversity is 
retained among  N. gracillima  populations in the northeastern 
United States; (3) genetic data indicate that  N. gracillima  that 
occur north of the LGM boundary are derived primarily from 
refugia along the Atlantic Coastal Plain and Piedmont; and (4) 
the genetic and ecological uniqueness of  N. gracillima  popula-
tions in the southern United States (south of the LGM bound-
ary) warrants exceptional conservation priority, particularly 
because this area has experienced the greatest loss of popula-
tions in the past century. 
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Mississippi Valley. By contrast, all populations examined in 
the Upper Great Lakes region (IN, MN, OH, and WI) possessed 
genotypes (nr1 and nr2) that also occur commonly in the north-
eastern United States ( Fig. 3 ). These results offer persuasive 
evidence that extant  N. gracillima  populations in the Upper 
Great Lakes region were established as a result of colonization 
from populations in the northeastern United States rather than 
from those surviving in the Upper Mississippi Valley. 

 Our data also indicate that present populations in the eastern 
United States were derived from refugia along the eastern Pied-
mont and Atlantic Coastal Plain. The ITS genotypes resolved 
from  N. gracillima  sampled north of the LGM boundary in-
clude one (nr2) that also occurs south of the glaciated region 
( Figs. 3 and 4 ). All genotypes detected north of the LGM bound-
ary are most similar to that found in SC ( Table 1 ), which occurs 
in proximity of a fossil locality dated at 12 kybp ( Fig. 3 ;  Stuckey, 
1983 ). The SC genotype (nr5) differs by only 1–3 mutations 
from those encountered in the northeastern United States 
(nr1–4) and is most similar to nr1, which extends westward to 
MN ( Table 1 ;  Figs. 3 and 4 ). By contrast, the ITS genotype 
associated with populations residing in the Interior Highlands–
Mississippi Embayment region (nr6) differed from all north-
eastern U.S. genotypes by 7–10 mutations ( Fig. 4 ). 

 Because of their overall similarity, it is possible that some of 
the current northeastern U.S. genotypes refl ect mutations that 
have arisen since the retreat of the Pleistocene glaciers and ini-
tial colonization of that region. In any case, the northeastern 
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Lake, AL, is quite isolated and includes plants that are diver-
gent genetically (nr6) and found in proximity of several fossil 
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1914 AMERICAN JOURNAL OF BOTANY [Vol. 100

    NA   ,    H. A.   , AND    H.-K.     CHOI  .  2012 .   Numerical taxonomic study of  Najas  
L. (Hydrocharitaceae) in Korea.    Korean Journal of Plant Taxonomy   
 42 :  126 – 140 .   

   NATIONAL AGRICULTURAL STATISTICS SERVICE .  2012 .  Charts and maps: All 
rice 2010 harvested acres by county for selected states. Website  http://
www.nass.usda.gov/Charts_and_Maps/Crops_County/ar-ha.asp .  

    NATURESERVE  .  2012 .  NatureServe Explorer: An online encyclopedia of 
life [web application], version 7.0. NatureServe, Arlington, Virginia, 
USA. Website  http://www.natureserve.org/explorer .  

    ROGSTAD   ,    S. H.    1992 .   Saturated NaCl-CTAB solution as a means of fi eld 
preservation of leaves for DNA analyses.    Taxon    41 :  701 – 708 .   

    SALTONSTALL   ,    K.    2002 .   Cryptic invasion by a non-native genotype of the 
common reed,  Phragmites australis , into North America.    Proceedings 
of the National Academy of Sciences, USA    99 :  2445 – 2449 .   

    SAWADA   ,    M.   ,    A. E.     VIAU   , AND    K.     GAJEWSKI  .  2003 .   The biogeography 
of aquatic macrophytes in North America since the Last Glacial 
Maximum.    Journal of Biogeography    30 :  999 – 1017 .   

    SIMBERLOFF   ,    D.   ,    L.     SOUZA   ,    M. A.     NUÑEZ   ,    M. N.     BARRIOS-GARCIA   , AND    W.   
  BUNN  .  2012 .   The natives are restless, but not often and mostly when 
disturbed.    Ecology    93 :  598 – 607 .   

    STUCKEY   ,    R. L.    1983 .  Absence of certain aquatic plants from the prai-
rie peninsula. In R. Brewer [ed.], Proceedings of the Eighth North 
American Prairie Conference,  97 – 103 .  Western Michigan University , 
 Kalamazoo, MI .  

    STUCKEY   ,    R. L.    1993 .   Phytogeographical outline of aquatic and wetland 
angiosperms in continental eastern North America.    Aquatic Botany   
 44 :  259 – 301 .   

    TAMURA   ,    K.   ,    D.     PETERSON   ,    N.     PETERSON   ,    G.     STECHER   ,    M.     NEI   , AND    S.     KUMAR  . 
 2011 .   MEGA5: Molecular evolutionary genetics analysis using max-
imum likelihood, evolutionary distance, and maximum parsimony 
methods.    Molecular Biology and Evolution    28 :  2731 – 2739 .   

    THOMAS   ,    W. E.   ,    S. P.     ASH   , AND    R. H.     MAXWELL  .  2005 .   Distribution records 
of southern Indiana vascular plants II.    Proceedings of the Indiana 
Academy of Sciences    114 :  19 – 25 .  

    THORNE   ,    R. F.   ,    C. B.     HELLQUIST   , AND    R. R.     HAYNES  .  2012 .  Hydrocharitaceae. 
The waterweed family. In B. G. Baldwin, D. H. Goldman, D. J. Keil, 
R. Patterson, T. J. Rosatti & D. H. Wilken [eds.], The Jepson man-
ual: Vascular plants of California, 2nd ed., 1353–1356. University of 
California Press, Berkeley, California, USA.  

    TRIEST  ,  L.   1988 .  A revision of the genus  Najas  L. (Najadaceae) in the Old 
World. Mémoires de l’Académie Royale des Sciences d’outre-mer, 
Classe des sciences naturelles et médicales 22.  

    U.S. DEPARTMENT OF AGRICULTURE  .  2012 .  PLANTS Database. Website 
 http://plants.usda.gov . National Plant Data Team, Greensboro, North 
Carolina, USA.  

    VESPER   ,    S. J.   , AND    R. L.     STUCKEY  .  1977 .  The return of aquatic vascu-
lar plants into the Great Lakes region after Late-Wisconsin glacia-
tions. In R. C. Romans [ed.], Geobotany: Proceedings of Geobotany 
Conference,  283 – 299 .  Plenum Press ,  New York, New York, USA .  

    WATTS   ,    W. A.    1970 .   The full-glacial vegetation of northwestern Georgia.  
  Ecology    51 :  17 – 33 .   

    WATTS   ,    W. A.    1979 .   Late Quaternary vegetation of central Appalachia and 
the New Jersey Coastal Plain.    Ecological Monographs    49 :  427 – 469 .   

    WATTS   ,    W. A.   ,    B. C. S.     HANSEN   , AND    E. C.     GRIMM  .  1992 .   Camel Lake: a 
40 000-yr record of vegetational and forest history from northwest 
Florida.    Ecology    73 :  1056 – 1066 .   

    WEBB   ,    D. H.   , AND    W. M.     DENNIS  .  1981 .   Additions to the fl ora of Tennessee . 
 [ Najas gracillima ,  Cyperus difformis ,  Eleocharis tortilis ,  Hydrocotyle 
umbellata ].    Sida    9 :  184 – 185 .  

    WENTZ   ,    W. A.   , AND    R. L.     STUCKEY  .  1971 .   The changing distribution of 
the genus  Najas  (Najadaceae) in Ohio.    Ohio Journal of Science    71 : 
 292 – 302 .  

    WRIGHT   ,    H. E.     JR   ., AND    W. A.     WATTS  .  1969 .  Glacial and vegetational his-
tory of northeastern Minnesota. Minnesota Geological Survey, SP-11, 
Special Publication Series. University of Minnesota, Minneapolis, 
Minnesota, USA.         

    GODFREY   ,    R. K.   , AND    J. W.     WOOTEN  .  1979 .  Aquatic and wetland plants 
of southeastern United States, vol. 1: Monocotyledons. University of 
Georgia Press, Athens, Georgia, USA.  

    GOLDEN   ,    J. L.   ,    P.     ACHUFF   , AND    J. F.     BAIN  .  2008 .   Genetic divergence of 
 Cirsium scariosum  in eastern and western Canada.    Ecoscience    15 : 
 293 – 297 .   

    GUGGER   ,    P. F.   , AND    S.     SUGITA  .  2010 .   Glacial populations and postglacial 
migration of Douglas-fi r based on fossil pollen and macrofossil evi-
dence.    Quaternary Science Reviews    29 :  2052 – 2070 .   

    HAYNES   ,    R. R.    1979 .   Revision of North and Central American  Najas  
(Najadaceae).    Sida    8 :  34 – 56 .  

    HAYNES   ,    R. R.    2000 .  197. Najadaceae Jussieu—Naiad or water-nymph 
family. In Flora of North America Editorial Committee [eds.], Flora of 
North America north of Mexico, vol. 22, Magnoliophyta: Alismatidae, 
Arecidae, Commelinidae (in part), and Zingiberidae, 77–83. Oxford 
University Press, New York, New York, USA.  

    HILGARTNER   ,    W. B.   , AND    G. S.     BRUSH  .  2006 .   Prehistoric habitat stability 
and post-settlement habitat change in a Chesapeake Bay freshwater 
tidal wetland, USA.    Holocene    16 :  479 – 494 .   

    HUSON   ,    D. H.   , AND    D.     BRYANT  .  2006 .   Application of phylogenetic net-
works in evolutionary studies.    Molecular Biology and Evolution    23 : 
 254 – 267 .   

    IVERSEN   ,    J.    1954 .   The late-glacial fl ora of Denmark and its relation to 
climate and soil.    Danmarks geologiske undersøgelse 1: Række    1–5 : 
 87 – 119 .  

    KARBAN   ,    R.    1992 .  Plant variation: Its effects on populations of herbivo-
rous insects. In R. S. Fritz and E. L. Simms [eds.], Plant resistance to 
herbivores and pathogens: Ecology, evolution and genetics, 195–215. 
University of Chicago Press, Chicago, Illinois, USA.  

    KARTESZ   ,    J. T.    2011 .  The Biota of North America Program (BONAP). 
 North American Plant Atlas  ( http://www.bonap.org/MapSwitchboard.
html ). BONAP, Chapel Hill, North Carolina, USA.  

    LES   ,    D. H.    1986 .   The phytogeography of  Ceratophyllum demersum  and  C. 
echinatum  (Ceratophyllaceae) in glaciated North America.    Canadian 
Journal of Botany    64 :  498 – 509 .   

    LES   ,    D. H.   ,    S. P.     SHELDON   , AND    N. P.     TIPPERY  .  2010 .   Hybridization in hy-
drophiles: natural interspecifi c hybrids in  Najas  (Hydrocharitaceae).  
  Systematic Botany    35 :  736 – 744 .   

    LINCOLN   ,    F. C.    1935 .  The waterfowl fl yways of North America. Circular 
No. 342. U.S. Department of Agriculture, Washington, D.C., USA.  

    MABUCHI   ,    K.   ,    H.     SENOU   , AND    M.     NISHIDA  .  2008 .   Mitochondrial DNA 
analysis reveals cryptic large-scale invasion of non-native genotypes 
of common carp ( Cyprinus carpio ) in Japan.    Molecular Ecology    17 : 
 796 – 809 .   

    MADDISON   ,    W. P.   , AND    D. R.     MADDISON  .  2011 .  Mesquite: A modular system 
for evolutionary analysis, version 2.75. Website  http://mesquiteproject.
org .  

    MARTIN   ,    A. C.   , AND    F. M.     UHLER  .  1939 .  Food of game ducks in the United 
States and Canada. U.S. Department of Agriculture Technical Bulletin 
No. 634. Government Printing Offi ce, Washington, D.C., USA.  

    MERILÄINEN   ,    J.    1968 .    Najas minor  All. in North America.    Rhodora    70 : 
 161 – 175 .  

    MICHAELS   ,    N. N.   , AND    G. G.     SASS  .  2010 .  The Nature Conservancy’s 
Emiquon Preserve. Fish and aquatic vegetation monitoring. Annual 
Report. INHS Technical Report 2010 (14). Illinois Natural History 
Survey, Champaign, Illinois, USA.  

    MICHEL   ,    A.   ,    R. S.     ARIAS   ,    B. E.     SCHEFFLER   ,    S. O.     DUKE   ,    M.     NETHERLAND   , AND  
  F. E.     DAYAN  .  2004 .   Somatic mutation-mediated evolution of herbi-
cide resistance in the nonindigenous invasive plant hydrilla ( Hydrilla 
verticillata ).    Molecular Ecology    13 :  3229 – 3237 .   

    MUENSCHER   ,    W. C.    1944 .  Aquatic plants of the United States. Comstock, 
Ithaca, New York, USA.  

    MUN   ,    J.   ,    A. J.     BOHONAK   , AND    G. K.     RODERICK  .  2003 .   Population structure 
of the pumpkin fruit fl y  Bactrocera depressa  (Tephritidae) in Korea 
and Japan: Pliocene allopatry or recent invasion?    Molecular Ecology   
 12 :  2941 – 2951 .   



1915September 2013] LES ET AL.— NAJAS GRACILLIMA 

  APPENDIX  1. 

 Accessions of  Najas gracillima  included in morphological and molecular analyses. GenBank accession numbers separated by commas are provided for nrITS,  matK  
(including  trnK  5 ′  intron), and  rbcL  data, respectively; genotype designations are enclosed by square brackets []; n/a = no sequence available; sample sizes for 
seeds measured are given in curved brackets {}. 

  Italy . Vercelli. Albano Vercelle,  C. D. K. Cook & R. Salluci 5400  (CONN, Z) 
{2}, KF016094 [nr7], n/a, n/a.  Korea . Gangwon. Goseong,  Na 80424  
(AJOU), HQ687138 [nr7], KF016070 [ trnK/matK 4], KF016048 [ rbcL 3]. 
 Korea . Gangwon. Pyeongchang,  Kwon s.n.  (AJOU, CONN), HQ687139 
[nr8], n/a, n/a.  Korea . Gyeongbuk. Uiseong-gun. Bongjeong-ri,  Na 80271  
(AJOU), HQ687140 [nr8], n/a, KF016049 [ rbcL 3].  Korea . Jeju. Geum-
oreum,  Jung & Kim s.n.  (AJOU), HQ687143 [nr8], n/a, n/a.  Korea . 
Jeonnam. Jindo,  Cho s.n.  (AJOU, CONN), HQ687142 [nr8], n/a, n/a. 
 Korea . Jeonbuk. Jinan-gun. Dongchang-ri,  Na 80369  (AJOU), HQ687141 
[nr9], KF016071 [ trnK/matK 5], KF016050 [ rbcL 3].  U.S.A. Alabama . 
Chambers Co. Lafayette City Lake,  R. R. Haynes 8721  (UNA) {2}, 
KF016095 [nr6], n/a, n/a.  U.S.A. California . Butte Co. Rice Experimental 
Area,  V. H. Oswald & L. Ahart 4852  (UC) {3}, KF016096 [nr7], n/a, 
KF016051 [ rbcL 3]; Biggs Rice Experiment Station,  T. C. Fuller 20222  
(CDA), KF016097 [nr7], KF016072 [ trnK/matK 4], n/a; Sacramento 
River,  V. H. Oswald & L. Ahart 8093  (JEPS) {3}, KF016098 [nr7], n/a, 
n/a. Colusa Co. BLM Bear Creek,  E. Dean 5773  (CONN), KF016099 
[nr7], KF016073 [ trnK/matK 4], KF016052 [ rbcL 3]; BLM Payne Ranch, 
 E. Dean 5106  (CONN), KF016100 [nr7], n/a, n/a. Mendocino Co. 
Willits,  Oliver 1418547  (CDA) {3}, KF016101 [nr7], KF016074 [ trnK/
matK 4], n/a. Yolo Co. Rice Experimental Station,  D. Les 1032  (CONN), 
KF016102 [nr7], KF016075 [ trnK/matK 4], KF016053 [ rbcL 3]. Yuba 
Co. Renaissance Winery,  D. Les 1049  (CONN) {3}, KF016103 [nr7], 
KF016076 [ trnK/matK 4], n/a; Spenceville Wildlife Area Pond,  D. Les 
1048  (CONN), KF016104 [nr7], KF016077 [ trnK/matK 4], KF016054 
[ rbcL 3].  U.S.A. Connecticut.  Hartford Co. Berlin, private pond,  S. 
Sheldon s.n. , 28 Sep 2007 (CONN) {3}, HM240430 [nr1], HM240464 
[ trnK / matK 1], HM240490; Hartland,  A. M. Les 18  (CONN), KF016105 
[nr1], KF016078 [ trnK / matK 1], KF016055 [ rbcL 1]. New London Co. 
Pachaug Pond,  S. Sheldon s.n. , 28 Sep 2007 (CONN), HM240429 [nr3], 
n/a, n/a. Tolland Co. Holbrook Pond,  D. Les  &  S. Sheldon s.n.  (CONN), 
KF016106 [nr2], n/a, n/a; Bigelow Hollow,  S. Sheldon s.n. , 28 Sep 
2007 (CONN), HM240426 [nr2], n/a, n/a;  N. P. Tippery 299  &  D. Les 
s.n.  (CONN), KF016107 [nr2], KF016079 [ trnK / matK 1], KF016056 
[ rbcL 1]; Gay City State Park,  S. Sheldon s.n. , 14 Sep 2007 (CONN) 
{3}, HM240427 [nr2], n/a, n/a;  D. Les s.n ., 21 Sep 2009 (CONN) 
{3}, KF016108 [nr3], KF016080 [ trnK/matK 1], KF016057 [ rbcL 1]. 
Windham Co. Knowlton Pond,  S. Sheldon s.n. , 28 Sep 2007 (CONN) {3}, 
HM240428 [nr2], HM240464, HM240490.  U.S.A. Illinois . Williamson 
Co. Devil’s Kitchen Lake,  Ulaszdk 927  (ILLS) {3}, KF016109 [nr6], 
n/a, n/a.  U.S.A. Indiana . LaPorte Co. Silver Lake,  D. Les 982 & N. P. 
Tippery 467  (CONN), KF016110 [nr1], KF016081 [ trnK / matK 1], n/a. 

 U.S.A. Kentucky . Powell Co. Hidden Valley Wildlife Management Area, 
 D. Les 829 & N. P. Tippery 306  (CONN), KF016111 [nr6], KF016082 
[ trnK / matK 1], KF016069 [ rbcL 2].  U.S.A. Maine . Cumberland Co. Forest 
Lake,  K. Hall s.n. , 18 Aug 2009 (CONN), KF016112 [nr1], n/a, n/a. 
 U.S.A. Massachusetts.  Berkshire Co. Big Pond,  C. B. Hellquist 17176  
(CONN), KF016113 [nr2], n/a, n/a. Worcester Co. Crow Hill Pond,  D. 
Les 1061  (CONN), KF016114 [nr2], KF016083 [ trnK/matK 3], KF016058 
[ rbcL 1]; Walker Pond,  D. Les 1058  (CONN) {4}, KF016115 [nr2], n/a, 
KF016059 [ rbcL 1].  U.S.A. Minnesota . Cass Co. Blind Lake,  D. Les 943 
& N. P. Tippery 417  (CONN) {1}, KF016116 [nr1], KF016084 [ trnK/
matK 2], KF016060 [ rbcL 1]; Stanley Lake,  D. Les 941 & N. P. Tippery 
414  (CONN) {2}, KF016117 [nr1], KF016085 [ trnK / matK 1], KF016061 
[ rbcL 1]; Three Island Lake,  D. Les 936 & N. P. Tippery 408  (CONN) 
{2}, KF016118 [nr1], KF016086 [ trnK / matK 1], KF016062 [ rbcL 1]. 
Hubbard Co. Wabisish Lake,  D. Les 931 & N. P. Tippery 426  (CONN) 
{2}, KF016119 [nr1], KF016087 [ trnK / matK 1], KF016063 [ rbcL 1]. 
Itasca Co. Pughole Lake,  D. Les 926 & N. P. Tippery 421  (CONN) {2}, 
KF016120 [nr1], KF016088 [ trnK / matK 1], KF016064 [ rbcL 1]; Big 
Island Lake,  D. Les 927 & N. P. Tippery 422  (CONN), KF016121 [nr1], 
KF016089 [ trnK / matK 1], KF016065 [ rbcL 1].  U.S.A. Missouri . Madison 
Co. Eugene D. Nims Lake,  D. Les 878 & N. P. Tippery 355  (CONN) {2}, 
KF016122 [nr6], KF016090 [ trnK / matK 1], KF016066 [ rbcL 1].  U.S.A. 
New Hampshire . Ossipee Lake,  C. E. Hellquist & C. B. Hellquist 158-12  
(CONN) {2}, KF016123 [nr4], n/a, n/a;  C. E. Hellquist & C. B. Hellquist 
178-12A  (CONN) {1}, KF016124 [nr2], n/a, n/a.  U.S.A. North Carolina . 
Durham Co. Pond E of CR-1632,  S. W. Leonard & J. H. Moore 5485  
(LSU), KF016125 [nr2], n/a, n/a.  U.S.A. Ohio . Lake Co. Corning Lake, 
 Bissell, Parsons & Danielson s.n. , 07 Sep 1990 (UNA) {3}, KF016126 
[nr2], n/a, n/a.  U.S.A. Pennsylvania . Pike Co. Forest Lake,  A.F. Rhoads 
& T.A. Block s.n.,  6 Aug 2002 (CONN, MOAR) {3}, KF016127 [nr3], 
n/a, n/a; Lower Lake,  A.F. Rhoads & T.A. Block s.n.,  1 Aug 2005 (CONN, 
MOAR) {2}, KF016128 [nr3], n/a, KF016067 [ rbcL 1].  U.S.A. Rhode 
Island . Providence Co. Malbourn Pond,  D. Les 1064  (CONN), KF016129 
[nr2], n/a, n/a; Spring Grove Pond,  D. Les 1065  (CONN), (CONN), 
KF016130 [nr2], KF016091 [ trnK / matK 1], n/a.  U.S.A. South Carolina . 
Union Co. John’s Lake,  Horn 12967  (UNA) {3}, KF016131 [nr5], n/a, 
n/a.  U.S.A. Tennessee . Benton Co. Lick Creek,  C. B. Hellquist 17174  
(CONN) {3}, KF016132 [nr6], KF016092 [ trnK / matK 1], n/a.  U.S.A. 
Vermont.  Rutland Co. Sunset Lake,  S. Sheldon SPS 2011-007  (CONN), 
KF016133 [nr3], n/a, n/a.  U.S.A. Wisconsin.  Vilas Co. Towanda Lake,  D. 
Les 958 & N. P. Tippery 443  (CONN) {2}, KF016134 [nr1], KF016093 
[ trnK / matK 1], KF016068 [ rbcL 1]. 


