
ABSTRACT 

CULATTA, KATHERINE EMILY. Taxonomy, Genetic Diversity, and Status Assessment of 

Nuphar sagittifolia (Nymphaeaceae). (Under the direction of Dr. Alexander Krings and Dr. Ross 

Whetten). 

 

Nuphar sagittifolia (Walter) Pursh (Nymphaeaceae), Cape Fear spatterdock, is an aquatic 

macrophyte considered endemic to the Atlantic Coastal Plain and of conservation concern in 

North Carolina, South Carolina, and Virginia.  The existence of populations of unclear 

taxonomic identity has precluded assessment of the number of populations, distribution, and 

conservation needs of N. sagittifolia.  Thus, the first objective of this thesis was to re-assess the 

circumscription of the species by evaluating four taxonomic hypotheses:  1) Populations of 

Nuphar in the N. sagittifolia range, including morphological intermediates, are members of a 

single polymorphic species; 2) Morphological intermediates in the N. sagittifolia range are 

hybrids between N. advena subsp. advena and N. sagittifolia; 3) Morphological intermediates are 

variants of N. advena subsp. advena or N. sagittifolia; 4) Intermediates, distinct from both N. 

advena subsp. advena and N. sagittifolia, are either disjunct populations of N. advena subsp. 

ulvacea or members of an undescribed taxon. The second objective was to summarize 

information on the taxonomy, biology, distribution, and genetic diversity of N. sagittifolia s.s to 

inform conservation decisions. Approximately 30 individuals from each of 21 populations of 

Nuphar across the N. sagittifolia range, and the type populations of N. advena subsp. advena, N. 

advena subsp. ulvacea, and N. sagittifolia were included in genetic and morphological analyses. 

Individuals were genotyped across 26 SNP loci identified for this study, and 31 leaf, flower and 

fruit morphological characters were measured.  STRUCTURE analysis identified three genetic 

groups with corresponding morphological differences in the N. sagittifolia range: N. sagittifolia, 

N. advena subsp. advena, and a third group in the Chowan-Roanoke River drainage that requires 



further study.  A revised key based on Classification and Regression Tree (CART) and Bayesian 

analyses identifies N. sagittifolia based on a leaf sinus-to-leaf length ratio < 0.22, leaves not 

emergent, and leaf length-to-width ratio usually greater than 2.4.  88% of the 64 previously 

documented N. sagittifolia localities were surveyed, with 61% present and 39% failed to find, 

and 34 additional new populations were documented. These results do not substantially change 

the known distribution of N. sagittifolia. Genetic analyses within the N. sagittifolia group as 

indicated by the revised key indicated relatively low clonality, with 260 individuals representing 

235 multilocus genotypes.  High FST and G’ST values indicated low gene flow among 

populations, and low values for Jost’s D indicated low allelic differentiation among populations.  

Observed heterozygosity was slightly higher than expected heterozygosity in all populations. 

Observations are consistent with a combination of sexual reproduction resulting in long-lived 

genets and limited clonal reproduction, and indicate that low genetic diversity in populations is 

not a conservation concern.  Genetic and geographic distance were not correlated, with the 

northernmost population (the only population substantially outside the Cape Fear Arch 

geological region) most genetically similar to the southernmost populations. Survey results 

provide a baseline of observations for future monitoring. 
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CHAPTER 1: On the taxonomic circumscription of Nuphar sagittifolia 

Introduction 

Nuphar sagittifolia (Walter) Pursh (Nymphaeaceae), Cape Fear spatterdock, is an aquatic 

macrophyte considered endemic to rivers, streams, lakes and ponds of the Atlantic Coastal Plain 

from Virginia to South Carolina (Padgett 2007). It is state-listed as Threatened in Virginia 

(Townsend 2019), and included on the North Carolina Rare Plant Watch List (Robinson 2018), 

and on the list of rare species of South Carolina (SCDNR 2015).  Populations of N. sagittifolia 

are known from a small area in Virginia and a larger range from southeastern North Carolina into 

contiguous South Carolina, separated by a distributional gap in southeastern Virginia and 

northeastern North Carolina.  

Nuphar sagittifolia was first described as Nymphaea sagittifolia Walter (1788) and 

transferred to Nuphar by Pursh (1814). There is no type specimen for Walter’s description 

included in the Fraser/Walter Herbarium (Ward 2017), and consequently Beal (1956) designated 

a neotype for Nuphar sagittifolia (McCarthy s.n., 1885, NY). The only locality information 

provided for the neotype is “Oriente Carolina Septentrionalis”, but the collection was likely 

made in the vicinity of Wilmington, North Carolina, where McCarthy was working on a flora of 

Wilmington, that describes Nuphar sagittifolia as plentiful on the margins of the Northeast Cape 

Fear River and Smith’s Creek (Wood and McCarthy 1886).  Correspondence to the Smithsonian 

Institution from Gerald McCarthy postmarked from Wilmington, NC in July 1885 and a 

Smithsonian accession card dated March 22, 1886 documenting the receipt of McCarthy’s 

“collection of about 300 species from North Carolina” support the area around Wilmington as 

the type locality for N. sagittifolia (Smithsonian Institution 1886, in the James R. Troyer 

Collection). 
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The most recent revision of the genus (Padgett 2007) recognized 15 species of Nuphar 

worldwide on the basis of morphology, chloroplast DNA, and nuclear ribosomal DNA, separated 

into Eurasian and North American clades (Padgett et al. 1999).  Taxon relationships beyond 

these clades were poorly resolved, except for the association of Nuphar sagittifolia and Nuphar 

variegata Engelm. ex Durand as “sister” taxa (Padgett et al. 1999). The assessment of these 

species as closely related is based on identical chloroplast matK sequence, but not supported by 

nuclear ribosomal ITS sequence or morphological data (Padgett et al. 1999).  The two species are 

widely allopatric, with N. variegata restricted to north of the glacial boundary in North 

America.  Padgett et al. (1999) offered the hypothesis that one species captured the chloroplast 

genome of the other in an ancient hybridization event during glaciation. Chloroplast transfer 

between plant species without corresponding nuclear introgression is well documented, and 

transfer even among relatively distantly related taxa raises the important issue that chloroplast 

phylogenies do not necessarily correspond to species phylogenies (Rieseberg and Soltis 1991; 

Tsitrone et al. 2003; Stegemann et al. 2011).  In the case of N. sagittifolia and N. variegata, the 

close relationship between chloroplast sequences suggests relatively recent sympatry and 

hybridization between these two taxa and supports evolutionary separation of N. sagittifolia from 

sympatric N. advena subsp. advena. 

The existence of populations of Nuphar morphologically intermediate between N. 

sagittifolia and sympatric N. advena subsp. advena at the northern end of the range of the former 

in Virginia and at the western end of the range in North Carolina has been noted by various 

authors (Fernald 1942, Beal 1956, Padgett 2007, Weakley 2015). These populations have leaves 

less than 3 times as long as wide (the ratio specified by current taxonomic keys Padgett 2007, 

Wiersema and Hellquist 1993, and Weakley 2015), but have the abundant submerged foliage that 
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has been used to distinguish N. sagittifolia (Weakley 2015) and have few if any emergent leaves 

typical of N. advena subsp. advena. Using the most recent circumscription (Padgett 2007), some 

populations (e.g., Black River [NC], Black River [SC], Chickahominy River, Gum Swamp Lake, 

and Scotland Lake) have at least some individuals that key to the Gulf Coast endemic N. advena 

subsp. ulvacea, based on a leaf length:width ratio around 2.5. 

Beal (1956) suggested that all populations of Nuphar in Europe and North America 

comprise a single intergrading species. He recognized N. sagittifolia as N. luteum subsp. 

sagittifolium and morphological intermediates as part of a gradient between this taxon and N. 

luteum subsp. macrophyllum maintained by a temperature cline. Subsequent taxonomists 

(Wiersema and Hellquist 1993, Padgett 2007) have not accepted the concept of a single 

intergrading species, but have relied on the same characters that Beal (1956) used to distinguish 

subspecies such as leaf length:width ratio and leaf sinus:leaf length ratio (Wiersema and 

Hellquist 1993, Padgett 2007). 

Hybridization has been documented among species of Nuphar, including via 

experimental cross pollination between N. advena subsp. advena and N. sagittifolia performed 

by DePoe and Beal (1969) which resulted in a 17.4% fruit set. Natural hybrids have been 

documented between Nuphar microphylla (Persoon) Fernald and N. variegata Durand, and 

Nuphar japonica DC. s.s. and N. pumila (Timm) DC. subsp. oguraensis (Miki) Padgett (Padgett 

et al. 1998, 2002; Arrigo et al. 2016). Fernald described Nuphar x interfluitans as a hybrid of N. 

sagittifolia and N. advena occurring on the Chickahominy River in Virginia (1942), but the taxon 

has not been recognized in any subsequent treatments (Beal 1956, Wiersema and Hellquist 1993, 

Padgett 2007).  
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The existence of populations of unclear taxonomic identity highlights the poor taxonomic 

understanding of this complex.  This problem is particularly unfortunate because a lack of 

taxonomic resolution precludes sound assessment of the conservation needs, if any, of the 

species.  Nuphar sagittifolia sensu Padgett (2007) is currently considered a species of 

conservation concern due to its narrow range and potential loss of habitat caused by development 

along river shores (NatureServe 2012).  Changes to state or federal conservation status require a 

clear delineation of the taxa of concern, and before any update to listed status or management 

plan can be drafted, the circumscription of Nuphar sagittifolia must be resolved.  The results of 

taxonomic analysis are key to the status assessment of Nuphar sagittifolia, as changes to species 

delimitation could dramatically alter the range and number of populations considered true 

members of the species. 

Consequently, this study aimed to re-assess the circumscription of the species, based on 

insight from the nuclear genome, evaluating four taxonomic hypotheses: 1) Populations of 

Nuphar in the N. sagittifolia range are members of a single polymorphic species (i.e., sensu Beal 

1956);  2) Morphological intermediates in the N. sagittifolia range are hybrids between N. 

advena subsp. advena and N. sagittifolia; 3) Morphological intermediates are variants of N. 

advena subsp. advena or N. sagittifolia; 4) Intermediates, distinct from both N. advena subsp. 

advena and N. sagittifolia, are either disjunct populations of N. advena subsp. ulvacea or 

members of an undescribed taxon. See Figure 1.1 for images of individuals of each taxon 

involved in these hypotheses, and Figure 1.2 for images of individuals from populations of 

unclear taxonomy. Given the apparent morphological plasticity in the complex, an additional 

objective was to explore the utility of a Bayesian approach to identification, in addition to the 

standard binary approach of dichotomous keys. 
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Figure 1.1. Individuals from the type population of a) Nuphar sagittifolia (Northeast Cape Fear 

River, NC); b) Nuphar advena subsp. advena (Heinz National Wildlife Refuge, PA); and c) 

Nuphar advena subsp. ulvacea (Blackwater River, FL). 

 

 
Figure 1.2. Individuals from populations of unclear taxonomic identity (morphology 

“intermediate” between N. sagittifolia and N. advena subsp. advena) in the Nuphar sagittifolia 

range: a) Scotland Lake, NC; and b) Chickahominy River, VA. 
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Methods 

Population Collections 

Leaf tissue and morphology data were collected from 22–31 individuals (a number 

sufficient for analysis of genetic diversity) from each of 24 populations of N. sagittifolia sensu 

Padgett, N. advena subsp. advena sensu Padgett, and of unclear taxonomy throughout the known 

range of N. sagittifolia sensu Padgett (2007), as well as from the type localities of N. advena 

subsp. advena (Philadelphia County, Pennsylvania; J.H. Wiersema and A.E. Schuyler 2372, 

US.), N. sagittifolia (New Hanover County1, North Carolina; G. McCarthy s.n., NY), and N. 

ulvacea (Santa Rosa County, Florida; A.H Curtiss 6409, US) (Table 1.1).  Due to the 

rhizomatous habit of Nuphar, individuals were defined as leaves a minimum of 1 m away from 

any other individual included in analysis. For each individual, location was recorded using a 

handheld GPS unit and a photograph of one leaf was taken with a ruler for scale. Two leaf 

morphological characters (presence or absence of submersed vegetation and floating or emergent 

leaf habit) were observed in the field.  Seven leaf morphological characters (length, width, 

length:width ratio, sinus length, sinus:length ratio, lobe overlap, apex shape) were measured 

from field photographs using ImageJ software (Rasband 1997–2018).  One flower was collected 

from each of three different individuals included in the leaf dataset, and 13 flower characters 

(length from lowest to highest point of sepals, length from top of peduncle to top of stigmatic 

disc, width, stigmatic disc width, width of constriction below stigmatic disc, stigmatic disc 

width:constriction ratio, minimum and maximum distance from stigmatic ray end to edge of 

stigmatic disc, sepal length, peduncle width, mean stamen:anther ratio (from three stamina), 

sepal color, sepal number) were measured from fresh flowers with digital calipers. One fruit was 

 
1 Not indicated on type specimen, but supported by correspondence; see introduction. 
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collected from three different individuals included in the leaf dataset, and nine fruit characters 

(length, width, peduncle width, stigmatic disc width, width of constriction below stigmatic disc, 

stigmatic disc width: constriction below stigmatic disc ratio, stigmatic ray shape, basal ribbing, 

color) were measured from fresh fruits with digital calipers.  For flowers and fruits, n=3 was 

chosen to limit negative impacts on populations by removing reproductive structures while still 

capturing morphological variability. 

A small segment of leaf tissue was collected from each individual after it was 

photographed and immediately placed on silica gel in a falcon tube. Leaf tissue was later 

transferred from collection tubes to coin envelopes stored on silica gel. A representative voucher 

specimen was collected at each study population and deposited at NCSC. The flowers and fruits 

collected for morphological measurements were pressed and deposited at NCSC. 

 

Table 1.1. Population abbreviations used throughout text, number of genotyped individuals 

included in analyses, and population locations. Due to a lack of specificity in the type locality for 

N. sagittifolia (see text), both HA and SM in the vicinity of Wilmington, NC were considered 

possible type populations. Note that populations FB, GL, and YP were sampled, but samples 

were not sent for sequencing due to failure to extract high quality DNA from at least 15 

individuals. (n=number of individuals sampled and included in analysis.)   

Abbreviation Population n Coordinates Type Population 

BR Black River, NC 28 34.4753, -78.2002  

CA Chickahominy River, 

VA 

18 37.4012, -76.9342  

CB Conaby Creek, NC 28 35.8962, -76.7097  

FB Tuckahoe Creek, NC 0 35.1962, -79.2564  

FL Blackwater River, FL 28 30.7077, -86.8755 Nuphar advena 

subsp. ulvacea  

GL Great Lake, NC 0 34.8523, -77.0513  

GS Gum Swamp Lake, 

NC 

28 34.9102, -79.5663  

HA Northeast Cape Fear 

River, NC 

27 34.3649, -77.8971 Nuphar 

sagittifolia (1) 

HB Halyburton Park, 

Wilmington, NC 

25 34.1768, -77.9069  

HL Holland Lake, NC 24 35.1765, -79.2952  
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Table 1.1 (continued). 

LW Lake Waccamaw, NC 19 34.3114, -78.5464  

ME Meherrin River, NC 30 36.4563, -77.0447  

PA Darby Creek, PA 21 39.8883, -75.2616 Nuphar advena 

subsp. advena  

PD Little Pee Dee River, 

SC 

21 33.8068, -79.2526  

PT Black River, SC 27 33.4727, -79.4999  

SA Waccamaw/ Great 

Pee Dee River at 

Samworth Wildlife 

Management Area, 

SC 

30 33.4747, -79.1856  

SC Scotland Lake, NC 19 34.9960, -79.5172  

SM Smith Creek, NC 24 34.2670, -77.8850 Nuphar 

sagittifolia (2) 

TB Turnbull Creek, NC 29 34.8167, -78.6142  

TR Tranters Creek, NC 30 35.5656, -77.0886  

VA (pooled to 

include VD and 

VU) 

Chickahominy River, 

VA 

23 coordinates not provided 

due to state-listed status 

 

WR Waccamaw River at 

Wacca Wache 

Marina, SC 

25 33.5632, -79.0867  

YM Yates Mill Pond, 

Raleigh, NC 

26 35.7187, -78.6894  

YP Young’s Pond, NC 0 35.5113, -78.7071  

 

DNA Extraction and Plate Preparation 

DNA was extracted using a modified acid guanidinium thiocyanate phenol chloroform 

extraction accessible on protocols.io (Matallana et al. 2020). DNA was assessed for quality and 

concentration using a Nanodrop 2000 spectrophotometer (Thermofisher) and Qubit 3 

fluorometer (Thermofisher), and was arrayed into 96 well plates at a final concentration of 20-40 

ng/uL. 
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Shotgun sequencing 

Two Nuphar sagittifolia s.s. individuals (source populations: Lake Waccamaw, NC [LW] 

and Turnbull Creek, NC [TB]) and two morphological intermediates (source populations: Black 

River, SC [PT] and Scotland Lake, NC [SC]) were shotgun sequenced by Floodlight Genomics 

(Knoxville TN). DNA was sheared using a Covaris sonication device and a fraction of randomly 

fragmented pieces between 150 and 300 bp were prepared for Illumina sequencing using a PCR-

free KAPA HyperPrep kit according to the manufacturer’s instructions. Sequencing was 

conducted on a HiSeqX device running a 2x150 bp paired end chemistry. Based on the 2.7 Gbp 

genome size of Nuphar advena (Pellicer et al 2013), we estimated 10X coverage of the nuclear 

genome.   

 

Sequence Processing and Primer Design 

Reads from the Scotland Lake, NC individual were filtered to remove sequences similar 

to the chloroplast genomes of Nuphar advena and “Nuphar longifolia” (NCBI accessions 

NC_008788.1 and NC_037843.1) using the bbduk.sh script from the BBTools software package 

(Bushnell 2016), then assembled using CLC Genomics Workbench (Qiagen). Sequence reads 

from the other individuals were aligned to the contigs produced from this assembly using BWA 

(Li and Durbin 2009), and SNPs were identified using Freebayes (Garrison and Marth 2012). 

The candidate SNPs were filtered to recover those with quality score >30, probability of error 

<0.001 and allele balance between 0.45 and 0.55.  The resulting SNPs were filtered to include 

those with two variants within 50 bp on the same contig and with heterozygous and both 

homozygous genotypes represented.  The sequence region around target SNPs was expanded by 

100 nucleotides on each side using BEDtools (Quinlan and Hall 2010). Target sites with 
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potential primer sequences composed mostly of simple repeats or with four G or C nucleotides in 

a row were removed.  PCR primers were designed using Primer3 (Untergasser et al 2012), and 

primer synthesis and genotyping by amplicon sequencing was performed by Floodlight 

Genomics (Knoxville TN) using 78 pairs of primers. Three populations, (Great Lake [GL], 

Tuckahoe Creek [FB], and Young’s Pond [YP]) were not sent for sequencing due to failure to 

extract high-quality DNA from at least 15 individuals, precluding population-level analyses.  A 

total of 530 individuals from 21 populations were included in the sequenced dataset, with two 

technical replicates sequenced for each DNA sample. 

 

Post-Sequencing 

Reads were aligned to reference sequences of the target amplicons with BWA. Freebayes 

was used to call SNP genotypes with a minimum read depth of 20 and a minimum base quality 

of 30. Loci with >200 missing values were removed from the dataset. Data were converted to 

.csv format in RStudio using vcfR (Knaus and Grunwald 2017).  Because there is no 

chromosome-scale assembly of the genome sequence for any Nuphar species, the possibility that 

apparent variant sites actually represent multiple copies of a sequence after duplication had to be 

considered. To address this, amplicons containing variant sites with ≥ 3 alleles in a single 

individual were removed if more than 5% of individuals had > 1 alternate allele with a read 

depth exceeding 5% of the highest allele depth. Variant sites for which over 20% of individuals 

had neither technical replicate with read depth greater than 20 were removed.  When the 

genotype calls of technical replicates disagreed, one call was accepted if it had greater than two 

times the read depth of the other call; otherwise the call was replaced with “NA”. Loci with 

>20% missing data were removed, resulting in a final dataset of 73 variant sites on 24 amplicons.  
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The R package MicroHaplot (Ng and Anderson 2016) was used to call haplotype sequences for 

amplicons with more than one variant site.  When individuals in the same population had an 

identical multilocus genotype, only one clone was included in the dataset, resulting in the 

removal of 36 individuals representing 13 populations for a final n of 494. No significant linkage 

between pairs of loci was detected using FSTAT 2.9.4 (Goudet 2005) (Bonferroni-adjusted alpha 

= 7.0 E-6; all p values > 2.0 E-5). 

 

Identification of Genetic Groups 

Genetic structure was assessed using discriminant analysis of principal coordinates 

(DAPC) in RStudio (RStudio 2016, R Core Team 2019), and by using the software 

STRUCTURE (Pritchard et al. 2000) to infer genetic groups.  The two Virginia collection 

locations (approximately 20.3 river km apart) had very low genetic differentiation (FST = 0.079, 

calculated using FSTAT) and low sample numbers successfully genotyped (n=11 and n=12). To 

maintain a consistent sample size among populations, these two locations were treated as a single 

population in analyses. Ten independent STRUCTURE runs using the admixture model and no 

prior population information were performed for K=1 to K=21 (total number of populations) 

using a burn-in length of 15,000 followed by 150,000 iterations.  The appropriate K-value (most 

likely number of ancestral populations) was determined using the Evanno method (2015) as 

implemented in STRUCTURE HARVESTER (Earl and von Holdt 2012). A final STRUCTURE 

run was performed for K=2 using a burn-in length of 500,000 followed by 2,000,000 iterations.  

Subsequent STRUCTURE analyses were performed using the same parameters on the following 

partitioned data sets: 1) All populations except the N. advena subsp. ulvacea type population and 

Pee Dee River population, K=3, n= 447; 2) All populations except the N. advena subsp. ulvacea 
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type population, Pee Dee River population, and the “Chowan-Roanoke” group, K=7, n=393 (see 

results). 

 

Analysis of Morphological Characters 

All morphological analyses were performed using RStudio (RStudio 2016, R Core Team 

2019). ANOVAs were performed on all continuous morphological characters by genetic group. 

Chi square tests were used to identify significant associations between genetic groups and 

categorical morphological characters. 

Cluster analysis was performed on three datasets: 1. leaf morphological data from all 

sequenced individuals (n=530; “leaf” dataset); 2. flower and associated leaf data (n=49; “flower” 

dataset); 3. fruit and associated leaf data (n=46; “fruit” dataset). A Shapiro-Wilk test was 

performed for all continuous variables to detect deviation from normal distribution.  Variables 

that were not normally distributed were log-transformed.  Principal Components Analysis (PCA) 

was performed on scaled log transformed continuous variables. Correlated variables were 

identified with pairwise Pearson correlations. Pairs with coefficient of correlation > 0.7 and 

p<0.05 were identified. For character pairs identified as repetitive (essentially duplicate 

measurements, e.g., leaf length and midrib length), the character with higher combined loading 

in the first two dimensions of the initial PCA was retained, and the other was removed from the 

dataset. All characters removed from the dataset were correlated with one included. Pairs of 

characters that were correlated but not repetitive (e.g., leaf width and leaf sinus length) were 

retained. Table 1.2 lists the continuous characters retained in the final datasets.  Principal 

Coordinates Analysis (PCoA) and cluster analysis using the R package ‘cluster’ (Maechler et. al 
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2019) was performed for each uncorrelated transformed morphology data set using Gower’s 

transformation. 

Table 1.2. Continuous morphological characters included in datasets for cluster analysis after 

eliminating correlated characters with lower PCA loadings. Flower and fruit datasets include all 

leaf characters in addition to reproductive characters. Correlations and PCA loadings were 

evaluated within each dataset, resulting in different leaf characters included in each dataset. 

Analysis Dataset Character 

Leaf; Flower Midrib length(cm) 

Leaf; Flower; Fruit Sinus length (cm) 

Leaf Leaf width (cm) 

Fruit Leaf length (cm) 

Flower; Fruit Leaf sinus:length ratio 

Flower; Fruit Leaf length:width ratio 

Flower Leaf sinus:midrib ratio 

Flower Flower length from lowest to highest point of sepals (cm) 

Flower Maximum distance from stigmatic ray to disc edge (mm) 

Flower Width of constriction below stigmatic disc (mm) 

Flower Peduncle width (mm) 

Flower Mean stamen: anther ratio 

Flower Stigmatic disc:constriction ratio 

Fruit Fruit length (cm) 

Fruit Peduncle width (mm) 

Fruit Width of constriction below stigmatic disc (mm) 

Fruit Stigmatic disc: constriction ratio 

Fruit Stigmatic disc: fruit width ratio 

 

Classification and Regression Tree Analysis 

Classification and Regression Tree Analysis (CART) was performed using the R package 

tree (Ripley 2019), following methods from Dalpiaz (2019). A total of 53 individuals with < 0.7 

Q value as determined by STRUCTURE analysis for any of the three genetic groups identified 

were excluded from the dataset.  The classification tree with minimum error was identified for 

the leaf (n=394), flower (n= 49), and fruit (n= 46) datasets. 
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Bayesian Identification 

Bayes theorem was applied to infer the likelihood of an individual belonging to a certain 

genetic group based on a morphological state, given the proportion of individuals in each genetic 

group presenting that morphological state. The following equation was used, where g is a genetic 

group and m is a morphological state: 

𝑃(𝑔1 | 𝑚) =  
𝑃(𝑚 | 𝑔1)

𝑃(𝑚 | 𝑔1) + 𝑃(𝑚 | 𝑔2)
 

For example, given that 33.6% of Cluster 1 (“advena”) and 90.9% of Cluster 3 (“sagittifolia”) 

individuals exhibit submersed leaves, the probability of an individual belonging to Cluster 1 

based on exhibiting that character state would be: 

𝑃(𝑐𝑙𝑢𝑠𝑡𝑒𝑟 1 | 𝑠𝑢𝑏𝑚𝑒𝑟𝑠𝑒𝑑 𝑙𝑒𝑎𝑣𝑒𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡) =  
0.336

0.336 + 0.909
= 0.27 

The geographic distributions of Cluster 2 (“Chowan-Roanoke”) and Cluster 3 (“sagittifolia”) do 

not overlap, so probabilities were calculated comparing Cluster 1 (“advena”) to Cluster 2 

(“Chowan-Roanoke”) and Cluster 1 (“advena”) to Cluster 3 (“sagittifolia”).  Likelihoods for 

both pairs were calculated on the basis of the leaf length: leaf width ratio, presence of submersed 

vegetation, leaf habit, presence of emergent leaves in the population, position of leaf lobes, and 

leaf apex shape.  Additionally, Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”) were compared 

on the basis of the leaf sinus: leaf length ratio. 

Evidence for each taxonomic identity given the leaf sinus: leaf length ratio and the leaf 

length: leaf width ratio (characters identified as most informative by CART analysis) were 

calculated following methods from Tyrrell (2019).  Evidence was expressed as 10 times the 

base-10 logarithm of the ratio of the probability that an individual with given morphology is a 

member of a genetic group over the probability that that individual is not a member of the group, 
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where 0 dB indicates 1:1 odds or 0.50 probability (Jaynes 2003, Tyrrell 2019). Because the 

characters used did not deviate significantly from normal distribution according to a Shapiro-

Wilk test, data were simulated based on the mean and standard deviation of characters in each 

genetic group (Tyrrell 2019).  

 

Results  

Identification of Genetic Groups 

Application of the Evanno (2015) method to the dataset including all 21 populations 

identified K=2 as the most likely number of ancestral populations, with the N. advena subsp. 

ulvacea type population in Florida (FL) and the two populations from northeastern North 

Carolina representing the Chowan River drainage (ME) and Roanoke River drainage (CB) 

forming one group and all other populations forming a second group.  The DAPC of genotype 

data (Figure 1.4) indicates that the Florida and Chowan-Roanoke River populations are distinct 

both from the other populations and from each other. The Florida population was subsequently 

removed from analysis, as these results refute the hypothesis that morphologically intermediate 

populations within the range of N. sagittifolia, which key to N. advena subsp. ulvacea in Padgett 

(2007) and Weakley (2015), are disjunct members of that taxon.  The Pee Dee River population 

(PD) was also removed from analysis due to possible sampling errors leading to results 

dramatically inconsistent with the pattern of the remaining 19 populations.  In preliminary 

analyses of Carolina and Virginia populations (i.e. excluding PA and FL), individuals of the Pee 

Dee River population appeared referable to two different genetic clusters despite being sampled 

from the same location and displaying similar morphology. This population warrants further 

study to determine if these preliminary results (unpubl.) were anomalous.  
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For the subsequent STRUCTURE run (i.e., excluding the Florida [FL] and Pee Dee [PD] 

populations; 19 populations), the Evanno method identified three ancestral groups (Figure 1.3). 

Cluster 1 (red) includes the strict sense (i.e., Padgett 2007) Nuphar advena subsp. advena 

populations (CA, HB, PA [type population], and YM) and two populations of intermediate 

morphology (HL and SC). Cluster 2 (yellow) includes the Chowan-Roanoke populations (CB, 

ME) and some individuals from the Tranters Creek population (TR). Cluster 3 (blue) includes all 

strict sense Nuphar sagittifolia populations (HA and SM [presumed type populations]), LW, SA, 

TB) and four populations of intermediate morphology (BR, GS, PT, VA).  The DAPC for these 

19 populations aligns with K=3, with the “Chowan-Roanoke” group (CB, ME) distinctly 

separated from the other two (Figure 1.5). Subsequent analyses were based on the three genetic 

groups identified from the 19-population dataset.  STRUCTURE analysis without the “Chowan-

Roanoke” group results in K=7 (Figure 1.3), with members of previous Cluster 1 (“advena”) 

broken into two groups, members of previous Cluster 3 (“sagittifolia”) broken into four groups, 

and the Tranters Creek population, which has partial Cluster 2 (“Chowan-Roanoke”) ancestry, in 

its own group. DAPC of only Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”) populations 

reflects the division of Cluster 1 into two groups (Figure 1.6) 
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Figure 1.3. Top: STRUCTURE output for 19 populations, excluding FL and PD at K=3. 

Bottom: STRUCTURE output for 17 populations (excluding CB, FL, ME and PD) at K=7. Each 

vertical bar represents percent assignment of an individual to each of K ancestral clusters. In the 

top panel, Cluster 1 (red) includes the Nuphar advena subsp. advena type population [PA], 

Cluster 2 (yellow) includes the Chowan-Roanoke populations, and Cluster 3 (blue) includes the 

N. sagittifolia type populations, sensu lato [HA or SM]. Figure generated from STRUCTURE Q 

matrix using the R package Pophelper (Francis 2017). 
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Figure 1.4. DAPC scatterplot showing the first two principal components for genotype data of 

all populations, including Florida (these keying to N. advena subsp. ulvacea). The Florida (FL) 

and Chowan-Roanoke (CB, ME) populations are distinct from all others. See Table 1 for 

additional population abbreviations. 
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Figure 1.5. DAPC scatterplot showing the first two principal components for genotype data of 

populations included in a STRUCTURE run of 19 populations (excluding Florida and Pee Dee 

populations). Roanoke drainage populations (CB and ME) are highly distinct from all others, 

with TR falling between the two groups. N. advena subsp. advena populations (CA, HB, HL, 

PA, SC, YM) are not highly distinct from N. sagittifolia populations (all others), but the two 

groups are at opposite ends of the vertical axis. 
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Figure 1.6. DAPC scatterplot showing the first two principal components for genotype data of 

Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”) populations (excluding FL, PD, and 

“Roanoke-Chowan [CB, ME, TR]). Cluster 1 (“advena”) populations appear split into two 

groups consistent with geography (Northern: CA, PA, YM; Southern: HB, HL, SC).  

 

Analysis of Morphological Characters 

Results of hierarchical cluster analysis based on a dissimilarity matrix generated from 

morphological data collected from herbarium specimens and leaf morphology images were 

inconclusive and are not presented here. 

All continuous (Tables 1.3 and 1.4; Figure 1.7) and categorical (Table 1.5) leaf characters 

differed significantly among genetic groups.  Cluster 3 (“sagittifolia”) had leaves significantly 

longer (mean = 27.73 cm,  SD= 2.71) and narrower (mean = 8.15 cm, SD = 2.71 cm), leaf 

sinuses shorter (mean = 4.03 cm, SD = 1.31 cm), and midribs longer (mean = 23.69 cm, SD = 

5.92), than Cluster 1 (“advena”; leaf length: mean = 25.74 cm, SD = 7.09; leaf width: mean = 
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16.51 cm, SD = 6.02; leaf sinus length: mean = 7.10 cm, SD = 2.15; midrib length: mean 18.64 

cm, SD = 5.45) and Cluster 2 (“Chowan-Roanoke”; leaf length mean: 21.62 cm, SD = 3.22; leaf 

width: mean 17.67 cm, SD = 3.09; leaf sinus length: 6.85 cm, SD = 1.04; midrib length: mean 

14.73 cm, SD = 2.54).  Cluster 2 (“Chowan-Roanoke”) had leaves significantly shorter (mean = 

21.62, SD = 3.22), midribs shorter (mean = 14.73, SD = 2.54), leaf sinus: leaf length ratios 

higher (mean = 0.32, SD = 0.03), leaf sinus: leaf midrib ratios higher (mean = 0.47, SD = 0.07), 

and leaf length: leaf width ratios lower (mean = 1.24, SD = 0.21) than Cluster 1 (“advena”; leaf 

length: mean = 25.74, SD = 7.09; midrib length:  mean = 18.64, SD = 7.09; leaf sinus: leaf 

length ratio: mean = 0.28, SD = 0.04; leaf sinus: leaf midrib ratio: mean = 0.39, SD = 0.08; leaf 

length : leaf width ratio: mean = 1.66, SD = 0.37). Most characters had overlapping ranges 

despite significantly different means (Figure 1.7), limiting their utility in taxonomic 

identification.  Based on Chi Square test, Cluster 1 (“advena”) was associated with obtuse leaf 

apex (X2 (2, N=125) = 36.09, p<0.05), emergent leaf habit (X2 (2, N=125) = 116.13, p<0.05), 

spreading leaf lobes (X2 (4, N=125) = 90.44, p<0.05), and the absence of submersed leaves (X2 

(2, N=125) = 126.21, p<0.05). Cluster 2 (“Chowan-Roanoke”) was associated with retuse leaf 

apex (X2 (2, N=58) = 36.09, p<0.05), overlapping leaf lobes (X2 (4, N=58) = 90.44, p<0.05), and 

the absence of submersed leaves (X2 (2, N=58) =126.21, p<0.05).  Cluster 3 (“sagittifolia”) was 

associated with obtuse leaf apex (X2 (2, N=211) = 36.09, p<0.05), overlapping leaf lobes (X2 (4, 

N=211) = 90.44, p<0.05) and the presence of submersed leaves (X2 (2, N=211) = 126.21, p<0.05; 

Table 1.5).  
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Table 1.3. Mean and standard deviation of all continuous morphological characters by genetic 

group. Significant difference (ANOVA p < 0.05) indicated with an asterisk. Cluster 1 (“advena”) 

n = 125; Cluster 2 (“Chowan-Roanoke”) n = 58 ; Cluster 3 (“sagittifolia”) n = 211. 

Character Cluster 1 

“advena” 

mean 

Cluster 1 

“advena” 

SD 

Cluster 2 

“Chowan-

Roanoke” 

mean 

Cluster 2 

“Chowan-

Roanoke” 

SD 

Cluster 3 
“sagittifolia” 
mean 

Cluster 3 
“sagittifolia” 
SD 

Leaf length 

(cm) * 

25.74 7.09 21.62 3.22 27.73 6.67 

Leaf width 

(cm) * 

16.51 6.02 17.67 3.09 8.15 2.71 

Leaf sinus 

length (cm) * 

7.10 2.15 6.85 1.04 4.03 1.31 

Leaf midrib 

length (cm) * 

18.64 5.45 14.73 2.54 23.69 5.92 

Leaf sinus: 

leaf length 

ratio * 

0.28 0.04 0.32 0.03 0.15 0.04 

Leaf length: 

leaf width 

ratio * 

1.66 0.37 1.24 0.21 3.59 0.89 

Leaf sinus: 

leaf midrib 

ratio * 

0.39 0.08 0.47 0.07 0.17 0.05 

Flower length 

sepal to sepal 

(cm) * 

2.56 0.59 2.45 0.23 2.12 0.41 

Flower length 

pedicel to 

sepal (cm) 

1.44 0.51 1.17 0.1 1.18 0.27 

Flower width 

(cm) 

3.57 1.15 3.62 0.26 3.4 0.52 

Minimum 

distance from 

stigmatic ray 

to disc margin 

(mm) * 

1.68 0.46 0.73 0.14 1.39 0.41 

Maximum 

distance from 

stigmatic ray 

to disc margin 

(mm) * 

2.16 0.5 1.23 0.3 1.81 0.32 

Flower disc 

width (mm) * 

15 4.27 15.28 1.18 12.44 1.51 
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Table 1.3. (continued). 

Character Cluster 1 

“advena” 

mean 

Cluster 1 

“advena” 

SD 

Cluster 2 

“Chowan-

Roanoke” 

mean 

Cluster 2 

“Chowan-

Roanoke” 

SD 

Cluster 3 
“sagittifolia” 
mean 

Cluster 3 
“sagittifolia” 
SD 

Flower 

constriction 

below disc 

(mm) * 

8.89 2.72 9.97 0.92 7.29 0.97 

Flower disc: 

constriction 

ratio 

1.7 0.18 1.54 0.08 1.72 0.2 

Longest sepal 

length (cm) 

2.44 0.63 2.45 0.25 2.32 0.43 

Flower 

peduncle 

width (mm) 

6.44 1.82 6.55 0.75 6.62 1.01 

Flower mean 

stamen: 

anther ratio 

0.63 0.09 0.63 0.03 0.64 0.08 

Fruit length 

(cm) 

3.04 0.81 2.52 0.34 2.73 0.53 

Fruit width 

(cm) * 

3.05 0.77 2.72 0.33 2.42 0.45 

Fruit 

peduncle 

width (mm) 

7.58 1.32 6.9 0.94 7.07 1.34 

Fruit disc 

width (mm) * 

20.96 4.96 21.47 5.68 17.14 3.54 

Fruit 

constriction 

below disc 

(mm) * 

19.78 5.02 19.87 4.19 15.85 3.26 

Fruit disc: 

constriction 

ratio 

1.07 0.08 1.07 0.06 1.09 0.1 

Fruit disc: 

fruit width 

ratio 

0.69 0.09 0.78 0.13 0.71 0.08 
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Table 1.4. ANOVA and Tukey pairwise comparisons of continuous leaf characters. Asterisk 

indicates significant difference. Cluster 1 (“advena”) n = 125; Cluster 2 (“Chowan-Roanoke”, 

abbreviated “C-R”) n = 58 ; Cluster 3 (“sagittifolia”) n = 211. 
Leaf Character p value 

(ANOVA) 

Pairwise 

Comparison 

Difference in 

Means 

p value 

(Tukey) 

Significance 

Length (cm) 2.07 E -09 “C-R”-

“advena” 

-4.11 0.0002 * 

“sagittifolia”-

“advena” 

2.00 0.0168 * 

“sagittifolia”-

“C-R” 

6.11 < 0.00001 * 

Width (cm) < 2.0 E -16 “C-R”-

“advena” 

1.15 0.1819  

“sagittifolia”-

“advena” 

-8.37 < 0.00001 * 

“sagittifolia”-

“C-R” 

-9.52 < 0.00001 * 

Sinus length 

(cm) 

< 2.0 E -16 “C-R”-

“advena” 

-0.25 0.5940  

“sagittifolia”-

“advena” 

-3.07 < 0.00001 * 

“sagittifolia”-

“C-R” 

-2.82 < 0.00001 * 

Midrib length 

(cm) 

< 2.0 E -16 “C-R”-

“advena” 

-3.91 0.00002 * 

“sagittifolia”-

“advena” 

5.05 < 0.00001 * 

“sagittifolia”-

“C-R” 

8.96 < 0.00001 * 

Leaf sinus 

length: leaf 

length ratio 

< 2.0 E -16 “C-R”-

“advena” 

0.04 < 0.00001 * 

“sagittifolia”-

“advena” 

-0.13 < 0.00001 * 

“sagittifolia”-

“C-R” 

-0.17 < 0.00001 * 

Leaf sinus 

length: leaf 

midrib length 

ratio 

< 2.0 E -16 “C-R”-

“advena” 

0.09 < 0.00001 * 

“sagittifolia”-

“advena” 

-0.21 < 0.00001 * 

“sagittifolia”-

“C-R” 

-0.30 < 0.00001 * 

Leaf length: 

leaf width ratio 

< 2.0 E -16 “C-R”-

“advena” 

-0.41 0.0005 * 

“sagittifolia”-

“advena” 

1.93 < 0.00001 * 

“sagittifolia”-

“C-R” 

2.35 < 0.00001 * 

 



   

25 

 

Figure 1.7. Boxplots of continuous leaf morphology variables within genetic groups: Cluster 1 

(“advena”), Cluster 2 (“Chowan-Roanoke”), Cluster 3 (“sagittifolia”). Groups with shared letters 

are not significantly different according to ANOVA and Tukey post-hoc test. Most characters 

have overlapping ranges despite significantly different means. Characters with the least overlap 

are useful for identification: leaf length: leaf width ratio, leaf sinus length: leaf midrib length 

ratio, and leaf sinus length: leaf length ratio. See Table 3 for means and standard deviations. 
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Table 1.5. Results of pairwise Chi square test of leaf characters associated with genetic Cluster 1 

(“advena”; n=125), Cluster 2 (“Chowan-Roanoke”, abbreviated “C-R”; n=58), and Cluster 3 

(“sagittifolia”; n=211). Asterisk indicates a significant result, p < 0.05. 

Leaf Character Pairwise 

Comparison 

p value Significance Association 

Habit  

(emersed, 

floating) 

“C-R”-

“advena” 

2.52 E -08 * “advena”: emersed  

“C-R”: floating 

“sagittifolia”-

“advena” 

2.20 E -16 * “advena”: emersed 

“sagittifolia”: floating 

“sagittifolia”-

“C-R” 

1   

Submersed leaves 

(present, absent) 

“C-R”-

“advena” 

0.0573   

“sagittifolia”-

“advena” 

<2.2 E -16 * “advena”: absent 

“sagittifolia”: present 

“sagittifolia”-

“C-R” 

8.31 E -14 * “C-R”: absent 

“sagittifolia”: present 

Lobes  

(spreading, 

parallel, 

overlapping) 

“C-R”-

“advena” 

1.22 E -09 * “advena”: spreading 

“C-R”: overlapping 

“sagittifolia”-

“advena” 

<2.2 E -16 * “advena”: spreading 

“sagittifolia”: overlapping 

“sagittifolia”-

“C-R” 

0.5577   

Apex  

(obtuse, retuse) 

“C-R”-

“advena” 

2.17 E -06 * “advena”: obtuse  

“C-R”: retuse 

“sagittifolia”-

“advena” 

0.8626   

“sagittifolia”-

“C-R” 

2.94 E -08 * “C-R”: retuse 

“sagittifolia”: obtuse 

 

Continuous flower characters with means that differed significantly among groups are 

presented in Table 1.6 and Figure 1.8.  Compared to Cluster 1 (“advena”), Cluster 3 

(“sagittifolia”) had significantly shorter flowers, smaller sigmatic discs, more narrow 

constriction below the stigmatic disc, and a shorter maximum distance from stigmatic ray to edge 

of stigmatic disc. Compared to Cluster 2 (“Chowan-Roanoke”), Cluster 3 (“sagittifolia”) had a 

longer minimum and maximum distance from stigmatic ray to edge of stigmatic disc, and a 

smaller constriction below the stigmatic disc.  Compared to Cluster 2 (“Chowan-Roanoke”), 

Cluster 1 (“advena”) had a shorter minimum and maximum distance from stigmatic ray to edge 
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of stigmatic disc.  Flower length from top of pedicel to top of stigmatic disc, width, disc-

constriction ratio, longest sepal, peduncle width, and stamen: anther ratio did not differ 

significantly among groups. No categorical flower characters differed among groups. 

Table 1.6. ANOVA and Tukey comparisons of continuous flower characters. Asterisk indicates 

significant difference (p < 0.05). Cluster 1 (“advena”) n = 16 ; Cluster 2 (“Chowan-Roanoke”, 

abbreviated “C-R”) n = 6 ; Cluster 3 (“sagittifolia”) n = 27. 

Flower 

Character 

p value 

(ANOVA) 

Pairwise 

Comparison 

Difference in 

Means 

p value 

(Tukey) 

Significance 

Length 

(lowest to 

highest point 

of sepals, cm) 

0.0132 “C-R”-

“advena” 

-0.11 0.8811  

“sagittifolia”-

“advena” 

-0.43 0.0127 * 

“sagittifolia”-

“C-R” 

-0.33 0.2690  

Minimum 

distance from 

end of 

stigmatic ray 

to edge of 

stigmatic disc 

(mm) 

6.03 E -05 “C-R”-

“advena” 

-0.95 0.00004 * 

“sagittifolia”-

“advena” 

-0.29 0.0662  

“sagittifolia”-

“C-R” 

0.66 0.0022 * 

Maximum 

distance from 

end of 

stigmatic ray 

to edge of 

stigmatic disc 

(mm) 

4.25 E -05 “C-R”-

“advena” 

-0.92 0.00003 * 

“sagittifolia”-

“advena” 

-0.34 0.0208 * 

“sagittifolia”-

“C-R” 

0.58 0.0050 * 

Stigmatic 

disc width 

(mm) 

0.0059 “C-R”-

“advena” 

0.28 0.9742  

“sagittifolia”-

“advena” 

-2.56 0.0122 * 

“sagittifolia”-

“C-R” 

-2.85 0.0629  

Width of 

constriction 

below 

stigmatic disc 

(mm) 

0.0010 “C-R”-

“advena” 

1.08 0.4063  

“sagittifolia”-

“advena” 

-1.60 0.0152 * 

“sagittifolia”-

“C-R” 

-2.68 0.0039 * 

 

 



   

28 

 

Figure 1.8. Boxplots of continuous flower morphology variables by genetic groups: Cluster 1 

(“advena”), Cluster 2 (“Chowan-Roanoke”), Cluster 3 (“sagittifolia”). “Flower length” (top left) 

refers to length from lowest to highest point of sepals. Groups with shared letters are not 

significantly different according to ANOVA and Tukey post-hoc test. Ranges of characters 

overlap even when means are significantly different. See Table 3 for means and standard 

deviations. 

 

 

Continuous fruit characters with means that differed significantly among groups are 

presented in Table 1.7 and Figure 1.9. Compared to Cluster 1 (“advena”), Cluster 3 had more 

narrow fruit, stigmatic disc, and constriction below stigmatic disc. No other pairwise 

comparisons were significantly different. Fruit length, peduncle width, disc-constriction ratio, 

and disc-width ratio did not differ significantly among groups. No categorical fruit characters 

differed among groups. 
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Figure 1.9. Boxplots of continuous fruit morphology variables by genetic groups: Cluster 1 

(“advena”), Cluster 2 (“Chowan-Roanoke”), Cluster 3 (“sagittifolia”). Groups with shared letters 

are not significantly different according to ANOVA and Tukey post-hoc test. Ranges of 

characters overlap even when means are significantly different. See Table 3 for means and 

standard deviations. 

 

Table 1.7. ANOVA and Tukey comparisons of continuous fruit characters. Asterisk indicates 

significant difference. Cluster 1 (“advena”) n = 20; Cluster 2 (“Chowan-Roanoke”, abbreviated 

“C-R”) n = 6 ; Cluster 3 (“sagittifolia”) n = 20 . 

Fruit 

Character 

p value 

(ANOVA) 

Pairwise 

Comparison 

Difference in 

Means 

p value 

(Tukey) 

Significance 

Width (cm) 0.0062 “C-R”-

“advena” 

-0.34 0.4510  

“sagittifolia”-

“advena” 

-0.63 0.0043 * 

“sagittifolia”-

“C-R” 

-0.29 0.5170  

Stigmatic 

disc width 

(mm) 

0.0146 “C-R”-

“advena” 

0.51 0.9679  

“sagittifolia”-

“advena” 

-3.82 0.0252 * 

“sagittifolia”-

“C-R” 

-4.32 0.0924  

Width of 

constriction 

below 

stigmatic disc 

(mm) 

0.0086 “C-R”-

“advena” 

0.09 0.9988  

“sagittifolia”-

“advena” 

-3.93 0.0125 * 

“sagittifolia”-

“C-R” 

-4.02 0.0948  

 

 



   

30 

 

Classification and Regression Tree Analysis 

CART analysis of leaf morphology identified a leaf sinus: leaf length ratio ≤ 0.22 as the most 

useful character for distinguishing Cluster 3 (“sagittifolia”) from the other two groups (Figure 

1.10).  98.6% of Cluster 3 (“sagittifolia”) individuals had a leaf sinus: leaf length ratio ≤ 0.22. 

Leaf length: leaf width ratio was most useful in distinguishisg Cluster 1 (“advena”), of which 

91.2% had a ratio ≥ 1.3, and Cluster 2 (“Chowan-Roanoke”), of which 89.7% had a ratio ≤ 1.2.  

CART analysis of the combined flower + leaf and fruit + leaf datasets (not presented here) also 

showed these leaf characters to be most informative, indicating that reproductive morphology is 

less useful than vegetative morphology in distinguishing genetic groups.  Table 1.8 shows the 

number of individuals referred to each cluster by CART vs. their a priori assignments based on 

genotype (see STRUCTURE analyses above), with 91.9% of individuals assigned to the correct 

genetic group, including 98.6% of individuals of Cluster 3 (“sagittifolia”).  Individuals from 

Cluster 2 (“Chowan-Roanoke”) had the highest rate of misassignment (27.6%) which may be 

attributable to low representation of this genetic group in the dataset. 
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Figure 1.10. Decision tree based on CART analysis of individuals with ≥ 0.7 assignment to 

genetic cluster (n=394). 

 

 

Table 1.8. CART cluster referrals (based on morphology; rows) and a priori cluster assignments 

(based on genotypes; columns) of OTUs. Overall accuracy of assignments is 91.9 %  

  Genotype 

Cluster 1 Cluster 2 Cluster 3 

Morphology Cluster 1 “advena” 112 15 3 

Cluster 2 “Chowan-Roanoke” 1 42 0 

Cluster 3 “sagittifolia” 12 1 208 

 

Bayesian Identification 

Probability density curves of simulated data based on mean and standard deviation of 

each genetic group for leaf sinus: leaf length ratio and leaf length: leaf width ratio are presented 

in Figure 1.11.  Cluster 1 (“advena”) and Cluster 2 (“Chowan-Roanoke”) had substantial overlap 

in both ranges.  
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Figure 1.11. Probability density curves of simulated data for leaf sinus: leaf length ratio (left) 

and leaf length: leaf width ratio (right) for each genetic group based on mean and standard 

deviation. 

 

Jaynes (2003, see also Tyrrell 2019) evidence curves for taxonomic identity, based on 

leaf length: leaf width ratio and leaf sinus: leaf length ratio for pairwise comparisons of the three 

genetic clusters, are presented in Figure 1.12.  The ratio at which the curves cross indicates the 

value at which there is an equal probability for each genetic group.  For Cluster 1 (“advena”) and 

Cluster 3 (“sagittifolia”), leaf length: leaf width and leaf sinus: leaf length evidence curves 

overlap at 2.36 and 0.205 respectively, with ratios > 2.36 and < 0.205 providing positive 

evidence for Cluster 3. For Cluster 1 (“advena”) and Cluster 2 (“Chowan-Roanoke”) leaf length: 

leaf width and leaf sinus: leaf length evidence curves overlap at 1.68 and 0.238 respectively, with 

ratios < 1.68 and >0.238 providing positive evidence for Cluster 2. For Cluster 2 (“Chowan-

Roanoke”) and Cluster 3 (“sagittifolia”), leaf length: leaf width and leaf sinus: leaf length 

evidence curves overlap at 1.46 and 0.293 respectively, with ratios > 1.46 and < 0.293 providing 

positive evidence for Cluster 3 (Figure 1.12).  
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For Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”), the overlap of evidence curves at 

a leaf length:width ratio of 2.36 is lower than the previously used ratio of 3.0 (Wiersema and 

Hellquist 1993, Padgett 2007, Weakley 2015) (Figure 11).  For these taxa, overlap of evidence 

curves at leaf sinus: length ratio 0.205 agrees with the results of CART analysis that distinguish 

these taxa by leaf sinus: length ratio of 0.22. Table 1.9 shows the number of individuals referred 

to each cluster based on posterior probability vs. their a priori assignment based on genotype 

(see STRUCTURE analyses above), with 84.9% of individuals assigned to the correct genetic 

group, including 94.3% of individuals of Cluster 3 (“sagittifolia”).  Though not attempted here, 

Jaynes evidence can be visualized in multiple dimensions to estimate the probability of 

taxonomic identity based on multiple character states (see Tyrrell 2019). This approach may be 

useful in future analyses of Nuphar species with highly variable morphology. 
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Figure 1.12. Pairwise comparisons of evidence for taxonomic identity of Cluster 1 (“advena”), 

Cluster 2 (“Chowan-Roanoke”), and Cluster 3 (“sagittifolia”) based on the leaf length to width 

ratio (plots a,c, and e) and leaf sinus to length ratio (plot b,d, and f) expressed as ten times the log 

ratio of probability for over the probability against a genetic group. The horizontal line 

represents equal odds for each taxon. Vertical line represents the ratio at which the lines cross: 

2.36 (a); 0.205 (b); 1.68 (c); 0.238 (d); 1.46 (e); 0.293 (f). 
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Table 1.9. Cluster referrals based on morphology as determined by posterior probability of 

taxonomic identity based on morphology (rows) and a priori cluster assignments based on 

STRUCTURE analysis (columns) of OTUs. Overall accuracy of assignments was 84.9% 

  Genotype 

Cluster 1 Cluster 2 Cluster 3 

Morphology Cluster 1 “advena” 75 5 12 

Cluster 2 “Chowan-Roanoke” 41 53 0 

Cluster 3 “sagittifolia” 9 0 199 

 

 

Likelihoods of taxonomic identity based on morphological states according to Bayes 

theorem are presented in Table 1.10 (Cluster 1 vs. Cluster 3) and Table 1.11 (Cluster 1 vs. 

Cluster 2). In comparing Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”), four character states 

indicated ≥ 0.8 likelihood of Cluster 3 (“sagittifolia”): leaf sinus: leaf length ratio ≤ 0.21 (0.911); 

leaf length: leaf width ratio ≥ 2.4 (0.922; this ratio was determined by the intersection point of 

evidence curves, see Fig. 1.12); emergent leaves not present in the population (0.819); and leaf 

lobes overlapping (0.809). Five character states indicate ≥ 0.8 likelihood of Cluster 1 (“advena”): 

leaf sinus: leaf length ratio ≥ 0.22 (0.985); leaf length: leaf width ratio ≤ 2.4 (0.946); submersed 

leaves absent (0.881); leaf emergent (0.988); and emergent leaves present in population (0.894).  

In comparing Cluster 1 (“advena”) and Cluster 2 (“Chowan-Roanoke”), three character states 

indicate ≥ 0.8 likelihood of Cluster 1 (“advena”): leaf length: leaf width ratio ≥ 1.46 (0.88; this 

ratio determined by the intersection point of evidence curves, see Fig. 1.12); leaf emergent(1.0); 

emergent leaves present in population (0.819); and leaf lobes overlapping (1.0). Two character 

states indicate ≥ 0.8 likelihood of Cluster 2 (“Chowan-Roanoke”): leaf lobes overlapping 

(0.821); and emergent leaves not present in the population (0.833). 
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Table 1.10. Likelihoods of taxonomic identity (Cluster 1, “advena” [n=125] or Cluster 3, 

“sagittifolia” [n=211]) based on observed frequency of morphological state in each group, 

expressed as proportions. 

Character State Likelihood Cluster 1 

(“advena”) 

Likelihood Cluster 3 

(“sagittifolia”) 

Leaf sinus: leaf length ratio ≥ 0.22 0.985 0.015 

Leaf sinus: leaf length ratio ≤ 0.21 0.089 0.911 

Leaf length: leaf width ratio ≥ 2.4 0.078 0.922 

Leaf length: leaf width ratio ≤ 2.3 0.946 0.054 

Submerged leaves present 0.270 0.730 

Submerged leaves absent 0.881 0.119 

Leaf emergent 0.988 0.012 

Leaf not emergent 0.379 0.621 

Emergent leaves present in population 0.894 0.106 

Population with no emergent leaves 0.181 0.819 

Leaf lobes overlapping 0.191 0.809 

Leaf lobes divergent 0.744 0.256 

Leaf lobes parallel 0.585 0.414 

Leaf apex obtuse 0.498 0.502 

Leaf apex retuse 0.513 0.487 

 

Table 1.11. Likelihoods of taxonomic identity (Cluster 1, “advena” [n=125] or Cluster 2, 

“Chowan-Roanoke” [n=58]) based on observed frequency of morphological state in each group, 

expressed as proportions.  

Character State Likelihood Cluster 1 

(“advena”) 

Likelihood Cluster 2 

(“Chowan-

Roanoke”) 

Leaf length: leaf width ratio ≥ 1.2 0.690 0.310 

Leaf length: leaf width ratio ≤ 1.1 0 1 

Leaf length: leaf width ratio ≥ 1.46 0.881 0.119 

Leaf length: leaf width ratio ≤ 1.45 0.283 0.717 

Submerged leaves present 0.410 0.589 

Submerged leaves absent 0.562 0.438 

Leaf emergent 1 0 

Leaf not emergent 0.378 0.622 

Emergent leaves present in population 1 0 

Population with no emergent leaves 0.167 0.833 

Leaf lobes overlapping 0.179 0.821 

Leaf lobes divergent 0.526 0.474 

Leaf lobes parallel 0.775 0.225 

Leaf apex obtuse 0.607 0.393 

Leaf apex retuse 0.218 0.782 
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Discussion  

Taxonomic Circumscription and Identification 

The separation of populations into genetic groups corresponding to distinct morphology 

refutes hypothesis 1 (H1: Populations of Nuphar in the N. sagittifolia range are members of a 

single polymorphic species (i.e., sensu Beal 1956). Regarding hypothesis 2 (H2: Morphological 

intermediates in the N. sagittifolia range are hybrids between N. advena subsp. advena and N. 

sagittifolia), there was only limited evidence supporting hybridization between ancestral groups, 

with the most evidence for hybridization in the Tranters Creek population (TR). This population 

included: (a) 5 individuals with >0.7 assignment to Cluster 2 (“Chowan-Roanoke”) according to 

STRUCTURE Q matrix, (b) 5 with approximately equal (0.5) assignment to Cluster 1 

(“advena”) and Cluster 2, (c) 11 with approximately equal (0.5) assignment to Cluster 3 

(“sagittifolia”) and Cluster 2, and (d) 8 with approximately 0.5 assignment to Cluster 2, and 0.25 

to each Cluster 1 and Cluster 3. Outside of this population, individuals with a genetic profile that 

could be interpreted as hybridization between Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”) 

occured sporadically: 5 in BR, 1 in CA, 2 in GS, 4 in PT, and 1 in SC.  Most individuals of 

“intermediate” morphology (i.e., keying to N. advena subsp. ulvacea sensu Padgett 2007), were 

distinctly referable to a genetic cluster, and there was no evidence that these individuals had 

resulted from hybridization. Occasional hybridization would be consistent with the observation 

of limited seed set from artificial hybrids between N. advena subsp. advena and N. sagittifolia by 

DePoe and Beal (1969).  Hypothesis 3 (H3: Morphological intermediates are variants of N. 

advena subsp. advena or N. sagittifolia) was strongly supported by genetic evidence. Individuals 

of intermediate morphology sensu Padgett grouped genetically with one of the two known taxa 

within the range of N. sagittifolia. Genetic evidence supported the inclusion of most 
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morphological intermediates in N. sagittifolia, with exception of two North Carolina Sandhills 

populations (HL, SC) that grouped with N. advena subsp. advena. There was no evidence to 

support hypothesis 4 (H4: Intermediates are distinct from both N. advena subsp. advena and N. 

sagittifolia: they are either disjunct populations of N. advena subsp. ulvacea or members of an 

undescribed taxon).  Intermediate populations do not form a distinct genetic group, and there was 

no evidence that morphological similarity to N. advena subsp. ulvacea reflected a shared 

evolutionary history. 

Results of CART analysis and Bayesian evidence both identified a leaf sinus: leaf length 

ratio less than 0.21–0.22 as useful in distinguishing N. sagittifolia from N. advena subsp. advena.  

A leaf length: leaf width ratio > 3 (Wiersema and Hellquist 1993, Padgett 2007, Weakley 2015) 

is still diagnostic for identifying individuals of N. sagittifolia, but does not capture all variation 

encompassing the species.  Leaf sinus: leaf length ratio is a useful addition to identify N. 

sagittifolia individuals with a leaf length: leaf width ratio less than 3.  Compared to the most 

recent revision (Padgett 2007), which employs a leaf length: leaf width ratio >3 and leaf sinus: 

leaf length ratio around 0.1, the present analyses support a slightly broader concept for N. 

sagittifolia. Observations from this study concur with Padgett (2007) that leaf blades of N. 

sagittifolia are nearly always floating, as only one emergent N. sagittifolia leaf was observed 

among 212 individuals; however, the presence of floating leaves in N. advena subsp. advena 

(Table 1.10), tempers the diagnostic utility of this character. The absence of emergent leaves in a 

population gives strong evidence that an individual is referable to Cluster 3 (“sagittifolia”) 

(Table 1.10). In this dataset the majority (9/12) of Cluster 1 (“advena”) individuals misidentified 

as Cluster 3 (“sagittifolia”) based on leaf sinus: leaf length ratio exhibited an emergent habit, 

supporting the use of emergent leaves to help distinguish between these taxa.   
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Results of this study do not support the description by Padgett (2007) that N. sagittifolia 

is characterized by leaf lobes “divergent, seldom overlapping”. Of 211 individuals in Cluster 3 

(“sagittifolia”), 50.7% had overlapping leaf lobes, and both a Chi square test (Table 1.5) and 

Bayesian likelihood (Table 1.10) indicated that overlapping leaf lobes are associated with Cluster 

3 (“sagittifolia”). The presence of thin-textured submerged leaves is more commonly associated 

with N. sagittifolia, but also occurs in N. advena, notably in the NC Sandhills populations, and 

may have been misleading as a character for identification (Weakley 2015).  The absence of 

submersed vegetation is a stronger indicator for Cluster 1 (“advena”) than is the presence of 

submersed vegetation for Cluster 3 (“sagittifolia”) (Table 1.10). Congener Nuphar variegata also 

has both floating and submersed leaves, and has been experimentally shown to produce greater 

numbers of submersed leaves with increasing aqueous CO2 concentration (Titus and Sullivan 

2001). Submersed leaves in N. advena subsp. advena and N. sagittifolia could similarly be 

determined by environmental conditions, but experimental observations are needed to test this 

hypothesis.  

To facilitate field identification in the future, a revised key to the complex in the 

Carolinas and Virginia is provided below: 

Key to species of Nuphar of the Coastal Plain of Virginia, North Carolina, and South Carolina: 

1a) Ratio of leaf sinus-to-leaf length ≤ 0.22; leaves not emergent; leaf length-to-width 

ratio usually > 2.4 ... N. sagittifolia 

1b) Ratio of leaf sinus-to-leaf length > 0.22; leaves emergent or not; leaf length-to-width 

ratio usually < 2.4 ... 2 

2a) Ratio of leaf length-to-width > 1.23 ... N. advena subsp. advena 

2b) Ratio of leaf length-to-width ≤ 1.23 ... Chowan-Roanoke group 
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Additional Notes 

The morphology of reproductive structures was not found to be taxonomically 

informative in this study, consistent with Padgett (2007), in which reproductive morphology was 

most useful for distinguishing higher-level taxonomic separation and species were mostly 

identified by vegetative morphology. Low sample size of flowers and fruits (3 per population) 

may not have been sufficient to distinguish a morphological signal from highly variable 

morphology.  Slight but statistically significant differences in flower and fruit size between 

Cluster 1 (“advena”) and Cluster 3 (“sagittifolia”) could be pursued with a larger sample size to 

determine whether they are taxonomically informative. The statistically significant shorter 

distance from the end of stigmatic rays to the edge of the stigmatic disc in Cluster 2 (Fig. 7) 

should not be overinterpreted, as Cluster 2 was underrepresented in these data. 

Genetic data supported an expanded concept of N. sagittifolia, including slightly more 

populations over a slightly broader geographic range than recognized previously in the literature 

(See Ch. 2). Regarding conservation concerns, these results indicate that the geographic 

distribution of N. sagittifolia is not quite as narrowly restricted as the previous taxonomic 

concept (Padgett 2007) would suggest. In practice, however, the majority of the “intermediate” 

populations included in the expanded N. sagittifolia concept recognized here (most notably the 

large population on the Chickahominy River) were already regarded as members of N. 

sagittifolia by conservation agencies (VA DCR, NC NHP). The accepted range by these 

organizations is only slightly reduced by the exclusion of two NC Sandhills populations (HL and 

SC). 

The presence of the distinct Chowan-Roanoke genetic group was an unexpected and 

intriguing result of this study.  Initial attempts to characterize the morphology of this group have 
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been made here, but this group requires further study with a larger sample of populations and 

comparisons to nearby populations morphologically consistent with N. advena subsp. advena 

(e.g., in Merchant’s Millpond State Park). Morphological similarity of the Chowan-Roanoke 

group to N. advena subsp. orbiculata, putatively restricted to Georgia, Florida, and Alabama 

(Padgett 2007) merits further investigation to determine whether these populations represent 

disjunct occurrences of this taxon. 
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CHAPTER 2: On the status assessment and genetic diversity of Nuphar sagittifolia 

 

Introduction 

Nuphar sagittifolia (Walter) Pursh (Nymphaeaceae), Cape Fear spatterdock, is a 

perennial aquatic macrophyte considered endemic to rivers, streams, lakes and ponds of the 

Atlantic Coastal Plain from Virginia to South Carolina (Padgett 2007). It is state-listed as 

Threatened in Virginia (Townsend 2019), and included on the North Carolina Rare Plant Watch 

List (Robinson 2018), and on the list of rare species of South Carolina (SCDNR 2015). 

Populations of N. sagittifolia are known from a small area in Virginia and a larger range from 

southeastern North Carolina into contiguous South Carolina, separated by a gap in distribution in 

southeastern Virginia and northeastern North Carolina. The only putative report of N. sagittifolia 

from Pasquotank County in northeastern NC--Musselman 4698 (NCSC, VSC)--was subsequently 

identified as N. advena (Aiton) W.T. Aiton subsp. advena by Padgett in the course of his 2007 

revision of the genus (Padgett 2007).  A report from the Meherrin River, Hertford County, NC 

(Carolina Vegetation Survey plot 089-09-1229) subsequently was shown to be genetically 

distinct from both N. sagittifolia and the sympatric N. advena subsp. advena, and the population 

is currently under further investigation (see Chapter 1).  The objective of this study was to 

synthesize information on the taxonomy, biology, distribution, and genetic diversity of N. 

sagittifolia to inform conservation decisions. 
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Methods 

Taxonomy 

The taxonomy of N. sagittifolia was investigated and clarified as described in Ch. 1. 

Biology 

Aspects of the biology of Nuphar were synthesized from the primary literature and from 

field observation by the present author over the period of July 2017 to August 2019. 

Distribution  

Field surveys for N. sagittifolia s.l. populations took place between July 2017 and August 

2019.  As a baseline, all known reports of N. sagittifolia s.l. from the following sources were 

compiled and georeferenced, for a total of 70 records: a) information submitted to the Raleigh 

USFWS office (Dale Suiter), b) herbarium record localities (DUKE, GA, NCSC, NCU, UNCC, 

WILLI; accessed via sernecportal.org) c) element occurrence records from the Virginia 

Department of Conservation and Recreation (VADCR) and North Carolina Natural Heritage 

Program (NCNHP), and d) a data request to organizations of interest (NC Rare Flora Listserv 

[rare-flora@lists.ncsu.edu]; NCDEQ Aquatic Weed Control contact [Rob Emens]; NCSU 

Aquatic Weed Extension [Dr. Rob Richardson]; Carolina Kayak Club [via contact Janet Gray]).  

In the case of multiple herbarium specimens or reports from a single locality, only the most 

recent was included. Records as of 2017 and their status at the end of the survey period are listed 

in Appendix A, submitted to the Raleigh USFWS office, NCNHP, and SCDNR. At the time that 

records were compiled, N. sagittifolia was not being tracked in South Carolina (Kathy Boyle, 

SCDNR, pers. comm.); consequently, SC populations were potentially underrepresented in this 

initial list.  

Bridge crossings and boat landings in the current and historic N. sagittifolia range and 

neighboring counties were identified using a road atlas (Delorme 2016, 2017). In total, 
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approximately 1300 bridge crossings and boat landings in seven South Carolina counties (Dillon, 

Florence, Georgetown, Horry, Marion, Marlboro, and Williamsburg) and 33 North Carolina 

counties (Beaufort, Bladen, Brunswick, Camden, Columbus, Craven, Cumberland, Duplin, 

Edgecombe, Gates, Greene, Harnett, Hertford, Hoke, Johnston, Jones, Lenoir, Martin, Moore, 

Nash, New Hanover, Onslow, Pasquotank, Pender, Pitt, Richmond, Robeson, Sampson, 

Scotland, Tyrrell, Washington, Wayne and Wilson) were surveyed (Figure 2.1).  In addition, 17 

river sections were surveyed by boat (Appendix B, submitted to USFWS, NCNHP, and 

SCDNR), covering a total of approximately 200 river miles in three states. In Virginia, where N. 

sagittifolia is state-listed and its range is well documented, surveys for new populations were not 

conducted but the known population, spanning three counties, was re-mapped to update the 

existing Element Occurrence record. 

Sites visited were assessed for the presence or absence of N. sagittifolia s.l. If N. 

sagittifolia s.l. was present, a GPS point was taken and stream width (m), canopy cover (open, 

part shade, closed) and water speed (slow, moderate, fast) were estimated. The approximate 

population size in square meters was recorded.  Percent cover of N. sagittifolia s.l. at the water 

surface was estimated using one of seven cover classes: less than 5%, 5–10%, 11–25%, 26–50%, 

51–75%, 76–95%, and greater than 95% cover.  The presence or absence of flowers and fruit 

was recorded and grouped into three classes: < 10, 11–50, and > 51 flowers or fruits.  The 

presence of the invasive species Alligator Weed (Alternanthera philoxeroides (Mart.) Griseb.) 

and Water Hyacinth (Eichhornia crassipes (Mart.) Solms) was also recorded.  
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Figure 2.1. North Carolina and South Carolina locations surveyed 2017–2019. Presence/absence 

determinations were based on concept of Nuphar sagittifolia sensu Culatta (see Chapter 1).  The 

map was created in QGIS by K. Culatta; watershed base layer was courtesy of water.usgs.gov. 

 

Genetic diversity 

Leaf tissue was collected from approximately 30 individuals from each of ten populations 

of N. sagittifolia (Table 2.1). Leaf tissue collection, DNA extraction, plate preparation, and 

genotyping were completed following methods from Chapter 1.  Analyses here were restricted to 

ten populations with the majority of individuals referable to Cluster 3 (“sagittifolia”). 
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Table 2.1. Population abbreviations used throughout text, number of genotyped individuals 

included in analyses, and population locations. n=number of individuals sampled and included in 

analysis.   

Abbreviation Population n Coordinates 

BR Black River, NC 28 34.4753, -78.2002 

GS Gum Swamp Lake, NC 28 34.9102, -79.5663 

HA Northeast Cape Fear River, NC 27 34.3649, -77.8971 

LW Lake Waccamaw, NC 19 34.3114, -78.5464 

PT Black River, SC 27 33.4727, -79.4999 

SA Waccamaw/ Great Pee Dee River at 

Samworth Wildlife Management Area, SC 

30 33.4747, -79.1856 

SM Smith Creek, NC 24 34.2670, -77.8850 

TB Turnbull Creek, NC 29 34.8167, -78.6142 

VA (pooled to 

include VD 

and VU) 

Chickahominy River, VA 23 coordinates not provided 

due to state-listed status 

WR Waccamaw River at Wacca Wache 

Marina, SC 

25 33.5632, -79.0867 

 

Genetic structure was assessed using discriminant analysis of principal coordinates 

(DAPC) in RStudio (RStudio 2016, R Core Team 2019).  The total number of alleles, mean 

allelic richness, mean observed and expected heterozygosity, and Wright’s inbreeding coefficient 

were calculated for each population using the R package diveRsity (Keenan et al. 2013). Three 

population differentiation measures, FST (Weir and Cockerham 1984), G’ST (Hedrick 2005), and 

D (Jost 2008) were also calculated using diveRsity.  Mantel tests were performed in RStudio 

using the package ade4 (Dray and Dufour 2007) to test for correlation between Euclidian 

geographic distance and Nei’s pairwise genetic distance between populations with 9999 

permutations.  A Mantel test was performed with all ten populations, then with nine populations 

excluding VA due to that population’s great geographic distance from all other populations. 
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Results 

Taxonomy 

Nuphar sagittifolia was first described as Nymphaea sagittifolia Walter (1788).  Nuphar, 

comprised of the yellow-flowering water lilies, was separated from the Linnaean Nymphaea by 

Smith in 1809 (Beal 1956).  There is no type specimen for Walter’s description included in the 

Fraser/Walter Herbarium (Ward 2017). Beal (1956) designated a neotype for Nuphar sagittifolia 

(McCarthy s.n., 1885, NY; see Chapter 1 for discussion of type locality).  Nuphar sagittifolia 

was treated at the rank of species until Beal (1956) revised the genus to include only two species: 

N. japonicum DC. in Japan and N. luteum (s.l.), composed of nine intergrading subspecies in 

Europe and North America.  In Beal’s treatment, Nuphar sagittifolia is synonymous with N. 

luteum subsp. sagittifolium.  Beal’s taxonomic decisions were based on variable morphology 

within taxa, intergradations among taxa, and apparent interfertility among the subspecies.  DePoe 

and Beal (1969) argued that the variation in leaf morphology of Nuphar in southeastern North 

Carolina is maintained by a clinal gradient, with leaf shape primarily determined by duration of 

cold stratification.  Beal’s circumscriptions have mostly been rejected by more recent North 

American taxonomists.  Wiersema and Hellquist (1993) recognized eight species of Nuphar, but 

stated that three, including N. sagittifolia, are probably best treated as subspecies of N. advena. 

Gleason and Cronquist (1991) and Weakley (2015) treated N. sagittifolia at the rank of species. 

While the concept of a single polymorphic species has been widely rejected, relationships 

among species of Nuphar remain unresolved. Padgett et al. (1999) recognized 15 species of 

Nuphar worldwide on the basis of morphology, chloroplast DNA, and nuclear ribosomal DNA, 

separated into moderately supported old world and new world clades.  The taxonomy beyond the 

Old World and New World division is unresolved, with exception of the association of Nuphar 
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sagittifolia and Nuphar variegata Engelm. ex Durand as “sister” taxa (Padgett et al. 1999) based 

on identical chloroplast matK sequence, but not supported by nuclear ribosomal ITS sequence or 

morphological data (Padgett et al. 1999).  The two species are widely allopatric, with N. 

variegata restricted to north of the glacial boundary in North America.  Padgett et al. (1999) 

offer the hypothesis that one species captured the chloroplast genome of the other in an ancient 

hybridization event during glaciation. Chloroplast transfer between plant species without 

corresponding nuclear introgression is well documented, and transfer even among relatively 

distantly related taxa raises the important issue that chloroplast phylogenies do not necessarily 

correspond to species phylogenies (Rieseberg and Soltis 1991; Tsitrone et al. 2003; Stegemann et 

al. 2011).  In the case of N. sagittifolia and N. variegata, the close relationship between 

chloroplast sequences is interesting in that it suggests relatively recent sympatry and 

hybridization, but there is as yet no evidence of shared ancestry from the nuclear genome. 

Hybridization has been documented in species of Nuphar, including between Nuphar 

microphylla (Persoon) Fernald and N. variegata, and between Nuphar japonica DC. (s.s) and N. 

pumila (Timm) DC. subsp. oguraensis (Miki) Padgett. (Padgett et al. 1998, 2002; Arrigo et al. 

2016).  Fernald (1942) described Nuphar x interfluitans as a hybrid of N. sagittifolia and N. 

advena occurring on the Chickahominy River in Virginia, but this taxon has not been recognized 

in subsequent treatments.  Fernald (1942) recognized Nuphar x interfluitans by a leaf 

length:width ratio intermediate between N. sagittifolia and N. advena, and an abundance of thin-

textured underwater leaves.  DePoe and Beal (1969) found that cross pollination of Nuphar 

luteum subsp. sagittifolium and N. luteum subsp. macrophyllum (sensu Beal) resulted in 17.4% 

fruit set.  Analyses presented in Chapter 1 indicated no evidence for hybrid origin of 

morphologically intermediate populations at the edges of the N. sagittifolia range. 
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Unclear taxonomic limits of Nuphar sagittifolia, including the possibility of hybridization 

mentioned above, have previously presented a barrier in accurately assessing the range and 

number of populations.  The populations included here follow the concept outlined in Chapter 1, 

i.e. those with the majority of individuals with leaf sinus-to-leaf length ratio < 0.22 and leaves 

not emergent. This concept is slightly broader than the species concept for N. sagittifolia outlined 

in the most recent revision of the genus (Padgett 2007), and includes some populations with a 

leaf length-to-leaf width ratio intermediate between N. advena subsp. advena and N. sagittifolia 

sensu Padgett. This work confirms the inclusion of many morphologically intermediate 

populations that have been regarded by state agencies as N. sagittifolia but were not 

morphologically consistent with N. sagittifolia sensu Padgett, and consequently the range of N. 

sagittifolia is not substantially changed (see Figure 2.2).  

 

Biology 

There has been little study of the biology of Nuphar sagittifolia specifically, but 

biological characteristics of the genus are thoroughly summarized by Padgett (2007). Rhizomes 

of Nuphar are branching, with new growth at the apex of each branch as older portions of the 

rhizome decay, and rhizomatous habit results in clumpy distribution along waterways (Padgett 

2007). The rhizomes require near-constant immersion in water, but can withstand short periods 

of emergence (Padgett 2007).  Nuphar sagittifolia is heterophyllous and often produces leaves of 

two distinct morphologies: thicker floating leaves, and thinner submersed leaves with crisped 

edges, described as “lettuce-like” (Weakley 2015).  Submersed leaves are produced before 

floating leaves, and persist after floating leaf senescence in both N. sagittifolia (Culatta, pers. 
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obs.) and congener N. variegata which also produces floating and submersed vegetation (Titus 

and Sullivan 2001). 

 Nuphar sagittifolia produces flowers and fruits from April through October (Pagett 

2007; Culatta, pers. obs.). In species of Nuphar for which pollination has been observed, the 

process takes place over 4-5 days. On the first day, the petal-like sepals open slightly, creating a 

small triangular opening that forces floral visitors to walk over the stigmatic disc, which is 

receptive to pollen only on the first day and briefly into the second.  Nectaries on the reduced, 

anther-like petals attract pollinators. Pollen release begins on the second day and continues for 

2–3 days before petals and stamens fall off and fruit maturation begins.  Sepals close nocturnally.  

After pollination, the gynoecium enlarges and the peduncle becomes soft and decays.  Fruits are 

buoyant until aerenchymous tissue decays, allowing seeds to sink (Padgett 2007).  Nuphar lutea 

(s.s.) is self-compatible, but reproduction relies primarily on outcrossing as stigmatic disc 

receptiveness and pollen viability only overlap for a brief period on the second day of flowering 

and a pollinator is still required to transfer pollen from anther to stigma (Ervik et al. 1995). The 

seeds of Nuphar lutea (L.) Sm. (s.s.) require cold stratification to germinate and show increased 

germination under hypoxic conditions and higher light levels (Smits et al. 1990).  In 

experimental germination from seed banks, no seeds over a year old germinated, indicating that 

N. lutea (s.s.) seeds are not persistent in seed banks.  The seeds were completely digested by 

ducks and coots, and were unable to germinate after desiccation, indicating that animal dispersal 

is unlikely and extended dry periods render seeds unviable (Smits et al. 1989). 

Although floral morphology and anthesis is similar among species of Nuphar, previous 

studies have shown that floral similarity does not necessarily translate to a similar suite of 

pollinators.  The most important pollinators for N. lutea (s.s.) are Apis mellifera, Bombus spp., 
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and syrphid flies (Ervik et al. 1995), while Apis mellifera, Donacia piscatrix, and Halictus spp. 

have been observed as frequent pollinators of N. advena (Schneider and Moore 1997, treated as 

N. luteum subsp. macrophyllum).  Observation of Nuphar ozarkana (G.S. Miller & Standley) 

Standley indicated that 97% of visits were from the sweat bees Augochlora pura, Dialictus 

bruneri, and Lasioglossum nelumbonis, wheras nearby N. advena was visited mainly by 

Lasioglossum nelumbonis followed by Donacia beetles and Xylocopa bees (Lippok et al. 2000).  

The major pollinators of Nuphar sagittifolia have not been identified, but could be important in 

understanding the geographic limits of gene flow via pollination. 

Specific habitat requirements for Nuphar sagittifolia such as substrata, pH, turbidity, 

salinity, and flow rate have not been thoroughly documented, though DePoe and Beal (1969) 

found that plants of N. sagittifolia (treated as N. luteum subsp. sagittifolium sensu Beal) were 

associated with clear water, high organic matter and stain, low pH, low levels of calcium, 

magnesium, and nitrate, and faster flowing water than sympatric Nuphar advena subsp. advena 

(treated as N. luteum subsp. macrophyllum sensu Beal).  A comparison of plant communities 

along the Waccamaw River in Georgetown County, SC, documented the presence of Nuphar 

sagittifolia only at the most upstream study site, which had the lowest salinity at 0.09% (Stalten 

and Bader 1994).  Increasing saltwater intrusion associated with rising sea levels (Neubauer 

2013) is a potential threat to populations of Nuphar sagittifolia, as overall species richness has 

been shown to decline with increasing salinity (Stalten and Bader 1994; Neubauer 2013). 

 

Distribution 

Of 71 previously reported locations of N. sagittifolia s.l., seven were determined not to be 

N. sagittifolia following either Padgett (2007) or the concept of Culatta; see Chapter 1 (Appendix 
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A). Of 64 remaining locations, 56 (88%) were visited and N. sagittifolia s.s. (following the 

concept of Culatta, Chapter 1) was found present at 34 locations and not found at 22 locations 

(61% present and 39% failed to find, of 56 locations visited) (Appendix A).  Nuphar sagittifolia 

s.s. was newly documented at 34 previously unknown locations (Appendix C, submitted to 

USFWS, NCNHP, and SCDNR).  Combining observations by water body gives the most 

accurate estimate of the number of populations, as the same population may be observed at 

different bridge crossings on the same body of water. When observations are pooled by water 

body, a total of 36 populations were observed, covering approximately 810,890 m2 (Appendix D, 

submitted to USFWS, NCNHP, and SCDNR). This is known to be an underestimation because 

complete boat surveys could not be conducted on every stream.  All observations are 

summarized in Appendix E, submitted to USFWS, NCNHP, and SCDNR. A comparison of the 

known distribution of N. sagittifolia (s.l.) as of 2017 and N. sagittifolia (sensu Culatta, see 

Chapter 1) as of 2019 is shown in Figure 2.2. The 2019 map includes populations newly 

documented over the survey period (Appendix C) and excludes previous reports that were failed 

to find, not visited, or determined to not be N. sagittifolia sensu Culatta (Appendix A). 
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Figure 2.2. Distribution of Nuphar sagittifolia: (a) Based on records as of 2017. This includes all 

populations considered N. sagittifolia s.l. as reported by agencies and individuals listed in the 

methods, not only those referable to N. sagittifolia sensu Padgett 2007. One location based on a 

misidentified specimen (Musselman 4698, NCSC; ODU [=N. advena sensu Padgett 2007]) was 

excluded. (b) Based on surveys 2017–2019 and following the updated species concept, as 

described in Chapter 1. The map was created in QGIS by K. Culatta; watershed base layer was 

courtesy of water.usgs.gov. 
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The co-occurrence of Nuphar sagittifolia s.s. with the aquatic invasive herb 

Alternanthera philoxeroides (Alligatorweed) was recorded on the following waterbodies: Black 

River (NC), Black River (SC), Little Pee Dee River, Northeast Cape Fear River, Smith Creek, 

Turnbull Creek, and Upper Waccamaw River. Co-occurrence with Eichhornia crassipes (Water 

Hyacinth) was recorded on one waterbody, the Lower Waccamaw River (Figure 2.3).  

 

 
Figure 2.3. Co-occurrence of invasive species with Nuphar sagittifolia sensu Culatta as noted 

over the course of surveys 2017–2019. The map was created in QGIS by K. Culatta; watershed 

base layer was courtesy of water.usgs.gov. 

 

 

Genetic Diversity 

Of 26 loci assessed in N. sagittifolia, 22 were polymorphic, with a total of 67 alleles and 

average of 2.6 alleles per locus. The number of alleles per locus ranged from 1-5 (Table 2.2).  

The mean number of alleles per population was 43, ranging from 37 (SM) to 50 (PT). Mean 
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allelic richness was 1.59, ranging from 1.41 (SM; TB) to 1.80 (PT).  Observed heterozygosity 

exceeded expected heterozygosity in all populations, resulting in slightly negative inbreeding 

coefficients ranging from -0.5775 (TB) to -0.0358 (GS) (Table 2.3).  Seven populations had at 

least one private allele, ranging in frequency from 0.024 to 0.500 (Table 2.4). 

Seven populations had more than one individual with the same multilocus genotype, 

interpreted as clones (Table 2.5).  The ratio of genotypes to apparent individuals sampled ranged 

from 0.69 (TB) to 1 (three populations), with a value of 1 indicating that each individual has a 

unique genotype. Values below one indicated the presence of clonal genotypes.  The extent of 

clonality and size of sampling area were not significantly correlated (Pearson correlation r = 

0.544, p = 0.103), though the two smallest sample areas (TB, SM) also had the highest 

proportion of clones (Table 2.5).  
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Table 2.2. Descriptive statistics of the loci across all populations of N. sagittifolia s.s. Variant 

sites = the number of SNPs on each contig (locus), N = the total number of genotyped 

individuals at each locus (total n = 234), A = the number of alleles at each locus. 

Locus Variant Sites N A 

1: C000822 2 196 3 

2: C001771 1 175 2 

3: C001933 3 233 4 

4: C002129 1 233 2 

5: C002474 0 234 1 

6: C002970 2 213 4 

7: C004025 1 193 3 

8; C004415 1 204 2 

9: C005919 2 215 3 

10: C006065 1 173 2 

11: C006650 2 230 2 

12: C006744 0 233 1 

13: C007094 3 215 4 

14: C007902 0 234 1 

15: C008377 7 198 4 

16: C008793 1 221 3 

17: C010183 3 232 4 

18: C011447 1 231 2 

19: C011738 2 220 2 

20: C012411 5 229 5 

21: C013422 4 223 4 

22: C013764 1 202 2 

23: C014091 1 218 2 

24: C014373 1 202 2 

25: C014687 1 224 2 

26: C015211 0 231 1 

Mean 1.8 216 2.6 
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Table 2.3. Genetic diversity of Nuphar sagittifolia s.s. N = number of individuals genotyped per 

population, A = number of alleles per population, P = percent polymorphic loci, Rs = mean 

allelic richness per population, Ho = mean observed heterozygosity per population, He = mean 

expected heterozygosity per population, Fis = Mean inbreeding coefficient per population. A 

total of 67 alleles were observed. 

Population N A P Rs Ho He Fis 

BR 28 45 0.62 1.70 0.27 0.25 -0.1079 

GS 28 45 0.62 1.70 0.26 0.25 -0.0358 

HA 27 43 0.50 1.58 0.22 0.18 -0.2635 

LW 19 39 0.42 1.44 0.25 0.17 -0.4915 

PT 27 50 0.69 1.80 0.26 0.25 -0.1033 

SA 30 44 0.46 1.65 0.22 0.20 -0.1004 

SM 24 37 0.35 1.41 0.20 0.15 -0.3366 

TB 29 38 0.42 1.41 0.24 0.15 -0.5775 

VA 23 43 0.54 1.57 0.22 0.19 -0.2087 

WR 25 46 0.54 1.66 0.23 0.18 -0.2770 

Mean 26 43 0.52 1.59 0.24 0.20 -0.2502 

 

Table 2.4. List of private alleles and their frequency in the population for N. sagittifolia s.s. 

Three populations (BR, SA, SM) had no private alleles. 

Population Locus Frequency 

GS 9: C005919 0.060 

GS 18: C011447 0.500 

HA 6: C002970 0.048 

LW 3: C001933 0.500 

PT 3: C001933 0.308 

PT 11: C006650 0.045 

TB 6: C002970 0.147 

TB 16: C008793 0.050 

VA 1: C000822 0.028 

VA 20: C012411 0.304 

WR 23: C014091 0.024 
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Table 2.5. Number of individuals genotyped (N), number of genotypes (G), ratio of genotypes to 

individuals, and size of collection area (square decameters) for each population of N. sagittifolia 

s.s. 

Population N G G:N Size (sq dam) 

BR 28 25 0.89 1120 

GS 28 28 1 1076 

HA 27 25 0.93 142 

LW 19 19 1 158 

PT 27 26 0.96 669 

SA 30 28 0.93 203 

SM 24 18 0.75 21.4 

TB 29 20 0.69 7.6 

VA 23 23 1 1155 

WR 25 23 0.92 343 

 

Pairwise FST (Weir and Cockerham 1984) and G’ST (Hedrick 2005), measures of allele 

fixation, are reported in Table 2.6.  The mean FST across all populations was 0.315, and the mean 

GST was 0.281.  Pairwise Jost’s D (Jost 2008), a measure of allelic differentiation, is reported in 

Table 2.7, with a mean value of 0.031 across all populations. Although the three measures had 

some differences in the relative differentiation of populations, all included nine pairwise 

comparisons among the 15 most different: TB was differentiated from SM, LW, HA, GS, and 

WR; SA was differentiated from HA and SM; and HA was differentiated from VA and WR.  All 

three measures included 11 pairwise comparisons among the 15 least different: PT wa similar to 

SM, LW, GS, SA, BR, VA and WR; SA was similar to VA and WR; VA was similar to WR; and 

HA was similar to SM.  Results of DAPC (Figure 2.4) illustrate the association of VA (pooled to 

include VD and VU), WR, and SA; and HA and SM.  Though PT and TB both appeared central, 

TB was the most differentiated population on average, while PT was least differentiated.  Results 

of Mantel tests did not indicate a significant correlation between geographic and genetic distance 

(all populations: r = -0.1718, simulated p = 0.8074; excluding VA: r = 0.110, simulated 

p=0.2470). 
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Table 2.6. Pairwise FST (Weir and Cockerham 1984, below diagonal) and G’ST (Hedrick 2005, 

above diagonal) for populations of N. sagittifolia s.s. 
 BR GS HA LW PT SA SM TB VA WR 

BR   0.229 0.2426 0.3075 0.1298 0.2919 0.2808 0.2776 0.2653 0.2632 

GS 0.2413  0.3321 0.3414 0.2079 0.3205 0.2794 0.4175 0.2709 0.2840 

HA 0.2737 0.3579  0.3389 0.2669 03921 0.0847 0.4520 0.3646 0.3615 

LW 0.3254 0.3553 0.3898  0.2272 0.3197 0.2531 0.4717 0.3397 0.3337 

PT 0.1455 0.2239 0.297 0.254  0.1511 0.2251 0.2268 0.1203 0.1177 

SA 0.3133 0.3387 0.4234 0.3587 0.1758  0.3767 0.3103 0.1668 0.0506 

SM 0.315 0.3153 0.1205 0.3188 0.2611 0.4178  0.4928 0.3012 0.3379 

TB 0.314 0.4396 0.4919 0.5157 0.2663 0.3587 0.5372  0.3531 0.3552 

VA 0.2907 0.297 0.4058 0.3875 0.1439 0.2034 0.3677 0.4081  0.0932 

WR 0.2911 0.3097 0.4054 0.3821 0.1424 0.0685 0.3943 0.409 0.1256  

 

Table 2.7.  Pairwise Jost’s D (Jost 2008) for populations of N. sagittifolia s.s. 
 BR GS HA LW PT SA SM TB VA WR 

BR            

GS 0.0335          

HA 0.0288 0.0417         

LW 0.0452 0.0569 0.0289        

PT 0.0157 0.0258 0.0236 0.0218       

SA 0.0425 0.0503 0.0543 0.0294 0.0244      

SM 0.0302 0.0313 0.0044 0.0122 0.0234 0.0351     

TB 0.0302 0.068 0.0487 0.0567 0.0281 0.0331 0.0519    

VA 0.0306 0.027 0.0389 0.0301 0.0104 0.0174 0.0228 0.0336   

WR 0.0323 0.0375 0.0375 0.0302 0.014 0.0029 0.0248 0.0341 0.006  

 



   

63 

 

 
Figure 2.4. DAPC scatterplot showing the first two principal components for genotype data from 

populations of N. sagittifolia s.s. See Table 2.1 for population abbreviations. 

 

Discussion 

Genetic Diversity 

This study revealed high genotypic diversity in Nuphar sagittifolia, indicating that the 

rhizomatous habit of this species does not typically result in large areas covered by a single 

genetic clone. High levels of heterozygosity observed in N. sagittifolia can be interpreted as 

evidence for limited clonal reproduction (Balloux et al 2003), and/or self-incompatibility (Hartl 

and Clark 1997). Though there is no evidence for self-incompatibility at the gametic level in 

Nuphar, the timing of anthesis greatly decreases the chance of self-fertilization (Padgett 2007), 

which reduces the probability of homozygote offspring (Wright 1984). Dominant clonal 

reproduction results in low genotypic diversity (Balloux et al. 2003), not found here, suggesting 
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that the high genotypic diversity and high heterozygosity observed could be attributed to a 

combination of sexual reproduction resulting in long-lived genets and limited clonal 

reproduction. Slightly negative FIS values were consistent with combined clonal and sexual life 

history (Reichel et al. 2016).  High heterozygosity was also observed in an allozyme study of 

Nuphar subintegerrimum (Suzuki et al. 1997), which provided evidence of extensive clonal 

reproduction, considering that only four genotypes were documented among 60 apparent 

individuals sampled. These results could overestimate clonality, however, due to the low number 

of loci included in the analysis (Suzuki et al. 1997). 

High FST and G’ST values indicate that overall gene flow among populations is low. 

Exceptions were the relatively low values between Smith Creek (SM) and the Northeast Cape 

Fear River (HA), approximately 19 river km apart, and two populations on the lower Waccamaw 

River (WR and SA), approximately 20 river km apart. The only multilocus genotype that 

occurred in more than one population was represented by one individual each in Smith Creek 

(SM) and the Northeast Cape Fear River (HA), possibly suggesting a rare instance of long-

distance vegetative dispersal. Low gene flow among populations has also been observed in a 

microsatellite study of Nuphar submersa populations separated by 12–35 km (Shiga et al. 2017). 

While FST and G’ST quantify nearness to fixation, Jost’s D quantifies allelic differentiation 

between populations (Jost et al. 2018).  The very low values for D observed here indicate low 

sequence divergence and many alleles are shared among populations (Jost et al. 2018), consistent 

with the relatively few private alleles observed (Table 2.4).  

The Virginia population is most genetically similar to the two Lower Waccamaw 

populations at the opposite extreme of the N. sagittifolia range, according to genetic 

differentiation measures and DAPC (Table 2.6, 2.7, Figure 2.4).  The Virginia population is the 
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only occurrence outside the Cape Fear Arch geological region, which has been identified as a 

center of plant endemism in the Atlantic Coastal Plain (Sorrie and Weakley 2001; LeBlond 

2001).  The combination of genetic similarity to South Carolina populations and disjunction from 

the rest of the range could indicate that the Virginia population resulted from a long-distance 

dispersal event. 

 

Surveys and Status Assessment 

Observed population size varied greatly over different waterbodies (Appendices D and 

E), with major waterways (e.g. Chickahominy River, Northeast Cape Fear River, Waccamaw 

River) supporting the largest populations of N. sagittifolia s.s. Large populations generally 

appeared robust and produced large numbers of flowers and fruits.  Unfortunately, trends in 

population size could not be accurately assessed from this study, due to lack of comparable 

historical data.  The dataset produced from the present surveys can provide a baseline for future 

monitoring. The majority of previously documented localities that were scored as “failed to find” 

in this study were older records from the 1960s or earlier (Appendix A). 

Saltwater intrusion due to rising sea level has been identified as a potential threat to the 

habitat of N. sagittifolia (NatureServe 2012), although the limits of salt tolerance in this species 

have not yet been directly measured. Increasing salinity has been documented in the Lower Cape 

Fear River system (Mallin et al. 2008) and the Lower Waccamaw River (Conrads and Roehl 

2007).  Vegetation density has been shown to decrease with increasing soil sodium concentration 

on the Albemarle-Pamlico Peninsula (Taillie et al. 2019). Increasing unsuitability of downstream 

habitats is especially problematic for species such as N. sagittifolia that do not have a known 

upstream dispersal method. 
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Habitat competition from aquatic invasive species is another potential threat to native 

aquatic plants including N. sagittifolia.  Alligatorweed, an introduced species that forms dense 

mats in aquatic habitats (USDA 2019), was observed co-occurring with N. sagittifolia in eight 

locations (Figure 2.3).  Biological control of A. philoxeroides with the flea beetle Agasicles 

hygrophila has been effective over much of the range of this species in the southern United 

States, but beetle populations released in the 1960s did not establish in the range of N. sagittifolia 

(Buckingham 1996).  Langeland (1986) identified the Cape Fear and Lumber River drainages of 

southeastern North Carolina as an area heavily impacted by A. philoxeroides. Water Hyacinth, an 

introduced species that can form dense colonies that negatively impact native species and water 

quality (Villamagna and Murphy 2010, USDA 2019), was observed co-occurring with N. 

sagittifolia in one location (Lower Waccamaw River, Figure 2.3). There is as yet no strong 

evidence of negative impacts on N. sagittifolia by invasive taxa, but close monitoring of areas 

where they co-occur will be necessary to determine whether their habitat encroachment will 

threaten N. sagittifolia populations.  
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The following appendices containing detailed locality information are included in reports 

submitted to US Fish and Wildlife Service Raleigh Office, North Carolina Natural Heritage 

Program, and South Carolina Department of Natural Resources (Culatta 2020): 

 

Appendix A. Summary of Nuphar sagittifolia s.l. reports as of 2017 (data sources: herbarium 

records via www.sernecportal.org; NC Natural Heritage Program (NCNHP); VA Dept. of 

Conservation and Recreation; reports submitted to the authors), and which populations were 

found present (P), failed to find (FF), or not visited (NV) from 2017 to 2019. Records marked N 

are previous reports that are not Nuphar sagittifolia sensu Culatta (following key provided in 

Chapter 1). Records are arranged alphabetically by county, and year of most recent pre-2017 

record is supplied. 

 

Appendix B. Boat surveys Nuphar sagittifolia (sensu Culatta, as described by key in Chapter 1) 

completed 2017–2019. The presence of other species of Nuphar (sensu Padgett) is also noted. 

 

Appendix C. Summary of newly documented Nuphar sagittifolia (sensu Culatta, as described by 

provisional key in report) locations following surveys completed 2017-2019. Observations are 

arranged by county. 

 

Appendix D. Summary of Nuphar sagittifolia sensu Culatta (following key provided in Chapter 

1) observations combined by water body. Record type indicates whether N. sagittifolia had been 

recorded from this water body prior to 2017 (data sources: herbarium records via 

www.sernecportal.org; NC Natural Heritage Program (NCNHP); VA Dept. of Conservation and 

Recreation; reports submitted to the authors).   

 

Appendix E. Summary of all Nuphar sagittifolia sensu Culatta (following key provided in 

Chapter 1) occurrences documented following surveys 2017–2019. Percent cover refers to 

percent of extent covered by floating vegetation: 1: <5%; 2: 5–10%; 3: 10–25%; 4: 25–50%; 5: 

50–75%; 6: 75–95%; 7: >95%.  Flowers and Fruits categories: 0: None present; 1: <10 present; 

2: 10–50 present; 3: >50 present.  Observations are split onto two pages and numbered for 

clarity. For boat surveys covering a large area, coordinates for upstream and downstream extent 

of observations is provided in notes field. 

 


