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Abstract
The Cape Fear River is the largest and most industrial-
ized riverine system in the state of North Carolina, USA.  
Long-term monitoring programs had never detected 
visible cyanobacterial blooms in this often-turbid river 
until 2009, when massive surface blooms of toxin-pro-
ducing Microcystis aeruginosa occurred each summer 
through 2012. This river is the drinking water source for 
thousands of southeastern North Carolina residents, 
with the blooms centered near the major water intakes. 
The unprecedented blooms led to drinking water con-
tamination by microcystins, potent hepatotoxins, and 
forced costly improvements to water treatment plants. 
We used multiple approaches to test hypotheses about 
sources and drivers of these unusual M. aeruginosa 
blooms. Analyses of flow, turbidity, temperature, nutri-
ent, and phytoplankton biomass data did not reveal a 
plausible reservoir or lake source upstream of the im-
pacted reaches nor any significant temporal changes in 
the river’s propensity to support such blooms, nor were 
changes in the river’s characteristics identified to explain 
bloom cessation after 2012. We used satellite imagery, 
targeted sampling, and molecular analyses to identify 
a likely source of Microcystis inoculum as a large, high-
ly eutrophic waste lagoon with a discharge just above 
the bloom-impacted reach of the river. Subsequent im-
provements in that waste treatment facility led to a 50% 
decrease in nutrients and significant increases in nitro-

gen (N) and phosphorus (P) ratios in the outfall, and sub-
sequent cessation of the Microcystis blooms. The results 
suggest the possibility that similar situations may occur 
elsewhere, in which eutrophic waste treatment lagoons in-
cubate and export harmful cyanobacterial blooms to seed 
adjacent river ecosystems

Introduction
The Cape Fear River is the largest and most industrialized 
river in the state of North Carolina (NC), USA, and has been 
monitored monthly for decades by several coalition moni-
toring programs. Visible cyanobacterial blooms had not 
been recorded from this often-turbid, 6th-order river. How-
ever, during the summers of 2009 through 2012 the lower 
reaches of this river (Fig. 1) experienced unprecedented 
blooms of the toxicogenic cyanobacterium Microcystis ae-
ruginosa, producing toxins that affected the region ecologi-
cally and economically (Isaacs et al., 2014). The lower Cape 
Fear River is the source of drinking water for hundreds of 
thousands of residents in southeastern North Carolina, 
with water intakes at Lock and Dam #1 (Fig. 1, site 1). Detec-
tion of microcystins in drinking water and taste and odor 
problems prompted installation of monitoring and treat-
ment systems shortly after the 2009 bloom was detected. 
The North Carolina Division of Public Health reported 73 
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ppb (µg/L) of microcystin in a 2009 bloom sample from 
Lock and Dam #1 (Dr. Mina Shehee, NC Division of Public 
Health, memo September 25, 2011), resulting in a first-
ever advisory to keep children and dogs from swimming 
in these waters. Additional algal bloom material from the 
Cape Fear River collected in September 2009 was ana-
lyzed by Dr. Paul Zimba at Texas A&M University Corpus 
Christi, who reported water microcystin RR (one form of 
the toxin molecule) concentration at 391 µg/L. The World 
Health Organization has a guideline of < 1.0 µg/L of micro-
cystin-LR (another form of the toxin molecule) for drinking 
water and US EPA recommends a 10-day intake of <1.6 
µg/L (https://www.epa.gov/cyanohabs/epa-drinking-wa-
ter-health-advisories-cyanotoxins)

M. aeruginosa blooms in the Cape Fear River were anoma-
lous given the historical primary producer assemblages. 
Riverine blooms of M. aeruginosa have been reported 
from numerous other regions but are always associated 
with a proximal lacustrine source and/or relatively slow-

flowing conditions (Chaffin, 2009; Davis et al., 2009; O’Neil 
et al., 2012; Paerl and Paul, 2012; Pick, 2016; Svircev 2019). 
The Cape Fear River blooms were most noticeable as sur-
face accumulations upstream and just downstream of the 
lower two of a set of three locks and dams (Lock and Dam 
#1 and #2, Fig. 1, sites 1 and 3), reflecting the tendency of 
M. aeruginosa populations to float under calm conditions, 
but were not clearly proximal to an incubator body of 
water. A eutrophic reservoir, B. Everett Jordan Lake, lies 
upstream of the Cape Fear River, which is formed by the 
juncture of the Haw and Deep Rivers immediately below 
the reservoir, and which yields approximately half the 
flow volume of the lower Cape Fear River. That reservoir 
is known to export occasional blooms of the cyanobac-
terium, Aphanizomenon sp., to the upper Cape Fear River 
(NC DWQ, 2011), but that organism did not bloom in the 
lower Cape Fear River, nor has M. aeruginosa been known 
to bloom in the water immediately below the reservoir 
(Touchette et al., 2007; Wiltsie et al., 2018). Cessation of 
the M. aeruginosa blooms after 2012 was also unexpected 
and anomalous, as waters supporting such blooms have 
typically done so continuously, absent effective mitiga-
tion measures. Consequently, the source(s) and driver(s) 
of the M. aeruginosa blooms in the lower Cape Fear River 
remained undetermined after they ceased. 

M. aeruginosa blooms in other locations have raised simi-
lar questions about sources and drivers. For example, 
well-publicized M. aeruginosa blooms in the Maumee Riv-
er and Lake Erie in 2014 that resulted in water supply dis-
ruptions have yielded differing opinions about causation. 
Some studies have claimed export of riverine blooms 
while others have indicated that riverine nutrient load-
ings drove in-lake blooms distinct from riverine blooms 
(Kutovaya et al. , 2012; Conroy et al., 2014; Matson et al., 
2020). Genetics-based analyses have also demonstrated 
downstream transport of M. aeruginosa blooms from eu-
trophic Lake St. Clair through the Detroit River into Lake 
Erie (Davis et al., 2014). Thus, sources and drivers of toxi-
cogenic M. aeruginosa blooms may not be easily deter-
mined. 

The investigation we report here aimed to test ex post 
facto hypotheses about possible causative factors sup-
porting the anomalous blooms of 2009-2012. The prev-
alent paradigm explaining M. aeruginosa blooms holds 
that blooms are favored by elevated temperatures, calm 
conditions that favor aggregation of floating colonies, 
excessive nutrient loading, low grazing pressure, and a 
seed population sufficient to initiate massive population 

Figure 1. Map showing important features of the Cape Fear 
River watershed, including major tributaries, cities, point 
source discharges in the relevant reach of the river, and sam-
pling locations for monitoring programs and this study, more 
fully described in Table 1a,b
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formation (Chaffin, 2009; Davis et al., 2009; O’Neil et al., 
2012; Paerl and Paul, 2012 [but see Reinl et al., 2023]). Un-
like many other cyanobacteria, M. aeruginosa does not fix 
dinitrogen (N2), and so requires external nitrogen sourc-
es. M. aeruginosa requires high availabilities of inorganic 
nitrogen (N) and phosphorus (P) to support blooms, but 
also favors low N:P ratios (Smith, 1990; Paerl, 1988; 1990; 
Fujimoto et al., 1997; Kotak and Zurawell, 2007; Giblin and 
Gerrish, 2020; Cai and Tang, 2021). Planktonic blooms 
can be initiated after a benthic resting phase of cells that 
respond to triggering conditions, allowing repeated out-
breaks in host waters (Brunberg and Blomquist, 2002). 
Assuming these conditions correspond at least partially 
to the sources and drivers of the M. aeruginosa blooms in 
the lower Cape Fear River, we considered the attributes 
of the Cape Fear River watershed, examined relevant 
data sets produced by various monitoring efforts during 
the bloom period, and conducted additional ex post facto 
sampling to rule out as many hypotheses as possible, 
with the aim of identifying most plausible explanations. 

Methods
Study Area

The Cape Fear River watershed encompasses 13,610 km2 
and a human population of ~2.3 million (NC DEQ, 2009). 
The Cape Fear River proper is formed by the juncture of 
the Haw and Deep Rivers, each originating in the North 
Carolina Piedmont, just below B. Everett Jordan Lake, a 

5,640 ha multi-use impoundment created in 1981 and ly-
ing 322 km upstream of the river’s mouth (Table 1a; Fig. 
1). Another major impoundment, 1,680 ha Shearon Har-
ris Lake, serves as a cooling water reservoir for a nuclear 
power station and drains into the Cape Fear River just 
below Buckhorn Dam, but its discharge is limited and 
discontinuous. Four major in-river dam structures lie 
between the head of the Cape Fear River and its mouth: 
Buckhorn Dam and the navigable Locks and Dams (L&D) 
#3, #2, and #1 (proceeding seaward; Table 1a; Fig. 1). Each 
dam creates a slowly moving, deeper pool behind it, pro-
viding the river with an alternating flowing/slowing char-
acter until it becomes tidally influenced below L&D #1.

Monitoring Data Sources	

The U.S. Army Corps of Engineers (US ACOE) regulates 
and gages discharge from Jordan Lake (Web ref. 1), and 
the U.S. Geological Survey (USGS) maintains flow gages at 
several locations along the river, including L&D #3 and #1 
in the relevant reach (Table 1a). Monthly and daily aver-
age flow data were obtained from respective web sites. 
Flow data were examined to identify periods of low or 
high flows that might support or inhibit, respectively, the 
formation of M. aeruginosa blooms in the “relevant reach” 
of the river, here defined as the confluence of the Haw 
and Deep Rivers downstream to Lock & Dam #1, where 
the drinking water intakes for Brunswick and New Ha-
nover counties’ water utilities were located. Flow data 
were also used to calculate loads of relevant nutrients 
and to estimate travel times of water masses in the river.

Figure 1. Scheme of the EDS© device.
Table 1a. Key features of monitoring stations (Prefixes: ‘M’ = MCFRBA, 
‘U’ = UCFRBA monitoring stations) and sampling locations (with distance 
from river mouth, km) in the Cape Fear River watershed, North Carolina. 
Location numbers shown in Fig. 1.

	  	  	 USGS Gaging		  # in 
Location	 km	 Station ID#	 Station # 		  Fig. 1

River mouth	 0
L&D #1	 100	 M B8349000	 2105769		  1
Elwell Ferry	 113	 M B8339000			   2
L&D #2	 145	 M B8339000			   3
NC 1316	 177	 M B8305000			   4
L&D #3	 193	 M B8290000	 2105500		  5
Fayetteville	 220				    6
Lillington	 241	 M B6370000			   7
NC 42	 274	 M B6160000			   8
Haw R. @ Moncure	 283	 U B4080000			   9
Deep R. @ Moncure	 290	 U B6040300			   10
Jordan Lake outflow	 322	 -
Jordan Lake @ US 64					     11
Haw R. @ Bynum	 338	 U B2100000			   12

Table 1b. Point source discharges between 
L&D #1 and Fayetteville, North Carolina. 
Locations as in Fig. 1. ‘NPDES#’ denotes point 
source discharge permit #.

		                        Monthly  
ID in			   Discharge
Fig. 1	 km	 NPDES #	 Limit (m3d-1)

A	 144	 0026671		  4,640
B	 179	 0078344		  11,360 
C	 194	 0003573	   	 7,570
D	 208	 003719		  1,890
E	 212	 00500105		  79,840
F	 224	 0023957		  94,620
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Three coordinated coalition monitoring programs mea-
sure physical, chemical (nutrients), and biological (includ-
ing chlorophyll a) water quality parameters monthly or 
bi-weekly in the Cape Fear River and report state-certified 
data. The Upper Cape Fear River Basin Association (UC-
FRBA; Web ref. 2) samples the waters upstream of the 
confluence of the Haw and Deep Rivers. The Middle Cape 
Fear River Basin Association (MCFRBA; Web ref. 3) sam-
ples the Cape Fear River upstream from L&D #1 to the 
confluence of the Haw and Deep Rivers. The Lower Cape 
Fear River Program (LCFRP; Web ref. 4) samples the river 
from L&D #1 to its mouth. These programs were com-
plemented by sampling efforts conducted directly by the 
N.C. Division of Water Quality (now N.C. Division of Wa-
ter Resources); results of all these monitoring efforts are 
available through EPA’s STORET system (Web ref. 5). Data 
obtained from these sources included (in µg L-1) dissolved 
inorganic nitrogen (DIN = NH4

+ + NO3
- -NO2

-), total Kjeldahl 
nitrogen (TKN), total nitrogen (TN), total phosphorus (TP) 
and chlorophyll (chl) a, as well as temperature (ºC) and 
turbidity (NTU).

Several industrial (sites B, C, and D in Fig. 1) and municipal 
wastewater (sites A, E and F in Fig. 1) point sources dis-
charged directly into the Cape Fear River above the reach 
where M. aeruginosa blooms were observed. Discharge 
Monitoring Reports (DMRs) for those facilities were ob-
tained from the N.C. Dept. of Environmental Quality (NC 
DEQ, Fayetteville Regional Office). These reports were 
examined to determine permitted maxima and loading 
rates (volume x concentration) of nitrogen (N) and phos-
phorus (P) and to compare those inputs to concentrations 
and loads in the receiving waters of the Cape Fear River.  

Field Sampling

Additional targeted sampling efforts were conducted to 
complement routine monitoring efforts, particularly after 
the cessation of M. aeruginosa blooms post-2012, when 
additional questions about the paradigm(s) explaining 
these blooms arose. Water samples were collected every 
two weeks from May-September of 2015 at 12 locations 
(numbered in Fig. 1) between Jordan Lake and L&D #1 to 
examine primary producer biomass (as chlorophyll a, “chl 
a”) and Microcystis presence and genotype distributions. 
Five trips to four sites were also completed in 2016 to 
support additional biomass and genotype investigations. 
Surface water was collected in sterilized carboys follow-
ing standard procedures. Water was collected from boat 
ramps or docks when possible. When necessary, a bucket 
was lowered over a bridge railing. Temperature, conduc-

tivity, and salinity were measured using a YSI Professional 
Plus Multi-parameter meter. Water was transported and 
immediately filtered for chl a analysis and DNA extrac-
tion. Duplicate 100 mL samples for chl a and duplicate 
250 mL samples for molecular analysis were filtered onto 
47 mm glass fiber filters (nominal pore size: 1 µm, GF/F, 
Pall) and frozen (-20°C) until further processing. Duplicate 
chl a filters were placed in 10 mL acetone overnight for 
fluorometric analysis with a Turner Trilogy fluorometer 
using a chlorophyll non-acidification module following 
Welschmeyer (1994). A small number of water samples 
were procured with assistance from NC DEQ from the 
waste lagoon of a permitted discharger for analyses of 
primary producer biomass and Microcystis presence and 
genotype distributions.

Remote sensing imagery for several locations in the rel-
evant reach of the lower Cape Fear River watershed was 
analyzed to complement in situ sampling and monitoring 
data for phytoplankton biomass and composition.  Multi-
spectral analysis of satellite imagery (Planet Team, 2017, 
Web ref. 6; 3 m2 resolution) for 11 dates between June 
13, 2016 and Oct. 28, 2019 were employed in ArcGIS Pro 
to produce pigment-specific classifications for estimat-
ing chlorophyll a (OC3C, Web ref. 7; O’Reilly et al., 1998, 
2000) and phycocyanin (PC8; Sun et al., 2015), a pigment 
marker specific for freshwater cyanobacteria, including 
M. aeruginosa. 

Microcystis DNA Extraction, Cloning and Sequencing

Samples taken from the 2012 bloom at L&D #1 and by 
subsequent sampling efforts in 2013-2016 at addition-
al locations were processed by filtration and freezing. 
Whole genomic DNA extractions were prepared from 
environmental filtrates and pure cultures of microcystin-
producing (MC+) M. aeruginosa strain LB 2385 (positive 
control obtained from the UNCW/MARBIONC Algal Re-
sources Collection) using the Bioline MyTaq Extract PCR 
Kit following the manufacturer’s instructions. A steril-
ized hole punch was used to cut a standardized sample 
(area = 28.3 mm2) from each glass fiber filter. DNA ex-
tracts were used as templates for PCR amplifications. To 
determine the presence of M. aeruginosa, a primer set 
amplifying the 16S-23S rRNA internal transcribed spacer 
(ITS) region was used (Table 2). To establish cyanobacte-
rial toxicity, primer sets designed to amplify microcystin 
(MC) synthetase genes, mcyB and mcyD, were used to 
detect MC+ Microcystis (Table 2, Nonneman and Zimba, 
2002; Kaebernick et al., 2000; Ouellette et al., 2006; US 
EPA, 2006). Amplifications were carried out in 25 µL vol-
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umes in an Eppendorf Mastercycler. Reactions contained 
1 µL of DNA extract, 1 µL of each primer (10 µM), 12.5 µL 
2X MyTaq HS Red Mix, and 9.5 µL PCR water. The follow-
ing cycling parameters were used: initial denaturation at 
95°C for 3 minutes followed by 35 cycles of denaturation 
at 95°C for 15 seconds, annealing at 50°C for 15 seconds 
and extension at 72°C for 20 seconds. Aliquots of PCR re-
action products were electrophoresed in 1% agarose gels 
and captured digitally on a Biospectrum AC Imaging Sys-
tem. ITS gene sequences were amplified from DNA ex-
tracts using the M. aeruginosa-specific MITS-F and MITS-R 
primers (Yoshida et al., 2008) to construct clone libraries. 
PCR amplifications and thermocycler conditions were 
the same as described above. PCR products were gel ex-
tracted and purified using the GeneJET Gel Extraction and 
DNA Cleanup Micro Kit (ThermoScientific). Purified PCR 
products were ligated into plasmids and transformed 
into One Shot® Chemically Competent E. coli cells using 
the TOPO® TA Cloning Kit for Sequencing (Invitrogen). 
Positive clones were prepared for DNA sequencing using 
Big Dye ® 172 Terminator v. 3.1 (Applied Biosystems) with 
forward (T3) and reverse (T7) vector primers. PCR prod-
ucts were purified by isopropanol precipitation and se-
quenced on an ABI 3130xl Genetic Analyzer (Applied Bio-
systems). Sequence reads were processed in Geneious 
(version 8.02) by aligning forward and reverse reads to 
create full-length ITS consensus sequences.

Next generation sequencing (NGS) was then used for an 
in-depth comparison of Microcystis assemblages in the 
river basin. Barcoded amplicon sequencing was complet-
ed on DNA extracts from samples taken during the 2012 
bloom at L&D #1 and additional samples taken in 2015 
and 2016. Microcystis ITS primers (MITS-F and MITS-R) 
with barcodes on the forward primer and the HotStarTaq 
Plus Master Mix Kit (Qiagen, USA) were used in a 28-cycle 
PCR with the following parameters: initial denaturation at 

94°C for 3 minutes, followed by 28 cycles of 94°C for 30 
seconds, annealing at 53°C for 40 seconds and extension 
72°C for 1 minute with a final elongation step at 72°C for 
5 minutes. Aliquots of PCR reaction products were elec-
trophoresed in 2% agarose gel to determine successful 
amplification. Calibrated Ampure XP beads were used 
to purify multiple pooled samples based on molecular 
weight and DNA concentrations, then sequenced on the 
Illumina MiSeq platform. Library preparation, sequencing 
and data processing were performed at MR DNA (www.
mrdnalab.com, Shallowater, TX, USA). High-quality se-
quences were binned into OTUs based on 97% sequence 
identity. Data are available through the NCBI Sequence 
Read Archive via BioProject PRJNA940829. OTU assem-
blages were analyzed in R version 3.3.0 using the edgeR 
package and visualized in a multidimensional scaling 
(MDS) plot (Robinson et al., 2010).

Statistical analysis

Data that were not normally distributed were log-trans-
formed prior to analysis. One-way ANOVA and Tukey’s 
HSD post hoc tests were used to explore differences 
among data groups including point source discharge 
volumes among days of the week during M. aeruginosa 
bloom seasons, differences in turbidity between bloom 
and non-bloom conditions, and differences in chloro-
phyll a concentration among sampling locations and be-
tween bloom and non-bloom periods. Regression analy-
ses were used to test relationships between river flow at 
various sites along the river as well as the outfall from 
Jordan Lake Dam, and linear regressions were employed 
to explore the impact of river flow on river nutrient con-
centrations and turbidity on chlorophyll a concentration. 
All statistical analyses, except for those employed for 
molecular analyses, were performed using JMP Pro v. 13 
(SAS Institute).

Table 2. Primers used for PCR detection of microcystin biosynthesis genes B (mcyB) and D (mcyD) and Microcystis ITS.

Gene Target	 Primer Name	 Sequence (5’-3’)		  Source

Microcystis mcyB	 mcyB 2959F	 TGGGAAGATGTTCTTCAGGTATCCAA		  Ouellette et al., 2004

Microcystis mcyB	 mcyB 3278R	 AGAGTGGAAACAATATGATAAGCTAC		  Ouellette et al., 2004

Microcystis mcyD	 mcyD F2	 GGTTCGCCTGGTCAAAGTAA		  Kaebernick et al., 2000

Microcystis mcyD	 mcyD R2	 CCTCGCTAAAGAAGGGTTGA		  Kaebernick et al., 2000

16S-23S ITS	 MITS-F	 AAGGGAGACCTAATTCVGGT		  Yoshida 2008

16S-23S ITS	 MITS-R	 TTGCGGTCYTCTTTTTTGGC		  Yoshida 2008

http://www.mrdnalab.com
http://www.mrdnalab.com
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Results and Discussion
M. aeruginosa bloom characteristics

Information derived from all the observation sources al-
lowed definition of “bloom” periods as follows: Septem-
ber 1-30, 2009; July 1-31, 2010; June 15-July 30, 2011; June 
27-August 11, 2012. Actual water sampling for identifi-
cation of M. aeruginosa blooms during these times was 
episodic, so that confirmation of presence understates 
their likely true duration. Monitoring for cyanobacterial 
blooms using a phycocyanin fluorescence monitor at the 
drinking water intakes at Lock & Dam #1 commenced in 
2010, however, and was used to alert Brunswick County 
water managers to potential bloom occurrences. Con-
sequently, cessation of M. aeruginosa blooms after 2012 
was a confirmed observation. Primary producer blooms 
in the summer of 2010 were investigated by NC DWQ 
(2011) throughout the river. These and other observa-
tions showed that visible surface blooms of M. aerugino-
sa were confined to the river reach below L&D #3, with 
the most prominent blooms at L&D #1 and remnant M. 
aeruginosa populations detected as far downstream as 
Wilmington (Fig. 1). One report of M. aeruginosa in water 
samples from just above L&D #3 was not considered to 
represent an actual bloom event, as there was no visible 
surface presence of colonies. 

Figure 2. Primary producer biomass (as chl a) measured in 
2015 sampling effort throughout the Cape Fear River water-
shed; site numbers from Fig. 1 and Table 1a are in parenthe-
ses. Data indicate a sharp decrease in chlorophyll at Lillington, 
an area of rapids separating the upper river from the middle 
and lower river stations, B= Haw River at Bynum (12), J=Jordan 
Lake (11), H= Haw River at Moncure (9), 42=NC 42 (8), L= Lil-
lington (7), #3=L&D #3 (5), SR=NC 1316 (4), ET = Elizabethtown, 
#2= L&D #2 (3), EF=Elwell Ferry (2), #1=L&D #1 (1).

Could M. aeruginosa blooms have been seeded from 
Jordan Lake?

Additional directed sampling of the river system was con-
ducted in 2015 as part of this study to analyze spatial pat-
terns of phytoplankton biomass in the summer. The high-
est chl a values were measured in slow-flowing stretches 
of the river system, including Jordan Lake, the Haw River 
downstream of Jordan Lake, the Cape Fear River at NC 42, 
and just above the Locks and Dams (Fig. 2), reflecting the 
generally eutrophic conditions of Jordan Lake and the low 
flow, stratified conditions at those locations. Consistently 
low chl a values at Lillington (Fig. 2) likely arose from the 
negative effects of turbulent mixing in extensive rapids 
on phytoplankton growth and biomass. The disjuncture 
at Lillington indicated that higher primary producer bio-
mass upstream and downstream of that fall-line area re-
flected distinct responses to limiting factors in those two 
reaches of the river. Thus, in combination with observa-
tions of M. aeruginosa blooms only in the lower reach of 
the river, a source of the observed blooms upstream of 
L&D #3 appeared very unlikely.

Jordan Lake is eutrophic and frequently supports blooms, 
some of which have been recorded downstream in the 
Cape Fear River, and M. aeruginosa is known to occur 
in Jordan Lake, although not as notable surface blooms 
(Touchette et al., 2007; Wiltsie et al., 2018). Several lines of 
evidence effectively ruled out this hypothesized source, 
however, as an explanation for M. aeruginosa blooms in 
the lower Cape Fear River. First, M. aeruginosa blooms 
have never been reported in the river upstream of Lock 
& Dam #3, even though blooms of the cyanobacterium, 
Aphanizomenon spp., have been reported as exported 
from Jordan Lake and diatom blooms have been report-
ed at and below Fayetteville and its two large municipal 
wastewater treatment plant (WWTP) discharges (Fig. 1).  
Second, the low flow conditions favorable to blooms of 
M. aeruginosa occur upstream of Buckhorn Dam and Lock 
& Dam #3, and higher primary producer biomass levels 
do occur in those locations, but not reported M. aerugi-
nosa blooms. Third, low flow conditions also correspond 
with longer travel times in the river, but visible blooms 
of M. aeruginosa only occurred relatively infrequently be-
low Lock & Dam #3. Finally, cessation of M. aeruginosa 
blooms in the Cape Fear River after 2012 did not support 
an ongoing source from a eutrophic reservoir that yields 
a substantial portion of total flow in the river. 

Does M. aeruginosa occur throughout the Cape Fear 
River basin?
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Table 3. Locations (site #) from (non-bloom) summer sampling (May 7 – September 29, 2015) in the Cape Fear River basin 
investigated for the genetic detection of Microcystis (ITS genes) and microcystin synthetases (mcyD) using PCR-based screening 
and amplicon sequencing. Values indicate the number of PCR-positive samples/total samples. Representative amplicons were 
sequenced, and top BLAST matches are shown. 

PCR-based screening of water samples for the presence 
of Microcystis spp. was validated by sequencing repre-
sentative ITS amplicons and supported accurate genetic 
identification of Microcystis spp. at Cape Fear River wa-
tershed locations. Complete consensus sequences were 
aligned for the 2012 bloom (n=2) and 2015 samples from 
L&D #1 (n=3), Jordan Lake (n=3), Deep River (n=1) and the 
CFR at NC 42 (n=1). BLAST queries returned high percent-
age similarity matches to Microcystis spp. for all recovered 
ITS sequences (Table 3). These methods were sensitive 
enough to detect Microcystis in non-bloom conditions. 
This sensitivity was additionally important because vis-
ible surface blooms of Microcystis have not been reported 
within Jordan Lake or elsewhere in the Cape Fear River 
above L&D #3.

Microcystis spp. presence was detected throughout the 
CFR basin in the summers of 2015 and 2016 (Table 3). Jor-
dan Lake, the Haw River at Moncure and the Cape Fear 
River at NC 42 had positive ITS results for 100% of visits 
indicating persistent presence of Microcystis spp. despite 
absence of visible blooms. The Haw River at Bynum, up-
stream of Jordan Lake, and the Deep River at Moncure 
also had positive ITS hits at 71% and 43% of site visits, 
respectively. Lillington had positive results only for the 
first two visits to the site (29%). L&D #3 and L&D #2 both 

had high incidence of Microcystis spp. (100% and 80%, re-
spectively). Samples from the lower Cape Fear River at 
NC 1316 (site #4 in. Fig. 1) and Elwell Ferry (site #3 in Fig. 
1) each had a frequency of 66% ITS positive samples. L&D 
#1 had an incidence of 29% in 2015 and 2016 samples 
(non-bloom years). Gene regions coding for microcystin 
synthetases (mcyB and mcyD), indicative of the presence 
of potentially toxic M. aeruginosa, were detected in all 
samples collected and analyzed in May, July, and August 
of 2012 (bloom year) at L&D #1 and Elwell Ferry and again 
in 2013 (non-bloom year) at L&D #2 and #3 and at NC 
1316. Thus, M. aeruginosa occurred throughout the wa-
tershed, but was observed to bloom only below Lock & 
Dam #3, suggesting that particular conditions must have 
occurred to support these blooms.

Did low flow conditions support bloom formation?

Low flow permits stratification, particularly at times of 
higher temperatures, conditions that would support M. 
aeruginosa blooms. We used the stratification parameter, 
S=h/µ3 (h = height of the water column (m), µ = velocity 
(m s-1)), which identifies the boundary velocity at which 
a water column converts from laminar to turbulent flow 
(Simpson and Hunter, 1974) to predict conditions allow-
ing stratification in the slow-flowing portions of the Cape 

Site	 (# in	 ITS	 mcyD	Top BLAST				 
Name	 Fig. 1)	 (#pos/#tot)	 (#pos/#tot)	 Match	 Reference

Haw R @ Bynum	  (12)	 5/7	 3/7					   

Jordan L @ US 64	  (11) 	 7/7	 5/7			   M. wesenbergii	 Otsuka et al. (1999)
								        NIES44*
								        M.  aeruginosa	 Sabart et al. (2014)
								        MP07B7

Haw R @ Moncure	 (9)		 7/7	 6/7			   —		  —

Deep R @ Moncure	 (10)	 3/7	 1/7			   M. wesenbergii	 Nguyen et al. (2012)
								        VN484

CFR @ NC 42	 (8)		 7/7	 4/7			   M. sp.		 Xu et al. (2011)
								        Clone CTL 2122 
CFR @ Lillington	 (7)		 2/7	 1/7			   —		  —

CFR @ Fayetteville	 (6)		 3/3	 1/3			   —		  —			 

CFR @ L&D #3	 (5)		 2/3	 0/2			   —		  —		

CFR @ L&D #2	 (3)		 4/5	 3/5			   —		  —

CFR @ L&D #1	 (1)		 2/5	 0/5			   M. wesenbergii	 Otsuka et al. (1999)
								        VN484, NIES44*	 Nguyen et al. (2012)

*— Strain also identified from 2012 M. aeruginosa bloom at L&D #1
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Fear River just above the locks and dams. The depths 
of the pools above L&D #1 and #3 average 5 m. At this 
depth, velocities < ~2.0 m s-1 would predict a stratified wa-
ter column (values of S>0.65, the boundary condition pa-
rameter value). Velocity as a function of discharge at L&D 
#1 and #3 was analyzed using flow and channel dimen-
sion data provided by the United States Geological Survey 
(USGS) from 1992-2013. The average velocity at both L&D 
#1 and #3 was 0.35 m s-1 ± 0.29 (s.d.); velocities at both 
locations routinely fell under 0.3 m s-1 during the sum-
mer months, when low flows are common. Evaluation of 
temperature profiles from MCFRBA monitoring data for 
the water column just upstream of L&D #1 demonstrated 
that surface (0.1 m) temperatures during bloom periods 
were always higher than near-bottom temperatures, by 
an average of 0.9°C (±0.6), confirming stratification. Tar-
geted heat budget models further predicted “persistent” 
stratification behind LD #1 (Hall, 2021). Thus, during low 
flow summers, the river slows, warms, and stratifies in 
pools above dams and allows surface-blooming phyto-
plankton an advantage, especially in turbid waters. Simi-
lar findings were reported by Hall (2021).

Visible blooms of M. aeruginosa coincided with periods 
of low flow in the Cape Fear River. Flows during the pe-
riods in which visible M. aeruginosa blooms occurred 
were typically low (<50 m3s-1; Fig. 3). There were times, 
however, during the warmer months of years 1998-2019 
when flows were as low as or lower than bloom periods, 
but no blooms were observed, notably including severe 
drought periods in 2002 and 2007. Although the summer 
of 2013 was a mostly high-flow period and no blooms 

were observed, subsequent summers included periods 
of low flow similar to those in which blooms had been 
observed in 2009-2012, but no blooms were observed 
in the following years. Average flow volumes at L&D #1 
during bloom periods varied from 21.2 to 29.9% of long-
term (July 1998 - March 2019) average flow of the Cape 
Fear River, reinforcing the importance of low flow condi-
tions for bloom formation. These average bloom period 
flow values, however, occurred frequently – as much as 
25% or more of the days in the long-term data set (Fig. 3), 
implying that actual bloom-day frequencies were much 
lower than the frequencies of low flow days. Moreover, 
the occurrence of blooms at times of low flow does not 
support a hypothesis of incubation and export of M. ae-
ruginosa from adjoining wetlands or other natural “small 
waters.” The hypothesis that unusually high river flows in 
2013 might have flushed out a seed population of M. ae-
ruginosa resident upstream, thereby preventing blooms 
in that and subsequent summers, is not supported by the 
observation that similarly high flows in 2010 failed to pre-
vent blooms in 2010 and the following two years. Thus, 
low flow appeared necessary but insufficient by itself to 
support the observed M. aeruginosa blooms in the Cape 
Fear River.

Did high temperatures favor bloom formation?

M. aeruginosa blooms, as for many cyanobacterial blooms, 
are associated with elevated temperatures; in a warm-
ing climate such blooms are expected to become more 
frequent, but not all high temperature periods in the 
Cape Fear River yielded M. aeruginosa blooms. The tem-

Figure 3. Daily flows at L&D #1, Jan. 1, 2000 - Jan. 1, 2020, with 
periods of bloom and non-bloom conditions denoted.

Figure 4. Nutrient data from MCFRBA (Web ref. 3) for L&D #3. 
M. aeruginosa bloom values from dates during bloom periods 
when MCFRBA sampled the river.
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perature regime in the Cape Fear River during the period 
1998-2017 was strongly seasonal, with summer tempera-
tures averaging 27.2°C (s.d. = 2.4) at L&D #3 (MCFRBA; 
Web ref. 3). Temperatures during bloom periods gener-
ally coincided with peak summer temperatures, although 
the first bloom in September 2009, occurred when river 
temperatures were just below 25°C. Regarding climate 
change influence on water temperature, visual inspection 
of temperature data plotted vs. time revealed no signifi-
cant trend of increasing temperatures in the Cape Fear 
River during the period 1998-2017 either on an annual 
basis or when summer period values were compared. 
Moreover, there was no inter-annual trend in summer 
temperatures that could account for bloom occurrences 
or cessation thereof. The lack of any observed blooms 
during the summers of 2013-2017, when peak summer 
temperatures were at least as high as in the bloom sum-
mers of 2009-2012, indicated that higher temperatures in 
summertime may have favored the observed M. aerugi-
nosa blooms in the river, but did not support or instigate 
them before or after that 4-year period. 

Would unusual nutrient loading patterns have  
driven bloom formation?

Elevated nutrient levels are often associated with M. ae-
ruginosa blooms, but high nutrient levels in the Cape Fear 
River did not consistently support blooms. Nutrient con-
centrations from MCFRBA (Web ref. 3) monitoring in the 
Cape Fear River (Fig. 4) entering the relevant reach below 
L&D #3, i.e., where blooms occurred, measured as dis-
solved inorganic nitrogen (DIN = NH4

+ + NO3
- -NO2

-), to-
tal Kjeldahl nitrogen (TKN), total nitrogen (TN) and total 
phosphorus (TP) during the period July 1998–December 
2017 exhibited several patterns. Concentrations of the 
nitrogen forms all increased slightly in the late 1990s and 
leveled off after about 2000-2001. Average concentra-
tions over the period were: 0.04 mg (=2.85 µM) NH4

+-N 
L-1 (s.d. = 0.03), 0.75 mg (=53.5 µM) DIN-N L-1 (s.d. = 0.25), 
0.68 mg (=48.6 µM) TKN-N L-1 (s.d. = 0.35), and 1.42 mg 
(=101 µM) TN L-1 (s.d. = 0.42). Concentrations of TP ac-
tually declined somewhat between 1998 and 2004, then 
remained essentially constant through 2017, averaging 
0.15 mg (=4.84 µM) TP L-1 (s.d. = 0.08). The TN:TP ratios in 
the river averaged 9.46 (w/w), a molar ratio of 21:1, indi-
cating P-limitation in river water vs. the Redfield ratio of 
16:1, assuming equal lability of TN and TP. Nutrient con-
centrations in the river at L&D #3 on “bloom days” were 
not noticeably different from those on “non-bloom days” 
(Fig. 4), although these nutrient levels were sufficient to 

support significant primary producer growth if light were 
not limiting. There were no unique periods of elevated 
nutrient concentrations in the relevant reach of the river 
to which the observed M. aeruginosa blooms could be at-
tributed. 

Could variation in river turbidity have promoted 
bloom formation?

The main stem Cape Fear River is considered relatively 
turbid in comparison to other coastal NC rivers, and so 
phytoplankton production there was thought to be light-
limited and not nutrient-limited (Mallin et al. 1999; Dubbs 
and Whalen, 2008), perhaps favoring floating blooms 
such as M. aeruginosa. Analysis of log-transformed tur-
bidity data at L&D #1 (MCFRBA; Web ref. 3) yielded aver-
age turbidity of 10.9 NTU (s.d. = 1.9) during the period July 
1998 - December 2017. Turbidity values at L&D #1 spiked 
to much higher values during high flow events, reflecting 
both storm water inputs and suspension of muddy sedi-
ments from the riverbed. Turbidity values during bloom 
events were not significantly different from turbidity 
values for non-bloom sample days in summer months 
(log-transformed data, 1-way ANOVA, F=0.81, df=1,231, 
p=0.37), indicating that the surface-concentrated M. ae-
ruginosa blooms were not associated with clearer water 
conditions that might be expected during low flow condi-
tions. 

How did M. aeruginosa blooms compare to variations 
in phytoplankton biomass through time and space?

Comparisons of log-transformed [chl a] data from L&D 
#1 between summer samples with and without observed 
or inferred M. aeruginosa blooms confirmed that phyto-
plankton biomass was significantly higher during bloom 
events than non-bloom times (1-way ANOVA: F=5.02, 
df=1, 77, p=0.0279), although none of the samples taken 
during bloom event periods yielded [chl a] higher than 
40 µg L-1 (Fig. 5). These monitoring program samples 
were collected at 0.1 m depth, so floating populations 
of M. aeruginosa may have been under-sampled by this 
protocol. Nevertheless, values of chl a above the highest 
bloom event value (32.4 µg L-1 in 2012) were observed at 
other times without any observed M. aeruginosa blooms. 
Therefore, conditions in the river at and above L&D #1 
sometimes supported relatively high chl a without also 
supporting M. aeruginosa blooms.

Comparisons of summer (June – September 2003-2017) 
chl a values vs. turbidity values measured simultaneously 
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at L&D #1 revealed no significant effect of turbidity on 
[chl a] (linear regression, F= 2.08, df = 1,77, p=0.15, n.s.), 
indicating that water clarity was not important in control-
ling biomass at that location, particularly in comparison to 
the effects of flow and temperature. Water clarity would 
have had little effect in restraining floating populations 
of M. aeruginosa, but high turbidity could limit suspended 
cells and favor cells and colonies with flotation capability 
(Chaffin, 2009). 

Long-term (2007-2017; MCFRBA, Web ref. 3) primary pro-
ducer biomass data (as chl a) at NC 42 (site #8 in Fig. 1), 
L&D #3, a station at NC 1316 (site # 4 in Fig. 1), L&D #2, 
and L&D #1 (Fig. 1) were analyzed to determine if river 
conditions normally supported higher biomass in the 
slow-flowing conditions upstream of Buckhorn Dam and 
the three locks and dams, and thus could reflect condi-
tions suitable for M. aeruginosa blooms as well. Biomass 
on summer (June – September) sampling days at NC 42, 
L&D #3, and L&D #1 strongly responded to low-flow peri-
ods, with chl a values above 20 µg L-1 occurring only once 
at NC 42 during high-flow conditions (Fig.5). Although chl 
a values above 40 µg L-1 (the NC legal standard for ”al-
gae” blooms) occurred at all 3 locations, no M. aeruginosa 
blooms were reported from either NC 42 or L&D #3, up-
stream of the relevant reach.

Primary producer biomass trended higher at tempera-
tures above 20°C at all five sampled locations. Compari-
sons of log-transformed chl a data among the 5 stations 
for the summer months (June-September), 2007-2014, 
by 1-way ANOVA and Tukey’s post hoc test demonstrated 
that the highest mean values occurred at NC 42 and the 
lowest at SR 1316, the latter being far more rapidly flow-
ing in character than the other locations (Table 4). A possi-
ble inference from these observations was that turbulent 
flow and depth in the turbid, generally light-limited Cape 
Fear River limits net primary producer growth except 
when the calmer conditions upstream of dams allowed 
stratification during the warmer months.

Could there have been an external anthropogenic 
source?

Lack of an apparent meteorological or hydrological cause 
for the 2009-2012 M. aeruginosa blooms in an otherwise 
reasonably typical 4-year period argued for a more un-
usual, perhaps anthropogenic driver for these episodic 
blooms. Commencement of M. aeruginosa blooms in wa-
ters not previously manifesting them is not unusual, but 
cessation of such blooms altogether once begun is highly 

Figure 5. Primary producer biomass data from MCFRBA 
monitoring at L&D #1 for summer months (June – September), 
including values measured during M. aeruginosa bloom events, 
which do not differ from values at other times.

unusual. What changed? 

We considered several point source discharges as a po-
tential source of elevated nutrient loading that might 
have driven blooms downstream and that conceivably 
might have been adjusted to disfavor further blooms. We 
examined Discharge Monitoring Reports (DMRs; available 
by request only, to avoid disclosing dischargers’ identi-
ties) for WWTPs at Fayetteville (2 facilities, sites E and F 
in Fig. 1) and Elizabethtown (1 facility, site A in Fig. 1) that 
were within reasonable proximity to the relevant reach of 
the Cape Fear River. These documents, provided by the 
Fayetteville Regional Office of the NC Division of Water 
Quality (now Division of Water Resources), revealed no 
significant changes over time that could account for epi-
sodic bloom events in the river, however. Thus, we ruled 
out municipal sewage discharges as drivers.

Table 4. Results of 1-way ANOVA and Tukey’s HSD post hoc 
tests on log-transformed data comparing average summer 
(June – September, 2007-2014) [chl a] among five monitored 
CFR stations (as in Fig. 1) showing the decline in chl a values  
between the upper and lower Cape Fear River; F=7.35, 
df=4,155, p<0.0001.

Station		  Log	 [chl a], 	 Tukey
 ID#	 River km	 [Chl a]	 µg L-1	 Group
   8	 274	 1.339	 21.8	 A
   5	 193	 1.067	 11.7		  B
   4	 177	 0.878	 7.6		  B
   3	 145	 0.896	 7.9		  B
   1	 100	 1.119	 13.2	 A	 B
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We also examined DMRs for other major industrial point 
source dischargers upstream of the relevant reach. Two 
of these discharged negligible amounts of nutrients and 
could not plausibly drive blooms in the river (sites C and 
D in Fig. 1). A third industrial discharger, termed here the 
“facility,” that produced highly organic wastes, however, 
discharged very large loads of nitrogen and phosphorus 
immediately upstream of the relevant reach (Site B in Fig. 
1; 34.7428°N/78.8093°W) and attracted further attention 
in our investigation.

The facility in question included a very large animal and 
human waste lagoon (9.4 ha and 3.6 m deep; volume 
~340,000 m3) as part of its waste treatment system that 
discharged directly into the river, was noticeably green 
in Google Earth© imagery, and is located just upstream 
of the reach of the river exhibiting M. aeruginosa blooms. 
These observations prompted a more focused examina-
tion of the potential for this waste lagoon to support and 
export M. aeruginosa blooms into the lower Cape Fear 
River. Our investigation encompassed additional sam-
pling and data analyses to determine if this hypothesized 
waste lagoon source of M. aeruginosa blooms could be 
ruled out, as with other hypotheses considered above.  

The green appearance of the large waste lagoon in satel-
lite imagery suggested that it might support cyanobacte-

Table 5. Area-averaged estimates (µg L-1) of chlorophyll a  
(Chl a) and phycocyanin (Phyco) in the waste lagoon at site B 
and adjacent Cape Fear River derived from analysis of remote 
sensing imagery. Means for chlorophyll a and phycocyanin 
did not differ significantly between river and lagoon samples 
by one-way ANOVA, suggesting contemporaneous  
cyanobacteria biomass in both lagoon and receiving river.  
Chl a and Phyco were not significantly correlated in either 
body of water, indicating independence of their biomass 
levels over time.

Lagoon	 River	 	
Date	 Chl a	 Phyco	 Chl a	 Phyco

June 9, 2017	 12.98	 5.13	 10.71	 6.38
July 30, 2017	 9.94	 1.95	  6.80	 3.69
July 31, 2017	 11.56	 4.77	 8.94	 7.36
June 20, 2018	 3.69	 2.76	 2.77	 4.58
July 19, 2018	 7.16	 2.81	 4.92	 3.28
April 22, 2019	 13.65	 3.39	 12.72	 5.18
May 28, 2019	 12.70	 3.76	 4.77	 5.09
June 29, 2019	 5.01	 3.91	 4.57	 4.60
July 14, 2019	 11.52	 4.27	 9.49	 6.89
Sept., 2019	 10.67	 6.05	 6.84	 4.55
Oct. 28, 2019	 9.47	 4.89	 6.03	 3.54

Mean 	 9.85	 3.97	 7.14	 5.01
(± s.d.)	 (3.28)	 (1.21)	 (3.01)	 1.36)

ria, including M. aeruginosa, during the summer, as cya-
nobacteria often thrive in high temperatures (25-30°C). 
A comparison of same-day temperatures in the river 
and in the discharge from the facility for the months of 
June-September during the period, July 1998 – Septem-
ber 2017, demonstrated that discharges from this facility 
were almost always warmer than river temperatures by 
an average of 5.0°C (s.d. = 2.34). Several water samples 
were obtained from the waste lagoon and its discharge 
to the river, with assistance from the NC Division of Water 
Resources. Lagoon samples collected on September 16, 
2015, averaged 36.0 µg chl a L-1 and on September 29, 
2015, averaged 11.1 µg L-1. Discharge samples collected 
during 2015 averaged 30 µg chl a L-1 (s.d. = 12.5, n=8). La-
goon chl a and phycocyanin content derived from analy-
ses of remote sensing imagery averaged 9.85 µg L-1 and 
3.97 µg L-1, respectively (Table 5). Similar imagery analysis 
of the adjacent Cape Fear River yielded estimates of chl 
a and phycocyanin of 7.14 µg L-1 and 5.01 µg L-1, respec-
tively (Table 5). Neither chl a nor phycocyanin values were 
significantly different between lagoon and river samples 
by t-test (p>0.05 for each comparison). Chl a values in the 
river estimated by analysis of remote sensing imagery 
were well within the ranges of values obtained from in 
situ sampling (Figs. 2, 5). 

Molecular analyses also demonstrated the presence of 
Microcystis in the waste lagoon and discharge from the 
facility in 2015 (90%) and 2016 (80%). Next generation 
sequencing (NGS) produced 1,823,310 paired reads that 
binned into 137 operational taxonomic units (OTUs) at 

Figure 6. Multidimensional scaling (MDS) of Microcystis  
assemblages based on abundance of sequences in  
operational taxonomic units (OTUs) from samples collected in 
2012, 2015 and 2016. Sites numbered as in Fig. 1.
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97% sequence identity. All OTUs were taxonomically af-
filiated to the genus Microcystis. Similarities in site-specif-
ic OTU presence were first compared independently of 
year collected (Fig. 6). Fifty OTUs were present at five sites 
(2012 bloom at L&D #1, L&D #1 and Elwell Ferry, L&D #2, 
the waste lagoon, and L&D #3). Four OTUs were unique 
to the bloom of 2012 and were not found in subsequent 
years. Notably, eighteen of 137 OTUs identified were de-
termined to be unique to the waste lagoon’s discharge 
and downstream sites but were not found upstream at 
L&D #3.  Multidimensional scaling of ITS sequences il-
lustrated similarities among overall assemblages from 
waste lagoon samples and samples taken downstream 
(Fig. 6). At times, the assemblage of Microcystis OTUs at 
L&D #1 more closely resembled the assemblage from the 
waste lagoon than the upstream assemblages.

The molecular findings did not allow us to rule out the 
waste lagoon as an incubator for M. aeruginosa blooms 
in the Cape Fear River, but the question remained: could 
the relatively low volume of this point source discharge 
from the waste lagoon and associated treatment facil-
ity support downstream blooms of M. aeruginosa in the 
much larger volume of the Cape Fear River? M. aerugi-
nosa’s presence in the waste lagoon was not particularly 
unusual, given the wide distribution of that cyanobacte-
rium in the watershed, so support of an in-river bloom 
would also require significant nutrient supply and time 
for a bloom to develop, as well as the other general con-
ditions associated with M. aeruginosa blooms. 

The nutrient concentrations and loadings to the river 
in the discharges from the waste lagoon and associat-
ed treatment facility were substantial in comparison to 
those in the river immediately upstream, providing the 
nutrients necessary to promote microalgal growth. Nutri-
ent concentrations in the discharges during the period 
July 7, 1998 – March 31, 2019, exhibited several notewor-
thy patterns, particularly in comparison to the patterns 
observed in the river immediately upstream of the dis-
charge. The facility’s DMRs reported TN, TP, ammonia N, 
and “organic N” at varying frequencies, initially weekly 
and then monthly for TN in the first 7 years of the pe-
riod of record. TN data were not reported for the period 
January 2005 – September 2006 but resumed at regular 
frequency until July 2007, when much more frequent 
sampling began, tapering to weekly sampling as of about 
September 2008, that continued through the remaining 
period of record. During the period 2008-2013 TN con-
centrations in the facility’s discharge declined steadily, 

apparently reflecting a decrease in the facility’s permitted 
[TN] discharge from a monthly average of 200 mg TN L-1 
(=14,300 µM N) to 100 mg (=7,150 µM N) TN in 2009, and 
the installation of an additional denitrification system in 
the facility’s WWTP in 2009.  Average summer (June – Sep-
tember) TN concentrations in the discharge were 150 mg 
L-1 (=10,700 µM N) in 2008 and 119 mg L-1 (=8,500 µM N) 
in 2013. TN concentrations continued to decline through 
the remaining period of record, to 97.5 mg L-1 (=7,000 
µM N) in summer, 2018. The TN concentrations in the 
facility’s discharge were thus approximately 2 orders of 
magnitude higher than TN concentrations in the Cape 
Fear River just upstream of that discharge at L&D #3 (Fig. 
4).	

TP concentrations in the facility’s discharge were mea-
sured at approximately monthly frequency throughout 
the period of record, exhibiting an increase until 2003-
2004, remaining relatively constant through 2014 and 
then dropping considerably after that. Average TP con-
centrations during the “bloom summers” (June – Septem-
ber 2009-2012) were 46.6, 39.2, 34.6, and 38.0 mg P L-1, 
respectively by year, equivalent to 1500, 1260, 1120, and 
1230 µM P, respectively. These values were also approxi-
mately 260 times higher than the average TP values in 
the Cape Fear River immediately upstream of the facil-
ity’s discharge at L&D #3. The overall TN:TP ratio in the 
facility’s discharge during the bloom years of 2009-2012 
was 110.6/40.1 = 2.76 (w/w) or 6.11 (mol mol-1), indicat-
ing strong N-limitation vs. the Redfield ratio of 16:1 (mol 
mol-1) and corresponding to the N:P ratios commonly 
observed in municipal WWTP effluents. Changes in the 
facility’s TN and TP concentrations in discharges after the 
bloom period years, however, drove reductions in both 
parameters as well as changes in the overall TN:TP ratio 
in the effluent. Average [TN] and [TP] values in the years 
2017-2018 were 85.8 and 20.7 mg L-1, respectively, yield-
ing TN:TP ratios of 4.14 (w/w) and 9.17 (mol mol-1). These 
concentration and ratio changes reflected changes in 
the WWTP’s operation (more frequent removal of sludge 
from anaerobic digesters starting in 2014, in addition to 
the installation of denitrification capacity in 2009).

The magnitude of N and P concentrations in the facility’s 
discharge compared to concentrations of those nutrient 
elements in the Cape Fear River at L&D #3 just above the 
discharge suggested that, despite the very large disparity 
in flow volumes of the facility’s discharge and the river, 
the facility was a significant point source of N and P load-
ings at times of low river flows and high temperatures, 
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i.e., summers. The nutrient discharge from the facility 
might then overwhelm instream conditions, decoupling 
downstream from upstream stretches. Regressions of TN 
and TP against flow volume data for the Cape Fear River 
at L&D #3 and the facility for all summers, June-Septem-
ber 2007-2014, were all statistically insignificant (p>0.05), 
so the relationship between flow and nutrient loads was 
then assumed to be a simple function of average TN and 
TP concentrations for each summer and daily flows for 
the river and the point source discharge. This approach 
allowed daily estimates of TN and TP loads from the facil-
ity and more direct comparisons with TN and TP loads 
in the Cape Fear River. Estimated TN loads in the Cape 
Fear River at L&D #3 were almost always higher than the 
estimated TN loads in the facility’s effluent, even at times 
of low flow in the river. The average contribution of the 
discharge to TN loads in the river during the summers of 
2007–2014 was 25.8%. However, there were altogether 
108 days of (976) in the summers when estimated TN 
loads from the facility exceeded 50% of the estimated TN 
loads in the river: 70 days in 2007, a summer of very low 
flow in the river but no blooms; 5 days in 2008, a non-
bloom summer, 21 days in 2009 (14 during the bloom 
month of September), 11 in 2010 (but none in the bloom 
month of July), and one in 2013, a high flow, non-bloom 
summer. There were 8 days in all when estimated TN 
loads from the facility exceeded 100% of the estimated 
TN loads in the river, 6 of them in 2007, a non-bloom 
summer, and two in September 2009, a bloom month. 
Thus, there was no strong, consistent evidence that TN 
loading from the facility’s discharge was a significant fac-
tor in stimulating the 2009-2012 M. aeruginosa blooms, 
although N-limited primary producers downstream in 
general might have been stimulated. 

The average contribution of the estimated facility TP 
discharges to estimated TP loads in the river during the 
summers of 2007-2014 was 82.3%. Estimated TP loads 
from the facility exceeded 50% of the estimated TP loads 
in the river on 725 of 976 days in these summers, ex-
ceeding 100% of the TP loads in the river on 315 days, 
i.e., more than doubling the TP load in the river at that 
location. Estimated TP loads from the facility exceeded 
50% of the estimated TP loads in the river on 26 of 30 
days in the bloom month of September 2009 (including 
the highest value, 351% on September 19, 2019, a bloom 
day), on the first 28 days of the bloom month of July 2010, 
on 41 of the 46 bloom days of June 15-July 30, 2011, and 
on 27 of 46 days in the bloom period of June 27 – Aug. 
11, 2012. Thus, 122 of 157 bloom days in the summers 

of 2009-2012 were days when estimated TP loads from 
the facility were >50% of estimated TP loads in the river. 
Days with >50% loads from the facility totaled 275 in the 
summers of 2009-2012, however, so more than half the 
days with >50% loads occurred when no blooms were ob-
served. These TP loading data suggest some correspon-
dence between extra TP from the facility and M. aerugi-
nosa blooms, but that high TP loadings alone were not 
sufficient to cause those blooms.

Data from monitoring efforts supported the assessment 
here that the facility’s discharge had a significant effect 
on in-river nutrient loads (Web ref. 8). The distributions 
of TN and TP concentration values for the period 2006-
2010 showed a substantial increase in TN and TP values 
between monitoring stations upstream and downstream 
of the facility’s discharge point. The 50th percentiles of 
TN and TP values for that period demonstrated 30% and 
50% increases, respectively, between upstream L&D #3 
and downstream at NC 1316 (sites 5 and 4, respectively, 
in Fig. 1 and Table 1a).

Examination of TN and TP data from sampling at L&D #1 
revealed that after about 2003 TN:TP ratios stabilized at 
average values of ~24 (mol/mol) for all sampling dates 
but with considerable variability (s.d. = 15.6). TN:TP ra-
tios at L&D #1 during summer months (June-September) 
averaged ~21 (s.d. = 18.5), not significantly different but 
quite variable. These values generally indicated P limita-
tion vs. the Redfield ratio of 16:1 N:P, suggesting that the 
facility’s TP contribution upstream could have been im-
portant, although the ratio data do not demonstrate an 
effect of that discharge that far downstream. 

Could discharge of M. aeruginosa populations bloom-
ing in the facility’s waste lagoon create a significant vis-
ible surface bloom 80 km downstream at L&D #1? As-
suming low flow conditions (< 50 m3 s-1), corresponding 
to a downstream velocity of ~0.3 m s-1, travel time from 
the facility discharge point to L&D #1 would be on the 
order of 3 days. Under optimal growth conditions (tem-
peratures ~33°C, high light, and high concentrations of 
nutrients) Nicklisch and Kohl (1983) reported maximum 
specific growth rate, µmax, for M. aeruginosa at 3.4 d-1. A 
discharge of 30 µg L-1 chl a in an average discharge vol-
ume of 8,520 m3d-1 (=0.098 m3 s-1) mixing with the river 
flowing at 50 m3 s-1 (Fig. 3) would contribute [chl a] ~0.06 
µg L-1 at the discharge, an increase over ambient levels 
impossible to detect at that point in time and space. As-
suming a specific growth rate of half the reported µmax, 
or 1.7 d-1, for 3 days’ travel time, then ([chl a]day3 = [chl 
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a]day0*e1.7*3), and neglecting “native” primary producers 
in the river, yields ~10 µg L-1 chl a dispersed through the 
entire water column, which at L&D #1 approaches 5 m 
deep but often stratifies. If half the initially discharged 
population was composed of M. aeruginosa, i.e., a popu-
lation that had bloomed in the waste lagoon, and 80% 
of the resulting population floated within 0.1 m of the 
surface, M. aeruginosa-chl a concentration could exceed 
190 µg L-1 in that surface layer – certainly a significant and 
quite visible bloom event. The assumptions used in this 
analysis are likely conservative, however; for example, 
flow volumes in the river during bloom events were of-
ten well below 50 m3 s-1 (Table 6), implying less dilution of 
the discharge, higher resulting M. aeruginosa and nutrient 
concentrations in the river, longer travel time, and stron-
ger stratification at L&D #2 and #1, all supporting more 
robust bloom formation. Thus, the possibility that occa-
sional M. aeruginosa blooms in the facility’s waste lagoon 
were discharged into the Cape Fear River with sufficient 
nutrients to support continued growth to create visible 
downstream blooms could not be ruled out.

Conclusions
Observations of M. aeruginosa blooms in other ecosys-
tems indicate that lake-sourced blooms can be exported 
into outflowing rivers, e.g., Lake Okeechobee and down-
stream St. Johns and Caloosahatchie Rivers (Phlips et al., 
2012; Rosen et al., 2017; Lapointe et al., 2017; Kramer et 
al., 2018). Similarly, upstream incubation of M. aeruginosa 
has exported blooms into Lake Erie (Davis et al., 2014). 
Eutrophic riverine conditions have also exported blooms 

Table 6. Flow rates (m3s-1, average ± s.d.) for Jordan Lake 
outflow (JL) and L&D #1 during 2 weeks prior to bloom periods 
and during bloom periods, illustrating that Jordan Lake outflow 
did not vary significantly between pre-bloom and bloom peri-
ods.

Year	 Pre-bloom	 Bloom Period
	 JL	 L&D #1	 JL	 L&D #1

2009	 8/18 - 8/31		  9/1 – 9/30
	 10.2±1.9	 42.8±16.8	 8.1±2.3	 31.6±17.8

2010	 6/17- 6/30		  7/1 – 7/31
	 14.9±3.3	 41.6±5.3	 12.4±2.4	 34.1±11.9

2011	 6/1 – 6/14		  6/15 – 7/30
	 14.8±3.0	 26.8±5.6	 13.7±1.4	 28.8±9.3

2012	 6/13 – 6/26		  6/27 – 8/11
	 10.5±1.7	 30.6±11.4	 10.9±2.9	 40.6±18.8

and/or bloom-supporting nutrients from the Maumee 
River into Lake Erie (Conroy et al., 2014; Matson et al., 
2020). M.  aeruginosa blooms in the Cape Fear River, how-
ever, do not fit these natural source scenarios.

Cessation of M. aeruginosa blooms in the Cape Fear Riv-
er after 2012 remains the most enigmatic feature of the 
phenomenon. M. aeruginosa remained present in the riv-
er system after that date, as evidenced by molecular de-
tection. Low flow, high temperature, turbidity, and other 
conditions conducive to bloom formation remained so 
post-2012. Discharges from WWTPs upstream remained 
unchanged as sources of nutrients. Nutrient loads from 
the animal waste facility’s discharges, however, did 
change over the period of interest. TP concentrations 
in the facility’s discharge remained relatively constant 
between 2004 through 2014 and then dropped consid-
erably. The overall TN:TP ratio in the facility’s discharge 
during the bloom years of 2009-2012 was 110.6/40.1 (mg 
L-1) = 2.76 (w/w) or 6.11 (mol mol-1), corresponding to the 
low N:P ratios commonly observed in municipal WWTP 
secondary treatment effluents and to the lower N:P ratios 
thought to favor M. aeruginosa (Smith, 1990; Paerl, 1988; 
1990; Fujimoto et al., 1997; Kotak and Zurawell, 2007; Gib-
lin and Gerrish, 2020; Cai and Tang, 2021). Changes in the 
facility’s TN and TP concentrations in its discharges after 
the bloom period years, however, drove reductions in 
both parameters as well as changes in the overall TN:TP 
ratio in the effluent. Additional denitrification capacity 
was brought on-line starting in 2009 and more frequent 
removal of TP-laden sludges from anaerobic digesters 
commenced in 2014, according to NC DEQ inspectors 
with knowledge of the facility’s operations. Average [TN] 
and [TP] values in the facility’s discharge in the years 
2017-2018 were 85.8 and 20.7 mg L-1, respectively, yield-
ing TN:TP ratios of 4.14 (w/w) and 9.17 (mol mol-1). There-
fore, we could not rule out the possibility that changes in 
the facility’s waste treatment and discharges reduced the 
frequency and magnitude of M. aeruginosa blooms in the 
waste lagoon and reduced the nutrient loads available to 
support those blooms in the river. 

Thus, we pose the question: might organic- and nutrient-
enriched waste lagoons support formation and export 
of toxic cyanobacteria blooms? The waste lagoon we 
examined in this study served a large slaughterhouse 
producing animal and human (worker) waste. Several 
studies highlight the capacity for discharges from other 
kinds of nutrient-rich waste lagoons to support blooms 
of photosynthetic organisms (Mallin et al., 2015). Anaer-
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obic swine waste lagoons are known to host blooms of 
purple photosynthetic bacteria (Do et al., 2003; Cahoon 
et al., 2012), although these lagoons are not permitted to 
discharge directly to surface waters. Facultative aerobic 
waste lagoons do support cyanobacterial blooms (Sund 
et al., 2001), including populations of M. aeruginosa  (Ko-
tut et al., 2010). Discharges from animal waste lagoons 
have been known to support cyanobacterial blooms in 
receiving waters (Burkholder et al., 2007). Similarly, hu-
man sewage waste can support blooms of cyanobacteria 
(Ibekwe et al., 2017). Wet detention ponds servicing golf 
courses, residential developments, retail, and industrial 
areas can also support noxious and toxic algal blooms 
(Lewitus et al. 2003); such stormwater systems also dis-
charge into streams and rivers, although intermittently 
during rain events. We suggest that further consideration 
should be given to include such potential point sources 
as bloom origins for M. aeruginosa, in particular, and toxic 
cyanobacteria blooms in general to receiving water eco-
systems. 

One difficulty with testing these ideas lies in the frequent 
lack of easy access to such treatment facilities and their 
waste lagoons, with the possible exception of publicly 
owned waste treatment systems. Consequently, bloom 
attribution may have to rely on in-stream discharge sam-
pling (upstream vs. downstream) and require routine, 
therefore expensive, monitoring. As we found, molecu-
lar methods may help with source tracking, but can also 
demonstrate the wide occurrence of cyanobacteria spe-
cies in a watershed without necessarily excluding any 
source. Moreover, we note that in this study a number 
of operational taxonomic units (OTUs) were found that 
were common to the lagoon and downstream river wa-
ters but were not found in upriver areas, strongly indicat-
ing cyanobacterial discharge from the waste lagoon into 
the river.  Remote sensing has potential value as well, but 
usually after the fact of a bloom and without the ability 
to distinguish a bloom of one species from another. Ad-
vances in remote sensing algorithms may help, but there 
are other limits on the use of these techniques, such as 
air navigation rights vs. trespass. Thus, the real extent of 
the phenomenon we describe here may be difficult to as-
sess.

It is also important to consider that toxic cyanobacteria 
blooms arising from incubation in human and animal 
waste lagoons and export via point-source discharges 
may be much easier to manage and prevent than blooms 
arising from less discrete causes. We hypothesize in this 

case that changes in the animal waste facility’s nutrient 
management practices may have controlled the condi-
tions favoring or preventing blooms of M. aeruginosa in 
the lower Cape Fear River. If so, managers and regulators 
have straightforward treatment options available to con-
trol these causes of toxic cyanobacteria blooms. 
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