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Introduction

The tidal influence of the Lower Connecticut River (CR), 
Connecticut (CT), has supported an extensive and diverse 
ecosystem of submersed aquatic vegetation (SAV) and 
associated fauna. Historically, aquatic and marsh habitats 
within the Lower CR have sustained an abundance of native 
macrophytes including Lemna minor L., Elodea nutal-
lii (Planch.) H. St. John, Vallisneria americana Michx., 
Utricularia radiata Small, and various Potamogeton spp. 
(Moore et al., 1999; CAES, 2020). Aquatic plants are highly 
productive and provide enumerable environmental benefits 
including spawning habitat, oxygenation, benthic stabiliza-
tion, and physiochemical water quality functions (Moore et 
al., 2010). Unfortunately, these same conditions that sup-
port beneficial native macrophytes has also supported the 
prevalence and spread of aquatic invasive species (AIS) like 
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Abstract
The Lower Connecticut River (CR) is an ecologically and recreationally significant ecosystem within New England, but 
the river has become increasingly vulnerable to the intrusion of aquatic invasive species (AIS) like hydrilla (Hydrilla ver-
ticillata). The hydrilla population recently discovered in the Lower CR is genetically unlike former hydrilla clades present 
in the United States. The specific biological and management components of this unique clade-C hydrilla in comparison 
to its cohorts remains largely undetermined and the nature of management action to combat the submersed plant within 
the tidally influenced lotic system further complicates waterway resilience efforts due to high-water exchange. Because 
of the inherent environmental challenges attributed to lotic environs, the use of aquatic herbicides remains the primary 
management tool for selective and effective hydrilla control. However, knowledge of the site-specific water exchange 
processes at infested sites coupled with subspecies- and herbicide-specific concentration-exposure time (CET) require-
ments are essential for successful plant management. The primary goal of the present studies was to quantify bulk water 
exchange rates at five representative hydrilla infestation sites within the Lower CR using Rhodamine WT dye (RWT) to 
mimic prospective herbicide application operations. Dye monitoring indicated distinct variability among study site water 
exchange rates, with RWT half-lives ranging from 0.35 to 72.36  h following application. Future management efforts 
deploying herbicide should consider these methods and findings when selecting appropriate herbicide active ingredients 
and use rates to achieve hydrilla control. While the present water exchange findings offer initial guidance, comparable dye 
studies will be necessary as management programs target additional hydrilla invasion areas within the river.
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Received: 2 July 2025 / Revised: 14 November 2025 / Accepted: 9 December 2025
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2026

Water Exchange Characteristics of Tidally Influenced Hydrilla Invasion 
Sites in the Lower Connecticut River

Andrew W. Howell1 · Benjamin P. Sperry2 · Jens P. Beets3 · Michael W. Durham2 · Jonathan S. Glueckert4 ·  
Amber E. Riner5

1 3

https://doi.org/10.1007/s12237-025-01653-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s12237-025-01653-7&domain=pdf&date_stamp=2026-1-26


Estuaries and Coasts           (2026) 49:53 

hydrilla (Hydrilla verticillata L.f. Royle) which, readily dis-
place natives (flora and fauna) and restricts a water’s utility 
(Langeland, 1996; Madsen & Sand-Jensen, 1991; Smart et 
al., 1994; Zhang & Boyle, 2010).

Hydrilla has been referred to as the “perfect aquatic 
weed” and has successfully invaded countless waterways 
throughout the United States (US) (Langeland, 1996; Jacono 
et al., 2025). Previously, only two genetically distinct bio-
types of hydrilla were recognized in the US. The dioecious 
biotype which spread from Florida (FL) and Georgia (GA) 
to Texas following discovery in the 1950 s (Steward et al., 
1984; Netherland, 1997), and monoecious hydrilla which 
rapidly established in cooler climates from central GA to 
CT westward following discovery in Maryland (MD), Dela-
ware, and North Carolina (NC) in the 1980 s (Haller, 1982; 
Steward et al., 1984; Schmitz et al., 1991). Most recently in 
2020, a third genetically distinct strain (clade-C) was con-
firmed in the Lower CR, which presents unique morpho-
logical characteristics and potentially unique management 
challenges (Tippery et al., 2020; Foley et al., 2024).

Hydrilla primarily spreads via fragmentation and vegeta-
tive propagules (axillary and subterranean turions). Seasonal 
turion production not only serves as a means of plant estab-
lishment and spread, but also as a form of overwintering for 
succession (Netherland, 1997; True-Meadows et al., 2016). 
There are known biological and phenological differences 
between monoecious and dioecious hydrilla including tim-
ing and quantity of vegetative propagule production, tim-
ing of biomass production, and flowering (True-Meadows 
et al., 2016). Anecdotal reports indicate clade-C hydrilla 
also has distinctive biological characteristics including 
turion production and self-abscission (Tippery et al., 2020; 
Foley et al., 2024; Beets, 2024). Regardless of the clade, 
hydrilla infestations in lotic systems have remained far less 
studied than infestations in lentic environments. Tidal and 
high-flow systems such as the Lower CR may also contrib-
ute to increased hydrilla dispersal via propagule and stem-
fragment hydrochory.

Invasive species such as hydrilla can negatively impact 
the ecosystem and hydrology of impacted waterways. 
Hydrilla can rapidly reestablish following environmental 
stresses or management from vegetative propagules (Lange-
land, 1996). The submersed plant also has rapid growth 
rates, a low light compensation point, salinity tolerance 
(up to 7 ppt), and C4-like photosynthesis which improves 
its competitive ability compared to many native macro-
phytes (Langeland, 1996; True-Meadows et al., 2016). 
While hydrilla infestations may fill empty ecological niches 
in some aquatic systems, dense infestations ultimately 
decrease fish length, species richness, native vegetation, and 
generally degrades the water’s habitat (Schultz and Dibble, 
2012; Hoyer et al., 2008; Hofstra and Clayton 2014; Londe 

et al., 2024). Hydrilla and other invasive submersed aquatic 
vegetation can act as ecosystem engineers, redirecting and 
reducing water flow, and negatively impact hydropower, 
navigation, and recreation (Jones et al., 1997; True-Mead-
ows, 2016; Santos et al.,2011; Hofstra et al., 2010). In the 
Lower CR, hydrilla invasion has potential to destructively 
alter breeding habitats of critically endangered anadro-
mous species like Atlantic Sturgeon (Acipenser oxyrinchus) 
(Savoy et al., 2017; NMFS, 2024). Therefore, hydrilla man-
agement is essential to steward critical water resources like 
those of the Lower CR.

Several management opportunities exist to combat the 
deleterious effects of invasive SAV like hydrilla. Mechanical 
(e.g., cutting or suction harvesting), physical (e.g., benthic 
barriers), and biological (e.g., grass carp [Ctenopharyngo-
don idella]) all provide varying levels of success in lentic 
environs (Sutton, 1977; Haller et al., 1980; True-Meadows 
et al., 2016). However, these management approaches are 
complicated or are not feasible in riverine settings due to 
ecological, regulatory, and cultural restrictions, and do not 
provide the appropriate mechanisms required to effectively 
control hydrilla in a settings like the Lower CR. Therefore, 
the most environmentally sound and effective manage-
ment programs in lotic systems often include the use of 
aquatic herbicides to selectively target AIS. Still, the use 
of aquatic herbicides for in-water settings is complex and 
requires sound knowledge of treatment depth, breadth, and 
water exchange rates to ensure proper dosing of chemical 
applications.

Herbicide concentration-exposure time (CET) relation-
ships are a key concept in the chemical management of 
submersed aquatic weeds. This relationship consists of her-
bicide concentration in contact with plants and the length 
of time the herbicide remains in the target area surround-
ing the plant (Netherland & Getsinger, 1992). Simply put, 
as water exchange rate increases, herbicide CET decreases. 
The CET requirements for effective control are unique to 
different plant species, plant size and density, and the her-
bicide used. When properly understood, plant-herbicide 
CET relationships can be used to tailor herbicide applica-
tions by reducing herbicide inputs into aquatic systems and 
provide targeted selectivity, thus decreasing the potential 
for non-target damage to desirable or protected plant spe-
cies (Getsinger & Netherland, 2018). An accepted method 
for measuring and modeling site-specific CET involves 
the use of fluorescent tracer dyes to measure bulk water 
exchanges. Since the 1980 s, dyes such as rhodamine water 
tracing (RWT), have been used as inert surrogates to mimic 
and quantify herbicide dispersion and improve the holistic 
understanding of hydrodynamic systems (Fox & Haller, 
1992; Turner et al., 1994; Sartain et al., 2023; Getsinger et 
al., 2024). Rhodamine WT dye is most utilized due to its 
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favorable toxicity profile, ease of detection, high correla-
tion with aquatic herbicides, and approval for use in potable 
water at concentrations up to 10 µg L− 1 (Getsinger et al., 
2024). Tracer dyes, particularly RWT, are regularly used to 
understand flow dynamics including wetland flows, ground-
water tracing, river hydrodynamics, transient storage, and 
piscicide tracking (Williams & Nelson, 2011; Runkel, 2015; 
Zhu et al., 2017). While RWT dye applications are most 
commonly used to determine bulk water exchange, this dye 
has been correlated with the aquatic herbicide triclopyr, 
with no significant difference between dye and herbicide 
half-lives (Turner et al., 1994).

The Lower CR inherently poses greater fluvial complex-
ity than that of non-tidally influenced inland river systems. 
For example, unlike inland rivers or run-of-the-river reser-
voirs with unidirectional flows (Sartain et al., 2022; Wersal 
et al., 2022), the Lower CR experiences flows downstream 
and upstream (flow reversal) dependent upon the tide cycle. 
These bidirectional flows are thus a major factor affecting 
flow consistency, water levels and flooding, chemical (e.g., 
salinity) and physical (e.g., turbidity) water quality, and 
ultimately hydrilla management strategies using herbicide 
in the system (Weiss et al., 1982; Fox et al., 1991a, b; Whit-
ney et al., 2021). Prior RWT dye studies in Crystal River, 
FL characterized bulk water exchange patterns based upon 
tidal cycle and seasonality, SAV density, and water tempera-
ture to provide enhanced operational hydrilla management 
guidance with herbicide (Fox et al., 1991a, b; Fox & Haller, 
1992); however, these dead-end canal systems studied were 
of smaller origin (420 m long) than the Lower CR (approx. 
56 km long) and were spring-fed influenced which limits 
comparative utility. Another RWT dye study in the Potomac 
River, MD/VA found the presence of densely dominated 
hydrilla beds effected tidal flow through frictional forces, 
where hydrilla stands appeared more uniformly penetrable 
and more spatially homogenous during ebb cycles (Rybicki 
et al., 1997). While the aforementioned studies provide 
some initial insight into possible hydrodynamic patterns 
associated with hydrilla infested tidal river systems, bulk 
water exchange processes are unique among, and within, 
flowing water systems (Getsinger & Netherland, 2018). 
Therefore, conducting discrete dye studies is necessary to 
link CET relationships with water exchange evaluations to 
aid in predicting herbicide effectiveness (formulation and 
delivery methods), meet regulatory expectations (state and 
federal), and to select treatment sites where AIS control is 
most likely to succeed in the Lower CR.

Due to the complex fluvial dynamics of the Lower CR, 
the specific objectives of this study were to:

(1) characterize water exchange patterns in five geo-
graphically and tidally distinct hydrilla-invaded sites 

to evaluate the influence of tide cycle in relation to 
measured bulk water exchange patterns, and.

(2) model the relative bulk water exchange half-
lives of select sites to guide future understanding of 
herbicide CET requirements for effective hydrilla 
management.

While the present study provides initial guidance for the 
chemical management of hydrilla and other potentially nox-
ious AIS, this work also contributes to the broader under-
standing of site-specific bulk water exchange patterns in 
tidally influenced rivers. For example, the specific fluvial 
dynamics and associated influences measured could also 
be used for understanding water quality patterns or poten-
tial anthropogenic disturbance modeling components (e.g., 
nutrient exchange rates and harmful algal blooms).

Materials and Methods

Study Site Description

Connecticut River System

The Lower CR (Fig. 1) is the longest tidal waterway (653 
km) in the New England region of the United States (US). 
The river forms south (270 m) of the Canadian border 
at the Fourth Connecticut Lake, New Hampshire (NH; 
45.247707°N, 71.214018°W) and continues southward 
through four US states (Vermont (VT), NH, Massachusetts 
(MA), and Connecticut (CT), respectively) until discharg-
ing in the Long Island Sound estuary. The CT portion of the 
Lower CR meanders approx. 109 km (bisecting the middle 
of the state) and supports a 2,719 km2 watershed that pro-
vides critical environmental, agricultural, residential, and 
recreational opportunities (Clay et al., 2006). Water quality 
records from Old Lyme, CT (01194796; closest monitoring 
station to the estuary) from the past two decades indicate 
prominent climatic variation patterns of water tempera-
ture (−0.3 to 29.1 °C), conductivity (77 to 48,300 µS), and 
salinity (0 to 31 PSU) within the Lower CR tidal system 
depending on seasonality (USGS, 2024). Though seasonal 
water velocities are not well defined due to current sparsity 
in monitoring stations along the Lower CR, average peak 
annual discharge is estimated with a mean of 2292 m3s− 1 
based upon river velocity values reported at Middle Had-
dam, CT (01193050) and Hartford, CT (01190070) monitor-
ing stations (USGS,  2024).

Tidal currents within the Lower CR are semidiurnal and 
can appear moderately stochastic based upon sampling 
location along the river due to bathymetric variation, lunar 
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predictable periodic phenomenon (Parker, 2007), the Lower 
CR is an excellent candidate to study the influence of tidal 
interactions and the associated water exchange patterns 
within select hydrilla infested sites.

seasonality, river discharge, and climatic conditions (Parker, 
2007). Stephens et al., 1963) noted that the presence of veg-
etation further affects water exchange cycles within flow-
ing water systems like the Lower CR. Since tidal cycles are 

Fig. 1  Map depicting study site locations within the Lower Connecticut River and the associated rhodamine (RWT) dye sampling stations (hand-
held and deployable sondes) within site plots to monitor bulk water exchange patterns due to discrete ecological parameters and tidal influences
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plot water volumes. The U.S. Army Corps of Engineers 
(USACE) New England District (NAE) utilized shallow 
water sampling and survey operation protocols to conduct 
initial hydrographic surveys (USACE 2013). Survey ves-
sel positioning was achieved using a Hemisphere Vector 
VS330™ (Hemisphere GNSS, Scottsdale, AZ, USA) Real 
Time Kinematic (RTK) position and heading system inter-
faced to a laptop computer with Hypack® (Xylem, Washing-
ton, DC, USA) survey software. Locational corrections were 
accessed from the University of Connecticut’s Advanced 
Continuously Operating Reference Network (ACORN) to 
update spatial positioning data in real-time via cellular con-
nection. Tidal corrections were conducted in Hypack® soft-
ware by applying local tide model offsets from the National 
Oceanic and Atmospheric Administration (NOAA) Vertical 
Datum Transformation (VDatum) tool to the RTK ortho-
metric (mean sea level) recordings whilst in-field. Water 
column depth measurements occurred with a single beam 
hydroacoustic sensor and CEESCOPE echosounder (CEE 
HydroSystems USA, Carlsbad, CA, USA) having a 200 
kHz, 9° transducer operating at a 20 Hz ping rate affixed to a 
vertically adjustable survey boom. Water column measure-
ments at respective study sites included conductivity and 
temperature depth profiles (i.e., CTD profiles) with a Son-
Tek Castaway®–CTD (YSI, Yellow Springs, OH, USA) dur-
ing these initial evaluations. Depth profiles were uploaded 
to the Hypack® software to correct water column sounding 
variations. The resultant hydroacoustic datasets were post-
processed in Hypack® SBMAX64. Shapefiles containing 
for each study site were then exported to ArcMap (ESRI, 
Redlands, CA, USA) where Triangular Irregular Network 
(TIN) bathymetric surfaces were created using study plot 
data in conjunction with shoreline LiDaR contours collected 
from Connecticut’s Capitol Region Council of Government 
(CRCOG) 2016 statewide survey (​h​t​t​p​​s​:​/​​/​g​i​s​​.​c​​r​c​o​​g​.​o​r​​g​/​p​​

Specific study sites were defined using aquatic vegeta-
tion survey data collected in fall 2019 by the Connecticut 
Agricultural Experiment Station (CAES,  2020). These 
initial data provided relevant aquatic plant density and 
distribution estimates to define suitable study plots (e.g., 
augmented coves, ponds, marinas, or creeks) adjacent to 
the main Lower CR channel. Generally speaking, this river 
channel has a relatively high flow rate (> 28 m3s− 1), and 
experiences tidally influenced water exchange cycles. To 
ensure the pilot study sites were appropriate for monitoring 
bulk water exchange, treatment plots within identified sites 
were selected when hydrilla was documented as the domi-
nant SAV within the CAES Invasive Aquatic Plant Program 
(IAPP) surveyed area.

Treatment Plot Descriptions

Five geographically distinct study plots, invaded with 
hydrilla, were selected to evaluate water exchange char-
acteristics in the Lower CR system. Each study plot repre-
sented a unique location along the Lower CR based upon 
locational proximity (e.g., tributary, marinas, and public 
boating access) and aquatic weed abundance. Selected 
plots represented 51 river km of the Lower CR from Kee-
ney Cove (41.723325°N, 72.630372°W; Glastonbury, CT) 
to Selden Cove (41.411311°N, 72.416219°W; Lyme, CT). 
Individual plot descriptions and locations along the Lower 
CR and associated physical and ecological parameters are 
provided in Table 1 and (Fig. 1).

Bathymetry measures, Tidal corrections, and Water Volume 
Calculations

Initial study site evaluations were conducted spring 2023 
to provide bathymetric reference and calculate designated 

Table 1  Site-specific vegetation and tidal parameters of the five study sites selected for water exchange evaluations
Study plotsa Surface area (ha) Mean tide (m)c Calculated volume (m3)d

Aquatic vegetationb Low tide High tide Low tide High tide Low tide High tide
Keeney Cove
  South Hv 2.11 4.53 -- -- 19,418 36,208
  Middle Hv 2.97 3.98 -- -- 27,522 46,303
  North Hv, Tn 2.11 18.60 -- -- 25,835 94,380
Total 7.19 27.11 0.04 0.59 72,774 176,890
Portland Boat Works Hv 0.08 0.16 0.02 0.72 186 1,092
Chapman Pond Cd, Hv, Va, Tn 20.22 26.78 0.03 0.90 267,732 467,677
Chester Boat Basin Hv 1.48 1.78 0.04 0.93 20,730 35,041
Selden Cove Hv, Ec 6.10 6.56 0.04 0.96 24,856 84,527
aKeeney Cove was split into three plots: South (south of Point Rd. bridge to main river channel), Middle (south of CT Rt. 3 bridge), and North 
(north of CT Rt. 3 bridge)
bAquatic vegetation recorded during plot pre-treatment assessments: Hydrilla verticillata (Hv); Trapa natans (Tn); Vallisneria americana (Va); 
Ceratophyllum demersum (Cd); Elodea canadensis (Ec)
cMean low water (MLW) represents the average low tide, while mean high water (MHW) represents the average high tide inundation
dSite-specific water volumes were calculated using in situ real-time kinematic positioning water level corrections and tidal predictions
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dye readings due to inherent variation in water clarity. All 
fluorometry equipment was calibrated using a four-point 
calibration (0, 1, 10, and 25 µg L− 1).

Immediately following dye application at each site, 
water column RWT dye measurements ensued from a ves-
sel at preselected georeferenced sampling points. Depend-
ing upon the bathymetric contours and overall size of the 
treatment plot, samples were measured and logged at ≥10 
points within, and ≥2 points directly outside (Figs. S1-S5), 
the treatment plots using a handheld Cyclops-7 submers-
ible fluorometer (Turner Designs, Sunnyvale, CA, USA). 
Handheld measurements occurred at 0.15 m below the 
water’s surface (surface), mid-water column (middle), and 
0.15 m above the sediment (bottom) at each discrete sam-
pling point. When water column depths were > 3 m at a 
given sample point, additional water column measurements 
were recorded at 1 m intervals in-between the surface, 
middle, and bottom measurements. Handheld RWT half-
life measurements took place at 4 to 6 h intervals follow-
ing initial dye applications, with measurements continuing 
until whole-plot readings dissipated to ≤ 1.0 µg L− 1 RWT. 
Depending upon site and weather conditions, if the 1.0 µg 
L− 1 RWT detection was not achieved by 72 to 170 h after 
treatment (HAT), measurements were concluded due to 
equipment and personnel obligations with additional study 
sites. In addition to handheld measurements, continuous 
recordings occurred with deployable data sondes (N = 4 per 
site; Hydrolab HL4 Sonde, Ott HydroMet, Kempten, Ger-
many) set to capture dye concentrations and water quality 
metrics [turbidity Formazin Nephelometric Unit (FNU), 
temperature (°C), dissolved oxygen (mg L− 1), and pH)] 
at 15 min intervals. Deployable data sondes were placed 
systematically (e.g., near inlet or outlet locations; among 
areas with dense, or devoid of, vegetation) at 1.0 m below 
the water’s surface within respective treatment plots using 
anchored buoys (Figs. S1 to S5). The deployable sondes 
functioned as intertidal monitoring stations used to assess 
environmental variation (e.g., diurnal patterns and vegeta-
tion biovolume due to receding tide) which could lead to 
dye gradient extremes (i.e., dye concentration endpoints) 
as influenced by unique water exchange patterns (i.e., tidal 
flow and direction). Deployable sondes were removed from 
treatment sites upon handheld fluorometer RWT readings 
completion (RWT dye concentration ≤ 1.0 µg L− 1).

Data Analysis

Resultant RWT dye measurements from each treatment plot 
were independently analyzed to evaluate water exchange 
dynamics unique to each specific study site along the Lower 
CR. Initial RWT dye concentrations were determined using 
the average measured dye applied within respective plots 

o​r​t​​a​l​/​​a​p​p​​s​/​s​i​​t​e​​s​/​#​​/​c​r​c​​o​g​-​​p​o​r​​t​a​l​-​s​i​t​e). Water volumes were 
calculated for each study site using the TIN surface and a 
reference plane informed from RTK water level corrections 
at the respective times of each site-specific bathymetric 
survey.

Dye Application and Monitoring

Liquid RWT dye (20% Rhodamine WT, KeyColour Inc., 
Phoenix, AZ, USA) was applied to the selected Lower CR 
plots using an outboard vessel or airboat equipped with a 
378 L spray tank and six weighted-drop hoses, which trailed 
behind the vessel. Drop hoses were affixed to the vessel’s 
stern such that the applied dye solutions were equivalently 
discharged 30 to 40 cm below the water’s surface to mimic 
common herbicide application techniques. The RWT treat-
ment targeted an in-water dye concentration of 10 µg L− 1 
using calculated water volumes and plot dimensions deter-
mined at low tide conditions (Table 2). Dye applications 
were delivered through densely infested hydrilla plots to 
simulate an operational aquatic herbicide treatment.

Prior to RWT dye application, a water sample from each 
discrete site was collected from the respective treatment 
plot to serve as liquid carrier used for calibrating all fluo-
rometry equipment. For this study, it was critical to obtain 
site-specific water due to the likely changes in water quality 
(i.e., turbidity) based on study site proximity along the river 
which could ultimately influence subsequent field-collected 

Table 2  Site specific application parameters used for the five study 
sites selected for water exchange evaluations at treatment
Study plotsa Study plot and application metrics

Water level 
(m MLLW)b

Sur-
face 
area 
(ha)

Water 
volume 
(m3)c

RWT 
dye 
applied 
(L)d

Keeney Cove
  South 1.52 8.8 96,952 3.79
  Middle 1.52 5.8 91,648 3.79
  North 1.52 31.1 337,357 13.63
Portland Boat Works 0.91 0.2 1,480 0.08
Chapman Pond 0.91 27.0 471,189 18.93
Chester Boat Basin 0.91 1.8 34,784 1.51
Selden Cove 0.91 6.6 81,533 3.41
aKeeney Cove was split into three plots: South (south of Point Rd. 
bridge to main river channel), Middle (south of CT Rt. 3 bridge), and 
North (north of CT Rt. 3 bridge)
bMean Lower Low Water (MLLW)
cWater volume used to calculate rhodamine WT dye required using 
MLLW and surface area measures
dRhodamine WT dye applications targeted an in-water concentration 
of 10 µg L− 1. A volume calculation error led to an over application of 
dye at Chester Boat Basin, resulting in an initial plot concentration of 
24 µg L− 1; however, corrected water and dye volumes are presented
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bottom RWT concentrations within plots were subjected to 
Student’s t-test (α = 0.05). Spatial interpolation of horizontal 
dye dissipation data was conducted using an Ordinary Krig-
ing function in ArcGIS Pro v. 3.2.0 (ESRI Inc., Redlands, 
CA). A kriging interpolation method was selected due to 
sampling frequency and the inherent autocorrelation of data 
collected within RWT treatment plots (Sartain et al., 2023).

Results

Site-specific tidal dynamics, vegetation composition, and 
RWT dye application parameters are provided in geographi-
cal descending order along the CR flow direction (southing) 
in Tables 1, 2 and 3. Visual reference of study plot locale and 
sampling point attributes for each water exchange evalua-
tion site are shown in (Fig. 1). Due to the wide variation in 
location, environmental, and volumetric factors influencing 
water exchange at each evaluation site, study plot results are 
described independently. Although treatments targeted an 
incoming tide, the initial dye concentration of 10 µg L− 1 did 
not always occur as intended; however, the actual dye con-
centration achieved within plots at treatment was not com-
pulsory to meet research objectives since the rate of half-life 
decay remains consistent regardless of initial concentration.

Keeney Cove

North Plot

Rhodamine WT dye measurements collected from handheld 
readings (N = 10) in Keeney Cove North at 3 HAT yielded 
a whole plot concentration mean of 13.7 µg L− 1, which 
was close to the target concentration of 10 µg L− 1 [stan-
dard error (SE) ± 3.36 µg L− 1] (Fig. 2a). Dye measurements 
had vertically equilibrated by 3 HAT with no difference 

following treatment (0 to 3 HAT). Only variances in the rate 
of dye dilution and dissipation within plots were of interest 
to develop water exchange patterns and evaluate RWT half-
lives for the study plots. Within plots, the handheld fluorom-
eter and deployable sonde data were separately analyzed 
due to the inherent differences in the measurement methods 
(e.g., depth of sensor readings).

For each respective recording by site, inside plot hand-
held fluorometer data were analyzed based upon the verti-
cal gradient position (i.e., surface, middle, and bottom) to 
evaluate RWT dye distribution and dissipation within in the 
water column over time. However, whole plot average RWT 
values of the entire water column were analyzed to model 
actual volumetric dye dissipation rates and provide a real-
istic measurement of site-specific water exchange dynamics 
due to factors of vegetation density, tidal interaction, and 
bathymetric complexities. Dye half-lives calculated from 
whole plots further allows water exchange rates to be most 
readily compared between application sites (Fox & Haller, 
1992). All handheld RWT dissipation data were subjected 
to nonlinear regression modeling using SigmaPlot software 
(SigmaPlot v. 14.0.3.192, Systat Software, Point Richmond, 
CA, USA) to establish RWT half-lives (50% initial RWT 
concentration measured over time). Apart from the three 
Keeney Cove plots, a two-parameter exponential decay 
equation [f = a*exp(-b*x)] was selected for dye dissipation 
measures where, “a” represents the initial value, “b” is the 
decay constant, and “x” represents time. At Keeney Cove, 
a three-parameter exponential decay model [f = y0 + a*exp(-
b*x)] was selected to meet model assumptions of normal-
ity and Spearman Rank, and to best capture the heightened 
variability in bulk water exchange patterns where “y0” 
represents the asymptotic value, “a” represents the initial 
value, “b” is the decay constant, and “x” represents time. To 
evaluate the time of vertical water column RWT dye equili-
bration and proportional distribution, differences in top and 

Table 3  Site-specific treatment and water quality parameters for the five study sites selected for water exchange evaluations
Study plotsa Treatment application Water quality and flowb

Start time Duration (min) Temperature (°C) DO (mg L− 1) pH Turbidity (FNU)c

Keeney Cove
  South 08/09/23 09:10 30 21.90 2.02 6.60 9.31
  Middle 08/09/23 08:15 25 21.69 1.01 9.66 2.75
  North 08/09/23 06:45 65 21.36 1.15 6.46 80.07
Portland Boat Works 09/06/23 06:20 14 24.42 8.69 7.37 1.41
Chapman Pond 08/15/23 10:20 85 23.65 8.08 8.33 1.14
Chester Boat Basin 08/22/23 15:40 23 23.55 9.26 8.19 1.97
Selden Cove 08/29/23 10:15 45 22.83 8.48 7.26 2.51
aKeeney Cove was split into three plots: South (south of Point Rd. bridge to main river channel), Middle (south of CT Rt. 3 bridge), and North 
(north of CT Rt. 3 bridge)
bMean water quality values measured using deployable sonde recordings
cFormazin Nephelometric Unit (FNU)
dFlow data was collected using a handheld water flow probe
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between surface and bottom measurements at > 55 HAT is 
largely unknown since water temperatures appeared iso-
thermal. The estimated RWT dye half-life within the north 
plot was very long (72.4 h) compared to the other Keeney 
Cove plots (4.3 and 7.3X longer than the Middle and South 
plots, respectively) (Fig. 2a). However, distinct tidal influ-
ences were detectable with the deployable sondes (N = 2) as 
indicated by a surge (intermittent pulsing) pattern in the col-
lected dataset (Fig S6). During these prominent tidal phases, 
the RWT concentration fluctuated with an amplitude up to 
4 µg L− 1 from average concentration between cycles. The 
RWT dye concentration at 72 HAT was 8.33 µg L− 1 col-
lected from data sondes, which aligns closely to the calcu-
lated whole plot half-life concentration of 6.85 µg L− 1 with 
the handheld fluorometer. The minute difference between 
the handled and deployable fluorometers suggests both 
methods were capturing similar tidally influenced water 
exchange data in the mostly stagnate North plot. Since the 
dissipation rate was slow in Keeney Cove North, the study 
was concluded at 172 HAT with the dye still lingering at 
4.14 µg L− 1 in the North plot at conclusion. Confirmation 
of RWT dye residence is visually apparent in the interpo-
lated maps (Fig. 4), where the concentration of dye persisted 
highest in the centralized portion of the North plot at 3 to 
172 HAT.

Middle Plot

The initial whole plot RWT dye concentration collected from 
the handheld fluorometer (N = 6) in Keeney Cove Middle at 
1 HAT was 16.45 ± SE 4.28 µg L− 1 (Fig. 2b). However, 
by 9 HAT the measured RWT concentration (13.06 ± SE 
2.94 µg L− 1) more closely corresponded to the target con-
centration of 10 µg L− 1. Dye measurements within the plot 
had vertically equilibrated within 1 HAT with no difference 
detected between surface and bottom measures at any of the 
evaluation time points (P > 0.05) which, suggests mixing 
within the plot happened almost immediately following the 
dye application (Fig. 3b). Still, the estimated half-life was 
relatively long at 17.03 h (8.23 µg L− 1) but was 55.4 h less 
than the estimated half-life at the Keeney Cove North plot 
(Fig. 2). The dye dissipation mapping indicates the highest 
RWT dye concentration was retained in the western portion 
of the plot over time (Fig. 5), which is supported by the 
increased density of plant material within the plot (Table 1). 
The deployable sonde (N = 1) was located within the creek 
channel of the middle plot (Fig. S6) and generally displayed 
greater variation in dye measurements as compared to the 
whole plot measures made with the hand fluorometer (Fig. 
2). Nevertheless, the measured dye concentrations between 
both RWT measurement methods showed generally simi-
lar concentration trends over the study period. Between the 

detected between surface and bottom measures until 55 
HAT (P = 0.028), 123 HAT (P = 0.01), 151 (P < 0.001), and 
172 (P < 0.001), according to Student’s t-test (α = 0.05) (Fig. 
3a). Rhodamine WT dye concentration variations measured 
between the surface and bottom readings were proportion-
ally nominal (2 to 2.5 µg L− 1 higher on surface) at each 
evaluation period (Fig. 3a), and the reasoning in variation 

Fig. 2  Rhodamine (RWT) dye concentrations within the Keeney Cove 
study plots (a = North; b = Middle; and c = South) over time measured 
with a handheld fluorometer. Data points represent the mean water 
column RWT concentrations (± standard error) for each measured 
time point. Half-lives estimated using the exponential decay model, 
f = y0 + a*exp(-b*x)
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Cove South were 19.8 µg L− 1 at 2 HAT and 12.11 µg L− 1 by 
9 HAT (Fig. 2c). While these values were higher than the 
target concentration of 10 µg L− 1, the dye did not persist at 
these levels as the RWT concentration within the plot mea-
sured only 1.72 µg L− 1 by 26 HAT (Fig. 2c). Rapid mixing 
occurred within Kenney Cove South as RWT dye measure-
ments vertically equilibrated within the water column at 
2 HAT (P = 0.54; Fig. 3c), and no difference was detected 
between surface and bottom measures at any additional 

26 HAT handheld sampling to the study conclusion at 172 
HAT, the dissipation rate was very slow and had mostly sta-
bilized, as the dye concentration lessened within the plot 
only 2.0 µg L− 1 over this period (Fig. 2b).

South Plot

The initial whole plot RWT dye concentration collected 
from the handheld fluorometer readings (N = 7) in Keeney 

Fig. 3  Water column proportions of applied Rhodamine (RWT) dye 
concentrations measured using discrete handheld fluorometer sam-
plings to evaluate the distribution (bottom, middle, or surface sample) 
and vertical persistence of remaining RWT dye within each study plot 

water column, where: a = Keeney Cove North; b = Keeney Cove Mid-
dle; c = Keeney Cove South; d = Portland Boat Works; e = Chapman 
Pond; f = Chester Boat Basin; and g = Selden Cove
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Portland Boat Works

The initial whole plot RWT dye concentration collected 
from the handheld fluorometer readings (N = 10) at Portland 
Boat Works was 12.88 µg L− 1 immediately following the 
dye application (i.e., 0 HAT) (Fig. 7a). This dye concentra-
tion was very close (SE ± 3.6) to the intended target con-
centration of 10 µg L− 1 demonstrating that water volume 
conditions due to tidal influx were closely predicted. Dye 
measurements had vertically equilibrated within 0.25 HAT 
indicating rapid mixing occurred (Fig. 3d), as no difference 
was detected between surface and bottom measures follow-
ing the initial sampling (P > 0.05). Portland Boat Works had 
the fastest water exchange measured of all the Lower CR 
sites evaluated, having an estimated half-life of 0.35 h (Fig. 
7a). This rapid water exchange was not surprising consider-
ing the location of Portland Boat Works directly positioned 

dye samplings periods (P > 0.05). The estimated half-life 
in the South plot was the shortest in Keeney Cove at 9.96 
h, which was 7.1 and 62.4 h less than the estimated half-
life at the Keeney Cove Middle and North plots, respec-
tively (Fig. 2). As anticipated, the closer proximity to the 
Lower CR channel prominently influenced the faster water 
exchange rates measured in Keeney Cove South (Fig. 6). 
These rapid dissipation trends were evident in the deploy-
able sonde data (N = 1) also, as dye concentration peaked 
at 21.57 µg L− 1 at 3 HAT but was not detected (0 µg L− 1) 
by 11 HAT at the sonde location (placed in creek channel) 
due to more rapid water exchange (Fig. S6). However, dye 
was redetected at 20 HAT but persisted for only 3 h at a 
mean concentration of 0.75 µg L− 1. This tidally influenced 
pulsing and dissipation pattern (i.e., frequency of low dye 
concentration and subsequent removal) occurred until 
sonde removal at 128 HAT.

Fig. 4  Rhodamine (RWT) dye dissipation modeling in the Keeney 
Cove north plot from select time points having a target dye concen-
tration of 10 µg L−1. Individual points represent the mean water col-

umn dye concentration measured with a handheld fluorometer, while 
the gradient color scheme represents interpolated dye concentrations 
within the plot
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Chapman Pond

The initial whole plot RWT dye concentration collected 
from the handheld fluorometer readings (N = 23) at Chap-
man Pond was 16.9 µg L− 1 at 0.5 HAT, with no dye detected 
outside of the treatment plot at this sampling (Figs. 7b and 
9). Dye measurements were vertically equilibrated within 
0.5 HAT (Fig. 3e), and no difference was detected between 
surface and bottom measures following initial dye readings 
(P > 0.05). The whole plot half-life was estimated at 18.17 h 
(Fig. 7b), which closely matches the water exchange dynam-
ics experienced at the Keeney Cove middle plot (17.03 
µg L− 1) (Fig. 2b). Based on the handheld fluorometer and 
deployable sonde (N = 4) data, RWT dye persisted at low-
level concentrations (< 5 µg L− 1) within the plot beyond 28 
HAT recordings (Figs. 7b and S8). Distinct tidal fluctua-
tion patterns captured with the deployable sondes suggest 

on a meandering portion of the Lower CR shoreline (Fig. 
1). By 1 HAT, handheld fluorometer samplings showed 
the whole plot RWT dye concentration dissipated to 1.39 
µg L− 1, and the dye was below detectable limits by 6 HAT 
(Figs. 7a). The deployable sondes (N = 3) mimicked the dis-
sipation pattern captured with the hand fluorometer, with 
dye values occurring below detectable limits at 0.67, 1.67, 
and 2.17 HAT (sonde 1, 3, and 4, respectively) (Fig. S7). 
The deployable sonde data and mapping elements further 
show the plot experienced a horizontal dye concentration 
gradient having a west-to-east heading, which directly cor-
responds to the direction of the CR flow (Fig. 8). Although 
the RWT dye within the plot was uniformly applied, dis-
sipation patterns from 0 to 2 HAT illustrate the dye quickly 
accumulated along the shoreline where dye maintained the 
highest concentration within an eddy formed in the north-
east corner of the marina.

Fig. 5  Rhodamine (RWT) dye dissipation modeling in the Keeney 
Cove middle plot from select time points having a target dye concen-
tration of 10 µg L−1. Individual points represent the mean water col-

umn dye concentration measured with a handheld fluorometer, while 
the gradient color scheme represents interpolated dye concentrations 
within the plot
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Chester Boat Basin

The initial whole plot RWT dye concentration collected 
from the handheld fluorometer readings (N = 36) at Chester 
Boat Basin was 18.55 µg L− 1 at 0.5 HAT and remained at 
equivalent levels at 4.5 HAT (18.17 µg L− 1) (Fig. 7c). A 
field-based volumetric calculation error led to an application 
rate of RWT dye that exceeded the intended 10 µg L− 1 con-
centration; however, this did not affect the ability to evalu-
ate water exchange and relative half-lives within Chester 
Boat Basin. Dye measurements captured at 0.5 and 4.5 HAT 
revealed whole plot differences (P < 0.0001) between sur-
face and bottom RWT dye concentrations (Fig. 3f), where 
the surface of the water column had 5.7- and 3.7-fold more 
RWT dye than the bottom measurements (0.5 and 4.5 HAT, 
respectively). However, whole water column vertical equili-
bration was achieved by 17.5 HAT (P = 0.756) (Fig. 3f). The 
whole plot half-life estimate for Chester Boat Basin was 
22.67 h (Fig. 7c), which was a longer RWT dye residency 
period than anticipated given the proximity of Chester Boat 
Basin to the main CR channel (Figs. 1 and S4). Deployable 

Chapman Pond experienced prominent water exchange with 
each tide cycle as evidenced by each intermittent pulsing 
event (Fig. S8). The deployable sondes anchored towards 
the northern and southern extremes of the plot (sondes 3 and 
4, respectively) showed those respective portions of the plot 
had the greatest RWT dye retention but also experienced the 
highest variance in dye concentration (Figs. 9 and S3). Both 
of these two deployable sondes were placed in portions of 
the pond heavily occupied with hydrilla (100% biovolume), 
whereas the other two deployable sondes were placed near 
the inlet (sonde 1) or deep portions of the pond (sonde 2). 
These dissipation patterns suggest higher dye retention 
occurred in areas where hydrilla growth was at or near the 
water’s surface and therefore less affected by tidal regimes. 
Dissipation maps further support these water exchange 
trends, with the RWT dye persisting in shallower areas of 
the pond completely occupied by hydrilla (Table 1; Fig. 9). 
Rhodamine WT dye was detected in all sampling periods 
beyond 7.25 HAT on both the inlet and outlet portions of the 
pond, with the highest recordings befalling with outgoing 
tides on the outlet side (Fig. 9).

Fig. 6  Rhodamine (RWT) dye dissipation modeling in the Keeney 
Cove south plot from select time points having a target dye concen-
tration of 10 µg L−1. Individual points represent the mean water col-

umn dye concentration measured with a handheld fluorometer, while 
the gradient color scheme represents interpolated dye concentrations 
within the plot
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respectively) with the target concentration of 10 µg L− 1 
(Fig. 7d). However, the initial dye measurements at 2 HAT 
showed differences (P = 0.0014) between surface and bot-
tom RWT concentration measures (5.3 µg L− 1 greater at 
surface), but vertical equilibration was achieved by 8 HAT 
(P = 0.928) (Fig. 3g). The whole plot half-life was estimated 
at 12.15 h (Fig. 7d), which compares to intermediate half-
life estimates between Keeney Cove South (9.96 µg L− 1) 
and Chapman Pond (18.17 µg L− 1) plots (Figs. 3c and 7b). 
At 24 HAT, handheld fluorometer readings indicated a 
whole plot RWT dye concertation of 1.24 µg L− 1, and by 
48 HAT the majority of RWT dye had completely dissi-
pated from the plot (< 1.0 µg L− 1) (Fig. 11). Data collected 
with the deployable sondes (N = 2) indicated Selden Cove 
experienced distinct intermittent pulsing of RWT dye (i.e., 
concentration pauses) at approx. 7 (1.36 µg L− 1), 14 (0.48 
µg L− 1), and 23 (0.57 µg L− 1) HAT which, roughly corre-
sponds to semidiurnal tide fluctuation intervals (Fig. S10). 
The Selden Cove plot was heavily infested with hydrilla 

sonde (N = 4) data showed similar water exchange pulsing 
patterns as witnessed in Chapman Pond, where tidal cycles 
tightly compared to the handheld fluorometer measurements 
of RWT dye in the plot (Fig. S9). The deployable sondes 
also indicated that the edges and terminal ends of the cove 
(sondes 2 and 4) generally experienced greater and more 
extended RWT dye concentrations than sondes placed near 
the middle of the channel (sondes 1 and 3) (Fig. S4 and S9). 
Rhodamine dye dissipation mapping supports the observa-
tion that a greater concentration gradient occurred along the 
shoreline and terminal points of Chester Boat Basin over 
time (Fig. 10).

Selden Cove

The initial whole plot RWT dye concentration collected 
from the handheld fluorometer readings (N = 17) at Selden 
Cove were 9.2 µg L− 1 at 2 HAT and 6.73 µg L− 1 by 8 
HAT, which narrowly aligned (SE ± 0.93 and 0.69 µg L− 1, 

Fig. 7  Rhodamine (RWT) dye concentrations within the (a) Portland 
Boat Works; (b) Chester Boat Basin; (c) Chapman Pond; and (d) 
Selden Cove study plots over time measured with a handheld fluorom-

eter. Data points represent the mean water column RWT concentra-
tions (± SE) for each measured time point. Half-lives estimated using 
the exponential decay model, f = a*exp(-b*x)
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A study investigating invasive SAV control in a run-of-
the-river reservoir suggested dense plant canopies notably 
increased RWT dye and herbicide residence time by slow-
ing water exchange rates (Wersal et al., 2022) which, was 
also observed in the Keeney Cove North plot where dense 
hydrilla and water chestnut (Trapa natans L.) within the 
plot decreased water flow, resulting in an increased dye resi-
dency (Table 1). The North plot was additionally restricted 
via a bridge culvert on the inlet side (southernmost portion 
of the plot), which likely further delayed water exchange 
rates influenced via tide fluctuations. Keeney Cove’s Mid-
dle plot was a transition zone between the impounded North 
plot and the South plot that behaved as the mouth of Kee-
ney Cove to the Lower CR. The Middle Keeney Cove plot, 
having a pseudo inlet and outlet, displayed similar water 
exchange patterns (17.03 h half-life) as the ponded sites 
(Chapman Pond and Selden Cove). Like the North plot, the 
Middle plot was heavily vegetated with hydrilla and water 
chestnut (Table 1), particularly on the western plot edges 
where water depth was most shallow (Fig. S1). Since the 
Middle plot was situated between the CT Route 3 bridge 

(Table 1), and areas of the plot that were denser (towards 
the North end of the plot) maintained the longest RWT dye 
concentrations over time (Fig. 11). At each of the handheld 
fluorometer sampling periods, a minute quantity (µ < 1.0 
µg L− 1) of RWT dye was detected outside of the treatment 
plot (Fig. 11). However, these low RWT dye concentration 
values outside the plot accounted for < 1.5% of the initial 
in-plot concentration (i.e., < 0.15 µg L− 1) and suggests any 
dye lost from the treatment plot experiences rapid dilution 
upon release from Selden Cove given its proximity to the 
main river channel.

Discussion

Keeney Cove had the most unique water exchange char-
acteristics following the assessments of three distinct 
cove sections (North, Middle, and South plots). The North 
plot of Keeney Cove was the furthest plot from the main 
Lower CR channel, had the highest density of vegetation, 
and displayed the longest half-life (72.36 h) of all studies. 

Fig. 8  Rhodamine (RWT) dye dissipation modeling in the Portland 
Boat Works plot from select time points having a target dye concen-
tration of 10 µg L−1. Individual points represent the mean water col-

umn dye concentration measured with a handheld fluorometer, while 
the gradient color scheme represents interpolated dye concentrations 
within the plot
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restriction points, or are subject to varying flow constants 
due to tidal influence or tributary, require segmentation to 
most accurately target intended CETs.

Apart from Selden Cove, all initial (0 to 3 HAT) hand-
held fluorometer readings indicated whole plot average 
RWT dye concentrations at 129 to 198% above the 10 µg 
L− 1 target threshold. This implies that mixing of applied 
chemical solutions, such as RWT dye or herbicide, in the 
water-column are not immediate processes and exemplifies 
the importance of site-specific water exchange modeling to 
realize the associated complexities of vertical and horizon-
tal mixing components due to SAV, bathymetry, and tidal 
flux. In the case of Selden Cove, presence of dense, surface 
matted hydrilla and a tidal flat ultimately limited uniform 
mixing initially and the ebb current from Selden Creek 
likely led to even more rapid diffusion of RWT dye from the 
plot. On the contrary, plots with higher initial concentrations 
(measured within 3 HAT) should be expected when apply-
ing a dye solution at predicted water volumes, since dye 
concentrations were calculated for incoming high-tide water 
volumes. Thus, the expectation of chemical thresholds as 

culvert (northernmost portion of the plot) and the Point Rd. 
bridge culvert (southernmost portion of the plot) (Fig. S1), 
these physical restriction zones likely further contributed to 
slowing water exchange rates. The half-life at Keeney Cove 
South (9.96 h) was unlike any of the other evaluation sites, 
and experienced water exchange 1.7- and 7.3-fold faster 
than the Middle and North Keeney Cove plots, respectively. 
Because Keeney Cove South was the last plot before adjoin-
ing the Lower CR, RWT dye was periodically captured over 
time with water exchange from the Middle and North plots 
with ebb tides after initial flushing. The most likely explana-
tion for dye persistence, or repeated reappearance, over time 
in Keeney Cove South could be due to the upstream dye 
applications discharging from the Keeney Cove Middle and 
North treatment plots with each outgoing tide. Since RWT 
dye was detected leaving the South plot and lost to the main 
CR channel at both the 2 and 9 HAT samplings, with no dye 
measured outside the plot beyond 9 HAT (Fig. 6), dye reen-
try from the head of the cove is the most plausible expla-
nation to this water exchange phenomenon. The Keeney 
Cove site provides evidence that sites having varying flow 

Fig. 9  Rhodamine (RWT) dye dissipation modeling in the Chapman 
Pond plot from select time points having a target dye concentration 
of 10 µg L−1. Individual points represent the mean water column dye 

concentration measured with a handheld fluorometer, while the gradi-
ent color scheme represents interpolated dye concentrations within the 
plot
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(Sartain et al., 2023). However, the presence of dense 
hydrilla did not appear to solely influence dye retention in 
Chapman Pond and Selden Cove. Additional environmental 
characteristics, such as bathymetric contour and channeling 
through the middle of the plot appeared to dictate the tidally 
influenced water exchange as alluded in prior studies (Fox 
et al., 1991a, b; Getsinger & Netherland, 2018).

Water exchange at Chester Boat Basin showed simi-
lar patterns to the ponded sites but the open channel that 
behaved as both an inlet and outlet (depending on the tide 
cycle) likely contributed to the slightly longer half-life 
observed (22.67 h). Prior investigations of tidally influenced 
water exchange at Crystal River, FL also showed greater 
dye concentrations towards the heads of the canals rather 
than the mouth (Fox et al. 1991a,  b). Interestingly, RWT 
dye was measured leaving the treatment plot irrespective 
of the tide cycle at Chester Boat Basin, and dye concentra-
tion appeared to gradually increase in a clockwise pattern 
beginning at the southern shoreline edge of the plot (Fig. 
10). Fox et al. (1991a,  b)  described a similar clockwise 
water exchange pattern due to thermal stratification from 

an immediate static target are likely not feasible in tidally 
influenced systems as indicated by the RWT dye residency 
calculated in the present studies and acceptable leeway in 
application timing should be carefully cogitated to meet 
intended CET requirements. While initial RWT dye concen-
trations targeted 10 µg L− 1, all sites were below the RWT 
dye target threshold by 18 HAT and most sites achieved 
the intended concentration following one full tide cycle 
(approx. 12.5 h).

The present RWT dye studies demonstrated the Lower 
CR experiences a myriad of water exchange patterns, most 
likely influenced by the study site’s proximity to the main 
river channel, construction (e.g., cove or pond), vegetation 
density (i.e., biovolume), bathymetric composition, water 
flow and direction, and tide cycle interactions. Ponded sites 
having an inlet and outlet, like Chapman Pond and Selden 
Cove, displayed moderate water retention times (18.17 
and 12.15 h half-lives, respectively). Prior water exchange 
evaluations at Roanoke Rapids Reservoir, NC, showed the 
presence of dense hydrilla extended RWT dye residency 
and reduced mixing under a dam-controlled riverine setting 

Fig. 10  Rhodamine (RWT) dye dissipation modeling in the Chester 
Boat Basin plot from select time points having a target dye concen-
tration of 10 µg L−1. Individual points represent the mean water col-

umn dye concentration measured with a handheld fluorometer, while 
the gradient color scheme represents interpolated dye concentrations 
within the plot
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which suggests additional application methods should be 
considered to improve RWT dye residency within the plot 
(e.g., sequential or drip herbicide applications). In riverine 
settings like those of Portland Boat Works, fully occupied 
SAV water columns can also experience an ‘edge effect’ cre-
ated when aqueous solution concentrations applied in long, 
narrow plots dilute quicker than aqueous solutions applied 
to wider, more square plots due to reduced edge length expo-
sure to diffusion and friction gradients (Getsinger & Nether-
land, 2018). Additional research is needed to determine how 
plot shape and slack tide conditions together influence the 
optimal timing for applying treatments in hydrilla vegetated 
sites along the main river channel.

All sites evaluated were densely occupied with hydrilla 
and other native and invasive macrophytes (e.g., T. natans, 
V. americana, C. demersum, and E. canadensis). Water 
columns having dense, surface-level vegetation have been 
shown to frequently experience thermal stratification (i.e., 
warm water near the surface and cool water at the benthic 
layer) (Getsinger et al., 1990); however, the present stud-
ies did not observe distinct differences in water column 

an ebb tide where existing dye-treated surface water (warm 
water) exits while dense bottom water (cooler water) enters 
the canal. However, routine temperature measures did not 
identify thermal stratification at Chester Boat Basin, as the 
difference between the bottom and surface waters was typi-
cally ≤ 1.1 °C. Due to the narrow canal opening adjoining 
the main CR channel, additional water exchange processes 
likely occur, such as the Venturi effect (Sickbert & Peterson, 
2014), which could have further implications on the dissipa-
tion patterns within Chester Boat Basin.

Shoreline locations along meandering portions of the 
Lower CR, like Portland Boat Works, had an extremely 
rapid water exchange (0.35 h half-life) in comparison to 
those sites of ponded of canaled morphology. A similar 
RWT dye study in the Potomac River, MD/VA discovered 
the presence of a dense hydrilla stand along the main river 
channel slowed flow velocities by approx. 10 times that of 
the unvegetated channel due to frictional forces (Rybicki et 
al., 1997). Even with reduced flow within the hydrilla inun-
dated water column of Portland Boat Works, the western 
half of the plot dissipated to < 1 µg L− 1 by 1 HAT (Fig. 8), 

Fig. 11  Rhodamine (RWT) dye dissipation modeling in the Selden 
Cove plot from select time points having a target dye concentration 
of 10 µg L−1. Individual points represent the mean water column dye 

concentration measured with a handheld fluorometer, while the gradi-
ent color scheme represents interpolated dye concentrations within the 
plot
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herbicide-oriented hydrilla management programs in tid-
ally-influenced riverine sites. Considering the vast ranges 
in bulk water exchange, study site proximity to the river 
channel, distance up-river, bathymetry, and vegetation 
density are all likely factors which ultimately dictate an 
applied solutions residency time in situ. Findings from our 
research are intended to guide initial chemical management 
operations based on unique herbicide CET requirements for 
hydrilla control.

	● A need exists to evaluate small-scale herbicide CET 
studies to target hydrilla under simulated tidal influ-
ences (i.e., intermittent pulsing) to better understand the 
influence of this unique CET relationship.

	● As more hydrilla management zones are identified along 
the Lower CR, additional water exchange evaluations 
based upon seasonality are needed to validate those CET 
relationships in comparison to the present studies.

	● Contrasts of RWT dye and herbicide applied simulta-
neously under field-studies would improve the current 
understanding of site-specific water exchange patterns 
since herbicides are more prone to adsorption and faster 
degradation pathways compared to RWT dye.

	● Water quality parameters (e.g., ph, temperature, DO, 
turbidity) should be carefully considered when select-
ing herbicides for hydrilla management programs re-
garding individual tidally influenced water exchange 
patterns of the Lower CR due to varying herbicide envi-
ronmental fates and degradation pathways (e.g., diquat 
readily binds to suspended solids, thus limiting inva-
sive plant adsorption of the chemical in highly turbid 
waters).

	● Among management sites having relative long half-lives 
(> 18 h), slower-acting herbicides (e.g., florpyrauxifen-
benzyl) or lower rates of fast-acting herbicides (e.g., 
endothall) could be used due to increased residency 
periods.

	● Control of hydrilla, or other invasive aquatic species, 
within management sites having relatively short half-
lives (< 12 h) would benefit from fast-acting herbicide 
applications (e.g., endothall, diquat, or combinations of 
both) applied with weighted drop hoses or a controlled 
delivery metered injection system.
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temperatures. One possible explanation involves the main 
CR water temperature during the summer months (22 to 
25 °C) with the semidiurnal tidal pattern, which theoreti-
cally mixes replacement water at approx. 6 h intervals at 
isothermal temperatures to the study sites. This likely cor-
responds to the vertical equilibration in dye concentration 
given the seasonal timing of the study (warmer water source 
in late summer). Another possibility is the relatively shal-
low bathymetric profiles (µ = 0.74 to 1.93 m depths) within 
the study sites in combination with abundant SAV limited 
inundation of flood tide.

Tidal and hydrodynamic influences often negatively 
impact CET due to the rapid movement of water out of tar-
get management areas. The rapid exchange of water typi-
cally observed in most tidal systems reduces the potential 
exposure time, requiring new application methods to ensure 
effective management of invasive and noxious weeds. Neth-
erland (2015) determined that continuous exposures of the 
aquatic herbicide, fluridone, may not be required for effica-
cious management including the introduction of “rest peri-
ods” between applications. Similarly, further examination of 
intermittent herbicide applications has revealed that discon-
tinuous exposures do not significantly reduce the efficacious 
potential of the aquatic herbicide, endothall (Darnell, 2022; 
Beets et al., 2024). The concept of intermittent applications 
may reveal a technique to achieve more consistent herbicide 
efficacy in hydrodynamic systems. Intermittent applications 
in a tidal situation could be utilized to maximize CET and 
target applications during slack tides, with corresponding 
“rest periods” during flood/rising and ebbing tides.

Because of the associated negative effects hydrilla and 
other AIS poses within the Lower CR ecosystem, these site-
specific evaluations and models provide an important guide 
for initiating chemical management strategies to reduce 
the deleterious effects of invasive species to improve water 
resource resilience. It should be noted that concern of down-
stream, off-site movement following chemical application 
(i.e., herbicide treatment) is limited based on the present 
findings (e.g., < 1.0 µg L− 1 RWT dye detected outside of 
Selden Cove), and non-target risk could be further reduced 
using buffers or mitigation zones for sensitive flora adjacent 
to the downstream portions of channeled coves. Additional 
hydrilla infestation sites (e.g., Salmon Cove, Lower CR) 
may follow similar water exchanges as those presented in 
the present studies; however, confirmation of actual flushing 
rates should be applied independently to future management 
supported areas to ensure target CETs are met.

Summary and Management Implications

Site-specific water exchange patterns identified in the 
present studies need to be considered when developing 
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