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Abstract  Invasive aquatic macrophytes are a major 
threat to estuarine ecosystems globally, posing dif-
ficult control challenges for resource managers. This 
study examined the efficacy of a fluridone treatment 
program to control invasive submerged aquatic veg-
etation (SAV). We leveraged four datasets to examine 
efficacy of fluridone treatment in the Sacramento–San 
Joaquin Delta, a freshwater tidal estuary in Califor-
nia, from 2014 to 2018. Annual SAV coverage maps 
derived from spectroscopy data were used in conjunc-
tion with fluridone application data and water current 
speed predicted by a 3-D hydrodynamic model of the 
study system. Our objective was to determine if the 

probability of SAV occurrence in treated sites was 
significantly different from untreated sites. We exam-
ined whether efficacy was influenced by the amount 
of herbicide applied at a site, the local current speed, 
and the treatment history of the site. We found that 
treatment efficacy was positively associated with 
the amount of herbicide applied per unit area, but 
this effect was mediated by a negative association 
with current speed. The efficacy of treatment did not 
improve when a site was treated for multiple consecu-
tive years. Finally, we did not detect legacy effects 
one year after cessation of treatment. Our results sug-
gest the need for careful selection of treatment sites to 
ensure that the amount of fluridone applied is likely 
to have significant impact given local current speeds. 
Our study underscores the need for development of 
additional treatment methodologies for hydrologically 
dynamic systems such as estuaries, particularly when 
control is needed year-round and for multiple years.
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Introduction

Invasive Submerged Aquatic Vegetation (SAV) often 
act as ecosystem engineers that can influence the 
physical environment though positive feedbacks that 
further their own survival and expand their niche 
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space (Jones et al. 1996; Koch 2001). Most invasive 
submerged macrophytes that act as ecosystem engi-
neers develop dense canopies in the water column 
(Wilson et  al. 2007; Santos et  al. 2012), which can 
reduce flow by 40–90% and cause channel incision 
(Fonseca and Cahalan 1992; Rybicki et  al. 1997; 
Lacy et al. 2021). Slower water velocities reduce sed-
iment carrying capacity causing sediment to settle out 
of the water column over time, reducing turbidity in 
the ecosystem (Yarrow et al. 2009; Hestir et al. 2016; 
Drexler et  al. 2020). Significant increases in SAV 
invaded habitat within aquatic ecosystems can shrink 
and degrade pelagic habitat, offer cover to non-
native predatory fishes, and reduce habitat favored by 
native fishes (Schultz and Dibble 2012). Once SAV 
invades, it is the costliest and most difficult form of 
invasive aquatic vegetation to control (Hussner et al. 
2017). Given the many-pronged impact of SAV on 
invaded ecosystems, effective control strategies are 
imperative.

Some of the most aggressive invasive submerged 
species documented around the world are Hydrilla 
verticillata (L. f.) Royle (water thyme), Egeria densa 
Planch. (Brazilian waterweed), and Myriophyllum 
spicatum L. (Eurasian watermilfoil). Fluridone is one 
of the major herbicides that has been used to treat all 
three of these species (Netherland et al. 1997; Madsen 
et al. 2002; Getsinger et al. 2008; Parsons et al. 2009). 
Fluridone, 1-methyl-3-phenyl-5-[-3(trifluoromethyl)
phenyl]-4(1H)-pyridinone, is a systemic herbicide 
that received a USEPA Section  3 (nation-wide) 
aquatic registration in 1986 and was the first to be reg-
istered for SAV control since the early 1960s (Arnold 
1979; Getsinger et al. 2008). This herbicide is known 
to be effective when applied at low concentrations for 
a long duration of 60–120 days slowly causing chlo-
rosis and sinking of the SAV canopy (Arnold 1979). 
In some systems, longer exposure times are needed to 
achieve control (Fox et al. 1994). This unique require-
ment of Concentration and Exposure Time (CET) 
facilitates targeting invasive species like E. densa 
and M. spicatum without harming native species that 
might be affected at higher concentrations of the her-
bicide (Madsen et  al. 2002). However, fluridone has 
shown only limited success with other invasive SAV 
species such as fanwort (Cabomba caroliniana) and 
curlyleaf pondweed (Potamogeton crispus) (Madsen 
et al. 2002; Nelson et al. 2002).

Fluridone efficacy has been tested on various SAV 
species, most often in mesocosms or whole-lake 
experiments with a few sample lakes and at most two 
target species (Netherland et al. 1993; Madsen et al. 
2002; Wagner et al. 2007; Parsons et al. 2009). Rela-
tive to flowing waters, lentic environments are eas-
ier to treat due to the slow-moving water with high 
water-residence times, which facilitate maintaining 
the required CET conditions. Very few studies have 
looked at efficacy of fluridone in flowing water envi-
ronments (Fox et  al. 1994), and most of these have 
been conducted in artificially simulated tanks with 
slow-moving water (Van and Steward 1986; Leslie 
et  al. 1993). Moreover, the vast majority of herbi-
cide treatment studies of SAV in flowing waters have 
focused on contact herbicides that act quickly, such 
as endothall (Sisneros et  al. 1998) and diquat (Fox 
1987). Very few studies have examined the duration 
of treatment effects of systemic agents like fluri-
done in more dynamic flow systems such as estuar-
ies. The tidal flows in an estuary can quickly trans-
port fluridone away from the application site, thereby 
decreasing its concentration in SAV. However, SAV 
is increasingly prevalent in coastal and estuarine 
systems, and continues to threaten biodiversity and 
ecosystem integrity (Guy‐Haim et  al. 2018); posing 
difficult challenges to coastal and estuarine natural 
resource managers.

We evaluated the efficacy of a fluridone herbicide-
based approach to control widespread invasive SAV 
in the Sacramento–San Joaquin Delta (henceforth, 
Delta), a large, dynamic, tidal, and heavily invaded 
estuary in California (Cohen and Carlton 1998). Spe-
cifically, we examined the efficacy of the fluridone 
application program on SAV coverage across 133 
sites in the Delta and tested the following hypotheses:

1.	 Factors affecting treatment impact: The impact of 
treatment at a site will be mediated by (i) amount 
of herbicide applied during the treatment season, 
(ii) local hydrology such as speed of the current 
and (iii) number of consecutive years of treat-
ment at the site.

2.	 Legacy effect of treatment: The effect of treat-
ment will carry over to the following year even 
if a site is not treated that year, given that the her-
bicide is slow-acting and has a systemic effect on 
the target SAV species.
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By testing these hypotheses, we seek to deter-
mine herbicide application thresholds necessary 
to observe significantly reduced SAV occurrence, 
whether local conditions predetermine effective-
ness, whether repeated treatment over multiple 
years is associated with increased efficacy, and 
whether treatment can have legacy effects that last 
multiple years following the cessation of treatment.

Methods

Study area

The Sacramento–San Joaquin Delta is a tidal fresh-
water system in California that covers an area of 
about 2220 km2 (Fig. 1) and contains diverse habitats 
from slow-moving lake-like environments to chan-
nelized flows with steep bathymetry (Khanna et  al. 
2012). The SAV community in the Delta is diverse 
with multiple non-native and native species. During 
the recent California drought (2012–2016), invasive 

Fig. 1   Location of the Sac-
ramento–San Joaquin Delta 
in United States (inset) and 
distribution of treatment 
and reference sites through-
out the study area, and the 
number of consecutive 
years of treatment per site 
by the year 2018
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SAV occurrence in the Delta expanded from 1740 
hectares in 2008 (7% of waterways) to 5590 hectares 
in 2021 (25% of waterways) and some of the changes 
in niche space appear to be long-lasting (Ustin et al. 
2021; Kimmerer et al. 2019).

The Delta, in its current state, is a highly modi-
fied landscape. Before the mid-nineteenth century, the 
tidal marsh area was extensive with few open-water 
lake-like environments (Atwater et  al. 1979). Since 
then, over 90% of the estuary’s tidal marshes have 
been diked (Atwater et  al. 1979), and myriad water 
control infrastructure have been built, which reroute 
the water into straighter paths. Consequently, the 
modern Delta contains tidally connected marshes, 
meandering channels, and inundated islands that 
arose from levee failure over time. This has created 
a diverse system of channels and large expanses of 
water with varying bathymetry, water velocity and 
quality. The area invaded by SAV has been increas-
ing in recent years, making it hard to engineer a 
cost-effective treatment program (Ta et  al. 2017; 
Ustin et al. 2021). The SAV community in the Delta 
consists of seven native and four major non-native 

species (Table 1), but is dominated by the invasive E. 
densa (Santos et al. 2010, 2012; Ta et al. 2017).

Long‑term control program for SAV in the delta

Egeria densa was first reported in the Delta in 1946 
(Light et al. 2005) as a release from aquaria, and rap-
idly expanded its distribution in the 1980s (Jassby 
and Cloern 2000). Control and management of E. 
densa and other SAV species (non-native Potamoge-
ton crispus, Myriophyllum spicatum, Cabomba caro-
liniana, and the native Ceratophyllum demersum) in 
the Delta is under the jurisdiction of the California 
State Parks and Recreation, Division of Boating and 
Waterways (original legislation in 1996, Assembly 
Bill 2193, amendment to Harbors and Navigation 
Code, Section 64). The program has always relied on 
herbicides as the control method (Carruthers et  al. 
2013; USFWS 2019). Between 2006 and 2019, the 
program used fluridone almost exclusively because 
other agents, such as diquat, are limited or prohib-
ited because of toxicity concerns to invertebrate prey 
and early life stages of the endangered Delta smelt 

Table 1   Native and non-native SAV currently found in the 
Delta or potential future invaders, likely year of colonization, 
listing year for treatment through legislation and risk assess-

ments (DBW 2019), and recommended fluridone CET guide-
lines for treatment found in literature for non-native species

Scientific name (Common name) Status (year of 
Delta introduc-
tion)

Listing Year Recommended fluridone concentration (ppb ~ µg 
L−1)

Egeria densa (Brazilian waterweed) Non-native (1946) 1996 8–12 ppb for 8–9 wks Parsons et al. (2009)
Myriophyllum spicatum (Watermilfoil) Non-native (1979) 2016 4–5 ppb/5 µg L−1 for 8–9 wks Netherland et al. 

(1997); Parsons et al. (2009)
Potamogeton crispus (Curlyleaf pondweed) Non-native (1946) 2015 Studies inconclusive Madsen et al. (2002); Wag-

ner et al. (2007)
Cabomba caroliniana (Fanwort) Non-native (1980) 2018 20 µg L−1, duration unclear (max 84 ds) Nelson 

et al. (2002)
Vallisneria australis (Ribbonweed) Non-native (2013) 2022 No studies found for fluridone treatment
Hydrilla verticillata (potential upstream 

invader)
Non-native 6–12 µg L−1 for 10 wks Netherland (2015)

Stuckenia pectinata (Sago pondweed) Native
Potamogeton nodosus (American pondweed) Native
Ceratophyllum demersum (Coontail) Native 2016 5–6 ppb for 8–9 wks is ineffective Valley et al. 

(2006)
Elodea canadensis (Waterweed) Native
Potamogeton richardsonii (Richardson’s 

Pondweed)
Native

Najas guadalupensis (Southern Naiad) Native
Echinodorus berteroi (Upright Burhead) Native
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Hypomesus transpacificus, which is endemic to the 
Delta (Hartless and Lin 2010; DBW 2018, 2019). 
The Division of Boating and Waterways (DBW) SAV 
control program has experienced increasing regula-
tory complexity over the last two decades, and must 
comply with the National Pollutant Discharge Elimi-
nation System (NPDES) to meet Clean Water Act 
requirements, as well as with mandates of both Cali-
fornia and federal Endangered Species Act for both 
aquatic and terrestrial species (Caudill et  al. 2021). 
This control program is among the most extensive 
and complex large-scale aquatic invasive species pro-
jects in the United States. Until recently, many of the 
restrictions on the program have prevented it from 
experimenting with alternative herbicides or physical 
control methods, and only recently has a permitting 
structure been developed to allow DBW to investigate 
the potential of other herbicides such as endothall as 
alternatives to fluridone (Caudill et al. 2021; Conrad 
et al. 2022). Furthermore, regulatory compliance has 
restricted not only the agents that can be used, but 
also the timing of application. For example, fluridone 
use was not permitted before June until 2007, but its 
effectiveness improved in Franks Tract once regula-
tions changed and treatment could begin in April 
to combat early season growth for E. densa (Santos 
et al. 2009).

Because fluridone requires a long and sustained 
CET, the DBW protocol is to apply fluridone on a 
weekly basis for 8–16 consecutive weeks, with the 
number of weeks depending on specific site condi-
tions. As per permits acquired by DBW, treatment 
can be conducted between the months of March and 
November, but the earlier months are targeted in order 
to ensure that fluridone is taken up by the plants dur-
ing the spring growth period. Fluridone is applied at 
rates consistent with targets of 5–30 ppb in the Delta 
to minimize direct or indirect effects to protected spe-
cies (Carruthers et  al. 2013; USFWS 2019). Only 
pelleted, rather than liquid, formulations of fluridone 
(Sonar® Q, Sonar® One, and Sonar® PR, https://​
www.​sepro.​com/​aquat​ics/​sonar) are used in the Delta 
because these formulations drop to the substrate 
below and release fluridone over a longer period, thus 
increasing the likelihood of maintaining the required 
CET in the flowing and tidal dynamics of the Delta. 
The DBW control program aims to maintain a fluri-
done concentration of just 2–5 ppb in the water col-
umn (DBW 2014) post application, and consistently 

used this approach throughout the study period. As 
SAV coverage has continued to expand, treatment has 
also expanded, and DBW has treated between 1000 
and 1800 hectares annually since 2016.

Source datasets

Data were integrated from four distinct datasets to 
test the efficacy of herbicide treatment for submerged 
macrophytes in the Delta. More details on data used 
are presented in supplementary materials and cited 
references but a short description is included here.

Herbicide application data

Herbicide application data were computed from two 
independent datasets provided by DBW—boat path 
vectors and herbicide application log tables. Boat 
paths describe where the treatment boats travelled 
while the log tables record date, time, and amount 
of herbicide applied at the reach scale. We com-
bined these two datasets to determine if sites embed-
ded within DBW defined reaches were treated or 
untreated (reference) in a particular year (see Supple-
mentary Material and Fig. 2).

Once the treatment and reference sites were 
defined, boat path data from 2003 to 2018 were used 
to determine Consecutive Treatment Years (CTY) for 
each treatment site from 2014 to 2018. For example, 
if a site in 2014 had already been treated two years 
in a row (in 2014 and 2013), its CTY value was 2. A 
CTY value of 1 indicates that the site was treated in 
the current year but not in the previous year. Table 2 
summarizes number of treatment and reference sites 
available for analysis from each year. 

Class maps based on image data (described below 
and in Supplementary Material) integrated per DBW 
reach provided us with the total SAV area within each 
DBW reach. Thus, we could calculate the amount of 
herbicide applied per unit area of SAV for all five 
years of the study by dividing the SAV area treated 
within each DBW reach by the amount of herbicide 
sprayed within that reach for that year. Each treated 
site present within a DBW reach was assigned the 
application per unit area calculated for that reach.

We did not consider the size of the SAV patch as 
one of the covariates in our analyses even though the 
class maps used to determine total SAV area at a site 
could potentially have been used to determine the 

https://www.sepro.com/aquatics/sonar
https://www.sepro.com/aquatics/sonar
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area, width or length of the patch within the site. It 
is possible that smaller patches are more effectively 
treated by the same fluridone application rate com-
pared to larger patches, or that larger patches reduce 
water speed more effectively in the center of the patch 
increasing the residence time of the herbicide and 
hence, its efficacy. However, we did not have enough 
sites to justify dividing up our data into more subsets 
to tease apart these effects.

Image data

Coverage data for SAV came from annual maps 
produced from hyperspectral imagery acquired in 
September to November of 2014–2018 (for specific 
dates, see Table S1). The data along with a detailed 
report has been published on a public data reposi-
tory (Khanna et  al. 2022). The legal Delta bound-
ary was acquired in 2014 and 2015 (Fig. 1) and in 
2016–2018, data were acquired over just the north-
west and central Delta (see blue boxes in Fig.  1). 

The overall workflow and the datasets used for 
this analysis are shown in Fig. 3. The images were 
preprocessed to reflectance, geocorrected, trans-
formed and classified using a random forest classi-
fier to produce a location map of the major vegeta-
tion communities in the Delta such as SAV, floating 
aquatic vegetation (FAV), and emergent marsh. For 
a complete description of data and methods, please 
refer to Khanna et al. (2018).

For each treatment and reference site in the Delta 
for each year, we determined the number of pixels 
from our imagery-derived maps with SAV presence 
and absence. The imagery for all five years was col-
lected in Fall (Table S1). The treatment season gen-
erally begins in March, application is at its peak in 
April to September and starts to taper off in Octo-
ber–November. Thus, our imagery acquisition date 
is typically at the end of the treatment season and 
allows us to determine SAV cover after months of 
herbicide applications.

Fig. 2   Example selections 
of treatment and reference 
sites overlaid on a single 
reach (treatment unit as 
used by the Division of 
Boating and Waterways) 
in each panel. The flex-
ible grid shows the grid 
elements for the UnTRIM 
model used to calculate 
mean speed per site

Table 2   Number of 
treated and reference sites 
per year and for different 
consecutive treatment years 
(CTY). Total reference sites 
counting all years were 281 
(with repeated measures in 
time) and total treated sites 
were 115

2014 2015 2016 2017 2018 Total

Reference 89 78 54 33 27 281
CTY = 1 1 15 3 25 15 59
CTY = 2 5 – 8 – 26 39
CTY = 3 – 3 – 7 – 10
CTY = 4 – – – – 7 7
Total treated 6 18 11 32 48 115
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Predicted current speed

We used the UnTRIM hydrodynamic model (Casulli 
and Walters 2000; Casulli and Zanolli 2002) to 
simulate current speed. This model has been widely 
applied in the San Francisco Estuary and calibrated 
to extensive hydrodynamic data including water level, 
flow and salinity measurements (Andrews et al. 2017; 
Kimmerer et al. 2019). The current speed represents 
an idealized summer-fall tidal current speed aver-
aged over two semi-diurnal tidal cycles for each site. 
Since summer-fall current speeds are dominated by 
tidal flows, as opposed to net flows from freshwa-
ter inputs, these current speeds are highly consistent 
among years. We used it as one of the predictor varia-
bles for all five years of the study. Figure 2 shows the 
UnTRIM grid overlaid on the sites and DBW reaches 
in both panels.

Statistical assessment of fluridone efficacy

We evaluated herbicide efficacy and legacy effects 
using a hypothesis-driven approach. We tested 
whether the probability of SAV presence was a func-
tion of the amount of herbicide applied, speed, the 
interaction between herbicide amount and speed (i.e., 
allowing the potential herbicide effect to vary across 
speed), and the consecutive years of herbicide treat-
ment. Specifically, we took a longitudinal, three-level 
mixed effects logistic (binomial) regression approach 
with the random effects (random intercepts) of site 
nested within reach as well as site nested within 
year. Similarly, we tested legacy effects by evaluating 

whether the probability of SAV presence during non-
treatment years was a function of speed and CTY of 
the previous year, before treatment stopped (i.e., at 
time t−1). That is, we evaluated whether multiple 
years of fluridone treatment would result in reduced 
probability of SAV presence upon cessation of fluri-
done treatment using a longitudinal, three-level mixed 
effects logistic (binomial) regression approach with 
the non-nested random effects (random intercepts) of 
site within reach and year. Prior to analysis, continu-
ous variables were transformed to meet the assump-
tion of normality; collinearity was evaluated via cor-
relations analyses among all predictor variables using 
Kendall’s � . The absolute value of Kendall’s � among 
covariates in all analyses was < 0.02.

Statistical analyses were performed using R 
CRAN Statistical software (R Core Team 2020; ver-
sion 4.0.2) using package ‘lme4’ (version 1.1–2.6) 
following procedures described in Zuur et al. (2009) 
and Gelman and Hill (2006). Model residuals were 
used to evaluate model fit and the ‘effects’ package 
(version 4.2–0) was used to estimate 95% confidence 
intervals (CI).

Results

Factors affecting treatment impact

Amount of fluridone applied was the strongest fac-
tor influencing probability of SAV presence. How-
ever, this effect was mediated by current speed. The 

Fig. 3   Workflow for the 
study showing the pre-
processing steps for image 
analysis, the four datasets 
integrated for each treated 
and reference site, and 
analyzed for treatment 
impact and legacy effects. 
Rectangle stacks represent 
multiple years of data, 
rectangles represent a single 
dataset, diamonds represent 
a transforming/analyses of 
data and the grey box rep-
resents results of statistical 
modeling
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treatment history of a site (CTY) was the third fac-
tor influencing SAV probability but in unexpected 
ways.

The probability of SAV presence for the aver-
age untreated site in the average year decreased with 
increases in speed (Fig.  4). Specifically, the prob-
ability of SAV presence was 0.735 (95% CI of 0. 
558–0.859 at the lowest observed speed of 0.001 
m ∙ s−1 , 0.441 (95% CI of 0.345–0.540) at the mean 
observed speed of 0.053 m ∙ s−1 (the mean was cal-
culated on loge-transformed speed), and 0.294 (95% 
CI of 0. 193–0.420) at the highest observed speed 
of 0.366 m ∙ s−1 for the average untreated site in the 
average year (Fig. 4).

We also saw a reduction in the probability of SAV 
presence associated with amount of fluridone applied 
(Figs.  4 and 5). However, the magnitude of this 
change decreased with increasing speed. The greatest 
reduction in the predicted probability of SAV pres-
ence due to fluridone occurred at the lowest speeds 
(< 0.1 m ∙ s−1 ). The observed pattern was similar for 
all CTY but the magnitude of change in the prob-
ability of SAV presence across fluridone application 
amounts and speed was diminished for sites treated 
for three or four consecutive years (Fig.  5e–h) rela-
tive to sites treated once or for two consecutive years 
(Fig. 5a–d). A visual inspection of residuals revealed 
our model fit was unbiased across covariates, indicat-
ing appropriate model fit (Fig. S1).

Model simulations for management relevance

We took a simulation approach to evaluate the speed-
specific fluridone application values associated with 
two potential management targets: (1) the amount 
of fluridone it takes to get a significant reduction in 
predicted probability of SAV presence in treated sites 
compared to the predicted probability of SAV pres-
ence in reference sites, and (2) the amount of fluri-
done it takes to reduce the predicted probability of 
SAV presence to ≤ 0.2.

In general, the amount of fluridone required for a 
significantly lower predicted probability of SAV pres-
ence (i.e., non-overlapping 95% confidence intervals) 
increased with speed and was higher for sites treated 
for three or four consecutive years (Fig. 6a). For the 
average site treated for one year during the average 
year (Fig.  6a, red line), 0.004 kg ∙ m−2 of fluridone 
was required to achieve a significantly lower predicted 
probability of SAV presence at the lowest observed 
speed of 0.008 m ∙ s−1 and as high as 0.037 kg ∙ m−2 at 
the highest observed speed of 0.366 m ∙ s−1.

Using a predicted probability of SAV presence 
of ≤ 0.2 as a target, we found, on average, fluridone 
applications of 0.015 kg ∙ m−2 were required at the 
minimum observed speed to meet the target, and flu-
ridone applications of 0.042 kg ∙ m−2 were required 
at the maximum observed speed (Fig.  6b, red solid 
line). However, to achieve the same result in 95% of 

Fig. 4   Grand mean model 
predicted probability of 
SAV presence in the aver-
age study site during the 
average study year across 
the observed range of speed 
(

m ∙ s−1
)

 for non-treated 
reference sites (no fluridone 
application; gray line) and 
for the mean (pink line) 
and 95th percentile (green 
line) of fluridone 

(

kg ∙ m−2
)

 
application for sites treated 
for one consecutive treat-
ment year (CTY = 1). The 
polygons represent 95% 
confidence intervals. See 
Eq. S1 for model structure 
and Table S1 for parameter 
estimates
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the treated sites, the fluridone application to meet the 
target was 0.026 kg ∙ m−2 at the minimum observed 
speed and this target was never reached at veloci-
ties ≥ 0.139, even given the maximum application of 
0.054 kg ∙ m−2 (Fig. 6b, red dotted line). The pattern 
was very similar for sites treated for two consecu-
tive years (Fig. 6b, orange dotted line). The predicted 
probability of SAV presence was never signifi-
cantly ≤ 0.2 in sites treated for three or four consecu-
tive years given the maximum fluridone applications 
of 0.023 kg ∙ m−2 and 0.031 kg ∙ m−2 , respectively.

Legacy effect of treatment

Our herbicide legacy effect analysis indicated that the 
probability of SAV presence was no different between 
treated and reference sites, regardless of the CTY 
value for the previous year, as indicated by overlap-
ping 95% confidence intervals in Fig. 7. This lack of a 
legacy effect was apparent across the observed range 
of speeds. Furthermore, the grand mean predicted 
probability of SAV presence did not exhibit a trend of 
reduced probability of SAV presence with increased 
years of consecutive treatment. A visual inspection of 
residuals revealed our model fit was unbiased across 
covariates, indicating appropriate model fit (Fig. S2).

Discussion

Control of non-native SAV is a major challenge yet 
critical for maintaining and restoring the ecosystem 
integrity of the Sacramento and San-Joaquin River 
Delta, a dynamic, tidal, and heavily invaded estuary 
in California (Cohen and Carlton 1998). Broadly, 
estuarine and coastal systems are increasingly sub-
ject to aquatic macrophyte invaders (Guy‐Haim et al. 
2018), and innovative approaches for their control are 
urgently needed. Many existing methodologies were 
developed for hydrologically distinct systems such as 
lakes as opposed to tidal or estuarine environments 
(Getsinger et al. 2008). In this study, we evaluated a 
fluridone-based approach to control widespread inva-
sive SAV in the Delta using five years of chemical 
treatment observations across its extent. We deter-
mined the efficacy of consecutive years of fluridone 
application on SAV as well as legacy effects of treat-
ment following cessation. We found that treatment 
efficacy was (i) positively associated with the amount 

of herbicide applied, however, this effect was medi-
ated by (ii) a negative association with current speed 
at the application site and (iii) related to the history of 
treatment at the site (CTY). Additionally, we did not 
detect legacy effects of treatment regardless of CTY, 
suggesting SAV recovers within a year following the 
cessation of treatment.

Challenges of herbicide application in a tidal estuary

While our study confirms that fluridone application 
is associated with reduced probability of SAV occur-
rence (Fig. 5), similar to the findings of previous stud-
ies (Madsen et al. 2002; Wagner et al. 2007; Parsons 
et al. 2009), we did not observe the magnitude or lon-
gevity of treatment effects reported by these studies. 
Fluridone treatments were successful in reducing fre-
quency of occurrence of target SAV species by more 
than 80% in all three of these previous studies, which 
were conducted in lentic systems. In one of the four 
lakes treated, Madsen et al. (2002) had partial success 
showing a reduction in frequency of occurrence by 
only 27% because the recommended CET conditions 
could not be maintained. Our findings differ from pre-
vious studies likely because the mixed semidiurnal 
tidal pattern in the Delta makes it extremely difficult 
to maintain the required CET for fluridone efficacy. 
Our study indicates that the magnitude of herbicide 
application required for reducing the probability of 
SAV occurrence increases with higher current speed 
(Figs. 4 and 5). Moreover, successful SAV treatment, 
when defined as a reduction in the probability of SAV 
occurrence to 20% or less, appears to be infeasible at 
high speeds given the maximum application of 0.054 
kg ∙ m−2 observed in the Delta (Fig. 6b).

Other studies have provided evidence that lower 
CET may be responsible for the low observed effi-
cacy in the Delta. A recent study of SAV treatment 
impacts in two treated and two reference sites in the 
Delta showed that even though the targeted post-treat-
ment water concentration of fluridone in the Delta is 
2–5  ppb, observed concentrations in water samples 
were below the minimum 2  ppb threshold, 88% of 
the time (Rasmussen et al. 2022). They found that the 
concentration varied with the tidal cycle, with almost 
75% of the variability in concentration explained by 
tidal stage alone (Rasmussen et  al. 2022). Indeed, 
one early study investigating herbicidal approaches 
to E. densa treatment in the Delta used rhodamine 
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dye to estimate approximate contact time of liquid 
herbicides with target plants and noted that desired 
concentrations may last less than 6  h in some loca-
tions (Anderson 1999). While the treatment program 
continues application over an 8–16 week period, the 

insufficient concentration of herbicide in the water 
column indicates that the CET requirements are not 
being met (Rasmussen et al. 2022).

The recommended CET guidelines for fluri-
done are more than 8 weeks of treatment targeting a 
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sustained concentration of 4–5  ppb for M. spicatum 
and 8–12 ppb for E. densa (Getsinger et al. 2008; Par-
sons et al. 2009). Moreover, the non-native C. caro-
liniana requires a higher dosage of herbicide com-
pared to M. spicatum and E. densa to be effectively 
managed (Nelson et al. 2002). Based on their current 
protocols, DBW only targets 5 ppb in the water col-
umn. Water samples are tested for residue level and 
when the target of 5 ppb is detected, DBW decreases 
the amount of fluridone applied the following week 
(DBW 2018). Thus, the CET conditions in the Delta 
are never sufficient to effectively treat E. densa and C. 
caroliniana and are most often insufficient even for 
treating M. spicatum.

Our management-focused simulations can inform 
future herbicide application to achieve a significant 
reduction in probability of SAV presence or a targeted 
probability of occurrence (Fig. 6). These simulations 
could also be used for site selection as we determined 
a probability of 20% SAV occurrence may be impos-
sible to achieve for some sites even at the highest 
observed application amounts in our data of 0.054 
kg ∙ m−2 (Fig.  6b). Moreover, applying a sufficient 
amount of herbicide to achieve significant reductions 
may not be permitted across the entire Delta due to 

restrictions under the federal and California Endan-
gered Species Act and other mandates (USFWS 
2019;  Conrad et  al. 2020, 2022). Beyond these 
restrictions, Rasmussen et  al. (2022) discovered that 
fluridone tends to accumulate in the sediment at con-
centrations that are many orders of magnitude higher 
than in the water column and may persist for months. 
The effects of fluridone accumulation in sediment on 
the benthic community in the Delta are unknown but 
urgently need to be studied.

In addition to the magnitude of herbicide applica-
tion and current speed, we also evaluated the rela-
tionship between consecutive treatment years (CTY) 
and SAV occurrence. Sites that were treated for just 
one year or two consecutive years showed a simi-
lar relationship between the magnitude of herbicide 
application and speed of the current. However, sites 
with significantly lower SAV occurrence probability 
after being treated for three consecutive years were 
associated with higher herbicide applications and 
sites treated for four consecutive years required an 
even higher application amount to achieve the same 
SAV occurrence probability (Fig. 6a). We noted that 
all sites treated for three or four consecutive years 
were in channel environments (except for one site, 
the largest marina in the Delta) where current speed 
is generally faster and the plume of herbicide dilutes 
over a larger volume of water due to a larger tidal 
flux. These patterns suggest that channel environ-
ments require more intensive herbicide applications. 
Another possibility is that the previous two years of 
treatment reduced the SAV cover in the site likely 
increasing the water speed. Hence, the same site now 
needs a higher application of herbicide for effective 
treatment. Since we are using the same water speed 
value for all years of analysis, this change within site 
may not be reflected in our data. Given that our data-
set for three and four CTYs was limited to channel 
environments, further research investigating habitat-
specific fluridone efficacy is needed.

Legacy effect of treatment

Few field studies have evaluated how long effects 
can last following cessation of herbicide treatment, 
and the few studies that exist have been conducted 
in lake systems. These studies report that treatment 
effects last at least one year with near total reduc-
tion in biomass and frequency of occurrence of the 

Fig. 5   Grand mean model predicted probability of SAV pres-
ence among consecutive treatment years (CTY; one treatment 
year: a, b; two treatment years: c, d; three treatment years: e, 
f; and four treatment years: g, h). The left column of panels 
(a, c, e, g) illustrate the predicted probability of SAV presence 
in reference sites at the maximum and minimum speed given 
no fluridone application as faint teal and brown points, respec-
tively, with 95% confidence intervals (faint teal and brown 
error bars, respectively). The faint horizonal polygons show 
the non-fluridone treated 95% confidence intervals for com-
parison to treated sites. The dark dashed lines (in a, c, e, g) are 
the grand mean model predicted probability of SAV presence 
in treated sites at the maximum and minimum observed speeds 
(teal and brown, respectively) across the observed range of flu-
ridone application with the dark colored polygons representing 
the 95% confidence intervals. The right column of panels (b, d, 
f, h) illustrate the grand mean model predicted probability of 
SAV presence in treated sites across the observed ranges of flu-
ridone application and speed with the color corresponding to 
the scale on the right figure margin. The dashed teal and brown 
lines correspond to the to the dashed teal and brown lines in 
the left column of panels (a, c, e, g). Points indicate observed 
fluridone application and speed values. The solid magenta and 
green lines in (b) correspond to Fig. 4. All x-axes are cube-root 
scaled with back-transformed values shown on the top axes; 
y-axes in (b), (d), (f), and (h) are loge-scaled with back-trans-
formed values shown on the right axes. See Eq. S1 for model 
structure and Table S1 for parameter estimates

◂
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target species (Madsen et  al. 2002; Valley et  al. 
2006; Parsons et al. 2009). Wagner et al. (2007) fol-
lowed progress in four lakes for 4–7 years and treated 
regrowth patches with 2,4-D, a contact herbicide, and 
sometimes with fluridone again. Even with this re-
treatment strategy, they found that the frequency of 
occurrence of M. spicatum was reduced for 1–4 years, 
but once treatment ceased, M. spicatum returned at 
a similar or higher frequency compared to pre-treat-
ment levels.

Although varying in long-term efficacy, these stud-
ies showed at least one year of sustained reduction 
in target species cover. In the Delta, for SAV control 
efforts to provide benefits for native fishes, SAV cover 
must be reduced for more than a year because native 
fishes require open water habitat throughout the 
year. In addition, the prevalence of SAV contributes 

to increased water clarity throughout the year (Hes-
tir et al. 2016) to the detriment of a critically endan-
gered and endemic fish, Delta smelt (Hypomesus 
transpacificus), which relies on turbid water (Som-
mer and Mejia 2013). The control program must 
maintain SAV reductions on an interannual basis to 
achieve human and ecological benefits. Hence, we 
tested if treatment impact could last beyond the year 
of treatment.

This study, among the first to look at legacy 
effects of fluridone treatment in a tidal freshwater 
estuarine ecosystem, did not observe any differences 
among treatment and reference sites one year post-
treatment. This pattern was consistent regardless of 
current speed or treatment history at each location 
(Fig. 7). One possible reason for lack of long-term 
reduction in SAV presence is that the temporary 

Fig. 6   Consecutive treat-
ment year-specific (CTY) 
quantity of fluridone 
( kg ∙ m−2 ) associated with 
the grand mean model pre-
dicted probability of SAV 
presence across current 
speed ( m ∙ s−1 ) (a) being 
significantly lower than 
the predicted probability 
of SAV presence when not 
treated and (b) associated 
with predicted probability 
of SAV presence ≤ 0.2. 
(b) the lower prediction 
limit (dashed lines), mean 
model prediction (solid 
lines), and upper predic-
tion limit (dotted lines) can 
be interpreted as 5%, 50%, 
and 95% (i.e., significant) 
chance, respectively, of the 
predicted probability of 
SAV presence being ≤ 0.2. 
A lack of a line on the 
figure indicates the pre-
dicted probability of SAV 
presence was never ≤ 0.2 
(i.e., the upper prediction 
limits for CTY ≥ 3). See 
Eq. S1 for model structure 
and Table S1 for parameter 
estimates
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reduction in SAV occurrence creates more niche 
space for SAV to grow. Treated areas may catch up 
to the SAV cover in reference sites, indicating that 
the SAV is likely released from competition and 
can grow even faster to fill up the niche space made 
available (Odum 1953). This phenomenon has been 
observed previously: Madsen et al. (2002) found an 
increase in M. spicatum biomass and frequency of 
occurrence beyond pre-treatment levels after one 
year in one of the lakes where CET guidelines had 
not been met.

Another possible reason for the springing back 
of SAV presence is that many of the SAV species 
in the Delta have overwintering storage organs 
such as turions (Madsen et  al. 2002; Wilson et  al. 
2007; DiTomaso and Kyser 2013) and tubers (Wer-
sal et al. 2006), which are produced in early spring 
before the start of treatment. Additionally, the lotic 
and tidal nature of the Delta can facilitate rapid 
recolonization of previously treated sites with plant 
propagules released from patches elsewhere and 
transported to the treated areas. Even if the roots 

Fig. 7   Grand mean model predicted probability of SAV pres-
ence across current speed 

(

m ∙ s−1
)

 given a one, b two, c three, 
or d four consecutive treatment years (CTY) during the pre-
vious year (t−1; polygons representing the 95% confidence 
interval). Shown with the grand mean model predicted prob-

ability of SAV presence given no treatment in the previous 
year (i.e., CTY​t−1 = 0; gray line; gray polygons representing the 
95% confidence interval). See Eq. S2 for model structure and 
Table S2 for parameter estimates
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and shoots of SAV are killed by the herbicide, 
the plants have already dropped their overwinter-
ing organs, which survive to the following year as 
viable sources of plant regrowth. For example, P. 
crispus requires treatment early in spring to prevent 
the plant from producing turions that can sprout 
and spread even after treatment has killed the plants 
(Madsen et al. 2002).

Two of the studies that showed a more lasting 
impact of treatment were in eutrophic lakes (Valley 
et  al. 2006; Parsons et  al. 2009). When SAV reduc-
tion in biomass was effective, it led to a prolifera-
tion of planktonic algae and an increase in turbidity 
making it harder for SAV to reestablish (Valley et al. 
2006; Parsons et al. 2009). In fact, Valley et al. (2006) 
observed SAV biomass reduction in one lake but not 
in the other because there was no increase in turbidity 
in the second lake. This suggests that after the initial 
impact of the herbicide in reducing SAV biomass, a 
positive feedback of increasing turbidity due to pro-
liferation of algae is necessary for continued absence 
of SAV. Whole lake experiments have previously 
shown the toggling potential of lakes between SAV-
dominated, phytoplankton-dominated and floating 
vegetation dominated systems (Scheffer and Jeppesen 
2007; Scheffer et  al. 2007). The Sacramento–San 
Joaquin Delta, however, is typically a low-productiv-
ity system (Alpine and Cloern 1992) with respect to 
phytoplankton and hence the positive feedback loop 
for maintaining low levels of SAV via phytoplankton 
dominance, is missing in this system.

Finally, the lack of a legacy effect of treatment 
might also be because the SAV community adapts 
to treatment. As invasive SAV cover decreases, other 
species that are more resistant to fluridone might be 
released from competition and fill that niche space. 
This has been previously observed in the Delta when 
invasive species were replaced by native species over 
several years of treatment (Caudill et  al. 2019). In 
contrast, Rasmussen et  al. (2022) showed that there 
was no significant change in SAV species assemblage 
in treated sites compared with reference sites over 
an 18-month period; native SAV species peaked and 
declined seasonally, regardless of treatment. A rig-
orous study focused on SAV species composition in 
treated and reference sites across the ecosystem for a 
longer period of time would go a long way in iden-
tifying patterns of community change in response to 
treatment, if they exist.

Management implications

As estuaries are increasingly affected by invasive 
plants (Williams and Grosholz 2008; Guy‐Haim et al. 
2018; Nunes et  al. 2020), managers are in critical 
need of studies that inform best practices for use of 
existing control tools or explore new tools, as most 
methodologies have not been well tested in these 
dynamic, tidal environments.

Our analyses show that fluridone will have a 
stronger effect in areas with very low current speeds 
(Fig. 5) and based on this finding, we recommend that 
resources be focused  on sites with lower speeds 
where there is more likely to be an effect of treatment.

However, we also show that there are limitations to 
the effectiveness of fluridone in tidal systems even at 
low current speeds. Alternative control tools, such as 
other herbicides, mixed herbicides, or physical con-
trols, are needed in tidal systems. Identifying these 
tools will require experimentation and comparison 
with existing control methods and untreated reference 
sites, and critically, a framework for conducting this 
pilot work may be needed in permitting documents 
where SAV control is restricted for water quality or 
endangered species control. Without this framework, 
it is often impossible to conduct experimental work 
with new tools. In the Delta, the mechanism for this 
experimental work was recently adopted in permit-
ting documents for DBW, and the agency is now per-
mitted to experiment with benthic mats, booms and 
floating barriers, among other tools in specified areas 
(USFWS 2019).

This study also illustrates the importance of a 
monitoring program for SAV coverage. Notably, the 
availability of a system-wide time series of SAV cov-
erage maps enabled the analyses we present in this 
paper, even though these analyses were not necessar-
ily an articulated goal when the maps were originally 
developed. Landscape-scale monitoring that includes 
untreated reference sites, complemented by ground-
level data collection at a subset of both treated and 
untreated sites that includes monitoring of SAV spe-
cies and herbicide concentrations, is critical to achiev-
ing a robust statistical approach to efficacy evaluation 
(Walters 1986; Allen et al. 2011; Hansen et al. 2015). 
A consistent monitoring program, together with 
experimentation and evaluation of control methods, 
are essential ingredients to a proactive and adaptive 
approach to SAV management in estuarine systems.
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Conclusion

Our study offers new insight into the efficacy of a 
systemic herbicide in estuarine and tidal ecosystems 
to control the spread of invasive SAV. The limita-
tions of fluridone treatment we report highlight the 
need to reexamine CET guidelines for successful 
herbicides in these dynamic tidal ecosystems. Estu-
aries are some of the most modified and threatened 
ecosystems in the world and are particularly vul-
nerable to invasive species (Williams and Grosholz 
2008). Successful management, therefore, requires 
nimble, multi-faceted, and adaptively managed 
invasive SAV mitigation programs supported by 
consistent monitoring.
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