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Robust native aquatic plant propagule banks
limit curly-leaved pondweed

MEGHAN-GRACE P. SLOCOMBE, MIRELLA F. ORTIZ, AND KARIN M. KETTENRING*

ABSTRACT

Invasion by curly-leaved pondweed (Potamogeton crispus L.)
(CLP) in North America threatens aquatic ecosystems by dis-
placing native aquatic plants and degrading ecosystem ser-
vices. We evaluated the role of native plants in limiting CLP
invasion at restoration sites and the phenology of CLP at
midlatitude United States with a 16-mo outdoor mesocosm
experiment and plant surveys at the restored Provo River
Delta, Utah (PRD). Mesocosm tanks utilized propagule-con-
taining soil from the PRD to replicate restoration site condi-
tions. Two native species—horned (Zannichellia palustris L.)
and sago pondweed [Stuckenia pectinata (L.) Börner]—and CLP
were added in six treatments: the three species added on
their own, each native species with CLP, and an unplanted
control (just PRD soil). Surveys were also conducted at the
PRD in 2023 and 2024 to document passive recolonization
and CLP invasion. The emergence of abundant plant propa-
gules within experimental tanks limited CLP cover, with an
average CLP peak cover of , 8% and no difference in CLP
cover between tanks with and without native cuttings. We sus-
pect that abundant native propagule banks also limited CLP
invasion at the PRD, with an increase in range, but no increase
in the number of survey plots (13 of 75) containing CLP from
2023 to 2024. Finally, observed CLP phenology, with a late
spring peak and midsummer senescence, was similar to that
observed in the northern United States, suggesting manage-
ment practices from northern regions could be helpful at mid-
latitude sites. Managers should support the establishment of
native plants at restoration sites to limit CLP invasion.
Key words: aquatic restoration, invasion, mesocosm, native

plantings, phenology, Potamogeton crispus.

INTRODUCTION

Potamogeton crispus L. (curly-leaved pondweed, CLP) is a
common aquatic invader throughout North America (Bol-
duan et al. 1994). Invasion by CLP and subsequent changes
in native aquatic plant populations threaten the ecosystem
services provided by intact aquatic plant communities—
including improved water quality, structure for faunal habi-
tat, and cycles of algae-macrophyte dominance (Heck and
Crowder 1991, Søndergaard and Moss 1998, Horppila and

Nurminen 2003). The loss of ecosystem services is trouble-
some in any system, but it is especially concerning at resto-
ration sites where improvements to habitat and services are
top priorities. To better manage CLP invasions at these res-
toration sites, it is important to understand CLP invasion
ecology, including interactions with native aquatic plants.

Many of the ecosystem services provided by aquatic plants in
temperate climates are associated with the typical phenological
patterns of native aquatic plant communities in these regions:
emergence in the spring, growth over the summer, and senes-
cence in the fall. Changes to this phenological pattern will influ-
ence habitat availability and exacerbate potential water quality
issues associated with aquatic plant senescence. In contrast to
the phenology of most aquatic plants native to North America,
CLP typically sprouts in autumn, overwinters as small plants,
grows rapidly in the early spring, and achieves peak biomass by
late spring before senescing in the summer (Catling and Dob-
son 1985). The senescence of CLP results in declines in dis-
solved oxygen and pH and large increases in nutrients, both
associated with algal blooms (Shen et al. 2014, Wang et al. 2018,
Zhou et al. 2019). However, CLP phenology differs throughout
its North American range, with northern sites (Michigan) expe-
riencing the above phenology and southern sites (Mississippi)
seeing constant growth and propagule production throughout
the year (Schloesser et al. 1985, Turnage et al. 2018). To effec-
tively manage CLP invasions a strong understanding of region-
specific phenological patterns is needed to determine when
restorative actions (herbicide treatment, native plantings, etc.)
should take place (Madsen et al. 2021).

Although previous research has shown that aquatic inva-
sive species do not always become dominant in invaded eco-
systems, it is unclear what mechanisms allow for CLP success
(Hansen et al. 2013). When grown alongside native aquatic
plants in short lab experiments, CLP competes poorly, often
occupies less space, and generates less biomass than native
species (Engelhardt and Kadlec 2001, Engelhardt and Ritchie
2001). However, it is difficult to create realistic growing con-
ditions—soil, propagule banks, and seasonal and daily
changes in environmental conditions— within controlled lab
settings. Additionally, a previous analysis of niche occupancy
between native aquatic plants and CLP showed little overlap,
suggesting CLP does not directly compete with many North
American native plants (Verhoeven et al. 2020). Yet CLP still
invades aquatic systems and successfully dominates the plant
community. One possible mechanism for this success is
CLP’s unique phenology and ability to fill an empty niche by
growing early in the growing season, before many native
plants emerge from the substrate (Fleming and Dibble 2015,
Verhoeven et al. 2020). In this scenario, CLP could be creat-
ing a less than ideal growing environment for native aquatic
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plants in two ways. First, with CLP’s ability to grow early in
the season, its developed canopy could shade out native
aquatic plant propagules, discouraging emergence (Tobies-
sen and Snow 1984). Second, when CLP senesces midsum-
mer, it releases nutrients into the water column, encouraging
algal growth that could continue to compete with native
aquatic plants even in CLP’s absence (Engelhardt and Ritchie
2001, Wang et al. 2018). Unfortunately, it is difficult to incor-
porate these phenological patterns into short-term, lab-con-
trolled experiments.

With an apparent lack of overlap in niches between CLP
and native aquatic plants, it is unclear whether robust native
aquatic plant communities can make a system more resilient
to CLP invasion. Studies exploring terrestrial and emergent
vegetation invasion resistance suggest that high native cover
can curb invasive species’ ability to spread and dominate
within the plant community (Levine et al. 2004, Middleton
et al. 2010, Byun et al. 2023, Feldman et al. 2024). However,
there have been mixed results when these same principles are
applied to aquatic plant communities (Capers et al. 2007).
These relationships are further complicated when considered
from a restoration perspective, where sites are more prone to
invasion due to high disturbance from construction and prox-
imity to other degraded and potentially invaded sites (Sunder-
mann et al. 2011). It is currently unclear if native aquatic plant
cover offers resistance to CLP invasion and, if so, whether
establishment from a site’s propagule bank would result in suf-
ficient cover or if active revegetation is needed. Although
aquatic plants have been shown to emerge from 30-yr-old
propagule banks, propagule availability has been identified as
a challenge when restoring native aquatic plant communities
(Bakker et al. 2013, Kaplan et al. 2014). Active revegetation by
adding native seeds, cuttings, or plant plugs could be an impor-
tant component of limiting CLP invasion at restoration sites.

In this study, we evaluated the dynamics between native
aquatic plants and a CLP invasion at a restoration site while
taking into account CLP’s unique phenology. More specifi-
cally, we explored the role native plants can play in limiting
invasion and the impacts of CLP on native plant communi-
ties. We hypothesized that (1) CLP cover would increase in
the second year of the mesocosm experiment due to the
plant’s advantageous phenology. However, we expected that
(2) adding native cuttings to these experimental tanks—even
though the tanks contained native plant propagules in the
soil—would increase native plant cover and that this higher
native plant cover would result in lower CLP cover when
compared to treatments without native plant cuttings added.
We also hypothesized that (3) at a midlatitude site, CLP
would exhibit a phenology more similar to that observed in
northern rather than southern states of the United States. A
16-mo outdoor mesocosm experiment in Millville, Utah, and
annual surveys of the passive recolonization of the aquatic
plant community at the Provo River Delta, Utah (PRD) in
2023 and 2024 were used to address the study hypotheses.

MATERIALS AND METHODS

Mesocosm experiment

The mesocosm experiment was conducted at the Millville
Aquatic Research Facility (MARF) in 30 outdoor experimental

tanks1 (capacity ¼ 1,136 L, length ¼ 160 cm, width ¼ 175 cm,
height ¼ 63.5 cm). The outdoor tanks experienced similar
diurnal and seasonal shifts in temperature and sunlight when
compared to nearby waterways. Horned pondweed (Zannichel-
lia palustris L.) and sago pondweed [Stuckenia pectinata (L.)
Börner] were used as proxies for the native aquatic plant com-
munity due to their abundant presence in Utah wetlands. In
addition, soil sourced from the PRD was used in all experi-
mental tanks to best replicate the conditions present—soil
texture, propagule bank, and inorganic and organic soil com-
position—at a restoration site. Six planting treatments, each
with five replicates, were applied to the tanks. The planting
treatments included the addition of horned pondweed, sago
pondweed, CLP, horned pondweed and CLP, sago pondweed
and CLP, and a control with no additional plant material
added to the tank’s soil.

Under nonfreezing conditions (May to October each year),
tanks were watered via an automated irrigation system. The
water was sourced from the headwaters of a nearby irrigation
canal, (nitrate nitrogen , 0.10 mg L�1, total phosphorus ,
0.03 mg L�1. May–September 2024: pH ¼ 9.2, SD ¼ 0.2; tem-
perature ¼ 21.9 C, SD ¼ 3.0 C). Tanks were watered every
other hour, with a block of six tanks receiving 10 min of water
flow each watering session (approx. 2 L min�1). Each tank
had a reef powerhead3 to encourage circulation and better sim-
ulate conditions present at the PRD. The direction of water
flow was changed after each monitoring session (i.e., every other
week). Tanks were not watered during freezing conditions
(November to April). To avoid freezing damage to the plants, a
pond bubbler4 was added to each tank to increase water circula-
tion. Natural precipitation was high enough to counteract evap-
oration from the tanks during the winter months.

Soil for the mesocosm experiment was collected from
the PRD and delivered to the MARF in May 2023. The soil
was well mixed and not autoclaved or fertilized prior to its
addition to tanks. These conditions best replicate those
experienced at an aquatic restoration site, including the
presence of an aquatic plant propagule bank. Sixteen cen-
timeters of soil was added to each experimental tank and
covered with water in mid-May 2023. The propagule bank
from the soil was allowed to grow out for 2 mo and was pri-
marily composed of horned pondweed, sago pondweed,
and muskgrass (Chara species). There were fewer than five
plants of fineleaf pondweed [Stuckenia filiformis (Pers.)
Börner] and an unidentified Potamogeton sp. (not identified
to species because seeds were not present). To aid the
observation of differences between the planting treat-
ments, any emerged plants were removed from the tanks
prior to plantings of horned and sago pondweed so that
each tank had similar plant biomasses at the start of the
experiment’s observations. The plant material removed
from tanks was minimal, and plants were allowed to con-
tinue to emerge from the propagule bank throughout the
remainder of the experiment.

Horned and sago pondweed were collected from wet-
lands throughout northern Utah2. Collected plants were
stored in bags of water in a refrigerator for up to 2 wk
before planting (Smart and Dick 1999). Curly-leaved pond-
weed was collected from Cutler Marsh (Logan, Utah)2.
Whole plants were taken from the marsh, grown in 19 L
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buckets and allowed to produce turions in a greenhouse
with optimal conditions for turion production: daytime
temperature 27 C, nighttime temperature 17 C, and photo-
period 14 hr (Chambers et al. 1985, McFarland and Rogers
1998). Over four weeks, . 600 turions were collected from
the plants and stored in a bucket of water in the greenhouse
before planting. Curly-leaved pondweed was added as
turions, rather than cuttings, as this is the standard method
for plant introduction and spread at sites where the plant
has invaded.

Plant material was inspected and cleaned of inverte-
brates, algae, and other plant species, then soaked in a
potassium permanganate solution to further limit the trans-
fer of non-native invertebrates or algae to the mesocosm
tanks (Sinnott and Kettenring 2025). For horned and sago
pondweed, plant segments were cut to size (15 to 20 cm),
ensuring multiple nodes were on each plant segment (Smart
and Dick 1999). In mid-July 2023, native plant cuttings were
added to experimental tanks with treatments that required
the addition of native plant cuttings. To each of these tanks,
60 cuttings of the respective native plant were added, with
cuttings spaced evenly and planted to a depth that covered
at least one node. For tanks with treatments requiring the
addition of CLP, 60 CLP turions were added to each tank in
mid-August 2023. Turions were spread evenly in these tanks
and pushed into the top layer of the substrate. This month-
long lag between native and invasive plant additions
allowed for native cuttings to establish within the experi-
mental tanks, and the timing of the turion addition to align
with the release of CLP in local waterways.

We completed biweekly monitoring of plant percent
cover from mid-July through September 2023 and May
through September 2024. We were unable to complete
observations from late fall to early spring because these
were outdoor mesocosms, and freezing conditions inhibited
accurate observation of plant cover. However, the observa-
tional period used in 2024 includes the anticipated peak
and senescence of all focal species. Percentage cover esti-
mates were conducted using the following cover classes: 0, 0
to 1, . 1 to 10, . 10 to 20, . 20 to 30, . 30 to 40, . 40 to
50, . 50 to 60, . 60 to 70, . 70 to 80, . 80 to 90, . 90 to
99, . 99 to 100. The same observer assessed percent cover
estimates each monitoring session and calibrated their mea-
surements using thin plastic sheets measured to 1 and 10%
of the tanks’ total surface area.

Provo River Delta observational study

The PRD was restored and reconnected to the Provo
River and Utah Lake in March 2023. Previous surveys had
revealed an abundant CLP population in the portion of the
Provo River upstream of the delta, and it was suspected that
this population might act as a CLP propagule source to the
restoration site.

Passive recolonization by aquatic plants at the PRD was sur-
veyed in August 2023 and September 2024. The PRD was
divided into five sampling zones, and a stratified random sample
was used to select 15 sampling locations, with three sampling
locations in each of the sampling zones. At each sampling
location, a 0.25 m2 quadrat was placed at the center of the

sampling location and 2 m away in each of the four cardinal
directions. These quadrats represent a single plot, for a total
of 75 sampled plots (15 sampling locations—three in each of
the five sampling zones—with five plots at each sampling
location ¼ 75 plots). All plots were surveyed during the two
survey dates. Within each plot, the presence or absence of
CLP and native plants (identified to species, when possible)
were assessed.

Statistical analysis

The effects of the mesocosm planting treatments on 2024
horned and sago pondweed cover were assessed using two
generalized linear mixed-effect models, one for each spe-
cies. For each model, cover of the respective native plant on
the date which it exhibited its highest mean cover (2024
peak mean cover: horned pondweed ¼ 13 June; sago pond-
weed ¼ 8 August) were modeled with fixed effects for the
addition of the native plant (added, not added; reference ¼

not added) and of CLP turions (added, not added; reference¼
not added), with a random effect of experimental block. The
horned pondweed model included treatments of horned
pondweed and CLP planted alone, horned pondweed þ CLP
planted, and the control. The sago pondweed model included
treatments of sago pondweed and CLP planted alone, sago
pondweed þ CLP planted, and the control. Both models
used an ordered beta distribution with a logit link, which
allows for values of 0. We tested for interactions but
found they were insignificant.

The effect of the mesocosm native plantings on CLP cover
in mesocosm tanks was assessed using a generalized linear
mixed-effect model. The cover of CLP on its highest mean
cover day—22 May 2024—was modeled with a fixed effect
for the addition of native plants (no addition, horned pond-
weed added, and sago pondweed added; reference¼ no addi-
tion) and a random effect of experimental block. The model
included treatments of CLP planted alone, horned pond-
weed þ CLP planted, and sago pondweed þ CLP planted. A
beta distribution with a logit link was used for the model.

Finally, a generalized linear mixed-effect model was used
to assess the effect of 2023 native cover on CLP cover (the
highest mean cover day of 22 May 2024) across all meso-
cosm treatments that had a CLP addition. The model
included fixed effects for the peak 2023 cover observed in
each tank by horned pondweed, sago pondweed, and musk-
grass and planting treatment (CLP, horned pondweed þ

CLP, sago pondweed þ CLP; reference ¼ CLP). A random
effect of experimental block was also included. An ordered
beta distribution with a logit link was used for the model.
We tested for interactions but found they were insignificant
and did not improve model fit.

All statistical analyses for the mesocosm experiment were
performed using R Statistical Software (R Core Team 2021).
Data were analyzed with the glmmTMB package (Brooks et al.
2017), and model fit was assessed with the DHARMa package
(Hartig 2022). Estimated marginal means were calculated using
the emmeans (2024 peak cover models, Lenth 2024) and ggeffects
(2024 peak CLP by 2023 native cover, L€udecke 2018) packages.
Interpretation of all statistical results was written in the lan-
guage of evidence (Muff et al. 2022). This type of interpretation
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focuses on the gradient of evidence provided by study results
rather than binary interpretation using P value cutoffs. The
results of the vegetation surveys conducted at the PRD were
assessed qualitatively via visual assessments of the presence or
absence of native plants and CLP between survey years.

RESULTS AND DISCUSSION

Impact of native cuttings and propagule bank on
resulting aquatic plant community

We expected that our outdoor mesocosm experiment
would show an increase in CLP cover in early spring 2024 due
to the plant’s ability to grow and acquire resources earlier than
our native species. Instead, CLP cover remained low through-
out the 16-mo experiment, and there was no evidence that the
addition of native cuttings affected CLP cover or that the addi-
tion of CLP turions affected native cover (Table 1; Figure 1). In
addition to having no effect on CLP cover, the addition of
native cuttings did not increase mean cover by either native
species (Table 1; Figure 1). Instead, the composition of the
aquatic plant community was driven by plants emerging from
the propagule bank, with 99.2 and 97.0% of the total observed

cover in 2023 and 2024, respectively, being horned pondweed,
sago pondweed, and muskgrass. Although two of the dominant
plants were species that were added as native cuttings, the lack
of detected differences between peak cover by the species in
tanks where they were and were not planted indicates that
emergence from the propagule bank overwhelmed any native
cutting treatment (Table 1; Figure 1). Further research is
needed to better understand the usefulness of native plantings
at sites without abundant propagule banks.

At sites with a strong propagule bank, practitioners
should consider the role propagule banks will play in deter-
mining the composition of the aquatic plant community
(Bakker et al. 2013, Duarte et al. 2020). Propagule banks
may contain native and non-native propagules, which could
influence the success of restoration projects, including the
species diversity of resulting aquatic plant communities.
Although there was no evidence that adding native cuttings
increased peak cover, cuttings did ensure that the species
were present in mesocosm tanks. Horned and sago pond-
weed were present a year later in each of the tanks to which
they were planted, but the plants were present in 90 and
75% of the tanks to which they were not planted, respec-
tively. If restoration goals include the presence of species

TABLE 1. MODEL-PREDICTED EFFECTS OF ADDING NATIVE CUTTINGS AND/OR CURLY-LEAVED PONDWEED (CLP) TURIONS ON 2024 PEAK MEAN COVER (PMC) OF THE THREE FOCAL

SPECIES; NATIVE CUTTINGS REFERENCE ¼ NOT ADDED; CLP TURIONS REFERENCE ¼ NOT ADDED.

Horned pondweed (HP)
PMC ¼ 13 June

Sago pondweed (SP)
PMC ¼ 8 August

CLP
PMC ¼ 22 May

Est Std error P Est Std error P Est Std error P

Intercept �1.863 0.404 ,0.001 �0.424 0.297 0.154 �2.642 0.550 ,0.001
Native cuttings
þ HP 0.234 0.323 0.469 NA NA NA 0.337 0.644 0.600
þ SP NA NA NA �0.152 0.297 0.608 0.342 0.591 0.563

CLP turions
Added �0.184 0.331 0.578 �0.084 0.301 0.781 NA NA NA

Figure 1. Model estimated peak mean cover (2024) for horned pondweed (HP), sago pondweed (SP), and curly-leaved pondweed (CLP) in the mesocosm
experiment. For the native species, model means were estimated with and without native cuttings and the addition of CLP turions. Means were com-
pared between additions of cuttings and CLP. For CLP, model means were estimated for the addition of native plants. Means were compared between
native cuttings being added and not added; bars with a single letter in common were not statistically different from one another at alpha ¼ 0.05.
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not in the propagule bank, active reintroduction via cuttings
or other propagules can ensure the species’ presence
(Lamers et al. 2015, Rybak et al. 2024). Assessments of aquatic
plant propagule banks prior to project initiation will allow
managers to more accurately determine the need for active
revegetation to achieve project goals (Holl and Aide 2011,
Rybak et al. 2024). If it is determined that these propagule
banks are abundant and contain the desired species, restora-
tion practitioners should consider reallocating resources
originally meant for native aquatic plant plantings to other,
potentially more productive, restorative actions.

CLP invasion can be curtailed by high native aquatic
plant cover

Low 2024 CLP cover was driven by the high native cover
in experimental tanks during the 2023 growing season. Our
model examining the effects of peak 2023 native cover on
peak 2024 CLP cover showed moderate evidence for a lower
CLP cover with higher horned (�2.541, P ¼ 0.027) and sago
(�2.353, P ¼ 0.011) pondweed cover (Table 2; Figure 2).

Across the three CLP treatments, when sago pondweed and
muskgrass cover were held constant at their mean peak cov-
ers (0.36 and 0.21, respectively), CLP cover was estimated to
decrease from 0.13 to 0.04 as horned pondweed cover
increased from 0.45 to 0.95. Similarly, when horned pond-
weed and muskgrass cover were held constant at their mean
peak covers (0.74 and 0.21, respectively), CLP cover was esti-
mated to decrease from 0.14 to 0.03 as sago pondweed cover
increased from 0.0 to 0.75. Our model can only make rea-
sonable estimates for CLP cover across the native plant and
CLP cover ranges observed in our experiment, meaning
that these results are most applicable to situations where
CLP is just beginning to invade a system or is relatively low
in overall cover.

One potential mechanism for the observed relationship
is that tanks with higher native cover were more resilient to
the initial CLP invasion, with native plants limiting CLP
growth and its ability to produce turions. Another possibil-
ity is that even with successful turion production, high
native cover led to larger amounts of senescent plant mate-
rial throughout the fall and winter and could have shaded
out small overwintering CLP plants and created anoxic con-
ditions near the sediment surface, limiting CLP survival to
the spring (Wu et al. 2009, Zhu et al. 2024). Interestingly,
there was also moderate evidence that peak 2024 CLP cover
was higher in tanks where horned (1.063, P ¼ 0.016) and
sago pondweed (0.968, P ¼ 0.033) were planted (Table 2).
These results could be due to compensatory growth or
CLP’s ability to take advantage of the additional resources
added to the tank via the native cuttings. Further research
is needed to explore these relationships, particularly in
cases where the positive effects of native plantings on native
cover are not overwhelmed by emergence from the propa-
gule bank.

TABLE 2. MODEL-PREDICTED EFFECTS OF 2023 PEAK HORNED PONDWEED, SAGO

PONDWEED, AND MUSKGRASS COVER ON 2024 PEAK CURLY-LEAVED PONDWEED (CLP)
COVER; TREATMENT REFERENCE ¼ CLP.

Est Std error P

Intercept �0.023 1.068 0.983
2023 Horned pondweed �2.541 1.150 0.027
2023 Sago pondweed �2.353 0.921 0.011
2023 Muskgrass species �3.033 2.515 0.228
Treatment
Horned pondweed þ CLP 1.063 0.441 0.016
Sago pondweed þ CLP 0.968 0.455 0.033

Figure 2. Model predicted 2024 curly-leaved pondweed (CLP) peak cover by 2023 horned pondweed (HP), sago pondweed (SP), and muskgrass peak cover for the
three planting treatments that included CLP. Model predictions across peak horned pondweed and sago pondweed covers were calculated using the mean peak
covers of the other two plant species (HP ¼ 0.74, SP ¼ 0.36, muskgrass ¼ 0.21); shading represents the 95% confidence intervals for model estimated means.
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We suspect that similar mechanisms limiting CLP cover in
the mesocosm tanks also limited invasion at the PRD. As
hypothesized, a CLP population invaded the PRD once the
delta was connected to the Provo River (Figure 3), with the
upstream CLP population likely acting as a propagule source.
In 2023, CLP was observed in the southern parts of the restored
delta, closest to the Provo River inlet with a known CLP popu-
lation (Figure 3). Although the number of plots where CLP
occurred remained the same in 2023 and 2024 at about 17.3%
(13 out of the 75 surveyed plots), CLP’s range expanded from
the southern portion in 2023 to northern and more central
portions of the delta in 2024 (Figure 3). This increase in distri-
bution, but lack of increase in occurrence, could be evidence of
the native aquatic plant community limiting the establishment
of large CLP monocultures. However, since these surveys and

the mesocosm experiment lasted only two growing seasons, it is
possible that CLP simply needs more time to invade and domi-
nate a system.

The high cover by horned and sago pondweed in meso-
cosm tanks was also observed at the PRD, with the two spe-
cies comprising a large portion of the emerging native
aquatic plant community in both survey years. Other native
species observed included Mexican mosquito fern (Azolla
microphylla Kaulf.), coon’s tail (Ceratophyllum demersum L.),
duckweeds (Lemna L. and Spirodela spp.), water knotweed
(Polygonum amphibium L.), leafy pondweed (Potamogeton foliosus
Raf.), longleaf pondweed (Potamogeton nodosus Poir.), white
water crowfoot (Ranunculus aquatilis L.), and fineleaf pond-
weed] Stuckenia filiformis (Pers.) Börner]. Anecdotally, portions
of the delta that were excavated to create delta channels,
which exposed buried sediment and wetland propagule
banks, had a high cover by native aquatic plants. In contrast,
there was lower cover by aquatic plants in the parts of the
delta that were terrestrial habitat prior to flooding and not
excavated. We suspect that low native aquatic plant cover in
these areas is due to the inability of propagules to emerge
from under large amounts of sediment and remnant terres-
trial plant material (Dugdale et al. 2001, Jørgensen et al.
2019) and that propagule bank emergence rates could be
improved by physical alteration of site sediment.

Phenological differences between native aquatic plants
and CLP

Low CLP cover within the experimental mesocosm tanks
made it difficult to discern clear phenological patterns.
Although the horned pondweed þ CLP treatment appears to
exhibit patterns more similar to those seen in northern than
southern parts of the United States (Schloesser et al. 1985), this
result was primarily driven by the growth patterns of a single
tank. Within this tank, the CLP growth was characterized by
higher cover at the beginning and end of the aquatic plant
growing season (June and September) and a midsummer senes-
cence (August) (Figure 4). In other experimental tanks, CLP
remained so low that it was not possible to discern these same
patterns with the precision of our cover estimates. Anecdotally,
we did observe CLP growing earlier than other plants in the
spring of 2024 and noticed CLP plants senescing midsummer.
Although these results should be interpreted with caution,
they do provide limited evidence for similar phenological pat-
terns between midlatitude and northern U.S. sites. In contrast,
we observed a phenology more typical of native aquatic plants
for horned and sago pondweed, with low cover at the begin-
ning of the growing season (May), high cover throughout the
summer, and senescence in early fall (September) (Figure 4).

Curly-leaved pondweed has been observed in every state
of the United States and the southern provinces of Canada
(Bolduan et al. 1994). Although the plant has become prob-
lematic in many water bodies, the mechanisms by which
CLP successfully invades are still unclear. The combination
of our mesocosm experiment and surveys at a restoration
site provides a unique opportunity to observe the progres-
sion of CLP invasion and the plant’s relationship with
native aquatic plant communities. Our research shows that
adding native cuttings to soils with a strong propagule bank

Figure 3. Maps of aquatic plant presence at the Provo River Delta (Provo,
UT) in August 2023 and September 2024. Bars represent the five plots at a
sampling location, with white, orange, and blue indicating the proportion
of plots where bare ground, curly-leaved pondweed (CLP), or native plants
were observed, respectively; striping indicates that natives and CLP were
present in a plot.
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does not affect peak CLP or peak native cover a year later.
This finding suggests that at sites with an abundant propa-
gule bank, resources could be diverted from native aquatic
plant plantings to other restorative actions. However, fur-
ther research is needed to understand the benefits of native
cuttings at sites with fewer available native propagules. The
strong propagule banks in our soil kept CLP cover low in
the mesocosm tanks and appear to have done the same at
the newly restored PRD. Supporting the rapid establish-
ment of native aquatic plants at restoration sites is critical
to limiting CLP invasion and associated negative impacts
on native aquatic plants and reestablishing fauna.
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Data and code are available via Utah State University’s
Digital Commons at https://doi.org/10.26078/6354-a652.

SOURCES OF MATERIALS

1300-gallon stock tank, MPN no. 4247-00-GRAY, Rubbermaid, 8900
Northpointe Executive Park Dr., Huntersville, NC 28078.

2Native plant collection sites included the Bear River Migratory Bird
Refuge (41.47099N; 112.33804W), Salt Creek Waterfowl Management
Area (41.64341N; 112.23699W), Farmington Bay Waterfowl Management
Area (40.96057N; 111.91624W), and the Great Salt Lake Shorelands Pre-
serve (41.0282N; 111.99001W). The CLP collection site was Cutler Marsh
(41.74301N; 111.95673W).

31050 GPH AquariumWavemaker Pump, UPC 724779002958, FREESEA.

475000 Pond Air 2, UPC 742575750002, Aquascape, 901 Aqualand Way,
St. Charles, IL 60174.
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