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Effect of chilling duration on sprouting of Hydrilla
verticillata subsp. lithuanica axillary turions
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ABSTRACT

Hydrilla (Hydrilla verticillata) is a highly invasive, submersed
aquatic plant in the United States that includes three subspe-
cies: H. v. verticillata primarily found in the southern United
States, H. v. peregrina common in the mid-Atlantic to northern
latitudes, and H. v. lithuanica, which was reported in Hartford
County, CT, in 2016. This study aimed to determine whether a
chilling period is necessary to break dormancy in H. v. lithuan-
ica turions. Results showed no significant differences in sprout-
ing in turions exposed to different chilling durations of 2, 4, 8,
and 16 days at 4 �C until 4 days after removal from cold treat-
ment. By the end of the study, turions chilled for $ 8 days
exhibited significantly higher sprouting (. 97%) compared to
the nonchilled control (73%). Additionally, time to 50%
sprouting was reduced in chilled turions (2.6 to 3.7 days) com-
pared to nonchilled turions (6.9 to 10.9 days). These results
indicate that H. v. lithuanica has a flexible dormancy strategy
and high sprouting potential after brief chilling, warranting
early season management and posing a risk to regions with
variable winters.
Key words: cold stratification, Connecticut River, dor-
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INTRODUCTION

Hydrilla verticillata (L.f.) Royle is a submersed aquatic plant
widely recognized for its aggressive spread and ecological
impact in freshwater systems across the United States (Lange-
land 1996). Since its introduction, hydrilla has become one of
the most problematic aquatic invasive weeds because of its abil-
ity to form dense surface canopies, displace native vegetation,
impede navigation, and alter nutrient and oxygen dynamics
(Haller and Sutton 1975, Bradshaw et al. 2015, Gettys and Enloe
2016). Despite decades of research and active management,
hydrilla continues to expand in distribution. Control efforts are
often hindered because of its quick proliferation throughout
the waterbody from drifting fragments, stoloniferous growth,
and turions (Madsen and Smith 1999). In 2016, a previously
unrecorded lineage in the United States, H. v. lithuanica

(Tippery 2023), was confirmed in Hartford County, CT, and has
since expanded throughout the lower portion of the Connecti-
cut River and into at least 10 additional waterbodies across
Connecticut and Massachusetts (Foley et al. 2024, J. Foley, pers.
comm. 2025). This subspecies, colloquially referred to as “Con-
necticut River hydrilla’’ or officially as “northern hydrilla’’ (Tip-
pery 2023), is genetically distinct from previously documented
H. v. peregrina (“monoecious’’) and H. v. verticillata (“dioecious’’)
subspecies in the United States, and little is known about its
physiological traits or dormancy behavior (Tippery et al. 2020).

A key mechanism that contributes to the persistence and
spread of H. v. lithuanica is the formation of axillary turions,
which are compact vegetative propagules that detach from
the parent plant, settle into the sediment, and allow the spe-
cies to overwinter year to year. Plant propagule dormancy
and sprouting are often regulated by environmental cues,
especially low-temperature exposure (cold stratification)
(Spencer and Ksander 2001, Sartain et al. 2024). However,
no experimental data currently exist on whether cold strati-
fication is necessary to break dormancy in this hydrilla
subspecies.

The two subspecies previously present in the United States
differ markedly in their turion dormancy and overwintering
requirements. Hydrilla. v. peregrina (“monoecious hydrilla’’) axil-
lary and subterranean turions require prolonged cold stratifica-
tion to achieve germination (Sastroutomo 1980, Carter et al.
1987). This chilling requirement restricts the subspecies’ distri-
bution to regions with sufficiently cold winters and synchro-
nizes sprouting with the onset of the growing season. Such
predictability enables an optimal management period occur-
ring after turion sprouting and prior to the formation of new
turions (True-Meadows et al. 2016). In contrast, H. v. verticillata
(“dioecious hydrilla’’) turions are unable to sprout at low tem-
peratures, which limits the subspecies’ geographic distribution
to the southern United States. They also lack a strong chilling
requirement, allowing them to sprout throughout the year in
warmer climates (Steward and Van 1987). This trait supports
perennial growth and often necessitates multiple management
interventions (Netherland 1997, Maki and Galatowitsch 2008).
These contrasting dormancy strategies underscore the impor-
tance of understanding turion physiology when evaluating inva-
sion risk and control approaches.

The persistence of H. v. lithuanica in Connecticut suggests
some degree of cold tolerance and turion dormancy, but it
remains unclear whether this subspecies could persist in
warmer latitudes or whether chilling is required for sprout-
ing. Understanding the environmental conditions required
for axillary turion sprouting in H. v. lithuanica is essential
for predicting seasonal emergence patterns, assessing its
invasion potential, and identifying optimal management
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windows (Netherland 1999). This study was conducted to
determine the effect of chilling duration on H. v. lithuanica
axillary turion dormancy and subsequent sprouting.

MATERIALS AND METHODS

Plant collection

Axillary turions were obtained in 2025 from a stock popu-
lation ofH. v. lithuanica originally collected from the Connecti-
cut River in 2023 and maintained at the Center for Aquatic
and Invasive Plants in Gainesville, FL (29.7273N; �82.4173W).
The stock population was planted from turions and main-
tained in 0.6-m3 fiberglass tanks under greenhouse conditions.
Stock populations were planted in topsoil,1 amended with 1 g
L�1 of slow-release fertilizer2 and capped with a thin layer of
washed masonry sand to reduce nutrient leaching into the
water column. Rotational submersed treatments of spinosad3

and trichlorfon4 were regularly applied to control generalist
herbivores (Beets et al. 2025). Stock tanks were equipped
with an aerator5 with four aeration tubes and stones6 distrib-
uted evenly throughout the tank and three water heaters7 set
to 22 �C, ensuring that turions did not experience conditions
cold enough to break dormancy before the start of the study.
Half of the collected turions were shipped to the Connecticut
Agricultural Experiment Station’s Office of Aquatic Invasive
Species (41.3309N; �72.9195W) wrapped in a damp paper
towel in a cooler with a hobo temperature logger and an ice-
pack. Turions were in transit for two days (March 10 to 12,
2025) and kept in complete darkness with an average shipping
temperature of 19.9 �C (4.2 �C std. dev). Due to elevated ship-
ping temperatures (mean 19.9 �C), a few turions transported
to Connecticut exhibited early signs of sprouting before the
experiment began. Any turions showing early root develop-
ment prior to placement in the 30 �C growth chamber were
excluded from the study; this occurred only in the Connecti-
cut trial. Prior to the start of the experiment in Connecticut,
the shipped turions were stored in a dark environmental
chamber set to 22 �C to mimic the stock tank environment.

Experimental design

The study was initiated on March 10, 2025, in Gainesville,
FL, and on March 17, 2025, in New Haven, CT. The study was
set up as a completely randomized design consisting of four
treatments plus a nontreated control with four replications
and three subreplicates per replicate. After collection, all
turions except for the control group were placed in a plastic
tub filled with unchlorinated well water and transferred to a
completely dark growth chamber8 set to 4 �C as a cold treat-
ment (Sastroutomo 1980). At intervals of 0, 2, 4, 8, and
16 days, 12 turions were randomly chosen and removed from
the cold treatment chamber and individually placed into
three separate 30 or 60 mL vials (subreplicates) containing
DI water and Smart and Barko solution (Smart and Barko
1985). The vials were then placed into a 600 mL beaker,
which constituted an experimental unit. Beakers were then
transferred to a second growth chamber8 set to 30 �C, the
temperature at which H. v. lithuanica turions have maximum
sprouting (Howell et al. 2024). The growth chamber lighting
was set to a 14 : 10 (light : dark) photoperiod with a light

intensity of 180 to 200 lmol m�2s�1, measured with a light
meter.9 Temperature was monitored throughout the study
using data loggers10 placed on each shelf, and temperature
standard errors were within 0.5 �C of target temperatures.
Half of the Smart and Barko solution was replaced with fresh
solution on day 8 to prevent algae growth.

Data collection

For chilled treatments, data were collected immediately
after removal from the cold, dark growth chamber and at 1,
2, 4, 8, and 16 days after placement in the 30 �C chamber.
For the nonchilled control, data collection began immedi-
ately after placement in the 30 �C growth chamber and fol-
lowed the same timeline. At each time point, the number of
branches and the presence or absence of root formation
were recorded. Images of turions were captured using a
scanner11 at 1200 dots per inch resolution and saved as .tiff
files. A ruler was included in each scan to provide scale.
Turion lengths were measured in ImageJ12 using Feret’s
diameter, which is defined as the longest distance between
any two points along the selection boundary (Walton 1948).
Measurements were taken by first adjusting the image con-
trast using the “Color Threshold Adjust’’ tool, followed by
object detection using the “Analyze Particles’’ function.

Statistical analysis

Data were analyzed in RStudio using the drc and ggplot2
packages (Ritz et al. 2015, Wickham 2016, R Core Team 2022).
Sprouting was defined as either $ 25% elongation or the for-
mation of adventitious roots. Percent sprouting was calculated
as the number of subreplicates that sprouted divided by the
total number of subreplicates. Percent sprouting and percent
root development data were arcsine-square-root transformed
to improve normality according to a Shapiro-Wilkes test. Two-
way ANOVAs were used to assess the effects of trial location
and chilling duration on percent sprouting, branching, and
root formation. Differences between treatments were deter-
mined by Tukey’s HSD test (a ¼ 0.05), and back-transformed
results are presented for clarity. Additionally, percent sprouting
data were fit to a two-parameter log-logistic model to estimate
the time required to reach 50% and 90% sprouting:

f ðxÞ5 1
1þ expfb½logðxÞ � logðeÞ�g [1]

RESULTS AND DISCUSSION

There was no significant interaction between chilling
duration and site (Florida vs. Connecticut; P . 0.05); there-
fore, data were pooled across sites for analysis. There were
no differences in branching between the chilling durations
at any posttreatment time period (P . 0.05), except for a
marginal difference 8 days after chilling (DAC) (P ¼ 0.036).
At the end of 16 DAC, mean branch counts per treatment
ranged between 1.118 and 2.125 (Table 1). There were dif-
ferences in percent of turions with roots on day 4 (P ¼
0.0003) and day 8 (P ¼ 0.0121) with the 16 day chilling
group exhibiting more root development in comparison to
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the control group (Table 2). No differences in sprouting
were observed among chilling durations until 4 DAC (P ,
0.0001). However, from 4 DAC onward, a clear effect of
chilling duration was observed. By 16 DAC, turions chilled
for 8 (P ¼ 0.001) or 16 days (P ¼ 0.01) exhibited greater
sprouting rates (. 97%) compared to the nonchilled con-
trol group (73%) (Table 3).

Time to 50% sprouting (T50) decreased with increasing chill-
ing duration, from 8.96 2 DAC in nonchilled turions to 3.156
0.55 DAC for turions chilled eight or more days. Similarly, esti-
mated time to 90% sprouting (T90) was reduced from 33.7 6
19.9 DAC in the nonchilled group to just 4.96 1.1 DAC in the
16-day chilling treatment. Additionally, the confidence interval
for the T50 and T90 decreased with increased chilling duration,
signifying that variability in sprouting decreases after longer
exposure to cool conditions. This indicates an earlier and more
synchronized emergence response following chilling, similar to
monoecious hydrilla (Carter et al. 1987). Alternatively, although
nonchilled turions still sprout, the sprouting process is more
sporadic and delayed. This means that management timing
may be easier to plan and estimate in colder regions. However,
if this subspecies invades warmer systems, management timing
will be more complicated because the turions may sprout spo-
radically throughout the year, requiring multiple management
events, similar to that of perennial Potamogeton crispus (Turnage
et al. 2018).

Root formation followed a similar trajectory, with signifi-
cantly higher rooting percentages in chilled turions. By 16
DAC, 92% of turions chilled for 16 days had formed roots,
compared to 58.3% in the nonchilled group (Table 2). Root
development appeared to be an early indicator of dor-
mancy break, as chilling duration correlated positively with
both earlier and more frequent rooting. Although there
were no significant changes in branch count between treat-
ment groups at 16 DAC, turions chilled for 8 (mean ¼ 2.13)
and 16 days (mean ¼ 1.87) had slightly higher branching
than the control (mean ¼ 1.25) (Table 1). This suggests that
chilling not only initiates sprouting but may enhance early
vegetative vigor, potentially increasing establishment suc-
cess in the field.

The sprouting behavior of H. v. lithuanica aligns with pre-
vious findings in related aquatic macrophytes. For instance,
Howell et al. (2024) found that H. v. lithuanica turions chilled
for 72 h reached 50% sprouting within 3.1 days after warm-
ing, closely matching our T50 values for two- to four-day
chilling treatments. These results are also consistent with

studies on Eurasian species such as P. crispus and Myriophyl-
lum oguraense, which show sprouting proportional to chilling
duration (Sastroutomo 1981, Kadono 1988).

Compared to H. v. peregrina, whose distribution overlaps
with that of H. v. lithuanica and fails to sprout without chill-
ing (Carter et al. 1987), H. v. lithuanica exhibited greater
plasticity, with 73% of nonchilled turions successfully
sprouting. This indicates a reduced chilling requirement
and may support its establishment in regions with variable
winter conditions. Conversely, its robust sprouting, charac-
terized by greater branching, rooting, and elongation, fol-
lowing short chilling periods suggests cold adaptation and
increased potential for synchronized emergence in north-
ern climates.

These physiological traits may enable H. v. lithuanica to
expand into both colder and milder regions, occupying
broader ecological niches unavailable to other U.S. subspe-
cies. Beets et al. (2025) reported that H. v. lithuanica pro-
duces 2.3 times more turions per plant than H. v. peregrina
and 61.5 times more than H. v. verticillata, further amplifying
its invasive potential. Given that a majority of these turions
can sprout without chilling, this lineage poses a high risk of
range expansion, particularly if introduced into southern
waterbodies.

From a management perspective, these findings suggest
that management interventions should be planned for exe-
cution following seasonal increases in water temperature
when chilled turions are breaking dormancy. However, this
phenological event likely varies across systems and regions.
Root development and branching metrics may serve as use-
ful proxies for identifying when turions have sprouted for
optimal treatment timing.

Additional research further examining environmental trig-
gers will be essential to understand how this lineage responds
to overwintering conditions in both native and introduced
ranges. Rybicki et al. (2001) demonstrated that environmental
factors such as light penetration, sediment conditions, and
nutrient availability strongly influence establishment. Thus,
even with this subspecies’ high turion production, site-specific
conditions may determine whether H. v. lithuanica successfully
establishes. Field monitoring of turion sprouting and propagule
bank dynamics across systems would therefore provide critical
context for translating laboratory phenology into applied man-
agement recommendations.

Chilling and light may be acting in combination to cue
sprouting. For example, P. crispus turion germination is

TABLE 1. BRANCHING OF TURIONS BY CHILLING DURATION.

Days After Transfer to 30 �C

Chilling duration 0 1 2 4 8 16

Day Mean number of branches1

0 0a 0.042a 0.083a 0.125a 0.958ab 1.25a
2 0.083a 0.208a 0.208a 0.25a 0.667b 1.188a
4 0.042a 0.083a 0.208a 0.333a 1.354ab 1.375a
8 0a 0a 0.125a 0.667a 1.875a 2.125a
16 0a 0a 0.083a 0.792a 1.458ab 1.875a
1Means sharing the same letters within each column are not different according to
Tukey’s HSD test (a ¼ 0.05).

TABLE 2. PERCENT TURIONS WITH ROOTS BY CHILLING DURATION.

Days After Transfer to 30 �C

Chilling duration 0 1 2 4 8 16

Day Percent turions with roots1

0 0a 4a 4a 12c 42b 58a
2 0a 10a 10a 52ab 60ab 65a
4 0a 0a 0a 21bc 71ab 71a
8 0a 0a 4a 58a 83ab 83a
16 0a 4a 4a 62a 92a 92a
1Means sharing the same letters within each column are not different according to
Tukey’s HSD test (a ¼ 0.05).
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inhibited in darkness, and factors such as water depth, substrate
type, and buoyancy have been shown to influence germination
success ( Jian et al. 2003, Xie et al. 2014). To confirm whether
chilling alone is sufficient, experiments will be replicated under
dark conditions, which will also help clarify sprouting capacity
across varying light availability.

To further understand the cold stratification require-
ments of H. v. lithuanica, this study should be replicated with
subterranean turions. The lower production of subterra-
nean turions, compared to monoecious and dioecious
hydrilla, observed by Beets et al. (2025) may indicate a shift
in reproductive and dispersal strategy that relies more
heavily on axillary turions. Monoecious axillary turions are
generally smaller than subterranean turions and therefore
contain less carbohydrate storage, resulting in shorter via-
bility of about 1 yr compared to approximately 4 yr for sub-
terranean turions (Spencer et al. 1987; Van and Steward
1990). If H. v. lithuanica depends primarily on axillary
turions, the longevity of its propagule bank may be reduced,
though further studies are needed to evaluate turion lon-
gevity in this subspecies. Another important avenue for
investigation is turion formation. Both monoecious and
dioecious hydrilla produce turions under shorter photope-
riods (Van 1989), but characterizing the timing of turion
production in H. v. lithuanica is critical for informing man-
agement. Overall, there is a strong need for additional
research on phenological differences to refine our under-
standing of subspecies-specific ecological niches and inva-
sion potential under varying climates and environments.
Our finding that H. v. lithuanica sprouts proportionally with
increased chilling yet retains the ability to sprout without
chilling suggests that it represents an intermediate form
between monoecious and dioecious hydrilla, underscoring
its unique plasticity and the importance of continued com-
parative study.
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