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Abstract In recent decades, invasive shrubs have replaced
herbaceous wetlands in many parts of the world. In Florida,
the native shrub Salix caroliniana Michx. (Carolina willow)
expanded its distribution throughout the upper St. Johns Riv-
er, replacing herbaceous marshes with willow swamps. To
identify ways to prevent its expansion, we experimentally
tested the effects of watering regime, temperature, substrate,
and seed source on willow germination and seedling survival.
In growth chamber experiments, germination and survival
were most affected by watering regime and were greatest in
saturated, organic soils. Survival decreased with soil inunda-
tion and on drier, sandy soils. Variable texture and nutrient
content in native soils had no differential effect on germina-
tion or survivability of willow. Time of seed production, seed
source, and delay in watering significantly affected germina-
tion. Seed germination occurred quickly after being sown.
However, seed viability declined just as quickly. Whenever a
soil held sufficient water, especially through capillarity, seeds
of Carolina willow germinated and survived well. Seasonal
manipulation of water levels to flood marshes during seed-fall
and to inundate willow seedlings provides managers with an
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effective strategy for reducing establishment of Carolina
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Introduction

Despite a national policy of no net loss of wetlands, the
conterminous USA lost 260,700 ha (644,000 acres) of wet-
lands between 1986 and 1997 (Dahl 2000). Largely
overlooked within Dahl’s (2000) status and trends report
was an increase in freshwater shrub wetlands and a concom-
itant decline in freshwater emergent marshes. These two
trends are causally linked wherever freshwater shrubs displace
herbaceous marsh vegetation. Wetland plants are among the
most notorious invasive species (Zedler and Kercher 2004),
and exotic shrubs such as Melaleuca quinquenervia
(melaleuca), Mimosa pigra (catclaw mimosa), Schinus
terebinthifolius (Brazilian peppertree), and Tamarix
ramosissima (salt cedar) are listed among the world’s “100
Worst Invasive Alien Species” (Lowe et al. 2004). Replace-
ment of herbaceous marshes by near-monocultures of invasive
shrubs generally decreases biodiversity, alters nutrient reten-
tion and sedimentation patterns, lowers the water table, re-
duces surface water flows and stream braiding, and may have
allelopathic effects on native flora (Gordon 1998). However,
these negative ecosystem consequences of wetland invasion
are not limited to exotic shrubs; in central Florida, USA, the
native Carolina willow (Salix caroliniana Michx.) has become
invasive where human activities altered marsh nutrients, hy-
drology, and disturbance regimes.

During the last five decades, Carolina willow encroached
into areas within the upper St. Johns River basin (USJRB) of
central Florida that historically were herbaceous marsh (Lowe
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et al. 1984; Hall 1987; Kinser et al. 1997; Miller et al. 1998),
rapidly colonizing newly created mudflats (Rodgers 1989;
Southall et al. 2003; Ponzio et al. 2006). Coincidentally, an
extensive network of levees and canals facilitated agricultural
production and flood control (SJRWMD 2007), which by
1984 eliminated approximately 38 % of the USJRB floodplain
wetlands (Lowe et al. 1984). Willow expansion transformed
herbaceous marshes, wet prairies, and sloughs into nearly
monospecific, willow shrub swamps (Ponzio et al. 2006).
While the exact conditions favoring willow invasions are
unknown, they have been attributed to altered hydroperiods,
reduced fire frequency, nutrient increases, and disturbance
caused by agriculture and development (Zukowski and
Gawne 2006; Ponzio et al. 2006; Quintana-Ascencio et al.
2013).

Like many invasive wetland shrubs, Carolina willow has
a combination of life-history traits, including both sexual
and vegetative reproduction, which enables rapid coloniza-
tion of disturbed areas (Young and Clements 2003). Caro-
lina willow produces very large numbers of small, hairy
seeds that disperse by wind and running water, do not
exhibit dormancy, and germinate rapidly (Niiyama 1990;
Titus 1991; Karrenberg et al. 2002; Hanselman et al. 2005).
Saturated soils in exposed drawdown zones provide a fa-
vorable environment for its germination and vegetative
expansion (Tallent-Halsell and Walker 2002; Kuzovkina
and Quigley 2005). Combined with its ability to withstand
flooding (once established) by producing adventitious roots
and lenticels (Reyes 2012), these life-history traits allow
Carolina willow to rapidly colonize and persist in wetland
ecosystems.

Effectively controlling invasive wetland shrubs requires an
understanding of the factors affecting their early life-history
stages, particularly water availability, soil characteristics and
nutrients, temperature, and genetic variation (e.g., Taylor and
McDaniel 1998; Sher et al. 2002; Ainouche et al. 2009). We
explored the importance of these factors to germination and
early survival of Carolina willow in three experiments con-
ducted in a growth chamber. In Experiment 1, we manipulated
watering regime; in Experiment 2, we tested the effect of
different soils and seed source; and in Experiment 3, we
assessed the influence of temperature regime, production
timing, delay in watering, and seed source. In all three exper-
iments, we quantified the effects of treatments on germination
and early survival of Carolina willow. Our objective was to
identify conditions limiting willow recruitment and establish-
ment and to provide information for willow management and
marsh restoration, both in the USJRB, and elsewhere in the
world where Salix species are invasive. For example, Salix
babylonica, S. cinerea, and S. humboldtiana are listed as
invasive alien species in Australia (GISD 2013), where a
national task force was established to control invasive
willows.
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Methods
Seed Collection

We collected mature catkins of Carolina willow at the peak of
its March-April reproductive season in the USJIRB (Fig. 1).
We pulled whole seeds covered with woolly hairs from
opened catkins, and placed them into a plastic bag. We inflat-
ed, closed, and shook the bag to remove the woolly hairs, and
sorted the released seeds. We selected only green seeds for all
experiments because rough, brown seeds were non-viable (L.
Castro-Morales, pers. obs.). Seeds were sown within 24 h of
collection except as indicated below.

Experiment 1: Watering Regime

The USJRB has a humid subtropical climate, with a distinct
dry season in winter and a wet season in late spring to early
fall. Water levels fluctuate dramatically and expose willow
seeds to the entire range of drought to flood conditions. In
certain areas, water level can be manipulated for restoration
and management (Quintana-Ascencio et al. 2013). We, there-
fore, evaluated the effect of water regimes on germination and
seedling survival of Carolina willow. Experiment 1 had six
hydrologic treatments that were replicated six times. Hydro-
logic treatments were: 1) continuous flooding, with water
maintained 5 cm above the soil surface; 2) saturated soil
continuously kept moist by capillarity, by keeping the outside
container always filled with 2 cm of water; 3) soil watered
daily; 4) soil watered once every 3 d; 5) soil watered once
every 5 d; and 6) sandy soil watered once every 8 d. These six
treatments represented the range of hydrologic conditions that
willow seeds experience in the field, from inundated soils to
extreme drought.

On March 7, 2009, we filled 420 ml plastic pots with ~90 g
of commercial potting soil (Earthgrow potting soil ®, Scotts
Company, Marysville OH, USA) or with a native, sandy soil
collected from St. Johns Marsh Conservation Area. We then
moistened pots to field capacity with tap water and placed
each pot into a separate 946 ml plastic container. We scattered
20 seeds of Carolina willow, collected on March 6th, onto the
soil surface of each pot. Immediately after sowing, we applied
one of the six hydrologic treatments. We established six
replicates per treatment (total N=36) and kept pots in a
CMP 4030 plant growth chamber (CONVIRON, Canada).
We rearranged pots weekly to minimize spatial bias. We set
temperature conditions to simulate early field germination
season using winter temperature data and daily light schedules
(with variable fluorescent 30 W bulbs and incandescent 60 W
bulbs) from Archbold Biological Station, Lake Placid, Flori-
da. We recorded germination and survival daily for 30 d.
Germination was defined as appearance of cotyledons.
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Fig. 1 Sites of gray up pointing
triangle seed and black circle soil
sampling within the upper St.
Johns River basin, Florida, USA:
Blue Cypress Marsh
Conservation Area (BC), River
Lakes Conservation Area (RL),
and St. Johns Marsh Conservation
Area (SJ))

Experiment 2: Soil and Seed Source

The USJRB includes a wide range of soil types, from deep,
organic muck to inorganic, sandy soils (USDA 1974). Agri-
culture and human development have contributed excess nu-
trients to some sites, forming soils with different combinations
of texture and nutrients. The USJRB also spans 125 km from
north to south, creating the potential for local variation in
willow demographic parameters. We therefore evaluated ger-
mination responses of Carolina willow to soil type/nutrient
concentrations and seed source.

Experiment 2 was also implemented in the CMP 4030
growth chamber and had a 6 x 4 factorial design that was
replicated 5 times. Treatments were all possible combinations
of six soils crossed with four seed sources (i.e., 24 treatment
combinations and five replicates). Soils originated from one of
three different sites (Fig. 1): Gator muck (Gator Soil Series,
USDA 1989: bulk density 0.04 g/cm?®, organic matter 91—
93 %), a very poorly drained, thick loamy soil from Blue
Cypress Marsh Conservation Area (BC); Montverde peat

N
Titusville

eLake\Placid

)\ US Route 192

:’I’mpcn} of St. Johns River Water
Management District

0 10 20 km
| " |

State Route 60

(Montverde Soil Series, USDA 1974: bulk density ~0.6 g/
cm® [approximated value obtained for Micco peat, a similar
soil in the same area], organic matter 70 %), a poorly drained,
thick organic soil from River Lakes Conservation Area (RL);
and Floridana sand (Floridana Soil Series, USDA 1990; bulk
density 1.1 g/em’®, organic matter 2 %), a poorly drained,
sandy soil from St. Johns Marsh Conservation Area (SJ).

We followed standard procedures for soil collection and
handling and analyzed soil porewater nutrients of these three
soils following EPA guidelines (O’Dell 1993 a,b,c; Martin
etal. 1994). Deionized water was added to soil samples with a
dilution factor of 10:1 for peat and 2:1 for sand, respectively.
Soil/water slurries were shaken for 1 h and centrifuged for
10 min at 6,000 rpm to extract diluted porewater samples. The
supernatant was filtered using a 0.45 mm membrane filter
with a vacuum filtration apparatus. Porewater samples were
preserved, as appropriate, and sent to the laboratory for anal-
ysis. Nutrient concentrations in the porewater of these soils
were: 0.095+0.005 mg/L NOx- (mean + s.d., n=3), 0.047+
0.023 mg/L NH4+, 0.105+0.012 mg/L PO4-, and 0.326+
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0.016 mg/L K+ for pure BC soil; 0.064+0.006 mg/L NOx-,
0.148+0.031 mg/L NH4+, 0.086+0.011 mg/L PO4-, and
0.105+0.014 mg/L K+ for pure RL soil; and 0.055+
0.004 mg/L NOx-, 0.249+0.06 mg/L NH4+, 0.114+
0.011 mg/L PO4-, and 0.230+0.034 mg/L K+ for pure SJ
soil. We created three more soil treatments using 1:1 mixtures
of the three original soils, to explore willow responses along
the gradient of soil textures and nutrients.

On March 27, 2009, we filled pots with soils that varied in
texture and nutrient concentration. We moistened all pots to
capacity with tap water and planted 30 seeds of Carolina
willow collected on March 25, 2009 from one of four sites
in the USJRB (Fig. 1). As in Experiment 1, we rearranged pots
weekly to minimize spatial bias and used identical tempera-
ture conditions. We watered as needed to maintain the outside
containers with tap water 2 cm deep, thereby watering soil
interstices by capillarity. This was the best germination con-
dition in Experiment 1. We again recorded germination and
survival daily for 30 d.

Experiment 3: Temperature, Seed Source, Production Timing,
and Delay in Watering (or Initiation of Watering)

Our third growth chamber experiment investigated fine-scale
variation in the timing of willow germination. Detailed infor-
mation about timing is vital for controlling willows, which
often release seeds during a small window of conditions
favorable for germination (e.g., Stromberg et al. 2007). In
Central Florida, Carolina willow has a short flowering season,
ranging from late winter (late February) to early spring
(April). We, therefore, assessed the effect of temperature
regime, seed source, time of production, and time to watering
(loss of viability, see below) on germination success. A com-
plete factorial design this size was impractical, so Experiment
3 had a nested design, where outer treatments were one of two
temperatures (simulated northern and southern temperature
regimes), and seeds were collected at one of three times (early,
middle, and late flowering seasons). Nested within these outer
factors, we crossed two seed sources (northern and southern
locations) with six times to watering (0, 2, 4, 6, 8 or 10 d after
collection). Each of these 12 inner factors were replicated
three times and the total number of Petri dishes was 216.

We collected seeds of Carolina willow from the southern
(State Route [SR] 60) and northern (SR 50) regions of the
USIJRB (Fig. 1) during the 2010 reproductive season. Because
reproduction begins earlier in the south, we collected seeds on
an overlapping schedule: southern region, early (March 11),
middle (March 19), and late (April 8); and northern region,
early (March 19), middle (April 8) and late (April 22). On
each collection date, we gathered seeds from three different
willows within each region. We pooled seeds within regions
and placed 30 seeds onto filter paper in plastic Petri dishes
(55 mm diameter x 15 mm depth) within the CMP 4030
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growth chamber and rearranged them weekly to minimize
spatial bias. We randomly distributed Petri dishes into two
chambers, which had two different temperature regimes that
represented the spring temperature of the USJRB in either the
northern (Titusville, FL) or southern region (Lake Wales, FL).
We then applied one of six different watering treatments:
seeds were watered (with tap water) the same day they were
collected, or 2, 4, 6, 8 or 10 d after collection. We then
collected germination data daily for 16 d.

Data Analysis

In Experiments 1 and 2, we compared minimum time elapsed
for germination (Min lag), mean time elapsed for germination
(Mean lag), time elapsed for 50 % of seeds to germinate
(Response time Ts(), maximum number of seeds germinated
in a day (Max germination), and total proportion germinating
(G) among treatments (e.g., Barnea et al. 1991; Shipley and
Parent 1991; Ponzio 1998; Traveset et al. 2001). We used
survival analysis models with constant (exponential) and var-
iable (Weibull) hazards to evaluate germination and survival
schedules (Crawley 2007). One-way ANOVA was performed
to test for differences in survival. We used Tukey’s HSD as a
post hoc test to identify which means differed significantly.
We inspected model residuals and found no evidence of
significant departures from homoscedasticity and normal error
distributions. The Type I error rate for all tests was a=0.05.
Analyses were performed using R (R Development Core
Team 2011).

In Experiment 3, we used nested ANOVA to test the effects
of seed source, production timing, temperature regime, and
initiation of watering regimes on germination. Temperature
regime in the growth chamber and production timing were the
between-effects in this analysis; the two factors nested within
were seed source and initiation of watering (Table 3).

Results
Experiment 1: Watering Regime

Most seeds germinated 3 — 5 d after the start of the experiment
(Tables 1 and 2; Figs. 3 and 4). Percent germination on
commercial potting soil and native sand was moderate (range
25-63 %) in all treatments (Table 1). The variable hazard
Weibull model better represented the germination schedule
than the exponential model because most germination oc-
curred rapidly, generally during the first 5 d (Fig. 2). Mean
lag time, response time Tso, and maximum germination rate
did not differ significantly among treatments (Table 1). Across
all treatments, mean lag time was 4.6+0.17 d (hereinafter,
mean + 1 SE), response time Tsy was 3.84+0.12 d, and max-
imum germination rate was 5.2+0.41 seeds/d (out of 20
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Table 1 Germination attributes of Carolina willow in winter temperatures as a function of watering treatments

Min lag (days) Mean lag (days) Tso (days) Max germination (seeds) G

Mean SE Mean SE Mean SE Mean SE Mean SE
Continuously flooded 38 0.2 54 0.5 4.0 0.0 53 1.2 0.4 ab 0.06
Saturated 33 0.2 4.6 04 3.7 0.2 7.5 1.1 0.6a 0.09
Water daily 3.8 0.5 4.6 0.5 4.0 04 5.3 0.9 0.4 ab 0.07
Water every 3 d 33 0.2 4.4 0.3 4.0 04 5.0 0.7 0.4 ab 0.04
Water every 5 d 3.5 0.2 4.8 0.5 35 0.2 43 0.8 0.4 ab 0.08
Sand Water every 8 d 32 0.2 3.8 0.1 3.7 0.2 3.7 0.8 02b 0.06
Overall mean 3.5 0.1 4.6 0.2 3.8 0.1 5.2 0.4 0.4 0.03
F 530 1.1 1.6 0.6 2.0 32
P 0.4 0.2 0.7 0.1 0.02

Means with different letters were significantly different after Tukey’s HSD test; significance assumed at P<0.05 (20 seeds total). Minimum time elapsed
for germination (Min lag), mean time elapsed for germination (Mean lag), time elapsed for 50 % of seeds to germinate (Response time Tsg), maximum
number of seeds germinated in a day (Max germination), and total proportion germinating (G)

seeds). However, the total proportion of seeds germinating
(0.63+0.09) was significantly higher for seeds sown in the
saturated treatment on commercial potting soil than for those
on sand watered every 8 d. The proportion of seedlings that
survived 30 d in the saturated treatment (0.89+0.03; Fig. 2b)
was significantly higher than all other treatments (all Z>2.88,
p<0.004). No seedlings survived to 30 d in the driest treat-
ment: sand with 8 d between watering.

Experiment 2: Soil and Seed Source

The total proportion of seeds germinating on soils collected
from natural sources was higher (0.90 — 1.00) than on the
commercial potting soil used in Experiment 1. Germination
occurred rapidly and a Weibull model again best described the
germination schedule (Fig. 3a). Minimum lag time, mean lag
time, response time Tso, maximum germination rate, and total

proportion germinating did not differ significantly among soil
types (all F5;5<0.96, p>0.49), but mean lag time and total
proportion germinating varied among seed sources (Table 2).
Mean lag time ranged from 3.4 to 4.8 d, mean T, from 3.0 to
3.5 d, and maximum germination rate from 18.8 to 23.8 seeds/
d (total seeds=30; Fig. 3a) among seed sources. Mean lag
time was shorter and total proportion germinating was higher
for seeds from northern sources (SR 46 and SR 50; Table 2;
Fig. 3b). There was no support for overall differences among
soils or seed sources in total proportion of seedlings surviving
(both F<1.01, p>0.45), which averaged 0.84+0.12.

Experiment 3: Temperature Regime, Seed Source, Collection
Season, and Initiation of Watering

We did not find significant effects of production timing or
temperature regime (Table 3 and Fig. 4). However, we did find

Table2 Germination attributes of Carolina willow among seed sources listed in a decreasing gradient of latitude (SR 46 is the northern site). Interactions

could not be evaluated with these data

Min lag (days) Mean lag (days) Tso (days) Max germination (seeds) G

Mean SE Mean SE Mean SE Mean SE Mean SE
SR 46 3 0 34a 0.17 3.0 0.00 23.8 2.56 1.0 0.01
SR 50 3 0 3.6 ab 0.14 3.0 0.00 22.0 1.73 1.0 0.03
US 192 3 0 3.7 ab 0.17 3.0 0.00 18.8 2.24 0.9 0.03
SR 60 3 0 48D 0.55 35 0.34 21.0 0.68 0.9 0.05
Overall mean & SE 3 0 39 0.2 3.1 0.1 214 0.98 0.9 0.02
F320 4.03 2.14 1.15 3.18°
P 0.02 0.13 0.35 0.046

Means with different letters were significantly different after Tukey’s HSD test; significance assumed at P<0.05 (30 seeds total). Minimum time elapsed
for germination (Min lag), mean time elapsed for germination (Mean lag), time elapsed for 50 % of seeds to germinate (Response time Tsp), maximum
number of seeds germinated in a day (Max germination), and total proportion germinating (G)

* Tukey contrasts NS
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Table 3 Nested ANOVA for germination of Carolina willow by simu-
lated temperature (Northern Regime/Southern Regime), collection season
(Early, Middle, Late), seed source (North, South), and initiation of
watering: (0, 2, 4, 6, 8 or 10 d after collection). Table entries include
degrees of freedom (df), sums of squares (SS), mean squares (MS), F-
ratios (F) and significance levels (P)

Source of variation

Between df SS MS F P
Temperature 1 66 66 4.43 0.17
Error 2 30 15

Season 2 433 216 1.87 0.27
Error 4624 115.6

Within df SS MS F P
Source of seeds 1 44 44 2.575 0.11
Watering 5 29,412 5,882 347.79 <0.001
Source: Watering 5 319 64 3.767 0.003
Residuals 199 3,366 17

a decrease in germination with delay in watering. We also
found an interaction between watering delay and source of
seeds with longer viability for those seeds from the southern
region (Fig. 4c). The total proportion of seeds germinating
was significantly greater when they originated from the south-
ern region (0.52 vs. 0.46 respectively).
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Fig.2 Mean (£ 1 SD) proportion of Carolina willow germinating (a) and
proportion of germinated seeds that survived (b) under different watering
regimes in Experiment 1. * indicates a treatment that differed significantly
(p<0.05) from all others
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Fig. 3 Germination of Carolina willow among different soils (a) and
seed source locations (b). Blue Cypress Marsh Conservation Area (BC);
River Lakes Conservation Area (RL); St. Johns Marsh Conservation Area
(SJ). Mixed soils were 1:1 ratios by volume of all possible combinations:
BC/RL, BC/SJ and SJ/RL

Discussion

Exotic wetland shrubs usually become invasive because they
are superior competitors than the native species they displace
(e.g., Gordon 1998). For example, Tamarix spp. tolerate soil
salinity better than native riparian plants, which gives tama-
risks a competitive advantage and the potential to spread
throughout the entire southwestern USA (Morisette et al.
2006) and arid central Australia (Griffin et al. 1989). In
contrast, invasions of native wetland shrubs usually occur
following anthropogenic disturbances of herbaceous wetlands
altering the context of their interactions. Agriculture distur-
bance, altered tidal regimes and increasing nutrient levels and
sedimentation have been hypothesized as causes of the re-
placement of saltmarsh by mangroves in south-east Australia
(Saintilan and Williams 1999). Worldwide, expansion of wil-
low species is associated with reduced water fluctuation, fire
suppression, nutrient increases, and expansion of farming and
urbanization (Zukowski and Gawne 2006; Ponzio et al. 2006;
Quintana-Ascencio et al. 2013). Identifying cost-effective
ways to halt and eventually reverse invasions of exotic or
native shrubs into herbaceous wetlands is vital for preserving
native biodiversity and ecological services, as well as eco-
nomic functions and social values.

We conducted three experiments in growth chambers over
2 years using Carolina willow seeds and soils from several
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of collection time (a), temperature regime (b), seed source (¢) and days
until watering. Confidence intervals are asymmetrical because they were
back-calculated from the angularly-transformed data used for hypothesis
testing. Collection time was early, middle, or late in the flowering season
at each location

locations in the upper St. Johns River basin. The results
consistently demonstrated that germination and early seedling
survival of Carolina willow were strongly affected by the time
delay between seed collection and watering, watering regime,
and seed source. These environmental factors can be manip-
ulated to reduce willow expansion into riparian zones that
historically were herbaceous marshes, and to restore and
maintain these marshes after mature willows are removed.
This is a cost-effective means of controlling willows and
mirrors the hydroperiod manipulations used to return arid
streams dominated by invasive salt cedars back to the native

communities of cottonwoods (Populus sp.) and black willow
(S. nigra; e.g., Taylor and McDaniel 1998).

Only green seeds of Carolina willow were viable (L.
Castro-Morales, pers. obs.) and successful germination was
strongly influenced by water availability. More than 90 %
germination occurred under saturated conditions, and germi-
nation success was greatest when seeds were watered imme-
diately after collection. Carolina willow seeds started losing
viability just 5 d after seeds were released. Upon release,
willow seeds are covered by woolly hairs contributing to their
dispersal by wind or buoyancy on the water surface (Douglas
1995; Liotta 2001; Karrenberg et al. 2002). Similar to those of
Carolina willow, once seeds of other Salix spp. lose their
woolly hairs and contact water or wet soil, germination occurs
rapidly, usually within 24 h (Siegel and Brock 1990; Douglas
1995; Karrenberg et al. 2002; Seiwa et al. 2008). Although
seeds of Carolina willow did not show dormancy in our
experiments, germination was possible for several months
for seeds held without moisture or light in a refrigerator,
suggesting that viability may be longer than 10 d in more
northern latitudes. However, most seeds we collected and held
for more than a month under low temperature germinated, but
none survived after a few days (L. Castro-Morales, pers. 0bs.).
Monitoring willow flowering and limiting availability of
moist, open substrates when seeds are dispersing (especially
on organic soils) is one way to curtail colonization of Carolina
willow into open herbaceous marshes. This is the reverse case
to exploiting willow’s hydrological window to facilitate its
establishment over other riparian zone species (e.g.,
Stromberg et al. 2007).

Soil moisture was fundamental for survival and establish-
ment of Carolina willow. While some willow species (e.g.,
S. viminalis: Splunder et al. 1995) are drought tolerant, seeds
and seedlings of Carolina willow and other species die after
just 8 — 9 d without watering or precipitation (McLeod and
McPherson 1973; Sacchi and Price 1992; Johnson et al. 2007,
Quintana-Ascencio et al. 2013). In our experiments, most
willow seeds sown onto dry, sandy soil and held without water
for 8 d failed to survive, but seeds with access to water had
high mean germination and survival rates. However, germi-
nation and seedling survival still depended on relatively sub-
tle, centimeter-scale differences in water levels. Seeds in sat-
urated soils kept moist by capillarity had the highest germina-
tion rates and consistently had the highest seedling survival.
Willows in this treatment had access to unlimited water but
did not experience anaerobic substrates. Flooded seeds had
germination rates similar to seeds on saturated soils, but
seedling survival was lower. Inundation conditions with
higher water levels than those evaluated in our study (5 cm
depth) may decrease survival further. Seedlings and saplings
flooded to or above the soil surface show adverse responses
ranging from diminished growth and photosynthesis to mor-
tality (Jones et al. 2006; Quintana-Ascencio et al. 2013).
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Flooding also decreases seed viability by preventing the emer-
gent radicle of floating seedlings from contacting the substrate
(Titus 1991; Taiz and Zeiger 2002). Flooding, therefore, is a
potential management strategy for reducing willow seedlings
in an invaded wetland. We demonstrated its efficacy in two
field experiments (Quintana-Ascencio et al. 2013), but we
caution that once willows become small saplings (> 20 cm
tall), they must be completely inundated for months to cause
mortality (Quintana-Ascencio et al. 2013).

Seed source also explained significant variation in ger-
mination and seedling survival of Carolina willow. How-
ever, aside from longer viability, seed sources had unpre-
dictable effects that varied from one experiment to the
next. From a management perspective, and given Carolina
willow’s short reproductive season, it will be more valu-
able to monitor seeding schedules, and to better under-
stand spatial variation on seed amount, quality, and dis-
persal patterns. However, genetic considerations often are
important in invasions of other wetland species, where
specific genotypes or hybrids are invasive and others are
not (e.g., Spartina sp. in Europe and the USA; Ainouche
et al. 2009).

Despite finer sediments retaining more water and providing
better conditions for willow germination (Karrenberg et al.
2002), and recruitment being limited by moisture and water
availability (Keddy and Constabel 1986), germination and
establishment of Carolina willow did not differ significantly
among the regional soil types we tested. We used soils that
included a range from two pure organic soils to a sandy,
inorganic soil, plus all of their 1:1 mixtures. Whenever a soil
held sufficient water, especially through capillarity, seeds of
Carolina willow germinated and survived well. We found
similar responses in greenhouse experiments with willow
seedlings and small saplings; strong responses to water and
weak or no responses to NH,", PO,~, K™ and micronutrient
supplements (Fauth et al., in prep.). This contrasts strongly
with invasions of cattail (Typha domingensis Pers.) into
sawgrass (Cladium mariscus (L.) Pohl ssp. jamaicense
(Crantz) Kiik) communities in the nearby Everglades,
which are facilitated by enhanced nutrients that strongly
favor cattail (Newman et al. 1996). Because organic soils
that occur near river margins in the USJRB are usually
kept moist by capillarity, it is unlikely that managers can
create conditions dry enough to reduce willow germination.
Inundation during Carolina willow’s reproductive season
may be a more effective management strategy than dry-
down to reduce its establishment by seed. Manipulating
water levels and flows is an effective technique for con-
trolling some invasive wetland plants (e.g., 7ypha: Urban
et al. 1993; Tamarix: Gladwin and Roelle 1998; but
not Melaleuca: Serbesoff-King 2003) and illustrates how
context-dependent interactions can be manipulated to re-
store herbaceous wetland communities.
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