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Effects of Simulated Saltwater Intrusions on the Growth and

Survival of Wild Celery, Vallisneria americana, from the

Caloosahatchee Estuary (South Florida)

PETER H. DOERING'”*, ROBERT H. CHAMBERLAIN!, and J. MICHAEL MCMUNIGAL?

! Watershed Management, South Florida Water Management District, 3301 Gun Club Road,

West Palm Beach, Florida 33406

2 Harbor Branch Oceanographic Institution, 5600 U.S. Route 1 North, Fort Pierce, Florida 34946

ABSTRACT: The effects of simulated saltwater intrusions on the growth and survival of the freshwater angiosperm,
Vallisneria americana Michx., from the Caloosahatchee estuary (southwest Florida, USA) were examined experimentally
using indoor mesocosms. Intrusions were simulated by raising salinity in the mesocosms to 18%eo for varying durations
and then returning the salinity to 3%o. In separate experiments, exposures of short duration (1, 5, 11, and 20 d) and
long duration (20, 30, 50, and 70 d) were examined. Plants held at a constant 3%o served as controls. Mortality was
proportional to the duration of exposure. Statistically significant (p < 0.05) losses of blades and shoots occurred at
exposures of 20 d or longer, although during a 1-mo recovery period at 3%o viable plants survived the 70-d exposure
to 18%o. Expressed as a percentage of initial levels, the extent of recovery after 1 mo was proportional to duration of
exposure. V. americana can survive the salinity stress associated with most intrusions of salt water in the upper Caloo-

sahatchee estuary.

Introduction

Beds of submerged aquatic angiosperms are eco-
logically important in estuarine and marine sys-
tems because they provide habitat for many ben-
thic and pelagic organisms, stabilize sediments, im-
prove water quality, and can form the basis of a
detrital food web (Kemp et al. 1984; Thayer et al.
1984; Fonseca and Fisher 1986; Carter et al. 1988;
Killgore et al. 1989; Zieman and Zieman 1989;
Lubbers et al. 1990). No species of submerged
aquatic angiosperm is strictly limited to waters of
estuarine salinities, and marine species dominate
higher salinity regions (> 20%o) while salt-tolerant
freshwater species inhabit the lower salinity regions
(Kemp et al. 1984). Establishing the effects of sa-
linity on the growth, survival, and reproduction of
these species is key to understanding their distri-
bution and abundance in estuaries.

Wild celery, Vallisneria americana Michx., is a salt-
tolerant freshwater species that occurs in the fresh,
oligohaline, and mesohaline reaches of estuaries in
the eastern United States (Bourn 1932; Lowden
1982). V. americana is dioecious, perennial, and ca-
pable of extensive clonal growth through the for-
mation of stolons (Lovett-Doust and Laporte
1991). Northern populations overwinter as a dor-
mant winter bud buried in the sediments (Titus
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and Hoover 1991). In south Florida, populations
do not completely die back in winter and actively
growing plants may be found all year (Dawes and
Lawrence 1989).

In sub-tropical South Florida, there is a promi-
nent seasonal variation in salinity driven by wet sea-
son (May-October) and dry season (November—
April) differences in rainfall and runoff. During
the winter dry season, significant up-estuary salt-
water intrusions of varying strength and duration
can occur. The tolerance of V. americana to salini-
ties of different strength has been investigated pre-
viously (Doering et al. 1999). Here we examine the
tolerance of V. americana to simulated saltwater in-
trusions of constant strength but varying duration
and the re-growth or recovery of V. americana fol-
lowing these intrusions.

Study Area

The Caloosahatchee estuary is located on the
southwest coast of Florida, USA (Fig. 1). The major
source of freshwater is the Caloosahatchee River,
which runs 65 km from Lake Okeechobee to the
head of the estuary at the Franklin Lock and Dam
(S§-79, Fig. 1). Beds of V. americana can occur up to
30 km downstream of S-79 but grow most luxuri-
antly upstream of the bridges at Ft. Myers, espe-
cially in the upper estuary around Beautiful Island
(Fig. 1; Chamberlain and Doering 1998). When
conditions are favorable, V. americana exhibits a
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Fig. 1.
salinity recorders at the Route 31 and Ft. Myers Bridges.

seasonal pattern of growth, with highest biomass
achieved in the late summer, flowering in the late
summer-early fall, and a winter decline in biomass
(Bortone and Turpin 2000). Like other popula-
tions in Florida, V. americana does not completely
die back in winter (Dawes and Lawrence 1989).
Although viable rosettes can normally be found in
the Caloosahatchee any time of the year, the den-
sity of V. americana begins to decline as salinity rises
above 10%o0 (Chamberlain and Doering 1998).

In the upper estuary, temporal fluctuations in
salinity are largely driven by freshwater discharge
at S-79 (Fig. 2). During periods of high discharge,
usually during the summer wet season, the system
turns fresh. During periods of low discharge, usu-
ally during the winter dry season, salt water in-
trudes up the estuary. Daily rates of change can be
on the order of 2%o0 d~! at the Ft. Myers bridges
(Doering et al. 1999). Analysis of long-term re-
cords of salinity (Fig. 2) at the Ft. Myers bridges
downstream of Beautiful Island and at the Rt. 31
Bridge, upstream of the island, reveal the character
of saltwater intrusions into the upper estuary. Salt-
water intrusions (= 10%o) may last for over 100 d,
but almost all (> 90%) are less than 70 d and me-
dian durations are relatively short (5-12 d, Table
1). Peak salinities average 13-14%o which is near
V. americana’s upper tolerance limit for growth
(15%0; Doering et al. 1999) but may exceed this

Distribution of Vallisneria americana in the Caloosahatchee estuary. Also shown is the collection site and the location of

(Table 1). Most peak salinities are less than 18%o
(75% at the Ft. Myers bridges and 100% at the
Route 31 Bridge). The peak salinity achieved dur-
ing an intrusion is related to the duration of the
intrusion at both the Rt. 31 Bridge (Spearman’s r
= 0.864,n = 11, p < 0.05) and at Ft. Myers (Spear-
man’s r = 0.837, n = 25, p < 0.05). This relation-
ship probably reflects the cumulative effect of suc-
cessive tides mixing seawater further up the estu-
ary.

Materials and Methods

Saltwater intrusions were simulated using an ex-
perimental mesocosm facility located indoors at an
aquarium facility at the Gumbo Limbo Nature
Center in Boca Raton, Florida. Plants were grown
in ten cylindrical mesocosm tanks (1.3 m in di-
ameter X 1 m deep) filled with water to a depth
of 60 cm (volume = 800 1). A 1,000 Watt metal
halide lamp, kept on a L:D photoperiod of 12:12
h, supplied light to each tank. Salinity was con-
trolled by mixing appropriate volumes of freshwa-
ter and salt water (total volume = 114 1) from each
of two head tanks (one for salt water, one for fresh-
water) located above each mesocosm. Volume in
individual head tanks was controlled using stand-
pipe drains and salinity was manipulated by chang-
ing relative standpipe height in the two head tanks.
Head tanks were alternately filled and emptied
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Fig. 2. Daily average freshwater discharge at $-79 and salinity
at the Route 31 and Ft. Myers Bridges from records maintained
by the South Florida Water Management District.

into the mesocosms using solenoid valves con-
trolled by timers. Mixing was achieved by deliver-
ing water from the head tanks to a mesocosm
through a common pipe and by a 7-watt submers-
ible pump located in the mesocosm itself. Water
was delivered in a series of 114-1 pulses, replacing
the volume in the mesocosms 3 times per day. Salt
water was pumped from the Atlantic Ocean. Tap
water, passed through a series of charcoal towers
and filters (20 micron pore size) to remove chlo-
rine, was used as a source of freshwater.

Two experiments were conducted to examine
the response of V. americana to, and its recovery
from, exposure to varying periods of high (18%o)
salinity. The first experiment lasted from March 24,
1997 to May 28, 1997 (66 d) and examined short-
term exposures of 1, 5, 11, and 20 d duration. The
second experiment lasted from January 5, 1998 to
May 1, 1998 (117 d) and examined longer term
exposures of 20, 30, 50, and 70 d. To examine the
ability V. americana to recover, treatments in both
experiments were observed for a minimum of 30
d following exposure.

TABLE 1. Characteristics of salt water intrusions at two stations
in the upper Caloosahatchee estuary: Route 31 Bridge (Rt. 31)
and Ft. Myers Bridges (FTM). Saltwater intrusions defined as
beginning when salinity rises above 10%¢ and ending when sa-
linity falls below 10%o.

Peak Salinity (%o) Duration (d)

Station n Mean  Median Max Mean Median  Range

Rt. 31 11 134 1310 178 253 5 3-126
FIM 25 146 127 27.1 26.8 12 1-225

COLLECTION OF PLANTS

V. americana were collected from a site adjacent
to Beautiful Island in the Caloosahatchee estuary
(Fig. 1). Plastic, rectangular tubs (14 cm H X 24
cm L X 15 cm W) were filled with sieved (0.25 cm?
mesh) sediment in the field. Plants, including
roots, were carefully removed by hand from the
sediment, placed in ice chests, covered with water
from the site, and transported back to the labora-
tory on the day of collection. Plants were held over-
night, in the dark, at 3%o in a mesocosm tank. On
the following day, rosettes were planted in the tubs
by burying roots in the sediment. Tubs were dis-
tributed among the mesocosms (5 tubs per meso-
cosm) and held at 3%o for a 4-7 week acclimation
period. Plants for the short-term experiment were
collected on February 25, 1997 and for the long-
term experiment on November 10, 1997. Salinity
was 3%o at the collection site on both occasions.

Planting and acclimation of rosettes for the
short-term experiment followed procedures previ-
ously established by Doering et al. (1999). In the
short-term experiment, 4 rosettes were planted in
each tub and new shoots produced during accli-
mation were removed to ensure consistent initial
conditions. To improve estimates of mortality in
the long-term experiment, 6 rosettes per tub were
planted and new shoots produced during accli-
mation were not removed.

SALINITY EXPERIMENTS

In both experiments, two mesocosms were as-
signed to each exposure treatment. Exposure con-
sisted of raising the salinity from 3%o to 18%o at a
rate of 2-3%o0 d!, holding it at 18%eo for the ap-
propriate duration and then lowering the salinity
back to 3%o at a rate of 2-3%o d~! (Table 2). Fol-
lowing return to 3%o, treatments were observed
for a recovery period of approximately 1 mo (28—
30 d). An experiment was terminated at the end
of the recovery period for the longest exposure
treatment (Table 2). Both experiments included a
control treatment in which salinity remained at
3%o.

The following non-destructive measurements
were taken over time in both experiments: number
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TABLE 2. Time course of each experiment. Values are day of experiment. In both experiments, measurements were taken in each
treatment and controls on Day 1 when lowering salinity back to 3%o was complete, at the end of the recovery period, and at the end
of the experiment. Additional measurements also were taken over time in the long-term experiment.

Treatment Raise Salinity Exposure to 18%o Lower Salinity End of Recovery End of Experiment
Short-term experiment
Control — — — — 66
1 day 1-9 10 11-19 47 66
5 day 1-9 10-14 15-23 51 66
11 day 1-9 10-20 21-29 57 66
20 day 1-9 10-29 30-38 66 66
Long-term experiment
Control — — — — 117
20 day 1-9 10-29 30-38 67 117
30 day 1-9 10-39 40-48 78 117
50 day 1-9 10-59 60-68 96 117
70 day 1-9 10-79 80-88 117 117

of shoots per tub, number of blades per tub, num-
ber of blades per shoot, and blade length of 20
randomly selected blades from each tub. Sampling
was more frequent during the long-term experi-
ment. Treatments in both experiments were sam-
pled at the beginning of exposure (salinity starts
to rise from 3%o), the end of exposure (salinity
returns to 3%o), after 1 mo of recovery (28-30 d
after the end of exposure), and at the end of an
experiment.

Once a week, tanks were scrubbed to remove
wall growth and any epiphytic growth was gently
removed by hand from plant blades. Although not
quantified, epiphytic growth was not extensive and
no differences between treatments were apparent.
This routine cleaning procedure ensured that epi-
phytic growth did not confound the experimental
results. Salinity and temperature were monitored
hourly in each mesocosm by a YSI 600XL data
sonde connected to a data logger. Photosyntheti-
cally active radiation (PAR) was checked weekly
with a LICOR spherical quantum sensor and data
logger and adjusted to 425-550 wmol photons m~2
s~! at the bottom of the tank by raising or lowering
the lamp. This light intensity is well above the I,
of 200 pmol photons m~2 s™! for V. americana (Har-
ley and Findlay 1994).

STATISTICAL ANALYSIS

The treatments, including control, were com-
pared at three times using a two factor repeated
measures analysis of variance (Winer 1971). The
factors were exposure treatments with five levels
and time with three levels. Levels of the time factor
were the beginning of exposure (Day 1), the end
of exposure (when salinity returned to 3%o), and
after 1 mo of recovery. Because the mesocosms
were the experimental units in this analysis, data
were averaged across tubs within each mesocosm.
This procedure yielded one observation per me-
socosm per sample date and two observations per

treatment per sample date. Statistically significant
(p < 0.05) differences between main effect means
(treatment or time) were further evaluated using
Fisher’s LSD test (Winer 1971). Statistically signif-
icant interactions between treatment and time
were evaluated following Winer (1971) and Keppel
(1973). Differences between times at each level of
treatment were examined using Fisher’s LSD test
(Winer 1971), while differences between treat-
ments at each time were examined using a two-way
ANOVA with mesocosms nested within the treat-
ment factor (Keppel 1973). Significant differences
between treatment means detected by this ANOVA
were evaluated with the LSD test. Because the con-
trol was not exposed to high salinity, samplings for
the end of exposure and 1 mo of recovery were
arbitrarily selected to match those for the shortest
salinity exposure treatment (1 or 20 d, depending
on the experiment). This procedure artificially re-
duced differences between controls and treat-
ments and therefore provides conservative esti-
mates of these differences.

In each experiment, all treatments except those
of longest duration (20 or 70 d) were followed for
more than 1 mo after exposure. A second repeated
measures ANOVA (treatment X sample date) was
conducted to determine the relationship between
treatments at the end of the experiment (Day 66
and 117 for the short-term and long-term experi-
ments) and if further recovery to initial levels had
occurred in any of the treatments. Dates included
those in each experiment upon which all treat
ments were sampled. Significant main effects and
interactions were evaluated as previously de-
scribed.

RATE OF RECOVERY

To compare rates of recovery, postexposure
shoot counts were modeled using the exponential
growth equation (N, = N,e™, where N, = number
of shoots at time 0, N, = the same at time t, and r
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= the exponential growth coefficient) after shoot
counts were log e transformed to linearize growth
curves. Growth coefficient slopes (r) from the dif-
ferent treatments were compared using analysis of
covariance (Winer 1971). Two hypotheses were
tested using appropriate ANCOVA models: wheth-
er slopes in the treatments were different from
zero and whether slopes in the treatments were
equal to each other. After visual inspection of
graphs, post-exposure periods of time over which
exponential growth appeared to occur were cho-
sen for analysis. Post-exposure growth in the short-
term experiment was sufficient for comparison of
all treatments. In the 70-d treatment of the long-
term experiment, there were too few data to cal-
culate growth rates. All statistical analyses were con-
ducted using SAS Version 6 (SAS 1989).

Results

With few exceptions, measured salinities over
the course of both experiments were maintained
within * 1%o of nominal treatment salinities (Fig.
3). Failure of the saltwater pumps on day 50 of the
long-term experiment caused salinity to drop to
about 11%o for a brief period in the 50-d and 70-
d treatments. Malfunction of a solenoid valve on
day 93 caused salinity to rise to about 10%eo in one
mesocosm (30-d treatment). Water temperatures
were higher during the shortterm experiment
(range of mesocosm means 24.4-26.1°C) than dur-
ing the long-term experiment (range of mesocosm
means 20.3-24.8°C).

EXPOSURE AND RECOVERY AFTER 1 MONTH

The repeated measures analysis of variance com-
paring treatments at the beginning of exposure, at
the end of exposure, and after 1 mo of recovery
revealed no statistical differences between treat-
ments at the beginning of exposure in either ex-
periment (Tables 3 and 4). In both experiments,
ANOVA results for blades were nearly the same as
for shoots. Number of blades in each mesocosm
varied with the number of shoots in both experi-
ments (X = SD Pearson’s r = 0.915 * 0.084, n =
20 mesocosms, p < 0.05 in all cases) and this re-
lationship accounts for the similarity of ANOVA re-
sults.

In the short-term experiment, only exposure to
18%o for 20 d resulted in a significant loss of
blades and shoots, relative to initial levels (Table
3). After the 1-mo recovery period, shoots and
blades had returned to initial levels. No mortality,
resulting from exposure, was observed in the other
treatments; initial levels and those measured after
exposure were similar. By the end of recovery,
number of blades and shoots either remained un-
changed (11-d treatment) or surpassed initial lev-

20
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Fig. 3. Time course of salinity in the mesocosms during the
two experiments. Numbers refer to duration of exposure to a
salinity of 18%eo.



TABLE 3. Short-term exposure experiment. Results of repeat-
ed measures ANOVA for mean blade length (cm) and mean
number of blades, shoots, and blades per shoot. Letters indicate
results of Fisher’s LSD test. Means with the same letters are not
statistically different at p < 0.05. Capitol letters compare times
within a treatment (down a column). Small letters compare the
five treatments at a particular time (across a row). Absence of
letters indicates that there were no statistical differences asso-
ciated with duration of exposure to 18%o. Means calculated by
first averaging across tubs in a mesocosm and then averaging
the values (n = 2) for the mesocosms.
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TABLE 4. Long-term exposure experiment. Results of repeat-
ed measures ANOVA for mean blade length and mean number
of blades, shoots and blades/shoot. Letters indicate results of
Fisher’s LSD test. Means with the same letters are not statistically
different at p < 0.05. Capitol letters compare times within a
treatment (down a column). Small letters compare the five
treatments at a particular time (across a row). Absence of letters
indicates that there were no statistical differences associated
with duration of exposure to 18%o. Means calculated by first
averaging across tubs in a mesocosm and then averaging the
values (n = 2) for the mesocosms.

Control 1 day 5 day 11 day 20 day Control 20 day 30 day 50 day 70 day

Blades Blades

Initial 30.982 30.1B2 33.1Ba 33,242 32,242 Initial 78.782 89.3A2 9]1.7A2 93,942 77.3Aa

Exposure 45.7%2  32.2Bb  30.2Bb 26.84b 17.3Bc Exposure 102.54B2 67.942>  40.]1Bbc 22 (B«< 8.4B¢

Month 87.642 63.94b  472Abc 30 6Acd 25 24Bd Month 129.742 90.34ab 4].3Bbc 20.4Bc  10.4B<
Shoots Shoots

Initial 4.082 4082 4082 4,04 4,04 Initial 16.142 17.742  16.6A 19.1042 15.7A2

Exposure 5.3Ba  4.6Bab  36Bbc  3.4Ac  2]Bd Exposure 15442 13.3Ba  Q7Bab 5 77Bbc 3 4Bc

Month 12,042 8.6Ab  6.7abc  4.84c 3 .6ABc Month 18.3%2 13.5Bab  §.2Bbc 3 3B« 2.0B<
Blades per shoot Blades per shoot

Initial 7.7 7.5 8.3 8.3 8.0 Initial 4982  5]1Ba  55Ba 5 (Ba 5.0B2

Exposure 8.8 7.2 8.4 8.0 6.9 Exposure 6.842  4]1Cb 4,000 3.2Cbc 2 3Cc

Month 7.4 7.6 7.6 6.1 6.7 Month 7142 57A2  §.9ra 6.3 5.84a
Blade length Blade length

Initial 3.6 3.2 33 3.5 3.4 Initial 3.1 3.1 2.8 2.9 3.3

Exposure 2.9 2.9 2.8 2.3 1.9 Exposure 2.1 1.9 1.6 1.0 0.88

Month 3.9 4.2 38 3.2 2.6 Month 3.4 2.7 2.5 2.2 1.9

els (Control, 1-d, 5-d treatments, Table 3). During
the short-term experiment, no statistical effects of
duration of exposure on number of blades per
shoot were detected (Table 3). Blade length varied
similarly over time in all treatments (including the
control), declining upon exposure and increasing
by the end of the recovery period.

In the 30, 50, and 70-d treatments of the long-
term experiment, exposure to 18%o caused a sig-
nificant loss of blades and shoots which was not
recouped after 1 mo of recovery. In the 20-d treat-
ment, shoots showed a similar pattern, but number
of blades did not change significantly (Table 4).
Mean number of shoots did not change in the con-
trol, but number of blades increased significantly
between the initial measurement and the end of
recovery.

While the number of blades per shoot increased
in the control, exposure to 18%o caused a signifi-
cant decrease in all other treatments (Table 4). Af-
ter recovery, blades per shoot had surpassed initial
levels in all exposure treatments. This growth of
new blades establishes the viability of plants follow-
ing exposure, especially in the 30, 50, and 70-d
treatments where numbers of shoots and blades
did not recover to initial levels. Results for blade
length were similar to those in the short-term ex-
periment.

At the end of exposure in both experiments,
numbers of shoots and blades declined as duration
of exposure increased. When expressed as a per-

centage of initial numbers remaining after expo-
sure, data from both experiments fell on the same
regression lines (Fig. 4).

After 1 mo of recovery at 3%o, the pattern of
decreasing numbers of blades and shoots with in-
creasing duration of exposure persisted in both ex-
periments (Tables 3 and 4). Even shortterm ex-
posures (1, 5, and 11 d), which caused no mortal-
ity, retarded the accumulation of blades and shoots
relative to controls (Table 3). The percent of initial
blades and shoots present after 1 mo of recovery
was also proportional to the duration of exposure
to 18%o (Fig. 4).

FURTHER RECOVERY

Analysis of the short-term experiment by repeat-
ed measures ANOVA (treatment X sample date)
revealed that by the end (Day 66) of the short-term
experiment, only the 1-d treatment had numbers
of blades and shoots similar to the control (Fig. 5).
Although the remaining exposure treatments had
recovered to initial levels after 1 mo, at the end of
the experiment they still had fewer blades and
shoots than the control (p < 0.05). The number
of blades per shoot did not vary between treat-
ments on any day of the experiment (repeated
measures ANOVA, p > 0.05).

Throughout most of the short-term experiment,
longest blades were found in the control or 1-d
treatment (Fig. 5). Because of high variability, sta-
tistical differences were rarely detected on a given
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Fig. 4. Mortality and recovery of blades and shoots as a func-
tion of duration of exposure to 18%o. Closed circles = short-
term experiment, open circles = long-term experiment. Each
point represents one mesocosm.

day of the experiment. At the end of the experi-
ment blade length was similar in the control, 1-d,
and 5-d treatments, but all were significantly lon-
ger than in the 20-d treatment (LSD test). Blades
in the 11-d treatment were of intermediate length
(Fig. 5).

Repeated measures analysis of variance (treat-
ment X sample date) showed that by the end of
the long-term experiment, numbers of shoots and
blades in the 20-d and 30-d treatments were statis-
tically similar to the control (LSD test, p > 0.05)
and except for shoots in the 30-d treatment, had
recovered to initial levels (Fig. 5). Compared to
the control, the 50-d and 70-d treatments had sig-
nificantly (LSD test, p < 0.05) fewer blades and
shoots and had not recovered to initial levels (Fig.
5). The number of blades per shoot in all exposure
treatments recovered to initial levels within a
month following exposure. At the end of the ex-
periment there were no statistical differences be-
tween treatments.

In contrast to the ANOVA comparing treatments
at three times, the repeated measures ANOVA us-
ing all sample dates detected significant treatment

Number of Shoots

Blades per Shoot

Blade Length (cm)

— 0 b
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120 140
Day of Experiment

Fig. 5. Mean (n = 2 mesocosms) number of shoots, blades
per shoot, and length of blades in the treatments during the
two experiments. Means calculated by first averaging across tubs
in a2 mesocosm and then averaging the values (n = 2) for the
mesocosms. C = control, numbers refer to exposure treatment
(1, 5, 11, 20, 30, 50, 70 d). Open circles = end of exposure,
open squares = end of 1-mo recovery. Error bars are * 1 stan-
dard error.

X time effects for blade length in the long-term
experiment (Fig. 5). In all exposure treatments,
exposure to 18%o resulted in a decrease in average
blade length relative to initial values (LSD, p <
0.05). Blade length returned to initial levels after
1 mo in the 20, 30, and 50-d exposure treatments.
After 1 mo, blades in the 70-d treatment were still
significantly (LSD, p < 0.05) shorter than at the
beginning of the experiment. At the end of the
experiment, significant differences between treat-
ments persisted (nested ANOVA, p < 0.05) and
blade length decreased with increasing duration of
exposure (Pearson’sr = —0.893, n = 10, p < 0.05,
Fig. 5).

RATES OF RECOVERY

Data from the short-term experiment were suf-
ficient to calculate and compare exponential
growth rates from all treatments for days 38-66 of
the experiment (Fig. 5). Exponential growth co-
efficients ranged from 0.017 to 0.026 d~! (Table 5)
and analysis of covariance detected no statistical



TABLE 5. Exponential growth coefficients for shoots, r (SE),
calculated for each treatment in the two experiments. Also giv-
en are the r? for the regression, the time period (days of ex-
periment) used to calculate r, and n the number of observa-
tions. * indicates statistical significance at p < 0.05.

Treatment r r? n Days

Short-term experiment

Control 0.024 (0.002) 0.949* 10  38-66
1 day 0.020 (0.005) 0.685* 10  38-66
5 day 0.026 (0.006) 0.674* 10  38-66
11 day 0.017 (0.001) 0.953* 10  38-66
20 day 0.019 (0.004) 0.766* 10  38-66
Long-term experiment
Control 0.013 (0.003) 0.742* 8  88-117
20 day 0.022 (0.003) 0.877* 8  88-117
30 day 0.019 (0.003) 0.876* 8  88-117
50 day 0.014 (0.003) 0.934* 4 107-117

differences between them (F-test for equal slopes
p > 0.20).

In the long-term experiment, exponential
growth rates were calculated for days 88 to 117 for
the control, 20-d and 30-d treatments, and for days
107 to 117 for the 50-d treatment. Exponential
growth coefficients ranged from 0.013 to 0.22 d!
(Table 5) and analysis of covariance detected no
statistical differences between them (F-test for
equal slopes, p > 0.40).

Discussion

While V. americana is clearly salt tolerant, esti-
mates of tolerance limits vary in the literature. Ces-
sation of growth has been reported to occur at
8.4%0 (Bourn 1932, 1934), 6.66%0 (Haller et al.
1974), and 15%o0 (Doering et al. 1999). Laboratory
experiments led Haller et al. (1974) to conclude
that death occurred at 13.3%o, while field obser-
vations suggested that death occurred at salinities
greater than about 15%o0 (Kraemer et al. 1999).
After five weeks of exposure Twilley and Barko
(1990) found no effect of salinity on growth or
mortality in the range of 0%o to 12%o. Differences
between studies may be due to differences in over-
all methodology, to varying methods of exposure
(Twilley and Barko 1990), or to real differences in
salinity tolerance between populations (Doering et
al. 1999).

Results presented here show that mortality of V.
americana from the Caloosahatchee occurs at 18%o,
but the duration of exposure is important. Statis-
tically significant loss of blades and/or shoots oc-
curred after 20 or more days of exposure. This le-
thal limit determined in the laboratory agrees with
transplant experiments conducted in the Caloosa-
hatchee by Kraemer et al. (1999). At one down-
stream site, complete mortality occurred after 2 to
4 weeks of exposure to salinities that were increas-
ing from 15%o0 to 22%o0 (Kraemer et al. 1999).
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Fig. 6. Time course of recovery for average number of
shoots, blades, blades per shoot, and blade length in the 50-d

exposure treatment. The vertical line indicates the end of ex-
posure to 18%o.

In our experiments, the degree of mortality was
proportional to the duration of exposure to 18%eo.
The regression equation (Fig. 4) indicates that an
exposure of 31 d would cause a 50% loss of shoots,
with 10% remaining after 95 d. The relationship
between mortality and duration of exposure at
higher salinities remains to be investigated.

While we observed mortality at 18%o, viable
plants still persisted after 70 d, suggesting that V.
americana shoots can survive most salinity intru-
sions in the upper Caloosahatchee estuary. Our ex-
periments examined the response of V. americana
to single exposures of varying duration. How V.
americana might respond to multiple exposures of
different strength and frequency remains to be in-
vestigated.

We are unaware of any previous studies exam-
ining the recovery of estuarine submerged aquatic
vegetation from salinity stress. The regression
equations in Fig. 4 quantify the effects of duration
of exposure to 18%o on the ability of plants to re-
cover following return to favorable conditions.
Plants exposed to 18%o for 30 d could achieve a
50% recovery of lost blades and shoots during the
following month. Plants exposed to 18%o for 15 d
could fully recover to initial levels within a month
at 3%o.

Our results indicate that recovery is a two-stage
process characterized by an initial allocation of en-
ergy to production and elongation of blades on
individual shoots followed by the clonal produc-
tion of new shoots. Qualitative, temporal changes
in plant attributes support this scenario and such
changes in the 50-d treatment are illustrative (Fig.
6). Immediately following exposure, both blade
length and the number of blades per shoot in-
creased, even as the total number of blades and
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shoots continued to decline. The number of blades
began to increase next due to the continued in-
crease in number of blades per shoot and a reduc-
tion in the loss of shoots. Finally new shoots were
produced.

The two-stage recovery scenario also is support-
ed by the order in which plant attributes recovered
after exposure in the long-term experiment. After
1 mo, blades per shoot had recovered in all treat-
ments and blade length in all but the 70-d treat-
ment, although number of shoots did not recover
in any treatment after a month. By the end of the
experiment only the 20-d treatment, with the lon-
gest time to recover, attained initial numbers of
shoots.

Salinity intrusions have the potential to affect
both the habitat value and the population dynam-
ics of V. americana beds in the upper Caloosahatch-
ee estuary. The abundance of birds and fish asso-
ciated with submerged grass beds has been posi-
tively correlated with the abundance or biomass of
grass (Kemp et al. 1984; Lubbers et al. 1990). Sa-
linity intrusions of long duration (20-70 d) will
cause mortality and reduce density of V. americana
directly. Exposures of shorter duration (1-11 d)
are less likely to cause mortality but retard growth
relative to controls for a month or more. Short-
term intrusions may reduce density indirectly by
retarding the accumulation of grass.

The life cycle of northern and southern popu-
lations of V. americana differ (Dawes and Lawrence
1989). Northern populations over-winter as a dor-
mant winter bud, buried in the sediment, and
aboveground biomass disintegrates (Titus and
Hoover 1991). The production of winter buds at
the end of the growing season and the sprouting
of leaves from these buds in the spring determine
the vegetative persistence of V. americana (Korsch-
gen et al. 1997). While we have observed V. amer-
icana plants from the Caloosahatchee to flower
both in the field and laboratory, we have not ob-
served winter bud formation in either place. The
vegetative persistence of V. americana in the Ca-
loosahatchee may depend largely on the survival
of rosettes during the winter when saltwater intru-
sions are likely.

Assuming ample supplies of light and nutrients
and recovery at rates equivalent to the 50-d treat-
ment, our results indicate that a 70-d intrusion of
18%o is at the limit of what might be tolerated
without a net population reduction during the win-
ter dry season. Such an intrusion would cause an
80% reduction in shoot density (Fig. 4). Assuming
that exponential growth (r = 0.014 d-!, Table 5)
begins as soon as the intrusion ends, this loss
would be recovered in 115 d. The intrusion and

recovery from it (70 + 115 = 185 d) would occupy
the entire winter dry season (180 d).

A resource-based approach is being used to es-
tablish a minimum freshwater discharge to the es-
tuary at $-79 (Chamberlain and Doering 1998).
One criterion employed in the process is the
amount of freshwater required to sustain beds of
V. americana as habitat in the upper estuary. Ex-
periments such as those reported here can help
identify not only the quantity of water required but
also the temporal characteristics of freshwater de-
livery.
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