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Althongh previous studies proved that boats can have a negative impact on when their snchers
andfor rotating props are in direct contact with the plants, very littie is known about the indirect impacts
(e, hydrocarbon ertissions, oil leaks, and waves) that boats can have on seagrasses. This study quantified
the impact of boat-pencrated waves on a Ruppie meritime habitat in Chesapeake Bay. During o calm and
clear day, a V-halled boat was driven at two speeds through & study site it the bay at high and low tide.

Waves, suspended solids, outrients and light levels were monitored before, during, and after the beat rons.

The possible negative impaets Gnereased seds 100 reltense of sed: ruteients, and reduced
light levels) were much swaller than bmno minims) when compared to natursl fuctoations in
this habitat (conditions to which the plants have goclimated). The strongest impact was obsérved at low
tide when boat-menerated waves r pended & small t of sedi t, which was eedeposited within
minotes. Boat-gencrated waves apparently also caused porewater pumping. which increased the concentra-
tion of ammonia in the water eolumn. This has the potential to contribute to cutrophication and, ever long
periods of titne, to have & negative Impact on seagrass beds. High boat speeds 2t high tide scem to miniive
detrimental conditions in seaprass habitats, {n contrast, stormy and cloudy days as well as dusd and dawn,
when light availability is reduced, are the most vulnerable copditions for seagrasses, Fartunately, recrea-
tional boating activity iz vsually reduced wnder these conditions,

ADDITIONAL INDEX WORDS: Speed, rfide, ntfrients, suspended solids, lght, ewirophication, barges, po-

relgrier puthping, grain sice, trapping,

INTRODUCTION

Cozstal development is not only fmpacting the
land but also adjacent estuarine, coastal, and ma-
rine waters. Accelerated eutrophication of coastal
waters has been linked to an increase in the num-
ber of households (SHORT ef al, 1996). Addition-
ally, coastal development is leading to an increase
in the pumber of recreational vessels (jet skis, sail
boats, and motorboats) that navigate in shallow
areas (CLarg, 1995; KRUER, 1298). This can lead
to a conflict between boaters and the natural re-
sources found in these shallow waters.

Seagrass beds are considered one of the most
valuable coastal resources due to the many ecolog-
ical services they perform (CosTawza ef al., 1897).
The distribution of these plants depends on light
availability (DENNISON e al, 1993; SHORT and
WyLLE-BECBEVERRLA, 1996). Consequently, sea-
grasses are found in the shallow waters often
shared with boaters. Boeats equipped with propel-
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lers (in contrast to water jets) have been shown to
cause direct damage to seagrasses when the prop
comes in contact with the plants and the sediment,
resulting in narrow dredged channels (prop scars)
through the wvegetation {(ZmEMAn, 1978; CLARK,
1995; DAWES et al, 1997). Depending on the spe-
cies, these ‘prop scars’ in seagrass beds take many
years to recover (WiLLIAMS, 1988; DAWES ef al,
1997; MEruaN and WEST, 200G). The same ap-
plies to sears in seagrass beds caused by anchors
(WiLL1aMs, 1988; CrrED and AMADC-FILHO,
1999; FRANCOUR et ¢l, 1999) and boat moorings
(WaALKER ef al, 1989). There is no doubt that,
when hoats come in direct contact with seagrasses,
damage is likely to occur. In contrast, the indirect
impact of boats on seagrasses is poorly understood.

Based mostly on intuition, it is believed that
boating activity resuspends sediments and, there-
fore, reduces light availability in coastal waters
(CrRAWFORD, 1998; HarTcE, 1998; KRUER, 1998).
As seagrasses need light in order to survive, boat-
ing could have an indirect impact on seagrasses
via increased suspended matter and elevated nu-
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trient concentrations. In the long-term, such in-
creases could lead to thelr decimation (KRUER,
1998). This study analyzes the magnitude of the
mdirect impact of boat-generated waves on 2 sea-
grass habitat in Chesapeake Bay.

METHODS

A day with a gentle breeze (according to the
Beaufort wind scale) and clear skies was chosen in
the summer of 2000 (August 25) to minimize wind-
generated waves and to maximize light availabil-
1ty, respectively. On that day, a 21 foot (6.9 m) V-
hulled beat (Wetzig} was taken to Hopkins Cove
at the mouth of the Honga River in Chesapeake
Bay (Figure 1). This cove is partially vegetated by
Ruppia marittme, while the remaining portion of
the cove is unvegetated. The reason for the lack of
vegetation in a portion of the cove is not clear. The
boat was used 0 generate waves for a period of 15
minutes at two speeds: 6.4 knots (11.8 kmph) and
14.9 knots (276 kmph) at both high and low tide,
The boat was driven in large circles such that it
always passed the cove at the 1.5 m depth contour
moving from NW to SE (Figure 1). At high speed,
the boat was in a plane but not at the lower speed.
Therefore, at low speed and low water, the prop
touched the sediment surface and generated a di-
rect impact. Since prop scarring was not the focus
of this study, the low speed/iow tide treatment was
dropped from the experimental design. Wind data
were obtained from the Chesapeake Bay Observ-
ing System (www.cbos.org) mid-bay buocy located
at 38°284'N, 76°22.8'W, approximately 40 km
northwest of the study site.

A series of environmental parameters was quan-
tified from 1 hour prior to the first boat run to 3
hours after the last boat run at poles positioned at
the 1 m depth contour (high tide) in the vegetated
and unvegetated areas of the cove. The wave char-
acteristies (height and period) were guantified us-
ing a pressure gauge (Macrowave, Coastal Leas-
ing, Cambridge, MA, USA), which recorded water
height at a 5 Hz frequency for 10 minutes (4096
points), every 15 minutes. These data were later
Fast-Fourier analyzed using the PC Spec Program
from Coastal Leasing to obtain significant wave
height (H) and wave period (P). Wave fregquency
(F) was calculated as F = 1/P. Since water depth
at the sampling poles was shallower than half the
wavelength (L) {deep water waves) and deeper
than L/20 (shallow water waves), L was calculated

based on the eguation for transitional waves {in-
termediate to shallow and deep water waves):

- gthsxh(?-;d)

T oom L

where g is the acceleration of gravity, d the water
depth, and L’ the estimated wavelength (average
of Lipanee 2nd Ly,

Light avazilability was quantified by deploying a
spherical underwater guantum sensor (LI-COR
1835A, Lincoln, NE, USA) 20 cm above the sedi-
ment surface at the unvegetated site, which avoids
the confounding effect of light attenuation by the
vegetation. A data logger (LI-COR 1000} recorded
light levels every minute and averaged them for
every 5 minutes. Water samples (1 liter} were col-
lected at both the vegetated and unvegetated sites
{20 cm above the bottem) every 10 minutes using
automated water samplers (ISCO Model 3700,
Lincoln, NE, USA). In the laboratory, three 300 ml
sub-samples were filtered through GF/F filters to
obtain the total suspended solid (TSS) concentra-
tion of each sample. These filters were then ashed
{450°C for 4 hours} to obtain the fraction of partic-
ulate orgamic matter (POM). Nutrient samples
(ammonia, nitrate + nitrite, and orthophosphate)
for selected periods immediately before, during,
and after the boat runs were obiained from the
filterate of the water samples. These samples were
then analyzed according to WHITLEDGE ef al
{1981) using an auto analyzer (Technicon II).

Surface (top 5 cm) sediment samples (n = 10}
were randomly collected in the vegetated and un-
vegetated areas of Hopkins Cove using a core (8
cm in diameter). These samples were then ana-
Iyzed for percent organic content (combustion at
450°C for 4 hours) and percent silt and clay (wet
sieving through a 63 um sieve). The seagrasses
were characterized by measuring their density
{shoot counts in three 25 X 25 cm quadrats every
5 m along a 570 m transect parallel to the shore-
line). Seagrass light requirements were based on
photosynthesis X irradiance (PI} eurves obtained
from oxygen evolution measurements. Three mid-
aged Ruppio leaf segments (3 em Iong) were placed
in a Hansatech system (Norfolk, England}, where
they were imamersed in natural seawater and ex-
posed to a range of light intensities {(including
darkness). The photosynthetic rate was measured
when steady state at each light level was reached.
These data were then used to plot PI curves from
which the saturation light intensity was obtained
by applying the curve fitting function in
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Boat
trajectory

Figure 1. Study site at Hopkins Cove in Chesapeake Bay. White line indicates the boat trajectory during the different runs.

KaleidaGraph (Sydney Software, Reading, PA,
USA). Where applicable, statistical analysis of the
data was performed via regressions and ANOVA.
The data were tested for normality and homoge-
neity of variance and log transformed when nec-

essary.

RESULYS

The northern part of Hopkins Cove was unve-
getated, while the southern portion was colonized
by Ruppia maritima at an average (+ SD) density
of 772 + 705 shoots m~2. The light level at which
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Figure 2. Time series of wind speed {open cireles), water depth (solid line), and wave height {solid squares) during the
expertment on 25 August 2000, Vertical lines indicate the time of initiation of the slow spead (dashed line) and high speed

{solid lines) boat runs.

photosynthesis of Ruppia saturated was 48.56 =
45.82 pmol photons m * s ! {* SD). While there
was a significantly higher (F = 9.05; P = 0.0076)
amount of fine particies in the sediment in the un-
vegetated (30.14 * 15.13%} than in the vegetated
(11.68 * 3.30%) ares, there was no significant dif-
ference in organic content in these two areas {1.31
+ 0.55% and 0.95 * 0.21%, respectively).

The wind intensity during the study period was
relatively calm (3.0 to 5.6 m s} {Figure 2) and
came from the N and NE directions from which the
study site is protected by land. In the morning,
winds were from the N and slowly increased from
3.0 to 5.6 m s '. Winds remained from the N until
17:00 when they switched to the NE. In the after-
noon, the winds decreased from the maximum of
56ms "(noonlto3.0m s ) at 17:30. The tide was
highest at 10:30 (0.9 m at the sampling poles) and
lowest at 16:30 (0.4 m at the sampling poles) (Fig-
ure 2). The boat runs took place at 10:15 {low
speed), 11:15 am (high speed), and 15:00 (high
speed).

Some of the boat-generated waves clearly dif-
fered from the ambient waves (Figure 2). While
waves generated at low boat speed did not cause
a notable increase in wave height, waves gener-
ated at high boat speed were between 1.75 and
2.05 em higher (low and high tides, respectively)
than the waves observed just prior to and after the
boating activity (Figure 2). The frequency of the
boat-generated waves increased from 0.39 to 0.51

Hz when the boat was moving at slow speed. In
contrast, at high speed, the frequency of boat-gen-
erated waves was indistinguishable from the re-
maining wave record (between 0.35 and 0.43 Hz).
Wavelengths tended to fluctuate between 0.46 and
6.19 m in the morning. In contrast, wavelengths
steadily declined from 5.20 to 3.10 m in the after-
noon (Figure 3).

The overall levels of total suspended solids (TSS8)
were higher in the unvegetated area than in the
vegetated arca, but this difference was only sig-
nificant in the morning (F = 16.16, P = 0.0001).
The dominant feature in the TSS time-series was
the peak {up to 72 mg | ") in the afternoon hours
which was not linked to any boating activity pur-
posely generated in the study (Figure 4) but to the
wavelength of the waves observed in the afternoon
hours {Figure 3). Boating activity had only a minor
impact on TSS levels in the vegetated area. In con-
trast, in the unvegetated area, TSS levels at 20 cm
above the sediment were usually reduced by the
boating activity. Only at high speed and low tide
was an increase in TSS observed in the unvege-
tated (5.66 mg 1" '} and vegetated {(5.85 mg 1%} ar-
eas. The POM fraction was significantly lower in
the vegetated than in the unvegetated area (F =
20.22, P = 0.00001) and was significantly lower in
the morming than in the afternoon in both vege-
tated (F = 148.30) and unvegetated (F = 254.68)
areas. Additionally, POM was a linear and positive
function of TSS in the vegetated (R? = 0.8895) and

Journal of Constal Research, Special Issue No. 37, 2002




70 Koch

70 . 7
‘a 4
60 E a - 6 _
[ ¢ LA . A g L5 é
= 50 I s = Lz
o , AAH M - x 4 @]
£ 40 ; R ., Mmooz
g)} ' Y Myasnsss ™ 3 EJ'I
- 30 . = N
: = Sy 2 =
20 " “nn - ;
o
FoA
10 . i 0

8:02 902 10:02 THO1 12:01 1307 1401 1501 16:01 1700
TINIE

Figure 3. Time series of total suspended solids (TSS) i the unvegetated arez (selid boxes) and wavelength (open triangles}
at the study site. The missing points between 13:30 and 14:00 represent the fime required to change the bottles in the
automated water samplers. Vertical lines indicate the time of initiation of the slow speed (dashed line) and high speed (sol:d

lines) boat runs.

unvegetated (R? = 0.8493) areas. Boating activity
only had a minor impact on POM. In the vegetated
area, it only increased (<I1%!) after the first boat
run (low speed/high tide), while in the unvegetated
arez it only increased (also <<1%) after the last run
(high speed/low tide).

Nutrient concentrations in the water column dif-
fered between the vegetated and unvegetated ar-
eas, just 160 m apart. Ammonia concentrations
were significantly higher in the unvegetated than
in the vegetated areca (F = 5.39; P = 0.0299). The
opposite was true for orthophosphate (F = 5.43; P
= 0.0293). Additicnally, ammonia concentrations
tended o increase with increasing wave height in
both the vegetated (R* = 0.5837; F = 14.02, P =
0.0038} and unvegetated (R? = 0.3156; F = 4.61;
P = (.057} areas. The impact of boating activity
on nutrient levels was minimal when compared to
natural fluctuations. Ammonia levels increased
slightly after the high speed boat run at low tide
{vegetated and unvegetated} buf, in a matter of
minutes, returned to ambient levels (Figure 4).
Phosphorus levels also increased (0.02 pM) after
the slow boating event at high tide (vegetated and
unvegetated).

Due to the lack of light data above the water
surface, it is unclear if the fluctuations in the Hght
observed in Figure 5 are due to the passage of iso-
lated clouds or due to changes in the water quality.
Assuming that the decrease in light levels during

the boating activity is due to a change in the sea-
grass habitat and not cloud cover, the low speed
boat run at high tide would have decreased light
in 230 wmol photons m~2 71, while the high speed
boat run at high tide would have decreased light
in 450 pmel photons m~2 s~ (Figure 5). No change
in light availability was observed after the high
speed boat run at low tide, an indication that our
assumption is wrong and that cloud cover indeed
affected the light levels in the previous treat-
ments.

DISCUSSION
General Trends

The study site was unigue in that the amount
of fine particles in the unvegetated area was
higher than in the vegetated arca. The opposite
is usually expected as seagrasses effectively re-
duce currents and waves promoting sediment de-
position (Fonskca, 1996). Perhaps the wave-
dominated nature of this habitat does not allow
for the hydredynamically calm conditions that
are needed o increase particle deposition (KocH
and Gust, 1999). This mplies that not all sea-
grass beds trap sediment particles at the same
rate (KocH, 1999) and may even contribute to
particle resuspension.

The TSS levels in both the vegetated and unve-
getated areas were always higher than 15 mg i,
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the suggested upper limit for seagrass existence in
Chesapeake Bay (DENNISON & al, 1293). Even so,
the plants in this area were healthy. Therefore,
this limit may need to be revised. Resuspension of
sediments is usually higher in unvegetated than
in vegetated areas (WARD ef al, 1984), especially
when the sediments in the unvegetated area are
finer than in the vegetated area (FonNsECca, 1996),
as was the case in this study. Data reported here
confirm this trend. Additionally, these data show
a close relationship between afternoon TSS levels
and wavelength. Long (low frequency) waves pen-
etrate the water column deeper than short (high
frequency) waves (BROWN et ol, 1991) and, as a
result, may be responsibie for the peak in TSS con-
ceniration. Resuspension (unrelated to boating ac-
tivity) apparently occurred first in the unvegetated
area after which the water mass was slowly ad-
vected into the vegetated area by the ebb currents

at approximately 2 cm 57 {see delay in TSS peaks
between unvegetated and vegetated areas in Fig-
ure 4). These long waves observed in the afternoon
hours can not be explained by the wind pattern,
but may have been generated by the passage of
barges in the Chesapeake Bay Channel (17 km
west of the site), which were observed in the af-
ternoon bui not in the morning. The indirect im-
pact of barges navigating offshore of seagrass beds
remains to be investigated.

The lower POM levels in the vegetated versus
the unvegetated area could be explained by the
lower nutrient availability within the vegetation.
If nutrient levels are low, growth of phytoplankton
and microphytobenthos (MPB) is reduced (Szorr
and SuorT, 1984). The strong correlation between
TSS and POM and the link between TSS and
wavelength suggest that resuspended MPB may
have been an important component of the POM

Journal of Coastal Research, Special Issue No. 37, 2002
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Figure 5. Light levels at 20 ¢m from the bottom in the unvegetated area during the exposure of the study site to different
boat-generated wave heights. Vertical lines indicate the time of initiation of the slow speed (dashed line} and high speed {solid
lines) beat runs. Grey horizontal box indicates the light levels at which photosynthesis of Ruppia maritime blade segments
(not entire plants} is below saturation. The gap in the data set represents & period during which the platform was shading

the light sensor.

fraction. It is unlikely that the POM originated
from phytoplankion growth.

The link between ammonia concentration and
wave height in both vegetated and unvegetated ar-
eas could be explained by perewater pumping. In
this process, the differential hydrostatic pressure
of wave peaks and troughs exerted by the passage
of the waves on the sediment surface (CARSTENS,
1968; STEELE et al, 1970) leads to the release of
porewater {especially ammonia) from the sedi-
ments info the water column (WeBB and TrEG-
DOR, 1968, 1972; STEELE et al, 1970}

The Iimpact of Boat-Generated Waves

At high tide, the impact of boating activity on
the seagrass habitat was minmimal. At low speed,
the high frequency waves generated by the boat,
possibly 2 result of propeller motion and/or boat
wake (CraWFORD, 1998), tended to dissipate with-
out eansing sediment resuspension. In the unve-
getated area, TSS levels actually dropped follow-
ing the passage of the boat. This could be due to
the mixing of the water column (without sediment
resuspension) bringing less turbid water from the
surface to the bottom where the samples were col-
lected. Mixing of the water column resulis in no
net change in water clarity. As a result, there
should be no change in iight availability to the
benthic vegetation. The decrease in light level ob-
served during the low speed run at high tide,

therefore, was probably due to the passage of a
cloud and not to attenuation of light in the water
column.

The impact of high speed boat runs, when the
waves were clearly higher (but at the same fre-
quency) than ambient waves, was a function of tid-
al height. At high tide, TSS concentrations near
the bottom were lowered, once again suggesting
mixing of the water column without sediment re-
suspension. In contrast, at low tide, a small in-
crease in TSS and POM was observed after the
passage of the boat suggesting resuspension of
sediment and microphytobenthos. This could be
explained by the relatively long waves (deep pen-
etration into the water eolumn) ang the increased
wave height. The erosional capacity of waves in-
creases with wave height (HamiLTow and Miten-
ELL, 1996; BAiLEY and HanmirLron, 1997}, The TSS
and POM levels were not impacted by boating ac-
tivity during high tide, once again emphasizing the
importance of water depth when evaluating the in-
direct impact of boats. The short-lived ammeonia
pulse observed in the vegetated and unvegetated
areas after the boat run at Jow tide parallels the
findings of increased TSS levels after this freat-
ment {i.e, the boat-induced increase in wave
height could have resulted in porewater pumping).

In the vegetated area, the small increase in TSS
observed after the passage of the boat at low
speed/migh tide (first run) and high speedftow tide
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(last run) could be due to the dislodgement of par-
ticles that had previously settled onto the seagrass
leaves. As observed for other sites (CRAWFORD,
1998), just minutes after the boat run, the TSS
levels in the vegetated area returned to ambient
levels. Perhaps this increase in TSS was not ob-
served after the high speed/high tide run because
only a small amount of particles had settled onte
the leaves in one hour (time since the low speed/
high fide run). Similarly, POM only increased in
the water column after the first boat run, again
suggesting that this material was released from
the leaves (epiphytic algae) and was unavailable
for resuspension during the last few hours unti
the experiment was terminated. No epiphyte data
were collected during this study te confirm this hy-
pothesis. Should it prove to be true, boating activ-
ity at high tide may be potentially beneficial to
seagrasses by reducing the epiphytic cover on sea-
grass leaves.

The light reductions recorded during the momn-
ing boat runs appear to be due to the passage of
isolated clouds and pot to a change in water qual-
ity. Therefore, the tmpact of boat-generated waves
on light availabiiity (via sediment resuspension)
was minimal. If a reduction in light availability
would have been recorded, it would have affected
the seagrasses colonizing the deepest areas (DEN-
NISON ef ol 1993), as wel! as all seagrasses (shal-
Iow and deep) during the morning hours (ZIMMER-
MAN et al, 1994) or on cloudy days when the in-
cident light levels are closer to the saturation lev-
el. Boating activity is usually reduced during these
times and maximum during sunny calm days
when incident light levels are high and naturally
securring T'SS levels are low.

SUMMARY AND CONCLUSIONS

The ‘universal’ belief that seagrass beds are ef
ficient sediment traps was guestioned in this study
since the percentage of fine particles in the sedi-
ments was higher outside the vegetation than in
the seagrass bed. In contrast, this study also con-
firmed well-established concepts of scdiment re-
suspension and nuirient availability in seagrass
habitats. Sediment resuspension was higher in the
unvegetated than jn the vegetated area and was
highest when wave period was Jongest over ex-
tended periods of time (possibly generated by barg-
es). Additionally, nutrient levels were lower in the
vegetated than in the unvegetated area, and the
concentration of ammonia was a fanction of wave
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Figure 6. Wave height in the unvegetated ares of the study
site during a 14-day period prior to the boating experiment.
Note the two storm events on June 8 and 15-16, 2000, For
comparson purpeses, the wave height of the boat-generated
waves is represented by the selid vertical line,

height suggesting porewater pumping in both veg-
etated and unvegetated areas.

The negative impact of boat-generated waves on
seagrass habitat quality was minimal. Beat-gen-
erated waves were very small when compared to
naturally occurring waves at the study site (Figure
6), and, as a resulf, the impact of the boat runs
was also much smaller than natural fluctuations
to which the local seagrasses had acclimated. The
strongest impact was observed at low tide (0.4 m
water depth) when boat-generated waves resus-
pended a small fraction of T3S, which was rede-
posited in a few minutes resulting in little or no
impaet gn the light availability. In the vegetated
area, the boat-generated waves apparently caused
epiphytes and particulate matter to be dislodged
from the leaves (2 positive effect), but more data
are needed to confirm this hypothesis.

Over long periods of time, the porewater pump-
ing {ammenia release) resulting from increased
wave height (boat-generated) has the potential to
contribute to enirophication and could have a neg-
ative impact on seagrass beds. However, in gen-
eral, the impact of boat-generated waves on this
seagrass habitat was much smalier than expected.
It appears that navigating at high speed and at
high tide between 10 am and 5 pm 15 the best way
to minimize the indirect impact of boating activity
on seagrass habitats. Barge-generated waves may
have a Jarger negative impact on seagrass habi-
tats, but this still needs to be investigated.
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