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ABSTRACT Research in the late 1990s showed that some intertidal eagtéen Crassostrea
virginica, Gmelin) reefs in Mosquito Lagoon within the Canaveral Nationatlgea, Florida
had dead margins consisting of mounded up, disarticulated shells. hypathesized that
boating activities were the cause of the damage because adefsewere adjacent to major
navigation channels. To investigate this, we characterized tleyhadtthe appearance of dead
margins and other reef changes using aerial photographs taken b&848emd 2000. Imagery
analyzed included prints (black & white, color, or color infrared) fd®43, 1951, 1963, 1975,
1988, and 1995, and digital imagery from 2000 (USGS 1:12,000 digital ortho-quartgyguads
scales from 1:6,000 to 1:24,000. Prints were scanned at a resolutioresutiicyield 1-m
pixels. After scanning, each set of images was georeferéodbe year 2000 imagery using
ArcView and Arcinfo GIS software. All reefs found to have deadgma based on 1995 and
2000 aerials were visited in 2001 and 2002 to confirm the presence andcéxtieatd areas.
This provided ground-truthing for the "signature"” (a highly reflecligbt-colored area adjacent
to darker-colored live reef) to be used to detect the appearancadfmdegins in the historical
aerials. The earliest appearance of dead margins was in th@d:243 on one reef adjacent to
the Intracoastal Waterway (ICW), a major navigation channel. Takenwtber of reefs affected
and areal extent of dead margins steadily increased from 1943 tl#060@h In 2000, 60 reefs
(of a total of ~400 in the Park) had dead margins, representing 9.1% of the total areglecbyera
oyster reefs in the Park. Along the ICW, some reefs migesey from the channel as much as
50 m and in 2000 consisted mainly of empty shells mounded up a meter abdnghtheater
mark. In contrast, many reefs in areas away from navigation dsasheved little change over
the 57-yr period. This historical analysis provides strong (althougkelative) evidence that
boating activity has had dramatically detrimental effects onesoyster reefs in the study area.
Ongoing studies are aimed at further testing this hypothesis amidaling the causal
mechanisms involved.
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INTRODUCTION

The eastern oysterassostrea virginicaforms extensive reefs subtidally and intertidally
along the eastern US coast (Bahr and Lanier 1981; Burrell 1986).tidaltercefs are the
dominant form from North Carolina to the northern end of the Mosquito Lagoeast-central
Florida. Most of Mosquito Lagoon in this area is within the boundari€3aofveral National
Seashore (CANA), the present study area. Here, the intertidedragef constitutes a major
habitat type (Grizzle 1990). Within CANA, reefs are managedheir ecological importance
and are harvested commercially and recreationally (Walters et al. 2001).

Previous research within CANA characterized reef distributimh aundance patterns
(Grizzle 1990) and focused on management issues (Grizzle and r2a$&@p). Based on an
analysis of 1995 aerial imagery and subsequent field surveys, ilis@s/ered that numerous
reefs had dead margins consisting of disarticulated shells moundegearpl slecimeters above
the adjacent living reef (Grizzle, pers. obs.). This patternrddférom the well-documented,
long-term growth pattern of a dead middle area surrounded by livingreydhe "senescent
stage" of Bahr and Lanier 1981) because the dead zones were alongrgfires of the reefs.
Also, the dead margins consisted mainly of well-packed shellsathsté a shell/sand/mud
mixture as typically found in the dead middle area of senesoefist r&urther analysis showed
that all reefs with dead margins occurred adjacent to chanred Hrat were heavily used by
boats, including the federally maintained Intracoastal Wateni@y/) which runs along the
western edge of CANA. It was hypothesized that boating actitigy be responsible at least in
part for the dead margins.

The present study was initiated as part of a larger prajeeidaat assessing the potential
impacts of boating activities on oysters. Emphasis in the presgort is on historical changes
in oyster reefs based on aerial imagery, and the results arfiassl studies will be reported in
future publications. The major objectives of the present report(Bredescribe the present
(2000) distribution of oyster reefs in CANA,; (2) characterizeohnisal (1943-2000) changes in
the CANA reefs based on aerial photographic imagery, with an emptraghose reefs with
dead margins in 2000; and (3) relate historical reef changes tmmmeéntal factors, with an
emphasis on boating activities.

STUDY AREA AND METHODS

The study area was in northern Mosquito Lagoon in east-centrati&I(ffig. 1) and
restricted to the Canaveral National Seashore (CANA), a Nafank unit that is an example of
a relatively stable barrier beach/lagoonal ecosystem (@riZ290; Walters et al. 2001). Most of
the Lagoon within CANA is a complex system of shallow open wateas and nearly 100
mangrove Rhizophora manglandAvicennia germinar)sdominated islands. Oyster reefs occur
in intertidal areas, often adjacent to seagrass (maidpdule wrighti) beds, which are
extensive in some areas (Morris et al. 2000). Water depthdaréen<most areas and the annual
salinity range is typically between 25 and 35 psu, occasionallyaisiag to 40 psu (Grizzle
1990). Mosquito Lagoon is the northernmost body of water in the Indian Rageoh system
(IRL),



which has been described as the richest and most diverse estil@rgamtinental United States
(see references in 1995 special issuBufetin of Marine SciengeV/ol. 57; also see Walters et
al. 2001). The ecological importance of this area has been demonstmatede US
Environmental Protection Agency in listing the entire IRL as an Estuary aifdhSignificance,

and by the State of Florida in classifying it as a Florida t@ntsng Waterway and Aquatic
Preserve, the highest level of State protection.

Fig. 1. Northern portion of Canaveral National Seae, showing most of ~ 400 mapped oyster reafs
shown as a black polygon exaggerated 2X horizgftalhsed on year 2000 imagery. Nine study gr

used in historical (1942000) assessment are indicated. Note that "lieésteand "dead margins" ¢
combined in this figure.

Aerial imagery of the types and sources indicated in Table & usxd in the present analysis.
Prints were converted to digital format following the "soft-copy pb@mmetry” methods
outlined in Finkbeiner et al. (2001). Each print was scanned at a resduftficient to yield 1-
m pixels. After scanning, each set of images was refereiocdte year 2000 orthorectified
digital imagery using sufficient reference points to remove distortion fih@nphotographs. Year
2000 imagery provided enough detail so that link points could easily beligstd to all



historical photos. The link files were created in ArcView by d@mide-by-side comparison of
photos and creating points on each to reference corresponding locations. This method created

Table 1.

Aerial imagery used in present study
Year  Type Source Scale
1943  Black & white prints St. Johns River Water idgement District 1:16,000
1951  Black & white prints Volusia County 1:1600
1963  Black & white prints Volusia County 1:2a0
1975  Color prints Volusia County 1:24,000
1988  Color prints Volusia County 1:24,000
1995  Color infrared prints University of New Hampsh 1:6,000
2000 Digital US Geological Survey 1:24,000

“from” and “to” points that were used in Arcinfo to warp the histalrighotos and register them
to a UTM coordinate plane. On average, 35 to 40 points were estalibshestth photo pair.
This allowed the polynomial order of transformation to be varied enougbmpare different
levels of warping in Arcinfo. The higher the order of the polynomi@,more distortion can be
removed. Warping results from order 1 to 6 were compared and dtet@snined that'3order
transformations were sufficient to match these images to yeair 2000 counterparts. Such
results were anticipated due to the low vertical relief oftdéinget area. Vertical relief is one of
the primary sources of distortion in aerial photography.

Live reefs initially were identified based on the followingemia (i.e. "signature"): dark
margins with a lighter middle area, round to irregular in shapewghda smooth texture (Fig.
2). These criteria were applicable regardless of imagpey tin color and color infrared photos,
the darker zone of the reef was typically olive to olive-gragalor. As an example of the
overall image, round reefs resembled a donut with the center bgierlin color than the outer
ring. In stark contrast to the live reef signature, dead maagipsared in all types of imagery as
a highly reflective, light-colored (typically bright white) aradjacent to the darker-colored live
reef (Figs. 2 and 3).

Using these interpretation criteria, eight preliminary mapsewproduced: a basemap
showing all oyster reefs (minimum size ~ 16) @ANA based on the 2000 aerials, and one map
for each of the seven aerials from previous years showing onlyriefsethat had dead margins
in 2000. It should be noted that only a subset of all reefs in CANA meapped using the pre-
2000 imagery. This is because emphasis with respect to histonadjes was on those reefs
that had dead margins in 2000. To make assessment of historical Thamge manageable,
reefs with dead margins in 2000 were arranged into nine groups basachbonl (Fig. 1). All
nine groups were quantitatively analyzed but only representativa amdgery is shown here.
Due to variations in size of the reefs, a constant map scale ooulde used across all nine
groups. Each group boundary was positioned to emphasize changes froim year on an
individual group basis and to show sufficient detail. Special casealga taken to include any
partial reefs so that area calculations would remain consistent.



Fig. 2. Examples of signatures for live reef (tBefs enclosed in boxes for one year only of eadhqgf aerials)
and dead margins (DM; indicated by arrows) fronfiedé@nt kinds and qualities of imagery. Group D93: LR
signature with dark margin not evident; Group DO@: typical LR signature of dark margin surroumglighter
central region, but low quality imagery. Group 7963: 100% LR; Group 7 - 1995: LR with extensivigl D
(bright white) along outer edge of reef. Groupl®63: three LR reefs in low quality imagery caubggoor sun
angle and surface reflectance; Group 8 - 1995ethRereefs as in 1963, but outer reef with extem& in 1995

Field surveys were conducted in November 2001 and March 2002 to ground-trigkftheaps
produced using the 2000 aerials. Ground-truthing included assessmentabteeitisignature
criteria and mapping accuracy. In November 2001, all reefs ipitiadipped with dead margins
were visited to determine the accuracy of the interpretations of live reef athandegins. Based
on this survey, a revised set of reef maps was produced. A seddrglifieey was conducted in
March 2002, to assess the revised maps with an emphasis on mappiagyacéuilowing the
general recommendations of Congalton and Green (1999) and Finkbeind2604), multiple
points on several individual reefs were chosen for field inspectioneaétt point, latitude and
longitude (using a differential geographic positioning system, D@RE) recorded, and bottom
type (dead margin, live reef, or non-reef) identified. Each loggendt paas plotted on the
revised maps to determine locational and interpretational accuracy.

RESULTS AND DISCUSSION
Reef signature and ground-truthing
A field survey in November 2001 indicated that the initial reefatigre criteria were

sufficient for correct identification of nearly all of the redfased on 2000 aerials. Live reefs
surrounded by bottom features (e.g. light-colored sand, dark mud) that wahtnaih the reef



signature were accurately mapped. Interpretation of reef boundeaseslifficult only when
bottom features (e.g. some seagrass beds, gray sands and mudspdhdiled live reefs
occurred adjacent to the reef. It should also be noted that in seasar some aerials, reefs
appeared a uniform gray, either darker or lighter than surrounding @ep see "Group 1 -
1995" and "Group 8 - 1963" reefs in Fig. 2). These departures from tlealtgmnature were
apparently a result of the photo being taken during low tide when tfeeweee exposed. In
some cases, these aerials were also of poor quality causeccdssigg glare off the water
surface and thus poor light penetration of the water column (e.g. "Grodp@3" reefs in Fig.
2). Dead margins were dramatically visible in all but the poorest qualitysdee@ause of high

Fig. 3. Dead margins (DM) in 2002 showing typicahtion to live reef (LR). A) Long, arching refedm
Group 6; note presence of LR on both sides of BY1.Small reef from Group 4 with DM and scattered LR
behind it. C) Large cluster of DM in Group 1 résg from long-term migration away from ICW from43%
2000. D) DM being colonized in middle by macromsjtmound of dead shells extended nearly 1 m athave
high water line and was adjacent to navigation nbfnon two sides, resulting in the rounded shdpeand F)

Typical live reefs with no DM.

reflectivity of the mounded up and sun-bleached shells (Fig. 2). Deaginsiavere only
difficult to interpret when they occurred adjacent to light-coloraadsor sand/shell mixtures.
Hence, the initial reef signature criteria described above were found to be valid.

Remote sensing of various types of coastal benthic habitats wsiag@hotography is
becoming an important tool for detecting environmental change (Finkletiaér2001). Much
of this work has been on seagrasses (e.g. Ferguson et al. 1993; éfl@ki2000; Virnstein



2000) but research on other habitat types, including oysters, has been publ3he of the
earliest published studies mapped the reefs in the present stadysang aerial photographs
taken in 1984 (Grizzle 1990). A similar survey was conducted in Geordize late 1970s
(Harris 1980). There are also ongoing studies involving aerial photogcdpbyster reefs in
other areas of Florida and South Carolina, but we are aware of nohedbliterature on this
work. Hence, although aerial imagery has been used in previous ogsteresearch, the
published literature is meager. Finkbeiner et al. (2001) sugggsteaal protocol for mapping
coastal habitats, but to our knowledge no published description of an intermignature for
intertidal oyster reefs exists. Such a description is essémtifurther development of a standard
protocol for mapping oyster reefs.

It should be noted that the suggested signature for live reeted@sclpotential "dead
centers" (see Introduction section) as part of the live reef.piidsent study did not discriminate
between different densities of live oysters. However, there discernable differences between
dead centers and areas of different densities of live oystegestingy that useful information on
oyster abundances may be obtained using aerial imagery. The pattath of a darker outer
region surrounding a lighter-colored middle derives at least infrart the fact that higher
densities of live oysters typically occurred at the margin€ANA reefs compared to middle
areas (Grizzle and Castagna 1995). This pattern should be expegtateral for older reefs in
the "senescent stage" described by Bahr and Lanier (1981) but &lsodye the pattern for most
large reefs. Increased growth at the margins also has bperetkt for reef-forming blue
musselsMytilus edulis(e.g. Newell 1990; Svane and Ompi 1993). In the only relevant study on
oysters we are aware of, Powell et al. (1987) characterized staldl differences in distributions
of oysters on reefs but did not report an "edge effect." Furthés iwareeded on small spatial
scale patterns detectable by aerial photographs so that renmsiegseéechniques can be
developed to monitor characteristics reflecting overall reefithiem addition to just total areal
coverage of "live" reef.

To further assess interpretational accuracy as well asdoahaccuracy, a total of 405
individual points on a total of 56 reefs were logged and plotted in M2fi@R, the second field
visit to the study site. Overall, this assessment again dath@iNovember 2001 field survey)
verified that interpretational accuracy was nearly 100%. d stt®wed that locational accuracy
was within expected ranges. Of the 405 points visited, identified attéghl 94% were within 5
m of the actual DGPS-determined location (Table 2). DGPSnisrgity considered to have an
accuracy of about 5 m with 95% confidence.

Oyster reef distribution within CANA in 2000

A total of about 400 live reefs ranging in size from 0ton4180 M were mapped using
year 2000 aerials, and nearly all reefs occurred in the northerofhidgdé study area (Fig. 1).
Although not quantified, there was a strong decreasing trend in areal coveragedygter reefs
from north to south, reflecting the amount of tidal influence in tha éee Grizzle 1990 for
further discussion). The total bottom area within CANA coveredveyrkefs in 2000 was 12.3
ha. Live reefs showed a wide range of overall morphologies and spatial orientatiasngcl



Table 2.
Locational accuracy data showing percent of individal
plotted points within the indicated (1 m, 2 m, etg.accuracy level

Accuracy level

Reef type # points plotted 0 m 1m 2m 5m

live 137 100 110 116 125
dead 161 119 140 145 154
live + dead 298 219 250 261 279

Percent accuracy: 73.4 83.9 87.6 93.6

all three types described by Kennedy and Sanford (1999; based on Stenzel si97d)

(perpendicular to shore), fringe (parallel to shore), and patch (stoaipact form). String reefs
and fringe reefs occurred along the edges of many of the majbrchidanels. Patch reefs
typically occurred away from the channels, sometimes in groupsrésatted in dendritic

patterns, with reefs separated by winding open water areas only a few meeers wi

Table 3.
Total coverage in hectares for dead margins and lesreef in all nine
groups by year, and Park-wide in year 2000 only. ®efigure 4 for bar charts of data by
group by year.

Year: 1943 1951 1963 1975 1988 1995 2000 All of CANA

TOTAL Dead: 0.02 0.10 0.26 0.29 0.55 0.85 1.12 1.12
TOTAL Live: 6.55 5.28 4.71 5.73 5.39 3.60 4.06 12.28
Live + Dead: 6.57 5.38 4.97 6.02 5.95 4.46 5.18 13.39
% Dead: 0.3 2.0 5.5 5.1 10.3 23.7 27.6 9.1

In 2000, dead margins occurred on about 60 reefs covering a total of 1.12 legpr@senting
9.1% of the total oyster reef areal coverage in the Park (Figaldle 3). All reefs with dead
margins occurred adjacent to major channel areas, including narcbaenels probably not
affected by wind waves and broader expanses with sufficient fetathefzelopment of waves.
On an individual reef basis, the dead margins ranged from <10% to ~108&t6lofteef's total
areal coverage. Hence, some reefs only suffered minor lossiesofters appear to have been
completely killed.

Historical changes in CANA oyster reefs

There was a consistent increase in areal coverage by degthsnaom their first
appearance on a reef near the ICW in 1943 through 2000, when about 60 reeéffeated
throughout the study area (Fig. 4, Table 3). In 1951, dead margins covered. Ihlga of
bottom area, and all but one (Group 5) were located along the ICW odhather areas away
from the ICW, dead margins first appeared in 1975 or 1988 and showed a steabeintareal
coverage over time. As already noted, by 2000, dead margins occupied 1.1Rottarofarea
representing 9.1% of the total oyster reef areal coverage in the Park.



Some reefs were remarkably dynamic over the 57-year study pwiibdthe most
dramatic changes occurring in nearly all reefs adjacent t&Cle(e.g. Group 1 in Fig. 5). In
these areas, there was a general movement away from thari@\h increase in areal coverage
by dead margins over time. For example, some reefs in Group 1 mowdestaace of
approximately 50 m away from the ICW between 1943 and 2000. In contrastfniieereefs
in groups located away from the ICW moved by more than a few sne@ter the 57-yr period,
including those with dead margins. Also, the general shape, arealhgeyvend location
remained relatively stable for many reefs over the period (e.g. most reefsup &rFig. 5).

An obvious and probably the most serious limitation on use of histomeajary is that
ground-truthing is limited. For the present study, the 2000 aeriaks greund-truthed with
respect to interpretation and mapping accuracy. Information froneffioit was used to infer
the level of confidence placed on historical mapping. There waderamge of overall quality
of the historical aerials caused by differences in sun angler wiarity, tidal stage, and other
factors. This variability affected the mapping process but ikare way to quantitatively assess
the effect. A technique that seemed to make the mapping process muatealtr the historical
imagery was to analyze a single reef or group of reefs begiwith the ground-truthed 2000
maps and proceeding backwards in time. It was also found that fearamth poor quality
imagery, examination of the previous and subsequent years madecdgatifof the reefs easier
on that imagery. Thus, while there is no way to rigorously assessacy of historical imagery
there may be ways to improve the process.

Based on 1986 imagery, Grizzle (1990) presented a distribution mapef @efs in the
present study area. This map was revised based on 1995 imageryzdg @nd Castagna
(1995). The maps produced for both studies were very similar withctespetal number of
reefs (~400) and overall reef distribution pattern. However, GrameCastagna (1995) noted a
wide disparity in reported total areal coverage by oyster:r8&fg ha in 1986/1990, and 14.0 ha
in 1995. They further noted that the higher figure was incorrect, as@mvartifact of the low-
resolution GIS program used in 1990 which assigned all mapped reéfsnaum size of 0.05
ha. Inspection of the 1983 aerials used in the present study corrolibrattesnclusion, and
suggests that other than an increase in dead margins therealablpilittle change in total
oyster reef coverage in the Park between 1986 and 1995.



Fig. 4. A real coverage by live reef and dead marffom nine study groups over 57-year period, @hdroups
combined in last graj

Potential causes of historical reef changes

This present historical assessment was designed to providéshtpattof the hypothesis
that boating activities have been a causal factor in the occurredeadmargins on some oyster
reefs in the study area. Data presented here support this hypotlsesisral ways, and yield no
information for rejection of it. Moreover, the present analysis atdgthat for some reefs the
existing (2000-2002) dead margins represent only a vestige of tHeeateat of those reefs
historically.
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Fig. 5. Three of nine reef groups showing diffeenin reef dynamics over the 57-year study perldade
reefs outlined with narrow black line; dead mardipM) filled in. Arrows show first occurrence of\Dfor
that group (1943 for group 1, 1951 for group 5,38t group 6

The major findings that implicate boating activities are aatet with the fact that all of
the approximately 60 reefs with dead margins identified for the &7syady record (1943-2000)
occurred immediately adjacent to major navigation channels. BDailalde since 1986 show an
average annual increase of about 10% in the number of boats registéhedtwo counties
(Volusia and Brevard) that border the Mosquito Lagoon (Hart et al. 1994iding with an
average annual increase of about 9% in bottom area covered by deats fnrany 1988 to 1995
(Table 2). There were over 51,000 registered boats in Volusia andrdmeumanties in 1998,
nearly twice the state average (J. Stewart, pers. com.)extéet of dead margins increased by
16.4% from 1995 to 2000. Such a correlation between registered boats, and @miglpot
boating activity, and dead margins does not of course require a calisffect relation.
However, if boating activities were involved in the observed increasdsad margins, such a
correlation would be expected. Assuming boating activities wereviedplvhat might be the
actual mechanisms causing the dieoffs at the margins?

The importance of water movement (including tidal currents and W&ves/ster reefs
was recognized by Grave (1905), and subsequent research has provided hygehedtical
cause-and-effect relations but no quantification of them (see rewgviBahr and Lanier 1981,
and Kennedy and Sanford 1999; see additional discussion below). Bahr and (L88iEx
suggested that vertical growth rate and morphological form oftioaéreefs were strongly
affected by wave action. Waves (and currents) transport sedimantltfrom the reef, and in
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some cases eventually result in sediment buildup and loss of oystées central region (see
more discussion in the Introduction section). Bahr and Lanier also notéd)(that "...a water
current or wave energy regime above a certain threshold leverewent the development..." of
a reef. And they showed (p. 34) a photograph of "shell debris chastictefihigh energy beach
shores..." that resembled the mounded up dead margins observed in the gtuelsentiVave
energies of some magnitude are clearly capable of destroyiexgystimg reef. However, we are
aware of no research that quantifies the relationships involved, naactbal mechanisms
involved.

Hypothesized inhibitory mechanisms for reef development includecatesdccretion of
the reef surface to an elevation too high in the intertidal causecbgs (Churchill 1920; Bahr
and Lanier 1981), smothering and substrate instability caused by iggcesdiment transport
(Marshall 1954), and inhibited larval settlement caused by sedinggiit)(inovement (Gunter
1979). Analysis of historical aerials for reefs along the ICGWhie present study also suggest
that a reef can be physically moved by wave energies, resultingngea of responses from slow
migration to total destruction, much in the fashion that barriemdslanigrate shoreward (termed
"transgression”) under increased wave energies (Davis 1996).reashyadiscussed, the present
study was not designed to test particular causal mechanisms éovedbseef declines. They are
the topic of ongoing studies by Linda Walters and colleagues (e.geWhl 2002; Walters et al.
2002) and will be reported elsewhere. The present study, however, does [Btoile
(although correlative) evidence that boating activity has had dreatptdetrimental effects on
some oyster reefs in the study area.
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