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By James A. Bohnsack and Jerald S. Ault 

M A R I N E  BIODIVERS1TY is increasingly threatened 
by habitat destruction, environmental changes, and 
overexploitation. Preventing reductions in biodi- 
versity and promoting sustainable resource use re- 
quires new management strategies, more effective 
education, and strong research. There is a need to 
switch to less destructive and wasteful fishing 
methods to protect critical and sensitive habitats 
from development and overexploitation. Marine 
reserves, areas permanently protected from all ex- 
tractive uses, are gaining widespread attention as 
an innovative tool for conserving biodiversity 
while maintaining healthy sustainable fisheries. Ef- 
fective use of marine reserves requires the integra- 
tion of scientific disciplines in fisheries, oceanog- 
raphy, computer science, system analysis, ecology, 
genetics, social science, and conservation. Marine 
reserves are an essential element of the draft man- 
agement plan for the Florida Keys National Ma- 
rine Sanctuary. The Sanctuary presents a unique 
opportunity to elucidate the relative impacts of 
fisheries exploitation and oceanographic processes 
in determining the biodiversity and abundance of 
reef organisms. Cooperative academic and govern- 
mental research will test critical scientific hypothe- 
ses in order to improve the state-of-the-art in ma- 
rine resource management. 

Introduction 
Biodiversity is the variety of living organisms 

and their habitats: the structure, composition, dy- 
namics, and function of living systems acquired 
over millions of years of evolution. Marine biodi- 
versity is extremely rich but is poorly understood 
and has only recently become the subject of con- 
servation concerns (Norse, 1993). Biodiversity 
refers to the spatial organization of plants and ani- 
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reals in a hierarchy' at the genetic, organism, popu- 
lation, species, community, ecosystem, and 
seascape levels (Hughes and Noss, 1992: Norse, 
1993). Major threats to biodiversity are habitat de- 
struction, environmental changes, and overfishing 
(Upton, 1992). Losses of biodiversity at the ge- 
netic and species levels are of special concern be- 
cause they are permanent. 

This article focuses on management strategies 
that protect marine biodiversity and promote sus- 
tainable resource use. These strategies are evalu- 
ated in terms of their ability to fulfill three criteria: 
economic efficiency, flexibility, and ease of imple- 
mentation. The emphasis of current fishery man- 
agement practice is on fishing, which includes all 
extractive harvesting activilies. Fishing is socially 
and economically important, but if done improp- 
erly or to excess fishing can threaten biodiversity 
(Huntsman, 1994). It is also important to protect 
water quality and habitat from other destructive 
human activities that include poor land use prac- 
tices and pollution, especially the release of excess 
sediments, nutrients, sewage, and toxic materials. 
Other activities that can threaten marine biodiver- 
sity include oil and gas extraction, vessel traffic, 
and release of diseases and parasites from maricul- 
ture. 

In this paper we describe a management strat- 
egy to conserve biodiversity: a strategy incorporat- 
ing impacts on habitat, and the biological, social 
and economic factors of overfishing. We propose 
new management tools including use of habitat 
restoration and marine reserves to maintain biodi- 
versity and sustain fisheries. Finally, we review an 
application in the Florida Keys National Marine 
Sanctuary in the context of some testable scientific 
hypotheses. 

Habitat Impacts 
Some fishing methods destroy habitat and bio- 

diversity. Damage can be reduced by using less 
destructive and wasteful fishing methods, protect- 
ing critical habitats from development, and setting 
some areas aside as marine fishery reserves. In the 
United States, many destructive fishing practices 

Fishing is socially 

and economically 

important, but if 

done improperly 

or to excess fishing 

can threaten 

biodiversity. 

OCLAN~)GI~,WII~'Vol. 9. No. 1°199(~ 73 



M o s t  fisheries 

depend on harvesting 

wild populations 

whose productivity is 

derived from biodiver- 

sity. 

have been prevented, eliminated, or closely regu- 
lated. These include the use of dynamite, muro  
ami fishing (Ohman et al., 1993), and chemicals 
such as bleach and cyanide. Bottom trawling and 
bottom-set nets can damage coral reefs and other 
habitats. However, research and management are 
still needed in cases such as mechanical damage 
to oyster beds by hydraulic-powered patent tongs 
(Rothschild et al.. 1994), and the cumulative im- 
pacts of fishing gears on critical habitats. 

Overfishing 
Most fisheries depend on harvesting wild popu- 

lations whose productivity is derived from biodi- 
versity. Although it was once believed that fishing 
could not harm wild populations, the collapse of 
major fisheries shows that most, if not all, marine 
resources are exhaustible (Knauss, 1992: Hutch- 
ings and Myers, 1994). Overfishing is a major 
threat to biodiversity because it depletes resources 
that can lead to loss of genetic integrity, local 
populations, and even species (Boehlert, 1996, this 
issue). Wasteful fishing catches unwanted organ- 
isms (bycateh) ,  individuals that are too small 
(growth overfishing), and too many adults that 
can result in recruitment failure from decreased 
population egg production ( r e c r u i t m e n t  over-  
fishing). Over time, fishing can selectively remove 
animals with genetically superior traits (genetic 
overfishing) (PDT, 1990); starting with the most 
vulnerable species (serial overfishing) (Munro 
and Williams, 1985); and particularly important 
"keystone" species, which can disrupt community 
structure and function (ecosystem overfishing). 
Overfishing involves a nexus of complex biologi- 
cal, social, and economic factors. 

Biological Factors 
Most exploited marine species have bipartite 

life cycles: pelagic (open water) larvae followed 
by demersal (bottom) juvenile and adult life 
stages. During the pelagic stage, planktonic eggs 
and larvae are dispersed by ocean currents over 
periods ranging from days to months before as- 
suming a demersal existence. Although some 
species settle directly onto adult habitats, others 
may use different habitats before assuming an 
adult existence due to ontogenic or environmental 
factors. Many demersal organisms, particularly 
reef species, tend to be relatively sedentary, show- 
ing strong site fidelity and limited geographic 
movement  (Sale, 1980; Beinssen, 1988; PDT, 
1990). Migratory species may use different habi- 
tats depending on age and season. Pelagic species, 
such as tuna and billfishes, spend their entire life 
cycle in open water environments. 

Fecundity typically increases exponentially with 
body size (Ault and Olson, 1996). For example, 
the gonads of one female red snapper at 61 cm 
total length has the same weight as 212 females at 
42 cm (Grimes, 1987). Also, the larger gonad has 

increased convolutions meaning greater surface 
area for ova production. Thus, on average, a few 
older individuals may account for more total repro- 
ductive output than many younger individuals. 

Recruitment success is in general poorly corre- 
lated with adult stock size (Rothschild, 1986: Un- 
derwood and Fairweather, 1989). Abundant stock 
and reproductive output may result in poor recruit- 
ment owing to egg and larval mortality caused by 
physical and biological factors (Rothschild, 1986). 
For example, temperatures may be too cold or too 
hot, and winds and currents may sweep larvae into 
areas unsuitable for settlement. Fertilization rates, 
food availability, predator presence, and other fac- 
tors may vary greatly. Low population reproduc- 
tive output decreases the probability of good re- 
cruitment (Goodyear, 1989). Normally, millions of 
eggs produced may result in only tens of sur- 
vivors. As a result, the annual supply of new re- 
cruits (year class strength) may vary by several or- 
ders of magnitude (Doherty and Williams, 1988). 

Habitat suitability and availability may limit re- 
cruitment, but recruitment variability is most likely 
to limit adult abundance for many species (Doherty 
and Williams, 1988: Hughes, 1990; Sale, 1991). 
Although postsettlement survival is higher, subse- 
quent mortality can still affect community structure 
and population abundance through competition, 
predation, parasitism, disease, and fishing mortal- 
ity. The last factor can exceed natural mortality for 
many exploited species (Bohnsack, 1994). 

High recruitment variability tends to result in 
specific traits to ensure species survival (Murphy, 
1968). In reef species, for example, such traits in- 
clude slow growth, large size, delayed onset of 
first reproduction, multiple spawning, and long 
lives (Bohnsack, 1994). One successful strategy 
for fishes under these conditions is protogynous 
hermaphroditism, in which fishes change sex from 
female to male as they age and grow larger. 

These characteristics make many reef species 
especially vulnerable to fishing, which targets and 
eliminates larger individuals because of their 
greater economic and sport value. Larger animals 
may be exceptionally vulnerable because of their 
more aggressive behavior (Thompson and Munro, 
1974; Nelson and Soul& 1987). For protogynous 
hermaphrodites, excessive size-selective exploita- 
tion can promote "juvenesence" by truncating the 
s tock 's  older age classes, resulting in too few 
males to adequately fertilize eggs (Bannerot et al., 
1987). For other species, few individuals may sur- 
vive to mature, and the number of spawning 
chances may be greatly reduced. Some species can 
be easily located and fished even when severely 
depleted because of their predictable behavior and 
geographically restricted habitats. 

Social and Economic  Factors 
Overfishing results from a suite of complex so- 

cial and economic factors that are difficult to man- 
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age because of poor education, lack of enforce- 
ment, strong cultural traditions, and political fac- 
tors (Waters, 1991; Ludwig et  al.,  1993; Rosen- 
berg et  al., 1993). Education of stakeholders and 
managers is important to successful dealings with 
many of these issues. People often have unrealistic 
perceptions about resource productivity and sus- 
tainability and tend to be skeptical of management 
and conservation efforts. 

The most widely acknowledged factor causing 
overfishing is the "'tragedy of the commons"  
(Hardin, 1968), where open access fisheries en- 
courage competition and discourage conservation. 
To increase individual shares of the available re- 
source, people inevitably fish more, producing 
declines in total net revenues. When giving some- 
thing up is most likely to directly benefit com- 
petitors, there is little incentive to conserve re- 
sources. The problem can become exacerbated 
when a species value increases as the stock de- 
clines, as happened with fur seals and Atlantic 
bluefin tuna. Overfishing can also result from in- 
teractions between the environment, animal be- 
havior, and fishing operations. For example, reef 
fish catch rates may remain high, giving the per- 
ception of high stock abundance, buoyed by the 
fishery continuing to find and deplete new unex- 
ploited reefs, even though the unit stock is 
overfished. Overfishing can also occur for pelagic 
schooling species (e.g., sardines and anchovies) 
where environmental conditions concentrate an 
otherwise depleted stock into a smaller area, mak- 
ing the remaining stock more vulnerable to 
fishing effort. Often political pressures for 
demonstrating an absolute certainty of  overex- 
ploitation deters managers from taking appropri- 
ate action. It is also very difficult to get the con- 
servation community as concerned about fishes 
and invertebrates as they seem to be about other 
"'warm and fuzzy" animals (McClanahan, 1989). 
Marine mammals and birds are perceived as cud- 
dly and cute, whereas fishes are considered cold, 
slimy, and ugly. 

It is especially difficult for managers to counter 
the "people versus critters" argument. Overfished 
stocks produce economic stresses, and reductions 
in fishing effort would only create further hard- 
ships (Ludwig et  al.,  1993). Instead of reducing 
take. managers often allow the same or increased 
catches, further reducing stock productive capacity 
and exacerbating economic hardships. When man- 
agement actions are taken, they tend to be mini- 
mal instead of decisive. The time between gather- 
ing the necessary data and taking action allows the 
resource to decline further. Actions that could 
have been effective early are no longer sufficient. 
Continuation of this process results in the resource 
declining to where "economic rent" approaches or 
drops below zero. Finally, when (and if) resources 
begin to recover, fishers exert great pressure to 
prematurely increase harvests before the stock has 

fully recovered. If recovery does occur, the cycle 
of overfishing recurs. 

In general, managers tend to be too optimistic 
and risk prone because the bases for their actions 
are founded on unreliable assessment methods, 
imprecise estimates and hence predictions, cou- 
pled with extreme uncertainty concerning recruit- 
ment. It is often assumed (or hoped) that a good 
year class will eventually arrive and make unpop- 
ular actions unnecessary, Thus, while the eco- 
nomic and social forces leading to overfishing are 
generally well understood (Ludwig et  al.,  1993: 
Hutchings and Myers, 1994), and possible reme- 
dies have been described (Rosenberg et al., 1993), 
fisheries still collapse. 

Fishery Management 
The usual objective of fishery management is 

to achieve an "optimum yield" based on weighted 
objective function that includes biological, eco- 
nomic, and social factors. But management plans 
usually treat single species and ignore impacts on 
biodiversity, environmental variation, and the in- 
teractions between species, habitat, and fisheries 
(National Research Council, 1994). Rarely are ef- 
fects of fishing on genetic quality of stocks con- 
sidered, although size selectivity may take the 
fastest growing and the genetically most "fit" ani- 
mals first (Bergh and Getz, 1989). 

The paradigm of fisheries regulation is to pre- 
vent undersized fish from being caught or to allow 
a sufficient number of fishes to escape harvest to 
ensure sufficient adult spawning stock to maintain 
high average recruitment levels. The two principal 
forms of regulation are to control the size of or- 
ganisms taken and the amount of harvesting effort 
applied. Specific regulations include size limits, 
bag limits, quotas, limited entry, fishing seasons, 
area closures, and gear restrictions, such as larger 
mesh sizes on trawls, bycatch reduction devices in 
nets, or larger hook sizes (Munro and Williams, 
1985). 

Many traditional management measures fail to 
reduce fishing pressure and protect biodiversity 
because of high release mortality,  inadequate 
models, inability to control fishing effort, poor 
compliance, and unenforced or unenforceable reg- 
ulations. Some measures demand accurate and 
continuous data acquisition, which can be difficult 
to obtain, and intensive analyses, which are vul- 
nerable to cheating or misrepresentation. Monitor- 
ing may be impractical if there are a large number 
of fishing operations, many species in the fishery, 
and several different kinds of fishing gears in use. 
Traditional techniques may not effect ively be 
equipped to deal with serial overfishing, genetic 
selection, bycatch, and release mortality. 

The need to balance and integrate the two prin- 
cipal approaches to stock management, based on 
fisheries regulation and understanding the environ- 
ment, has increased over the last decade resulting 
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in pervasive recommendations to move from sin- 
gle species to ecosystem management (National 
Research Council, 1994). However, there are obvi- 
ously costs associated with the paradigm shift. 
Ecosystem management requires a better under- 
standing of the coupling, function, and dynamics 
of organisms, their habitats, and better fishery-in- 
dependent monitoring of communities and habitat 
conditions. The many failures of fisheries manage- 
ment to protect biodiversity and maintain sustain- 
able fisheries also strongly emphasize the need 
for new and innovative ideas and solutions. Be- 
sides reducing fishing, two promising long-term 
alternatives are habitat restoration and establish- 
ment of marine reserves; both require colonization 
of habitats by natural processes. Habitat restora- 
tion has great potential in damaged environments, 
but further research on its effectiveness is clearly 
needed (Bohnsack, 1996). Except under unique 
circumstances, deployment of artificial reefs or 
release of hatchery-raised organisms has less po- 
tential for restoring biodiversity and rebuilding 
sustainable fishery productivity. In addition, intro- 
duction of exotic organisms is not recommended 
because of unpredictable consequences and the 
general inability to correct mistakes. Designating 
certain marine areas as "pro tec ted ' - -usua l ly  by 
officially naming them "sanctuaries" or "re- 
serves"--is  a revolutionary resource-management 
tool used in mitigating habitat degradation and 
overfishing. Marine reserves are an essential ele- 
ment in ecosystem management and offer consid- 
erable potential for protecting and restoring marine 
biodiversity. 

Marine Reserves 
There is widespread interest in the use of ma- 

rine reserves. In reserves, access to critical habi- 
tats is permanent ly  restricted. As a result, re- 

K o s o r v o  

Fig. 1: Conceptual model showing how marine reserves can protect spawn- 
ing stocks and disperse larvae into surrounding areas. 

serves have more natural species composit ion,  
age structure, spawning potential,  and genetic 
variability. Because they can aid efforts to con- 
serve biodiversity and environmental quality, ma- 
rine reserves may help maintain sustainable 
fisheries by naturally exporting biomass and lar- 
vae to the surrounding areas. Protected areas re- 
duce conflict by limiting the number of manage- 
ment object ives in an area and are appealing 
because of their simplicity (Roberts and Polunin, 
1993). 

Marine reserves recreate natural refuges that 
were too deep, remote, hard to locate, or unfish- 
able in the past (Dugan and Davis, 1993). Such 
refuges have disappeared or become less effective 
because of increased fishing effort and improved 
technology (Epperly and Dodril, 1995). Because 
most demersal organisms, especially postsettle- 
ment fishes, are rather sedentary and strongly site 
specific, populations within reserves can mature 
without intervention. Larger and older individuals, 
which supply the majority of eggs, are able to re- 
produce supplying eggs and larvae dispersed by 
ocean currents to both reserves and surrounding 
fished areas (Fig. 1). Reserves are unlikely to pro- 
vide much protection for highly migratory species; 
these would benefit only in proportion to the time 
they remain in a protected area. 

Substantial evidence supports the primary as- 
sumption that depleted demersal populations in pro- 
tected areas will regenerate (Randall, 1982; White, 
1986, 1988; Bohnsack et al., 1989; Davis, 1989; 
Roberts and Polunin, 1991, 1993; Bohnsack, 1993, 
1996; Dugan and Davis, 1993; Towns and Ballan- 
fine, 1993; Jones, 1994; Roberts and Polunin, 1994; 
Rowley, 1994). Examples include spiny lobster 
(Panulirus argus) in the Dry Tortugas, Florida 
(Davis, 1977); rock lobster (Jasus edwardsii)  in 
New Zealand (Cole et al., 1990); and reef fishes in 
the Florida Keys (Bohnsack, 1982; Clark et aI., 
1989; PDT 1990); Australia (Beinssen, 1988); Be- 
lize (Roberts and Polunin, 1994); and Hawaii (Bil- 
lig, 1990). Increased abundance and size of some 
fishes occurred in areas protected from fishing off 
Kenya (McClanahan and Muthiga, 1988; McClana- 
han and Shafir, 1990), South Africa (Bennett and 
Attwood, 1991), and New Zealand (Cole et al., 
1990; Towns and Ballantine, 1993). Reserves have 
also been shown to export fishes to surrounding 
areas in Florida (Funicelli et al., 1988), Hawaii 
(Holland et al., 1993), and South Africa (Attwood 
and Bennett, 1994), and have been responsible for 
maintaining fisheries in the Philippines (Alcala, 
1988; Alcala and Russ, 1990; Russ and Alcala, 
1994) and Japan (Yamasaki and Kuwahara, 1990). 

Fishes that occasionally wander out of the re- 
serves can support traditional and trophy fisheries. 
Reserves to some extent reduce long-term data 
collection needs, and management  can operate 
without complete information about each species 
and their interactions. Several modeling efforts 
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have shown that potentially greater fish abundance 
and availability would more than compensate for 
the increased human competition caused by dis- 
placed fishermen moving to open areas (Po- 
lacheck, 1990; DeMartini, 1993, Bohnsack, 1994: 
Man el al., 1995). 

Marine reserves address many issues that often 
are not adequately treated by traditional manage- 
ment approaches (Davis, 1989; PDT, 1990). Not 
only is recruitment overfishing ameliorated, but 
serial overfishing is treated by eliminating bycatch 
of particularly rare and vulnerable species. Inci- 
dental bycatch mortality is eliminated because 
fishes are never caught or handled. Protected from 
fisheries selection, genotypes retain their natural 
advantages within reserves and can be dispersed 
to the surrounding population by natural pro- 
cesses, thus preventing genetic alteration. 

Reserves also allow scientific education and 
ecotourism activities impossible in fished areas. 
By creating reference areas with minimal human 
impact, managers are better able to distinguish be- 
tween short- and long-term natural changes, and 
those changes caused by human actions (Polovina, 
1994). Reserves can be used to improve public 
awareness and understanding of natural systems 
and human impacts on those systems. Reserves 
can simplify compliance and enforcement: it is 
usually easier to determine whether someone is 
fishing than to determine whether they are using 
legal methods or have a legal catch. Also, limited 
education and enforcement resources can be more 
effectively focused in restricted critical areas. 

One of the most important functions of reserves 
is to provide insurance against stock collapse. By 
protecting some resources until a full understand- 
ing of the effects of exploitation can be deter- 
mined, the risk of recruitment failure is reduced. 
Management designed for "average" conditions 
may not adequately respond to extreme or highly 
variable conditions. Because fishing tends to selec- 
tively remove larger and older animals and reduce 
total reproductive output, exploited stocks become 
more vulnerable to recruitment failure with subtle 
increases in natural environmental variation. If a 
stock collapses, for whatever reasons, fishery re- 
serves can act as a reservoir for rebuilding a stock 
at a rate faster than would otherwise be possible. 

The idea of periodically opening up reserves to 
"'pulse" fishing is often suggested, and may be 
practical only for short-lived, fast growing spe- 
cies. This strategy is probably untenable for many 
long-lived species for two reasons. First, because 
the period closed to fishing would have to last 
many years for species that live for decades 
(Bohnsack, 1994): and second, because the ben- 
efits accrued from protection would be rapidly dis- 
sipated. For example, when recreational divers in 
the Dry Tortugas, Florida, were limited to only 
two hand-caught spiny lobster per person per day, 
alter only 8 mon catch rates were reduced to 58% 

of the preharvest levels (Davis, 1977; Davis and 
Do&ill, 1980). After the reopening to recreational 
fishing of an Australian reef closed for 3.5 y, 
-25c/~ of the grouper were caught in only 2 wk 
(Beinssen, 1988). Within a year of discovering a 
new reef off North Carolina, 80% of the biomass 
of snowy grouper, Epinelgwhts niveatus, was re- 
moved (Epperly and Dodrill, 1995). Similar re- 
sults have been well documented in the Philip- 
pines (Alcala, 1988: Alcala and Russ, 1990; Russ 
and Alcala, 1994). 

Research is needed to determine the ideal size, 
number, total area, and location of reserves to 
achieve specific management goals. Site selection 
will require integrating knowledge from many sci- 
entific disciplines including oceanography, com- 
puter science, system analysis, fisheries, ecology, 
social science, and resource management. Re- 
serves should support a reproductive population 
with sufficient spawning potential to recolonize 
critical habitats and encompass a wide variety of 
habitats, including nursery areas and adult habi- 
tats. Sites must include a mosaic of representative 
or essential features (Pressey et al., 1993). Loca- 
tions should consider key oceanographic processes 
(Carr and Reed, 1993), economic and social fac- 
tors (Tisdell and Broadus, 1989), and home range 
size, habitat requirements and larval dispersal dis- 
tances (Quinn et al., 1993). Protecting small 
strategically located source areas that are net ex- 
porters of individuals could be most effective 
(Pulliam, 1988). Several reviews have recom- 
mended reserve networks with strategically 
placed, isolated areas containing connected 
metapopulations (e.g., Sould and Simberloff, 
1986: Simberloff, 1988: Dyer and Holland, 1991; 
Towns and Ballantine, 1993: Ballantine, 1995). 

Application to the Florida Keys National 
Marine Sanctuary 

The Florida Keys are a national treasure sup- 
porting rich subtropical multispecies reef fisheries, 
a multibillion dollar tourist economy, and unique 
aesthetic qualities. Varied habitats include estuar- 
ies, barrier islands, and coral reefs that support 
high species diversity, Concern about human dis- 
turbance of the Keys ecosystem resulted in the 
1990 establishment of the Florida Keys National 
Marine Sanctuary (FKNMS) (DOC, 1995). Al- 
though marine reserves in the FKNMS will en- 
compass <6% of the total 2,800 na mi-', they are an 
essential part of the proposed management plan 
(DOC, 1995) (Fig. 2). Proposed reserves include 
three large "Replenishment Reserves" and 19 
much smaller "'Sanctuary Preservation Areas" 
(SPAs). Replenishment reserves are bands, several 
miles wide, from shore to deeper waters and in- 
clude representative habitats spread longitudinally 
at the upper, middle, and lower portions of the 
Sanctuary. SPAs each cover a few thousand square 
meters of sensitive forereef habitat. Replenishment 
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Fig. 2: Map of the Florida Keys National Marine Sanctuary area (blue boundary) showing locations of 
the proposed larger replenishment reserves (orange bounded areas) and sanctuary protection areas (yel- 
low bounded areas) along the coral reef tract (red). 
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reserves have greater potential for protecting biodi- 
versity because of their size and coverage. 

Site selections were supported by University of 
Miami SEFCAR (Southeast Florida and Caribbean 
Recruitment Project) research, augmented by an 
ongoing 17-y reef  fish survey conducted by 
NMFS. Sites were positioned to take advantage of 
oceanographic processes that favor larval dispersal 
and recruitment (Lee et al., 1992, 1994; Cha et al., 
1994; Limouzy-Paris  et al., 1994) (Fig. 2); the 
largest zone being placed most upcurrent in poten- 
tial source areas and the second largest being 
placed in recipient areas with the highest concen- 
tration of reefs and the greatest biodiversity. 

Populations of Caribbean species are believed 
to be connected through basin-wide egg and larval 
dispersal. If  so, some countries may be able to de- 
plete their stocks with little perceptible impact on 
local recruitment. Also, there is little incentive for 
local conservation because population resupply 
will likely continue from upcurrent sources, even 
though local overexploitation may cause downcur- 
rent recruitment to decrease. Thus Florida Keys 
fishers believe local conservation is relatively 
unimportant because locally produced larvae will 
be swept away by the Florida Current. Although 
this may be partially true for some species that 
have planktonic larvae of exceptionally long dura- 
tion, such as spiny lobster (but see Lee et al., 
1994), recent studies show that currents and the 

Tortugas and Pourtales gyres can also retain larvae 
for considerable periods of time to resupply local 
reef fish populations in the Florida Keys (Lee et 
al., 1992, 1994; Porch, 1993) (Fig. 3). 

Marine reserves in the FKNMS present a unique 
opportunity to study the relative impacts of fisheries 
exploitation and oceanographic processes in deter- 
mining biodiversity and the abundance of reef pop- 
ulations because zones provide different treatments 
(protected, partially protected, and unprotected) in 
replicated sites of large and small sizes. The re- 
search goal in the FKNMS is to provide a scientific 
basis for assessing the effectiveness of marine re- 
serves as focal management tools for coastal 
ecosystem management. Our objective is to develop 
new methods for quantitative assessment of reef 
fish community composition and abundance over 
time. The null hypothesis is that no change will 
occur in populations or communities inside or out- 
side protected zones. We will quantitatively assess 
present conditions and changes in the reserves and 
surrounding fished areas using visual survey sam- 
pling methods employed since 1979 (Fig. 4). To 
efficiently analyze the data, we have employed in- 
novations in survey design aided by recent ad- 
vances in computer technology (Rothschild et al., 
1996). We expect that there will be significant 
changes in protected areas compared with surround- 
ing less-protected areas; some significant changes 
may occur in as little as 2-5 y (Bohnsack, 1982). 
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A cornerstone for our work is scientific data vi- 
s u a l i z a t i o n - t h e  use of  sophisticated computer  
graphics to gain insight and understanding into 
complex problems characterized by large data 
sets. A key role of visualization is that one can 
identify candidate coupling and forcing factors 
without having to regrid data. Visualization pro- 
vides a means to assess the data and implied cou- 
plings, before statistical testing, and aid in the for- 
mulation of quantitative model structure that could 
not otherwise be readily identified. With this tech- 
nology we hope to better understand ecosystem 
process and test various hypotheses regarding the 
efficacy of marine reserves.  For example,  we 
would like to view and predict the transport and 
fate of larvae generated from spawning aggrega- 
tion (Fig. 5). We also hope to clarify the relative 
impacts of fisheries exploitation and oceano- 
graphic processes in determining reef biodiversity 
and abundance of reef resources. 

We are testing several critical hypotheses about 
resource changes in space and time in cooperative 
research involving the University of Miami, the 
U.S. Man and the Biosphere Program, the FKNMS, 
and the Southeast Fisheries Science Center of the 
National Marine Fisheries Service of NOAA: 

Ho~: Abundance, average individual size, and 
spawning potential of exploited species will in- 
crease within reserves. For reserves to be effec- 
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Fig. 3." Dominant current patterns of the South Florida regional ecosystem 
and Florida Keys showing the Florida Current, Gulf Stream, and Tortugas 
and Pourtales gyres. 

tive, it is necessary that reserves increase 
spawning potential and protect biodiversity.  
Spawning potential can be increased by increas- 
ing population abundance and size structure 
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Fig. 4." Distribution of fishery-independent research sampling sites for reef fish visual surveys conducted in the FKNMS area from 
1979 to 1995. Coral reef tract is shown in red. 
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Fig. 5: A fish-eye view of  the transport-and-fate of a "spawning slick" of  
larvae generated from an aggregation ~f  sexually mature grouper as it is 
influenced by advection from hydrodynamic current patterns. Slick densit).~ is 
highest at red and lowest at dark blue. Arrows indicate current direct and 
speed. 

T h e r e  is a clear 

need to . . . change 

from single species 

management to 

ecosystem manage- 

ment to protect 

marine biodiversity 

and promote sustain- 

able use. 

through differential mortality inside versus out- 
side reserves. We predict that the greatest pro- 
portional population increases will be among 
the more heavily exploited species and those 
species with sedentary adults. No changes in 
population abundance or size structure would 
falsify this hypothesis. 

• Ho:: Biological changes and biodiversity will be 
correlated with the level of protection. We pre- 
dict that the magnitude of biological changes 
and biodiversity will decrease in the following 
order: no human access, no harvest activities, 
partial protection from certain harvest activities, 
and open access to all activities (based on cur- 
rent state and federal fisheries regulations). No 
changes or a lack of a correlation with the pro- 
tection levels would falsify this hypothesis. 

• Ho~: Reserve size is important. We predict that 
larger species and those species with greater 
areas of activity will require larger protected 
areas. This hypothesis will be tested by moni- 
toring population responses of various species 
to different sized reserves. Results will help 
managers predict what minimum size is neces- 
sary to be effective for species with specific bio- 
logical characteristics. These predictions can be 
falsified by data showing no correlations in fish 
density for larger species with the amount of 
protected area. 

• H,,4: Reserve location is important. We predict 
that in addition to size, zone effectiveness will 
be influenced by habitat quality, distribution, 

quantity, and proximity of nursery habitats. 
These predictions will be tested using habitat 
data collected independently through the Nature 
Conservancy by the Florida and Caribbean Ma- 
rine Conservation Science Center at the Univer- 
sity of Miami. 

Conclus ions  
At a time when diversity of oceanic fishes is 

threatened, fishery management  can no longer 
strive simply to maximize yield while ignoring bi- 
ological interactions, the physical and biological 
environments,  and impacts of fishing gears and 
catches on habitat and biodiversity. There is a 
clear need to improve monitoring methods and 
change from single species management to ecosys- 
tem management to protect marine biodiversity 
and promote sustainable use. Research and educa- 
tion are essential to increase public appreciation of 
biodiversity and the impacts of human activities. 
Both resource managers and users need to develop 
realistic expectations and a risk-averse philosophy 
toward resource exploitation and management ef- 
fectiveness. To be effective, decision makers must 
maintain a systems view of the resources. Pro- 
posed marine reserves in the Florida Keys present 
a unique research opportunity to clarify the rela- 
tive impacts of fisheries exploitation and oceano- 
graphic processes in determining reef biodiversity 
and abundance of reef resources. 
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