Theory and Design of Nature Reserves

Goals of a conservation reserve

The rst task in designing a reserve must be to decide what that reses isfor | an example
of my \If you don't know where you're going you'll probably erd up somewhere else” prin-
ciple. So whatare the goals of a conservation reserve? Souk and Simberlo [litenti ed
three:

1. Conservation of large, intact, functioning ecosystems,
2. Conservation of areas with high biological diversity, and

3. Conservation of species or groups of species of special irgere
To these three reasons, | would add two more:

4. Conservation of signi cant natural communities.

5. Conservation of important ecosystem services.

Large, intact, functioning ecosystems

Sequoia and Kings Canyon National Parks in the Sierra Nevadalgrprotected the giant

sequoia Gequoiadendron giganteujnincidentally. They were established to protect
an important watershed providing irrigation water for farmsin the Central Valley.

Yellowstone and Yosemite were established largely because of tireque geological
features of the rst and the scenery of the second.

To protect an intact functioning ecosystem, the area protecte must be very large.
Yellowstone and Grand Teton National Parks together have an aa about the size
of the state of Connecticut. An area of this size seems just largecargh to contain
a viable population of grizzly bears. As of 2005, there were alto325 wolves in the
Greater Yellowstone Ecosystet%.

IWhich is close to #1 but not identical.
2\Wolves were re-introduced to Yellowstone in 1995 and 1996.

Cc 2003-2007 Kent E. Holsinger
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Figure 1. Conservation status of lands in the continental Unitg States. Gap status 1 {
areas with permanent protection. Gap status 2 { areas with pemanent protection, but
management that degrades natural communities is allowed. ap status 3 { areas with
permanent protection but subject to resource extraction. Gatatus 4 { areas without
known public or private mandates for protection. (From [1])

Protecting these vast expanses is the only hope we have for saviagye-bodies mam-
malian carnivores, and there are few places in the world whetkis is possible. It's
also pretty clear that there are large areas of the continernit&nited States where it is
no longer possible to set aside such areas (Figure 1)

Areas with high biological diversity

Rainforest preserves in the rainforest come immediately to ndnbut also Madagascar,
coral reefs.

We've already talked about the \hotspot" approach advocatedy Norman Myers and
Conservation International [6]: \as many as 44% of all specied vascular plants and
35% of all species in four vertebrate groups are con ned to tegiots comprising only
1.4% of the land surface of the Earth."



A little good news for a change. A concentrated e ort in a few high priorityareas
can, with careful long-term management, ensure that a largegportion of the world's
biodiversity will survive us.

We see the same phenomenon at a smaller scale. Dobson et al. [2] decha database
recording county-level occurrences of all plants and anirsaprotected under the En-
dangered Species Act as of August 1995. Using this database they usedorting
algorithm to identify \hot spots" for endangered species for aphibians, arachnids,
birds, clams, crustacea, sh, insects, mammals, plants, reptiles, @snails.

1. Select the county with the greatest number of endangered gjpes. In the case of
a tie select the county with the smallest area.

2. Exclude all species found in that county from further consetation.
3. Return to step 1.

More than 50% of endangered species in each group are represgmtith between 0.14
and 2.04% of land area.

Of course things never turn out to be quite as simple as they rst . Luck et
al. [3] point out that there's a positive correlation betweerhuman population density
and species richness (birds, mammals, reptiles, amphibians, andttBr ies) in both

Australia and the United States (Figure 2), with the exception breptiles in Australia.

Fortunately, there's still some good news in the end. Suppose set as a conservation
goal representing each species at least once and choosing the lestaset of grid cells
(or the grid cells that would cost the least to acquire) that albw us to do that. Then

compare what happens under two scenarios: (1) ignore human pidgtion density

(e ectively assuming all grid cells are equally costly) and (2)assign each grid cell
a cost proportional to human population density. What you see ishat under the

second strategy, overlap can be largely avoided (0% to ca. 10%peénding on the
taxonomic group) and that the total area required for consetan is only slightly

greater (Figure 3)3

Signi cant species and natural communities

Spotted-owl and marbled murrelet

3Overlap is de ned as occurring when a grid cell required for conservation corresponds to grid cell in
the top decile of human population density.



Figure 2: The relationship between human population densityrel species richness in Aus-
tralia (upper) and the United States (lower) (from [3]).

Figure 3. Percent of overlap between conservation targets éruman population density
under the two scenarios (a) and the number of grid cells incled in the conservation targets
under the two scenarios (from [3]).



Serpentine outcrops on the Tiburon peninsula north of San Feisco| Calochortus
tiburonensis

Souk and Simberlo left out another important function of nature reserves to my mind. In
a way it's implicit in the rst purpose, but it need not be carried out at the very large scale
that conservation of large, intact, function ecosystems imgs.

In developed parts of the world, like Connecticut and most ofnie eastern seaboard,
no large, intact ecosystems remain to be protected. What we cao is protect pieces
of what is left, even if those pieces are not particularly divee. Salt marshes, the
rocky intertidal, red maple swamps, and sphagnum bogs, for exatep None may
be especially diverse and they may harbor few globally endamgé species, but the
species they represent important elements of natural divergithat I, at least, would
hate to lose. Moreover, they often represent the rst, or only, xposure that those in
urbanized areas have to places that are a little bit wild. As aesult, they may be
critical to ensuring that future generations develop an apgciation for parts of the
world other than shopping malls.

Introduction to reserve design

As | see it, there are ve steps to be taken in producing a preservessign.

= A

What are the element$ of concern?
Where are the elements of concern found?
How large must the reserve be to serve its purpose?

What features of the reserve must be protected/managed tolalv the elements to
persist in the area, e.g., patch dynamics, landscape context?

How large a bu er zone is required to prevent/reverse degratlon of the primary habi-
tat?

Once these decisions have been made, many other decisions musinaele about exactly
how the land is to be protected | whether by purchase, conservabn easement, partnership
agreement, etc. Moreover, there's a sixth step that should be @eld to those | just mentioned:

“element|a species or natural community.



6. How does this reserve t into a system of conservation reserves? itle stand-alone
reserve? If not, how ought the size, number, and spatial con gation of reserve
components to be selected?

The design of reserve systems involves a \representation probléme., nding a con gura-
tion of reserves that ensures all elements of concern are \repented.® Formal approaches
to solving these problems are often described in terms of minomg either the number of
areas to be protected or the total area of areas to be protediePressey et al. [9], for example,
identify four problems for which solutions might be required

1. Identify the minimum number of sites needed to represent agast one occurrence.
2. ldentify the minimum total area of sites needed to represerstt least one occurence.

3. Identify the minimum number of sites needed to represent atast 5% of the total
regional extent’

4. ldentify the minimum total area of sites needed to represerdt least 5% of the total
regional extent.

In the test application they describe, Pressey et al. seek to ensuspresentation of 248 land
system$ across 1885 potential conservation sites in an area of 325,000°k They nd that
a minimum of 54 sites (2.86% of the total) and an area of 12084 kif8.72% of the total) are
needed to represent at least one occurrence of each land systerheyl nd that a minimum
of 126 sites (6.68% of the total) and an area of 25887 ki{v.96% of the total) is needed to
represent at least 5% of each land system.

In addition to deciding on the size, number, and spatial con gration of units to be in-
cluded in a conservation reserve system, conservation managersstrmake several additional
layers of decisions:

How frequently must the status of populations/communities be mmitored?

Is it necessary to manipulate the habitat to, for example, presee early successional
environments?

SWe saw an example of this in the Luck et al. [3] study.

®Note: The principle is the same if we decide that we want to ensure that each element is represel
more than once.

"Note: The principle is the same if we decide that we want to ensure representation of somether
fraction of the total regional extent.

8Land systems are de ned as \recurring patterns of landform, soil, and vegetation.



Should an e ort be made to exclude/remove invasive exotics?

We won't talk speci cally about these questions, since we've bedalking about them all
semester. Besides, there are few, if any, general principlesttban be applied to all reserves.
Rather, good biological judgement based on the best naturaldtory information available
is always required, as is a clear sense of what the prioritiesear

In designing nature reserves there's a lesson from landscape egylthat is especially
important to remember. | suppose you could call it ecology's lagivity principle:

There is no single, universally applicable spatial or temporadcale appropriate for
understanding all ecological processes. The scale that is appiafe depends on the
process you are trying to understand.

{ Population dynamics ofArabidopsis thalianavs. population dynamics ofQuer-
cus rubra

The application of this principle to design of nature reserveis quite straightforward:

There is no single size, no single scheme of management, no singtama of protection
that is universally applicable to all conservation reserves. Thappropriate size, the
appropriate management scheme, and the appropriate meanspobtection depend on
the purpose for which the reserve was established.

Unfortunately, we don't have time this semester for a lecture frausing speci cally on land-
scape ecology and remote sensing, but let me mention a few prpies that might have been
covered in such a lecture that are especially relevant to desighreserves or reserve systems:

Remote sensing|Landsat thematic mappers, SPOT, and all that| me ans that it
is now possible to use very sophisticated techniques to identifyeas of conservation
concern and the threats to which they may be subject | assuming that the elements
of conservation concern can be associated with data derived rfroremote sensing,
primarily vegetation cover and land use.

The middle level of spatial and temporal scales | those that span dcades or centuries
rather than millenia and areas from a few hectares to a few temf square kilometers |
are often the most relevant for conservation purposes, at leasthighly developed parts
of the world. The opportunities for conservation at the scalefdwundreds or thousands
of square kilometers are relatively few?

9And it's a big assumption
100r at least they're few if we're thinking in terms of traditional conservation reserves. They are abundant
if we think about managing ecosystems in which humans are an integral part othe system.
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{ They are the time scales over which many ecological processepgen, and es-
pecially those ecological processes over which human beings/rhape to have
some in uence.

{ They are the spatial scales over which management schemes caveladirect im-
pact.lt

Gap analysis| A national program using remote sensing data to idaetify \gaps" in
conservation coverage. Quoting from their web page:

The mission of the Gap Analysis Program (GAP) is to provide regionaas-
sessments of the conservation status of native vertebrate speaesl natural
land cover types and to facilitate the application of this ifiormation to land
management activities. This is accomplished through the folving ve ob-
jectives:

1. map the land cover of the United States
2. map predicted distributions of vertebrate species for the 8.

3. document the representation of vertebrate species and landver types
in areas managed for the long-term maintenance of biodiveysi

4. provide this information to the public and those entities barged with
land use research, policy, planning, and management

5. build institutional cooperation in the application of this information to
state and regional management activities.

GAP is conducted as regional- and state-level projects and isardinated
by the USGS Biological Resources Division (BRD). It is a coopéree e ort
among regional, state, and federal agencies, and private gpsuas well as the
BRD functions of inventory, monitoring, research, and infanation transfer.

Nature reserves have often been established, at least by privatganizations like the
Nature Conservancy, for the protection of identi ably rare aml endangered species. In
so doing, they may have failed to help prevent the general biotimpoverishment that
accompanies the conversion of natural ecosystems to human-doated ones. The
importance of gap analysis is less in its conceptual novelty dh in the emphasis it
helps to place on protection of diverse ecosystems, even if thavetsity is composed

1At scales smaller than a hectare or so, stochastic changes become almost un@able and may dominate
the dynamics. At scales larger than a few tens of square kilometers it is di cult to have any impact on
the whole system, except to the extent that actions like reducing the output of greenhouse gss a ectsall
systems on the planet.



primarily of non-endangered species. It is also a systematanned attempt to put
together a system of reserves that make sense, rather than makinggemeal decisions
on individual pieces of property.

There is a large potential problem, however. The Gap Analysisrggram presumes
that vegetation cover and predicted vertebrate distributioo will be a good surrogate
for diversity in other groups. How likely is this? Well, Prendergst and colleagues [8]
looked at the distribution of ve groups on the island of Britan:

butter ies,

dragon ies,

aguatic plants,
breeding birds, and

a bk w0 PeE

liverworts.

In a 10km grid that covered all of England, Wales, and Scotlanthey recorded the
number of species in each grou. The survey included a total of 2500 tracts. They
then ranked separately for each taxonomic group each tracttorthe 5% with the

highest number of species and the 5% with the lowest number of sgsc How much
\hot spot” overlap was there between taxonomic groups?

{ Butter ies and birds share only 10% of hot spots.
{ Butter ies and dragon ies share 34% of hot spots, the greatest evlap found.

{ None of the 2500 tracts is a hotspot for all ve groups. Liverworthot spots
are concentrated in western Scotland. Dragony hot spots areoacentrated in
southern England.

{ Protecting tracts with a high diversity may not protect rare species. 16% of rare
birds were found incold spots.

Dobson et al. [2] did a similar analysis using their data on the disbution of endangered
species in the United States.

{ Remember that they divided their data into 11 taxonomic grops.

{ Inthe 2858 counties included in their study only two are hot sge for three groups:
San Diego, California (sh, mammals, and plants) and Santa CryzCalifornia
(arthopods, reptiles and amphibians, and plants).

12 similar analysis probably isn't possible anywhere else in the world.
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{ Only nine counties are hotspots for two groups: Hawaii, HonolullKauai, and
Maui, Hawaii; Los Angeles and San Francisco, California; Highids and Monroe,
Florida; and Whit eld, Georgia.

So after that long-winded, general introduction I'm going © step back a bit further than
| already have from reality, and to talk a little about the history of thinking about reserve
design. | do this for three reasons:

1. The theory of reserve design began with applying principles island biogeography a &
MacArthur & Wilson. It's a good chance to see what is now widely garded as a false
start in conservation biology and how it emerged from a reasonigbwell-established
theoretical and empirical base. It serves as a check to our eglest we begin to think
that we really do understand everything.

2. The theory of island biogeography is the basis for many of thestimates of contempo-
rary extinction rates that | quoted in my rst lecture many weeks ago. It's important to
understand where these estimates come from and to get some senséaif reliability.

3. Finally, all though the theory of island biogeography doelsave limited applicability to
the design of nature reserves, there are a couple of importantiqeiples that emerge
from it that are worthy of consideration.

The Theory of Island Biogeography

One of the most obvious observations you can make about fact@®cting species diversity
is that the larger the area, the more species it is likely to cémin. This was rst formalized
in the 1920's, but it wasn't until the 1960's that the species-aie curve became an object of
study. Preston [10] and MacArthur & Wilson [4, 5] provided the rst explanation for the
widely observed power relationship
S=CA* ;

whereS is the number of speciesA is the area, andC and z are species-speci ¢ constants.
C measures the overall species richness, andneasures the extent to which increases in
area have diminishing returns in terms of the number of specietow values ofz indicate
strongly diminishing returns. z values tend to vary between 0.18 and 0.35, i.e., to double
the number of species the area must be increased by a factor ofveetn seven and 100.

Prior to Preston and MacArthur & Wilson, biologists who worried dout the species-
area relationship at all tended to explain it simply as a resultfathe greater habitat diversity
associated with larger geographical areas. The equilibriumebry of biogeography proposes
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another explanation, that the species diversity of an area ishé result of an equilibrium
between colonization and extinction.

If we compare large islands with small islands, we expect extinahs less frequently
on large islands (because of larger local population sizes). dlanization occurs at the
same rate on large and small islands, large islands will support aegter diversity of
species.

If we compare islands close to the mainland (a source of colonistg}h those far away,
we expect colonizations less frequently on distant islands thaon near islands. |If
extinctions occur at the same rate on near and far islands, nealands will support a
greater diversity of species than far islands.

In broad outline, both of these predictions seem to hold. In daii, there are many excep-
tions. Note, however, that theequilibrium theory implies a constantturnover in species, i.e.,
continual changes in species composition. An alternative im@etation of the phenomena is
that the patterns seen are not equilibria at all. Even if they’e not, they may provide some
useful insight for conservationists.

Implications of Island Biogeography

Insularization!®* may have immediate impacts, as | mentioned earlier when we \eetalking
about habitat fragmentation, some species require large triscof undisturbed habitat for
their continued existence. They may be lost almost immediateliyom small habitat islands.
These areshort-term insularization e ects.

As a result of reduced habitat area, insularization is expectetb lead to loss of local
species diversity in the long term.

Barro Colorado Island was formed in 1914 with the ooding of ta Panama Canal. Of
the 208 birds that bred on the island prior to ooding, 48 have gne extinct.

At the last glacial maximum, all of the islands on the Sunda sheglBorneo, Bali,
Java, and Sumatra | were part of a much larger southeast Asian landhass. They were
probably separated from the Malay Peninsula (and from one anwgr) by 10,000 years
ago. Based on the assumption that the species area curve for thegent mainland
also applied to the islands when they were part of the mainlangve can calculate how
many species have been lost from each of the islands (Table 1).
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Initial Number Present Number Number of Percent

Island Area kn?  of Species of Species Extinctions Extinctions
Borneo 751,709 153 123 30 20
Sumatra 425,485 139 117 22 16
Java 126,806 113 74 39 35
Bali 5,443 66 19 47 71

Table 1: Faunal \relaxation" on islands of the Sunda shelf.

The loss of species as a result of insularization often referreal &s \faunal collapse,”
re ecting the animal bias of the people who have worked on thproblem. Nonetheless,
this aspect of island biogeography is broadly accepted, andtie basis for many estimates
of extinction rates!* More controversial, and much less certain, is the applicationf the
equilibrium theory of island biogeography to the design of nate reserves.

The SLOSS debate

| mentioned in my opening lecture that much of the early conseation biology literature

was dominated by discussion of genetics. Well, much of the litéuae that wasn't devoted to

genetics was devoted to using the theory of island biogeograpio design nature reserves |

or to disputing its utility. The most heated of these debates eveearned its own acronym:
the SLOSS debate.

Suppose you had money to purchase 10,000 hectares of land. Assuondghfe moment
that you can ignore all management problems and that your oplconcern is the spatial
con guration of that 10,000 hectares. Would it be better to hae asingle largereserveor
several smallreserves? Would it make more sense to buy a single piece of propdry000
hectares in extent or 10 pieces of property each of 1,000 rareis?

Early advocates of the use of island biogeography theory, nbig Souk, Wilcox, Ter-
borgh, and Lovejoy, argued that a single large reserve is geaky better able to preserve
more and larger populations than an equal area divided into eollection of small reserves.
They had two reasons for this claim:

Contiguous areas are better able to preserve intact commuigs of interdepen-
dent species.

Binsularization | the production of islands of habitats, insularization is another name for fra gmentation
141f we know the rate at which tropical rainforest is being lost and the species-gea relationships typical
of a tropical rainforest, we can calculate the rate at which species diversitys being reduced.
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Contiguous areas are better able to maintain viable populetns of species that occur
at low population densities, especially large vertebrates.

There are at least two problems with these arguments.

\Largeness" is in the eye of the beholder. For annual plants, faregetative perennials,
and for small, sedentary animals a few hectares may encompadlsthe appropriate
habitat, e.g., a peat bog or a serpentine outcrop. Conservatists who want to protect
plant diversity, therefore, are probably better o buying seweral reserves of a few tens
to hundreds of hectares in a diversity of habitats, soil types, @hgeological regimes
than buying a single, large reserve of a couple thousand hectaréf you're interested
in forest birds, however, small reserves of one or two hundred tees may not be
large enough to support nesting populations.

As several critics (e.g., Simberlo , Quinn) were quick to poinout, island biogeography
theory does not require that the species on small islands be a subsiethose on large
islands. In fact, in a strict interpretation of the equilibrium theory, at least, you'd
expect themnot to be subsets. As a result, you might actually save more species in
a system of small reserves than in a single large one, even thougbhegeserve would
contain fewer species (cf. Templeton on genetic diversity).

In addition, there were more fundamental criticisms of the gmoach because there
is little evidence that the di erences in species diversity ofslands is a colonization-
extinction equilibrium. Speci cally, there is little evidence for species turnover.

To a large extent, however, this whole debate seems to have missee point. After all,
we put reserves where we nd species or communities that we wanotsave. We make them
as large as we can, or as large as we need to to protect the elet®:i@f our concern. We
are not usually faced with the optimization choice poised in # debate. To the extent we
have choices, the choices we face are more like those that Presteg). [9] describe, i.e., how
small an area can we get away with protecting and which are theost critical parcels?

Conclusions

Although in some ways the SLOSS debate may seem like a dead enderéhare several
important points to remember:

151t's worth noting that it probably doesn't work this way, but it does illustrat e that the management
advice from island biogeography theory isn't as straightforward as wemight have hoped.
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The suggestion that a single large reserve was preferable emdrifem a respectable,
legitimate body of ecological understanding. Just as ecolstg and evolutionists have
often followed blind alleys, conservationists can be expected. In fact, you could

argue that if we don't occasionally make mistakes we are avaigj di cult problems.

Reserve designs must serve a purpose. Reserves designed to protant giversity may
be entirely di erent in character from those designed to protet vertebrate diversity.
Reserves designed to protect exemplary natural communitiesivhave a focus di erent
from those designed to protect an endangered species.

Reserve designs are more frequently guided khere elements of concern occur than
by a priori theories about the best con guration of preserves. A little comon sense,
some basic biological and ecological awareness, and a littleommhation about an area
allow you to make an informed judgement about where to draw pserve boundarie$®
Just as importantly, however, we must remember how little infomation our initial
decisions are based on and jump at the chance to change them asv neformation
becomes available.

Nodes, networks, and MUMs

{ An approach to designing systems of reserves to enhance the e eetiess of the
ensemble [7]

{ Node|An area with an unusually high conservation value.

{ Network |A system of corridors to allow movement among nodes, sine nodes
will rarely be large enough to allow persistence of low-densitgrganisms.

{ MUMs (Multiple Use Modules)|A central, well-protected core surrounded by
areas of increasingly greater human impact.

Let's return to the ve-step process | outlined earlier:

1. What are the elements of concern?
2. Where are the elements of concern found?

3. How large must the preserve be to serve its purpose?

8The trouble with common sense, as Voltaire points out in hisPhilosophical Dictionary, is that it is not
very common.
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4. What features of the preserve must be protected/managed tdl@av the elements to
persist in the area?

5. How large a bu er zone is required to prevent/reverse degratlon of the primary habi-
tat?

You'll notice that the abstract ideas | talked about a few mindes ago acutally play very
little role in this list. What that suggests to me, however, isn'tthat the abstract concepts
are useless. If they were, | wouldn't have troubled you with them What it suggests is
that problems are often site-speci ¢ (and taxon-speci c) and ltat concrete applications of
the abstract concepts will depend on those site-speci ¢ featuge Furthermore, most of the
guestions that must be answered during the course of putting totper a reserve design must
be answered with very little information available. Still, there are several important things
to realize:

1. The reserve design isever xed|or at leastis shouldnever be xed. It should always
be open for amendment and improvement as new information hmues available. New
threats to the primary habitat may require larger or more strngently enforced bu er
zones. Unexpectedly vigorous population recoveries in tatggpecies may lessen the
need for interventionist management and monitoring.

2. Even though decisions about reserve boundaries often seetitaary and ill-founded |
Should we draw the line up this ridge or that ridge? | the results are based on such
fundamental properties | soil types and distribution, geological and hydrological fea-
tures, the geographical location of known populations of spes of concern | that even
if we were to study an area in detail for fteen or twenty years, he eventual boundaries
that we drew would likely be almost identical to those that we daw based on our \gut"
feelings. After all, those gut feelings integrate #t of knowledge and understanding
of the natural world | knowledge and understanding that we too often underestimate
and undervalue.
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