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Biological Diversity, Soils,
and Economics

Michael Huston

Terrestrial biological diversity is supported by solar energy captured by plants growing in
soil. This soil-based plant productivity also provides the foundation for human societies
through production of food and renewable forms of energy. Variations in plant productivity,
resulting from differences in inherent soil fertility, variations in climate and weather, and
differences in chemical inputs and agricultural practices, produce patterns of biological
diversity that are associated with the agricultural component of economic productivity.
Ecological processes lead to a generally negative relation between the diversity of plant
species and potential agricultural productivity at both local and global scales. One impli-
cation of this negative relation is that preservation of areas of high plant biodiversity does
not require the sacrifice of productive agricultural lands.

The relation of biological diversity to eco-
nomics is generally seen as an impediment
imposed on economic development or as a
difficult-to-value externality determined by
the opportunity-cost of extinction. Both of
these views miss the true economic signifi-
cance of biological diversity, and their perpet-
uation has negative implications both for the
preservation of biodiversity and for rational
economic development. Biological diversity
can be understood as the consequence of
organisms struggling for survival in the same
environment in which humans, as individuals
and societies, struggle for survival.

The fundamental unit of biodiversity is
the species. Extinction of species, as well as
of subspecies and populations, is of interna-
tional concern for many reasons, including
the loss of genetic material of potential
value for medicine and agriculture (1).

_The author is in the Environmental Sciences Division,
Oak Ridge National Laboratory, P.O. Box 2008, Oak
Ridge, TN 37831.
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Biodiversity is considered to be highest
where there are the most species living in
the same area, as exemplified by tropical
rain forests. Thus, biodiversity is an issue of
coexistence, and extinction can be seen as
the extreme manifestation of a failure to
coexist. Extinction can result from (i) the
failure of organisms to survive natural disas-
ters such as floods, droughts, ice ages, and
asteroid impacts; (ii) the failure of orga-
nisms to coexist with one another as a result
of competition, predation, or disease; and
(iii) the failure of organisms to coexist with
humans as the result of overharvesting,
habitat destruction, or direct competition.

Local Patterns of Biodiversity

The processes leading to “survival of the
fittest” form the basis for understanding the
economic implications of biological diver-
sity. The “fittest” species, which in many
cases are the best competitors, are able to
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dominate more rapidly and completely un-
der some environmental conditions than
under others. Dominance by a single spe-
cies often occurs more rapidly under favor-
able conditions, where all organisms can
potentially grow rapidly. It is under these
conditions that the best competitors are
able to eliminate most other species by
monopolizing an essential resource. Abiotic
disturbances, such as fires or hurricanes, as
well as predators or herbivores can prevent
competitive dominance by killing some
proportion of the dominant competitors,
particularly under favorable conditions
when dominance would otherwise occur
rapidly (2). Thus, under the most favorable
conditions, diversity among competing spe-
cies can be reduced by competition. How-
ever, under somewhat poorer conditions,
the superior competitors are not able to
dominate as rapidly, if at all, and many
species are able to coexist, leading to higher
diversity among individuals that are smaller
in size, fewer in number, or both. Of
course, under extremely poor conditions,
few or no species are able to survive, and
biodiversity drops to very low levels.

The pattern described above appears
most strongly among plants, primarily be-
cause of the importance of a single limiting
resource, sunlight. The conclusion from the
above argument is that plant biodiversity
should be higher on unproductive, poor
soils than on fertile, productive soils where
plants are taller and total plant mass is
higher. This pattern of highest plant diver-
sity on poor soils and low plant diversity on
the best soils is found throughout the world
under a wide variety of conditions (3-5).
The diversity of plant species in temperate
prairies and grasslands (Fig. 1, A to C)
(3—-6) shows the same pattern in relation to
soil fertility that is found among trees in
tropical forests (Fig. 1, D to F) (4, 7-9).
Addition of nutrients to plant communities
nearly always leads to a reduction in plant
diversity (3-6, 10), as demonstrated by
fertilization experiments in temperate pas-
tures and grasslands (10) and tropical for-
ests (I11). Anthropogenic nutrient pollu-
tion also reduces plant diversity, both in
aquatic systems, where the effects of eu-
trophication are well known, and in terres-
trial systems, such as the European heath-
lands that are being converted to grasslands
by atmospheric deposition of nitrogen (12).
A variety of theoretical models predict this
pattern and explain why there are excep-
tions to the general rule (2, 3, 5, 6, 12).

Agriculture, Biodiversity, and
Conservation

Soil is also the key to explaining much of the
variation in agricultural productivity. Situa-
tions where agricultural productivity is in-



herently high are situations where the natu-
ral biodiversity of plants would be expected
to be relatively low. Thus, preserving a large
proportion of the plant biodiversity in the
world should not have much economic or
social cost because it does not require a
sacrifice of agriculturally productive land.
On the other hand, areas with high plant
biodiversity are most likely to be environ-
ments where agricultural productivity is nat-
urally low, as a result of low nutrient avail-
ability, shallow rocky soils, insufficient rain-
fall, or unfavorably high temperatures. Con-
sequently, regions with high plant biodi-
versity are unlikely to be able to support
productive agriculture without intensive
management and chemical inputs (13).
This phenomenon has a number of impor-
tant consequences. One is that societies tend
to preserve areas of high plant biodiversity
purely as a result of market economics. Suc-
cessful farmers do not waste resources trying to
grow crops on land that is not capable of
sustained high productivity agriculture with
cost-effective management and chemical in-
puts (14). Nearly all of the most productive
land around the world has been under some
form of cultivation for many centuries, and
sometimes thousands of years. Whatever eco-
systems existed on these soils have long since
disappeared, except for a few accidental rem-
nants. While many plant and animal species
undoubtedly became extinct as a result, we
can expect that the loss of plant diversity was
relatively low, because most lands taken for
agriculture were likely to have had low plant
diversity. In contrast, much of the recent
destruction of biodiversity in the tropics and
elsewhere has been the result of government
subsidies and tax incentives that allowed the

Fig. 1. Association of plant species number (the
simplest measure of plant diversity) with param-
eters of soil fertility, showing the unimodal pattern
of plant diversity along gradients of soil fertility
and plant productivity. Position of the mode (max-
imum diversity) varies among the graphs, at least
partially as a result of different scalings imposed
by use of different parameters as correlates of soil
fertility. The association between species number
and productivity is negative along part or all of
each productivity gradient. (A) British herba-
ceous plants, plant productivity indexed by sum
of living and dead plant biomass [reprinted from
(23)]; (B) North American prairies, plant produc-
tivity indexed by soil drainage conditions [based
on (24)]; (C) annual plants in an Israel desert,
plant productivity indexed by soil water-holding
(field) capacity [reprinted from (25)]; (D) number
of Costa Rican rain forest trees species per 0.1
ha, soil fertility indexed as the sum of relative soil
P, K, and Ca among 46 sites [reprinted from (4)];
(E) number of vascular plant species per 0.1 hain
Ghanaian closed forest, soil fertility indexed by a
principal components axis negatively correlated
with total exchangeable bases and other mea-

deforestation or plowing of low productivity
(and high diversity) lands that would not
support agriculture in a true market economy
and usually are abandoned or sold after the
initial subsidies have been obtained (15).

The market-driven pattern of biodiversity
preservation can be clearly seen in the dis-
tribution of public land in the United States
(Fig. 2A). The relative amount of land
owned by the federal government is inverse-
ly related to the average value of agricultural
products produced by the land on a per area
basis. These lands are the national parks,
national forests, wildlife refuges, and the
other public lands that receive varying de-
grees of protection from exploitation and are
the primary refuges for the remaining biodi-
versity of the United States.

This same pattern can also be seen on a
global scale (Fig. 2B), where a relatively
large proportion of land in some countries is
set aside for conservation in spite of poten-
tially high agricultural value. Among coun-
tries with agricultural production values
over $200 per hectare, between 0.5 and
18% of the land area is protected, whereas
in countries with production values less
than $200 per hectare from 0 to 38% of the
land is officially protected for conservation
purposes. The potentially higher conserva-
tion set-asides that are economically justi-
fiable in countries with low agricultural
productivity are often not achieved.

Global Biodiversity and
Soil Fertility

The inverse or unimodal association be-
tween plant diversity and soil fertility that
is found along local or regional gradients
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(Fig. 1) and in fertilization experiments also
appears on a global scale. One of the major
patterns in the distribution of life on Earth
is the latitudinal gradient of species diver-
sity. Among plants, as well as among most
groups of animals, the number of species
found in an area of a given size (for exam-
ple, 1 hectare) increases from either pole
toward the equator, reaching a maximum in
wet lowland tropical rain forests (16).
Several independent types of data sug-
gest that a latitudinal gradient of soil fertil-
ity parallels the global pattern of species
diversity. Global soil maps show that poor
soils dominate the tropical latitudes (al-
though soils with similar properties are also
found in parts of the temperate zone),
whereas the most fertile soils are limited to
certain areas of the temperate zone (Fig. 3).
Most areas of tropical rain forest are under-
lain by soils classified as infertile (17).
Many tropical soils are low in inherent
fertility because they formed from geolog-
ical parent materials that were low in
essential elements or because they have
lost most of their nutrients and become

A

901 Nevada
80

704 Utah
0® eldaho

50| @Oregon
®¢ Arizona
40 eColorado
304{e eWashington
204 Montana

Jdew Hampshire
10 L7

¢ Califomia

Percentage of total land area
owned by federal government

Maryland |opa
200 400 600 800 1000 1200

gPelaware

B
Ecuador (38"/)

@ Bhutan
e Panama

154 @ Norway

20 Austria

ania
A GCosta Rica
. oSt Lanka
°

.0. ﬁwanda
N

France
us. A Ponugal
"“”V ANetheriands
aFinland  ($1702)

Hungary
spame Indido AT e
*o Mo
nes
2o16bh" eBang
0 T T
[}

200 400 600 800 1000 1200
ge value of
(U.S. dollars per heclare of tolal area)

Fig. 2. (A) Percentage of land in each of the
lower 48 states in the United States that is
owned by the federal government as public
lands (such as national forests, national parks,
and national rangelands) in relation to the av-
erage value of agricultural production per hect-
are of total land area in each state [reprinted
from (5)]. (B) Percentage of land with officially
protected status (such as national parks or
refuges) in various countries in relation to the
average value of agricultural production per
hectare of total land area in each country.
Values are given in parentheses for countries
that are off the scale. Symbols indicate approx-
imate annual rainfall; open circles indicate less
than 55 cm of rainfall per year, triangles indi-
cate 55 to 130 cm per year, and closed circles
indicate over 130 cm per year [based on data
from (27)].
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acidic as a result of warm temperatures
that accelerate chemical and biological
processes, and high rainfall that leaches
nutrients out of the soil (17, 18). Geolog-
ical stability and the lack of glaciation in
much of the lowland tropics have reduced
the input of fresh, mineral-rich substrate
for soil formation. High fertility soils in
the tropics are generally limited to areas of
active volcanism or alluvial sediments
from young mountain ranges (19, 20).
An additional measure of soil fertility is
the amount of crop that can be harvested
from a specific area of land. Data on both
the standardized monetary value of agricul-
tural production (Fig. 4A) and the actual
weight of root crops (such as potatoes,
yams, and manioc) harvested from a specif-
ic area of land (Fig. 4B) show a clear

decrease in maximum agricultural produc-
tivity from countries in the temperate zone
to countries near the equator. The data in
Fig. 4 are divided into three classes on the
basis of each country’s average annual rain-
fall. While high root crop productivity can
be achieved regardless of annual rainfall,
the highest productivity at any latitude is
found in countries that are able to afford
irrigation and fertilizer.

Fertilization and good agricultural prac-
tices can increase productivity in tropical as
well as temperate soils (20). Nonetheless,
the inherent physical and chemical proper-
ties of a soil impose limits on the increases
in yield that can be achieved (21). Other
factors in addition to poor soils, such as low
light owing to cloudiness and high plant
respiration rates caused by elevated temper-

4-6

7-10 11=15 >16

Total exchangeable bases (meq per 100 g of soil)

6-7 7-8 >8

Soil pH

Fig. 3. Global patterns of soil properties related to fertility. (Top) Estimated total exchangeable
bases (K, Mg, Ca, Na) of soils in 1° by 1° cells; (bottom) average pH in upper 100 cm of soil.
Information on each of these soil properties, which are expected to be highly correlated, is derived
from independent data (28). Gray indicates soil types for which pH data are inadequate. Light blue

indicates ice.
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atures, may also contribute to low produc-
tivity of agriculture and forestry in parts of
the tropics (22).

Global Economic Implications

The latitudinal gradient of soil fertility has
global economic significance because most
developing countries are located in the
tropical latitudes. One tragic consequence
of this pattern is that rural poverty is likely
to be much more severe in tropical than
temperate countries. The general pattern of
tropical poverty is reflected by the latitudi-
nal gradient of per capita gross national
production (GNP) (Fig. 5A), which is the
opposite of the latitudinal diversity gradi-
ent. The above arguments suggest that both
of these patterns may have the same root
cause.

This global pattern may suggest a sort of
environmental determinism that dooms
some tropical countries to poverty, but such
a pattern is not inevitable. The problem for
much of the Third World is not their
climate or poor soils per se, but rather that
many Third World economies are based
disproportionately on agriculture (Fig. 5B).
Weak economies and inherently low soil
fertility are unable to support the invest-
ment needed to improve agricultural pro-
ductivity. Many developed nations of the
temperate zone and arid regions achieve
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hectare of total land area. (B) Global latitudinal
gradient of the yield of root and tuber crops
(such as yams, potatoes, and manioc) in kilo-
grams per hectare of land used for these crops.
Symbols indicate approximate annual rainfall
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their high agricultural productivity as a
result of heavy investment in fertilization
and irrigation (see Fig. 4), which is an
option not available to most underdevel-
oped countries under current global eco-
nomic conditions.

Agricultural productivity based on in-
herent soil fertility is probably inadequate
to finance the transition from an agrarian to
an industrial society in many tropical coun-
tries, as it did for the United States and
much of Europe. Fortunately, such an agri-
culturally driven transition should not be
necessary in this age of global trade and
demand for a wide variety of resources and
services. Unlike the global pattern of soil
fertility, there is no such pattern for mineral
resources such as coal, uranium, oil, and gas
(Fig. 5C). These, and presumably all other
mineral resources, are distributed without
regard to latitude. A stronger emphasis on
mineral resources and industrialization on
the basis of these natural resources seems
more likely to lead to successful economic
development than dependence on agricul-
ture.

The predictable patterns of plant biodi-
versity in relation to potential agricultural
productivity on both local and global scales
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Fig. 5. (A) Global latitudinal gradient of per
capita GNP. (B) Global latitudinal gradient of
the proportion of GNP contributed by the agri-
cultural sector. (C) Global pattern of mineral
energy resources. Closed circles indicate bitu-
minous coal in units of million metric tons. Open
circles indicate crude oil in units of million tons.
Squares indicate natural gas in units of billion
cubic meters. Triangles indicate uranium in
units of metric tons [reprinted from (5) based
on data from (27)].

Su,

ggest that much of the Earth’s remaining

plant biodiversity can be preserved with
relatively little cost in terms of agricultural
productivity. The relation of other compo-
nents of biodiversity to soil fertility is not as
well understood. The diversity of organisms
that feed on specific plants or plant parts,
such as many insect and bird species, is
likely to be closely related to plant diversi-

ty

. However, there are some important

components of biodiversity, such as large
marine vertebrates, and predatory birds and
mammals, that seem to reach their highest
diversity in productive areas. Conservation
of these components of biodiversity may
require a decision to set aside land that
could otherwise be used for productive ag-
riculture. These global patterns also imply
that the optimal solution to preserving the

biological resources

contained in the

Earth’s biodiversity, while simultaneously
maximizing the sustainable production of
food and energy provided by plants, cannot
be achieved within any single country.
Movement toward an integrated global
economy based on efficient production of
agricultural and industrial products and un-
restricted trade might actually improve con-
servation of biodiversity.
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CECsail) x 100] with an equation approximating soil
cation exchange capacity (soil CEC), which gives
TEB = (BS%/100) x {35 x OC% + [(Clay% x
CECclay)/100)]}; where OC% is percent organic
carbon in the soil, Clay% is the percent clay content,
and CECclay is the approximate cation exchange
capacity for the dominant clay mineral (for example,
kaolinite, allophane) or an average value of 40 meq
per 100 g for mixed clay mineralogy. Soil pH values
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are based on the average weighted value of mea-
sured pH over the top 100 cm of 400 soil profiles
from the FAO soil units. [AGLS Soil Resources
Group, Soil Properties and Qualities Estimation
Based on Soil Groups by the Soil Map of the World
(FAO, Rome, ltaly, 1992)].
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Protein Design by Binary Patterning
of Polar and Nonpolar Amino Acids

Satwik Kamtekar, Jarad M. Schiffer,* Huayu Xiong,
Jennifer M. Babik, Michael H. Hecht¥

A general strategy is described for the de novo design of proteins. In this strategy the
sequence locations of hydrophobic and hydrophilic residues were specified explicitly, but
the precise identities of the side chains were not constrained and varied extensively. This
strategy was tested by constructing a large collection of synthetic genes whose protein
products were designed to fold into four-helix bundle proteins. Each gene encoded a
different amino acid sequence, but all sequences shared the same pattern of polar and
nonpolar residues. Characterization of the expressed proteins indicated that most of the
designed sequences folded into compact a-helical structures. Thus, a simple binary code
of polar and nonpolar residues arranged in the appropriate order can drive polypeptide
chains to collapse into globular a-helical folds.

The essential features for the design of
proteins are suggested by two familiar prop-
erties of natural proteins. First, globular,
water-soluble proteins invariably fold into
structures that bury extensive hydrophobic
surface area while simultaneously exposing
polar side chains to solvent (I). Second,
these structures typically contain an abun-
dance of hydrogen bonded secondary struc-
ture (a helices and B strands).

The dual constraints of forming regular
secondary structure while burying hydro-
phobic side chains (and exposing hydro-
philic ones) are met most directly by de-
signing novel amino acid sequences capable
of forming amphiphilic « helices, B strands,
or both. For a segment of polypeptide chain
to form an a helix or a B strand with one
hydrophilic face and one hydrophobic face,
the sequence must be designed with a peri-
odicity of polar and nonpolar residues that
matches the repeat for that type of second-
ary structure. For example, for the design of
a stable B sheet protein, the sequence must
be composed predominantly of alternating
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polar and nonpolar residues. Conversely,
for an a-helical protein, the periodicity of
polar and nonpolar residues must approxi-
mate the 3.6-residue repeat that is charac-
teristic of a helices.

We describe a general strategy for pro-
tein design that is based on the assumption
that the ability of a sequence to form
amphiphilic secondary structures may actu-
ally suffice to drive a designed polypeptide
chain to fold into a compact native-like
structure. QOur strategy is based on the
premise that formation of stably folded
structures does not require the explicit de-
sign of specific interresidue contacts; the
precise packing of the three-dimensional
jigsaw puzzle need not be specified a priori.
Only the sequence location, but not the
identity, of the polar and nonpolar residues
must be specified explicitly.

We produced a collection of protein
sequences that satisfy these criteria. This
collection was generated by constructing a
degenerate family of synthetic genes. Each
gene encoded a different amino acid se-
quence, but all sequences shared the same
periodicity of polar and nonpolar residues.
The sequence degeneracy in this family of
genes was made possible by the organization
of the genetic code: Wherever a nonpolar
amino acid was required, the degenerate
codon NTN was used (where N represents a
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mixture of A, G, T, and C). Wherever a
polar amino acid was required, the degen-
erate codon NAN was used. With these
degenerate codons, positions requiring a
nonpolar amino acid were filled by Phe,
Leu, Ile, Met, or Val, whereas positions
requiring a polar amino acid were filled by
Glu, Asp, Lys, Asn, Gln, or His.

Design criteria. To test our design strat-
egy, we focused on a structural motif that
was small and simple, yet large enough to
form a globular structure with a well-de-
fined hydrophobic core and an abundance
of secondary structure. To simplify the de-
sign and characterization of the novel pro-
teins, we chose a fold that was composed of
only one type of secondary structure, a
helices. Previous work on the design of
peptides and proteins has indicated that
helices are easier to design than B structures
(2-5). This probably reflects both the great-
er modularity of helical structures and the
greater tendency of B structures to form
insoluble aggregates. For these reasons we
designed four-helix bundles. The four-helix
bundle is a common fold among natural
proteins (6) and has also been the target
structure in previous efforts directed toward
the design of novel proteins (2—4). Two
representations of an idealized four-helix
bundle are shown in Fig. 1.

To sample a large section of sequence
space, we used degenerate nonpolar codons
at each of the buried positions and degen-
erate polar codons at each of the surface
positions in the a helices of our designed
proteins. In the four helices shown in Fig.
1B, there are 24 buried (hydrophobic) po-
sitions and 32 surface (hydrophilic) posi-
tions. Because each buried position can be
occupied by one of five different nonpolar
side chains (Phe, Leu, Ile, Met, or Val) and
each surface position can be occupied by
any one of six different polar side chains
(Glu, Asp, Lys, Asn, Gln, or His), a total
of 52 x 632 = 4.7 x 10*! different amino
acid sequences are theoretically possible.
Our design strategy is based on the premise
that a substantial fraction of the sequences
fitting this pattern will actually fold into
proteins that are compact, stable, and
a-helical.

In our collection of sequences (Fig. 2)
the interhelical turn sequences were not
degenerate. It was necessary to define ex-
plicitly some regions of our sequence in
order to facilitate gene construction, and






