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ef wl. 1990). Similarly, forestry practices can increase
productivity and biomass where they favour rupidly
growing hardwoods or where plantations of slow-growing
conifers are fertilized (Mladenoff and Pastor 1993);
however, the increased productivity in monoculture
plantations comes af the expense of focal species richivess.

6.6 Soil stracture and nutrients

Human impacts on hiodiversity. The shifis in relative
ahundance of hardwoads und conifers through logging and
climate warming noted above affect soil structure and
autrients through changes in the amounts and arrays of
titter returmed to the soil (Flanagan and van Cleve 1985:
Pastor and Mlndenoff 1993),

Feosysten consequences of impacts. Where abundances
of hardwoods increase, soil nutrient availability will also
increase because the chemistry of litter from these species
makes them casily decomposable (Flanagan and van Cleve
1983; Pastor and Post 1988: Pastoe and Miadenoft 1993).
In comrast, increased abundances of conifers on droughty
soils in & warmer climate of in monoculture plantations will
catse declines in soil nutrient availability because of the
high lignin and fow nulrient confents of their litter, “These
changes in nutrient availability will then feed back und
affect productivity and biomass beoause of nuirient
limitations to growth (Pastor and Post 1ORK; Pastor and
MUEdenofl 1993).

6.1.6.5 Water distribution, halance and quality

Human impacts on hodiversity Climite warming will
Iave the greatest effect on waler distribution by changing
the rclative abundance of conifers and hardwoods and thus
altering regional evapolranspiration rates, and by causing
melting of permafrost in far northem regions,

Eeoxystem consequenees of impacts. The ecosystem
conscquences of the effests of altered biodiversity on the
hydrologic eyele are less well studied than for other
ecosystem processes. However, widespread melting of
permafrost will certainly alter large-scale drainage pattemns
(Post 1990) with consequent region-wide impacts on water
quality and river flows,

6.1.6.6 Feedbacks to atmospheric properfies

Human impacts an biodiversity, By altering the relative
abundance and distribution of functional groups, climate
warming and logging will change the carbon balunce of
ccosystems, Furthermore, warming of the soils of peatlands
and other northerm wetlands will change the amount and
types of trace gus loadings through changes in the
microbial community (Gorham 1991).

Ecosystem consequences of impacts. Boreal regions
contain large portions of the global carbon pool. Currently
this hiome is prohably a net sink [or carbon, but upon
wirming it can be converted 10 & nct source (Post 1990;
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Apps er al. 1993), Warming of the soils, particularly in
wetlands, can increase trace gas loadings. especially that of
methane (Gorhvam 1991). However, the net increuase in trace
gas loudings, and the balance of methane versus carbon
dioxide, depends on the types of plant communities and the
cise of decomposition of the soil or sediment organic matter
(Roulet ef of. 1992; Updegrall er al. 1994). Logging can
increase productivity and thereby offset the net export of
carbon, but only if rotations are long enough to aliow the
biomass 1o fecover completely to achieve that in old-growth
forests. If lopging causes large losses of conifers over large
areas, the albedo of the boreal region may increase and
therefore its role in the heat and water budgets of the Earth
may also be seriously changed (Bonan ef . 1992).

6.1.60.7 Landscape structure

Human impacts on biodiversiry. By changing the relative
distribution of stands composed largely of one functional
group or another, both climate warming and logging alter
the structural patterns of landscapes with consequent
¢ffects on the fuuna that depend on them. Furthermore,
Climate warming can have secondary effects on landscape
structure by incrensing fire frequency and intensity (Clark
19RY; Payette 1992).

Erosystem consequences of impacts. Besides the impacts
on productivity, nutrient cycling and atmospheric
fecdhacks noted above, changes in landscape structure have
significant ¢ffects on habitat for important groups of fauna.
By homogenizing stand and landscape structure and
composition, logging has severe consequences for the
diversity of those faunal proups — particularly avian and
jnsect fauna — that depend on old-growth stands, microsite
habitats, and a diversity of habitat elements (Jarvinen and
Vaisanen 1977, 1978; Jarvinen er al. 1977; Helle 1984:
Virkkala 1987, 1991: Telfer 1992), Fairly subtle changes in
habitat structure can have large ecological consequences if
they occur uniformly over large areas (von Hoartman 1973;
Jarvinen er al, 1977; Haila er al. 1980; Helle and Jarvinen
1986). Because many breeding birds are neotropical
migrants, this loss of habitat has important consequences
for tropical forests as well,

6.1.68 Biotic linkages and species interactions

Human impacts on biodiversiry. Climate warming and
logging will indirectly affect herbivore-ecosystem
interactions by altering the relative abundance of plants
used as food and, for mammalian herbivores, those used as
cover. However, the herbivores themselves can alter the
relative abundance of species, thus introducing strong
feedbacks into the changes in biodiversity caused by
Tuman activities.

Ecosystem consequences of impacts. Browsing by moose
(Alces alees) and other Jarge ungulates changes the relative
composition of the plant community from highly browsed
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hardwoods with high litter quality and decuy rate to
unbrowsed conifers with low litter quality und devay rake
(Bryant and Chapin 1986; Pastor er al. 1993u), Thus,
heavily browsed areas have lower nutrient availability us
conifers invade (Pastor er al. 1993a). Food quadity is rebued
10 secondury chemisiry and there is growing evidence thit
there are longitudinal gradients of palatability a1 the
subspecies level across entire continents (Bryunt ¢ al,
1989, 1994). Changes in the reltive abundunce of aspen
affect habitat for beaver, which in turn affects the
abundance, diversity and distribution of wetlunds created
by this important keystone species (Johnston and Naiman
1990; Pastor er ul. 1993b). Increased probability of inscct
outbreak can also be induced by increased drought upon
climate warming (Mattson and Haack 1987; Holling 1992).
There is therefore the very strong likelihood that climate
and logging-induced changes in biodiversity and ccosystem
functioning will be sirongly conditioned by secondury
feedbacks through berbivores and the entire food web,

6.1.6.9 Microbial activities

Human impacts on biodiversity. Human impucts on the
microbial community and its activities are mediated
primurily through changes in litter quality and quantity,
with changes in the relative distribution of plant functional
groups, and through changes in soil wmperature and waler
balance.

Ecosystem consequences of impacts. The chunges in
nutrient cycling rates and trace gas louding 10 the
atmosphere discussed ubove are all mediated through
changes in the microbial community. The diversity of the
microbiul community appears 10 be more important in
determining the relative proportion of trace gases and
forms of inorganic nutrients than in determining the mss
balunce of carbon und nutrients through the soil (Roulet e
al. 1992; Updegraff et al. 1994),

6.1.6.10 Summary and relevance 1o human activities
Properties of boreal ecosystems can change rapidly with
changes in species composition, whether because of natural
succession (Wien und El-Bayoumi 1983; Pustor und
Mladenoff 1992; Payette 1992); herbivory (Bryant und
Chapin 1986; Pastor er al. 1993); human-induced changes
through climate wurming (Pastor and Post 1988; Bonun ¢
al, 1990), or logging (Mludenoff and Pastor 1993a; Huila
1994), The loss of u few species can therefore have
significun consequences for ecosystemn functioning, but the
direction of chunge depends 10 a great extent on the
functional group to which the species belongs.
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6.1.7 Temperate grasslands

6.1.7.1 Introduction

Grasslands are the potential natural vegetation on
approximately 25% (33 X 107 km?) of the land surface of
the Earth (Shamz 1954), although estimates of their current
extent range from 16% (Whittaker and Likens 1975) to
30% (Ajtay et al. 1979).

Three aspects of grassland environments distinguish
them from other ecosystem types (Anderson 1982;
Milchunas e af. 1988): these are drought, fire and grazing
by large ungulate herbivores. All three factors provide
selection pressures favouring high turnover of above-
ground plant organs, location of perennating organs near
the soil surface, and location of a large fraction of plant
biomuss and activity below ground. Drought is a frequent
influence on dry grasslands: fire is a much more significant
foree in shaping grasslands in humid regions than it is in
dry regions, Grazing can be an important evolutionary
force across the moisture gradient but its specific influence
depends upon the moisture status of the site (Milchunas er
al. 1988). Aduptations that cnhance survival i arid and
semi arid environmenis may promote tolerance or
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avoidance 1o grazing (Coughenour 1985). Therefore,
grazing should have u lurger effect on the species
composition in humid than in wrid and semi-arid grasslunds
(Milchunas ef al. 1988).

6.1.7.2 Huwman impact on biodiversity

The most common use of grasslunds is for grazing by
domestic animals to produce mainly meut, milk and libre,
The first management action in most cases has been to
replace native grazers and their predutors with & few
species of domestic animals. In an attempt to enhance
animal production, humans have tried to increase primary
production and/or animal consumption. Technigues uimed
al increasing primary production, such as fertilization and
irrigation, are all practices that raise resource availability
for planis. Given that domestic animils have a selective
intake, a large fraction of management techniques
atlempts to change species composition to mutch domestic
unimal preference. By their selective grazing behaviour,
livestock tend to modify species composition in
opposition 10 the efforts of managers. Even minimum
husbandry has resulted in significant increuses in animal
biomass density in vast grassland regions (Oesterheld of
al. 1992).

Grazing does not necessarily reduce plant biodiversity
although overgrazing can result in losses of diversity ut the
population, species, ecosystem and landscupe levels, The
lack of grazing in some grasstand types also results in
biodiversity losses (Sals e7 o/, 1986; Sula 1988), In general,
ecosysiem enrichment via fertilization or irmgation resulis
in a decrease in diversity at the population and species
levels (Tilman 1993). The replacement of animal or plant
species by introduced species has a clear and direct
negative effect on biological diversity. Chunges in
ecosystem and landscape diversity occur as a result of
habitat selection by livestock (Smith er af, 1992) and

replucement of native ecosystems by cultivined grasslands
and croplands (Burke er al. 1991),

6.1.73 Productive capacity

Human impact on biodiversity. Primary production is
most often manipulated by the addition of water or mingral
nutrients. Both Kinds of resource additions directly und
indirectly modify biodiversity (Rosensweig 1971; Mellinger
and McNaughton 1975; Lauenroth e al, 1978; Tilman
1993).

Ecosystem consequences of the impacts, A decreuse in
species richness, with initial deletion of the rarest ¥pocies,
results in no change in primary production until a threshold
is reached beyond which there is u steady und substantial
decrease in production (Figure 6.1-2). Removal of rare
species in the Serengeti grasslands resulted in full
compensation of production by the remaining species
{McNaughton 1983). Deletion of species of intermediaie
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Figure 6.1-2: The effect upon primary productivity (Pn) of
removing species thut have different biomass in the intsct
ccosystems. In euch case, ull the individuals of a different species

were removed. Remaining species were able 10 compensase for
the removal of species with smull bionuss but were not able 1o
compensate for the removal of the most abundant species (From.
MeNuughton 1983),

ubundance resulted in production being only partially
compensated, Finally, removal of dominant species
resulted in a significant decrease in production,

Grasslunds provide several examples in which the
relationship between diversity und primisry production has
been assessed experimentally. The sites studied are
geographically diverse and include California annual
grusslunds, old fields in New York, and grasslands in the
Serengeti (McNuughton 1993). Results are contrudictory:
4 negative relurionship wus observed between
productivity and biodiversity in the annual grasslunds of
Culifornia and in the old fields of New York, whereus no
relutionship between productivity and diversity was found
in the Serengeti. The effects of species diversity on
production should be assessed with relerence to which
species have been deleted, and with respect 1o the driving
forces behind the observed changes in diversity, rather
than the diversity itself. In the case of the Serengeti,
differences in diversity resulted from differences in
gruzing regime, while in the old fields in New York the
diversity differences were a consequence of o
successionil process,

The diversity-stubility hypothesis (McNaughton 1977)
suggests that perturbations will result in o larger change in
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ccosystem functioning in simple systems than in diverse
systems. There is experimental evidence Lo test this
hypothesis in grasslands. MeNaughion (1993) unalysed the
response 10 a perturbation caused by fertilization along a
diversity gradient which emerged as a result of a
successional process. Similarly, Tilman and Downing
(1904) analysed the response to a perturbation caused by i
severe drought along n diversity gradient resulting from an
experimental nitrogen fertilization where diversity was
masimum in the native system and decressed as fertility
increased (Figure 6.1-3). In both cases, the effect of
perturbation on production was at a maximum in the simple
systems and & minimum in the most diverse systems. The
conclusions emerging from the experiment which used o
diversity gradient ereated by differential fertifization has
heen eriticized because greater soil fertility generally
fuvours plants with lower root: shoot ratio, higher leal
conductance, and greater photosynthetic capacity {Givnish
1904, These charseteristics also eesult in lower drovght
resistanee, Therelore, the lurgest effeet of drought observed
in low diversity plots could have been the result of those
plats heing dominated by drought sensitive plants. The
eritical experiment 10 address (his guestion has not heen
done yet: it would compare the response to similar
perturbations of ecosystems with different levels of nuturul
or experimentally created diversity, and should disentangle
the effect of diversity from the effect of individual species.

0.1.7.4 Decomposition and soil structure

Huntan impact on biodiversity, Range managers use
chemical, fire and mechanical means 10 modily plant
species composition by deleting these species that are least
preferred by domestic animals or by adding those thit are
highly preferred. Selective grazing by domestic herbivores
also modifies plant species compositon.

Evosystem conseguences of the impacts. The effects of
hiodiversity on decomposition in grasslands can be viewed
from the plant perspective or the microbial perspective,
Microbial diversity is not well documented in grassiands
and its effect on decomposition 15 even less clearly
understood. The effects of plant species diversity on
decomposition result mainly from differences in litter
yuality among species. Several experiments have
demonstrated the importance of species characteristics to
total soil nutrients, nutrient availability and the rate of
decomposition (e.g. Wedin and Tilman 19%90; Matson
1990; Hobbie 1992; Vinton und Burke in press).

6.1.75 Water distriburion and balance

Human impact on hiodiversity, Management
munipulations and foraging behaviour may change
biodiversity. Lorge areas of grasstunds in North America
and Africa have stowly changed into shrublands and
savannahs presumibly as o result of prazing (Buffington
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Figure 6.1:3: The effect of plant species richness before a severe
trowglit an above-ground biomass during the drought year
eapressed a4 a fraction of previous year biomass. Standard error
el number of plots with n given species ichness are shown. The
prmbient of specics richness was experimentally created by
fertilization (from: Tilman amt Downing 1994).

angd Herbel 1965; Walker ef @/, 1981; van Vegten 1983;
Neilson 1986; Arclier 1549).

Ecosystem consequences of the impacis. Important input
and output flows, which determine water balance and
distribution of water, change with the scale of the unit
under consideration. At the ecosystem level, the major
flows are transpiration, bare soil evaporation, deep
percolation, run-on, run-off and precipitation. At the plant
level, transpiration is the only relevant flow but at higher
levels of organization, watershed variables become
dominant. All the output flows of water at one scale are
intimately related, and although the biotic componi:nls
directly affect mainly absorption and transpiration, they
affect all other components of the water balance indirectly,

Reduction of transpiration as a result of species deletions
is related to species-specific charucteristics that affect water
dynamics. Rooting depth, phenology, maximum
transpiration rate, drought resistance or avoidance are all
species characteristics that affect water balance. Species
with deep roots are able to absorb water from a different
part of the soil profile than species with shallow roots.
Species with different phenological patterns (early vs late
season) are oble to use water available at different times of
the year, In addition, many of these characteristics are sclf-
associated. For exumple, late season phenology is
associated in several systems to xerophytism or deep root
systems (Gulmon ef al, 1983; Golluscio and Sala 1993),

Experiments and associated models of grassland water
dynamics have shown how removal of functional types
such ns perenninl geasses or shrubs results in profound
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alierations of the ecosystem water balance (Knoop und
Walker 1985; Paruelo and Sala 1995). Deep percolation
losses increuse as a result of a decrense in the abundunce of
one of the functionul types and the distribution of water in
the soil profile changes as u result of deleting deep or
shullow root functional types, Only a fraction of the water
freed by the removal of a functional type is used by the
remaining functional type (Sala e af. 1989), Most of these
experiments focused on the deletions of entire functional
types, providing no eaperimental evidence for the effects of
deleting individual species,

0.1.7.6 Atmospheric properiies

Human impact on biodiversity. Range management
results in chinges in biodiversity as described previously,

Ecosystem consequences of the impacts. Atmospleric
CO, is an impontant trace 8y and @ major component of
the carbon cycle. We have described how bivlogical
diversity at scales ranging from speciey 1o langdscupes
affects production and decomposition which ure 1l mijor
Processes driving the carbon cycle. We are not aware of
any studies relating species diversity 1o atmospheric
properties, However, Burke er al, (1991) calculuted the
effects on the carbon balance of conventing a large fraction
of the North America Central Grassland Region into
cropland. Cultivation resulted in s net releuse of curbon
from soil orgunic matter larger than the expected loss as 3
result of climate change, The current increase in
atmospheric methane is not related to an increase in the
number of grazing mammals (Crutzen ef al. 1986).

6.1.7.7 Landscape structure
Human impact on biodiversity, Croplands have
expanded dramatically during this century, from 9.1 % 100
10 15 X 10° km? (Richards 1990), This expansion has
altered landscupe heterogeneity in grassiands, Habita
selectivity by domestic livestock has differentially
influenced riparian ccosysiems and therefore aliered
landscape diversity, Domestic livestock, and especiully
cattle, tend 1o congregate in the topogruphically lowest
portions of the landscape (Senft ef ul. 1985; Pinchak et al,
1991). Such habitat selectivity has negative elfects on the
plant and animal diversity of riparian eCosystems
(Kauffimun und Krueger 1984 Smith ef ol 1992).
Ecosystem consequences of the impacts, The reduction in
diversity of streamside vegetstion und its productivity huve
negative effects on both physical und chemical indicitors
of water quality (Kauffman and Krueger 1984), Reduction
in the diversity and productivity of the herbaceouy
vegelation luyer can change the velocity wud erosive energy
of the stream flow, while losses of the woody overstorey
have lurge effects on water temperature. Both the
overstorey und understorey vegetation lay iy

have
important effects on the rates and Kind

uatic
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processes that oceur in 4 stream (Kauffman and Krueger
1984), and the diversity and productivity of invertebrates

and fishes are profoundly influenced by the divensity of the
streamside vegetation,

6.1.7.8 Biotic linkages and Species interactions

Human impact on biodiversity. Invasions in grasslunds
are common and in some cases have been associuted with
changes in grazing regime. Examples of grassiands that
have been invaded by exoric species are the Culifornia
grusslands and the intermontane west of North America,
the pampay in South America, and the savannuly in
tropical South America (Sula ¢t al. 1986, D'Antonio und
Vitousek 1992),

Ecosystem consequences of the impacts. Invasions in
grasslands have usually occurred in associution with an
NCIise I grazing intensity andfor u change in Juminant
gruzer. Vulserability to invasions associsted with grazing
appears to be related 1o moisture uvailability und the
gruzing history in evolutionury time (Milchunas ef af,
1988). Grasslands that evolved under light prazing
conditions and under mesic conditions ane more vulierable
10 invasions thun those that evelved under heavy gruzing in
xeric environments, Semi-urid grasslunds of the northwest
USA and southwest Canada have a short evolutionary
gruzing history, and before the introduction of cattle they
were dominated by perennial wwssock grasses (Tisdale
1947; Duubenmire 1970), The inability of these grasses to
cope with heavy grazing resulted in the invasion and
dominance of many areas by Eurusian weeds (Daubenmire
1940, 1970; Ellison 1960; Mack 1981; Mack und
Thompson 1982). Invusions often disrupt competitive
interactions (D' Antonio and Vitousek 1992) which result in

changes in species composition with the ecosystem effects
described above.

6.1.7.9 Microbial activities

Human impact on biodiversity. See discussion of
decomposition und soil structure above.

Ecosystem consequences of the impacts. The effect of
changes in plant species diversity on microbial activity as
result of changes in litter Quality and quantity sre deseribed
1n the decomposition section above.

0.1.7.10 Summary and relevance to human activitivy

On o world-wide basis the fesponse of grasslands (o the
major human use — domestic livestiock grazing — has been
variuble (Milchunas and Lauenroth 1993). In some arcas
whete the nutive vegetation in well udupted we u result ol
evolution, changes in biodiversity have been very small
(Milchunas e al, 1988), In other areas changes have been

very large. In some cases and especially in tropical and
subtropical grusslands, the large changes have involved a
shift from & gruss-dominated vegertion 1o one dominated
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by woudy plants (Walker ¢2 af. 1981 vanVegten 19K3;
Archier 1989). In other cases the large changes have
involved invasions of exatic plants which hive profoundly
alteradl the ceasystems, Conversion of grasslands (o
crophids or seeded pastures has also had o majoe inlluence
on hindiversity and ccosystem functioning. In many cises
these vonverted grasstunds have become net sources of
carbon and nutrients accelerating global change. These
major transformations of grasslinds and their effects on
biadiversity modily the water, carbon and nutrient cyeles to
an extent that significanily contributes 10 altering the
Eurth’s life support system,

References

Ajtay, G.L. Kemer, Poand Duvignenwd, I, 1979, Terrestrial
primary production am! phytomass, In: Bolin, B., Degens, L,
Kempe, 8. and Ketner, % {eds), The Globul Carbon Cycle,
SCOPE edivson. Vol, 13, 124- 182, John Wiley, Clichester,

Anderson, RC. 1982 An evolutionary model summarizing the
roles of fire, climate, and prazing animals in the origin and
misdenance of grasstimds. n: Estes, JR. uml Tyrl, RJ. (eds),
Grasses and Grasslands: Systematics and ecology. 312,
University of Oklahoma Press, Norman,

Archer. S. 1989, Have southern Texas savannals been converied
to woodlands in recent history? American Naturalist 134:
$45-561,

Buffington, L.C. and Herbel, C.1. 1965, Vegetational changes on
i semidesert grassland range from 1RS2 10 1963, Ecologival
Memogeaphs A8: 139-164,

Burke, 1.C., Kitiel, T.G.F., Lavenrach, W.K.. Smwook, P, Yonker,
CM, and Purton, W, 1991, Regional analysis of the central
great plidns. BioScience 41 (10); 685692,

Coughenour, M.B. 1985, Gruminoid responses 1o grazing by
turpe herhivores: adaprtations, exaptations, and mlercting
provesses. Annals of the Missouri Baranical Guarden 72:
R52-H63,

Crutzen, PJ., Asclmunn, |, and Sciler, W, 1986, Methane
production by domestic animals, wild raminants, other
berhivorous Fiuna and hamans, Tellis ISB: 271284,

D' Antonio, CM., and Vitousek, P.M. 1992, Biological invasions
by exotic grasses, the grassffire cycle, and plebal change,
Anvieal Review of Ecology and Systemarics 23: 63-87,

Daubenmire, R. 1940, Plant succession due 1o overgrazing in the
Agropvran banchgrass priirle of south-castern Washington,
Eemlogy 212 55468

Datbsenimire, R 1970, Steppe vegetation of Washingion, Washington
Agriculture Experimental Station Technical Bulletin Edition.
Vol, 62, Washington State University, Pullman,

Ellison, L, 1960. Influence of grazing on plant succession of
ninpelands. Sotanical Review 26: 1-78,

Givnish, T.J, 1994, Doex diversity beget stability? Namre 371
IRE RS

Golluscio, RA.. and Sala, O.E. 1993, Plant functional 1ypes and
ccological strategies in Patagonian forhs, Jowrnal of
Vegetation, Science 4: 8349-846,

Gulman, S.L.. Chiariello, N.R., Mooney, H.A, and Chu, C.C.

36§

1983, Phenology and resource use in three co-occurring
ponssld nonnls. Qeeodogio S8 3342,

Hobbie, S.E. 1992, Ellccts of plant species on nutnent cycling.
Trends in Ecodogy and Evdwrion 7: 336-339,

KuofTman, 3. 11, and Krueger, W.C, 1984, Livestock impacts on
riparian ecosystems and strewmside management Implications:
areveew, Journal of Ronge Management 37: 410-437,

Knoop, W.T, and Walker, B.H. 1955. Interactions of woody and
herbaceous vepetation in o Southem African Savannah, Journal
of Fealogy 73 215-253,

Lauenroth, W.K., Dadd, J.L. amt Sims, L. 197K, The effects of
water- and nitrogen-induced stresses on plant community
structare in a semianid grassland. Qecologia 36: 211-222,

Muck, RN, 1951, Invasion of Bromus tectorum L, into western
North Amenca; an ecological chronicle. Agro Ecasystems 7
145~ 165,

Muck, RN, and Thompson, LN, 1982, Evolution in steppe with
Tew lirge, hooved mumnuls. Amcrican Natwralise 119: 757-773.

McNunughton, SJ. 1977, Diversity and stability of ccological
communitics: a comment on the role of empiricism in ecology,
Awterican Natvralist 111 515-525,

MeNaughton, SJ. 1983, Sercnpeti grassland ecology: the role of
composite environmental factors and contingency in
community organization. Ecological Monographs 53; 291320,

McNaughtan, §.J. 1993, Biodiversity and function of grazing
systems. In: Schulze, E.-D. and Mooney, H.A. (eds),
findiversity and Ecosysiem Function. 361-383, Springer-
Verlag, Berlin.

Matson, P. 19%0. Plant-soil internctions in primary succession at
Hawaii Volcanoes National Park, Oecologia 85: 241-246,

Mellinger, M.V, and McNaughton, §.J. 1975, Structare and
function of successional vascular plant communities in central
New York. Ecological Manographs 45: 161-182,

Mikchunay, D.G, it Lavenroth, WK, 1993, Quantitative effects
of grazing on vegetution andd soils over a global range of
enviromments, Foaloghol Momographs 63: 327-366,

Milchunas, D.G., Sala, O.E. and Lauenroth, W.K. 1988, A
peneralized model of the effects of grazing by large herbivores
on grissland community structure, American Naturalise 132:
R7-106,

Nellson, R.P, 1986, High resolution climatic analysis and
Southwest biogeography, Science 232: 27-34,

Oesterheld, M., Sala, O.E. and McNaughton, $.J., 1992, Effect of
animal husbandry on herbivore-carrying capacity at a regional
scale, Nutire 356: 234-226,

Paruelo, J.M., and Sala, O.E. 1995, Water losses in the

'atagonian steppe: a modelling approach. Ecology 76:
S10-520.

Pinchak, W.E., Smith, M.A., Hart, R. H. and Waggoner, J, W,
1991, Beef cattle grazing distribution patterns on foothill range.
Jowrnal of Range Management 44: 267-275.

Richards, J.F. 1990. Land rransformation, In: Tamer, B.L., 11
Clark, W.C,, Kates, R.W,, Richards, J., Mathews, J.T and
Meyer, W.B, (eds.) The Earth as Transformed by Human
Action. 161178, Cambridge University Press, Melboumne.

Rosenzweig, M.L. 1971, Pamdox of enrichment: destabilization

ol exploilation ecosystems in ecological time. Science 171:
IRS-3R7,




Joo

Salu, O.E. 1988, The effect of herbivary on vegetation structure,
In; Werger, M.G.A., van der Aan, PAM., During, H.J. and
Verhoeven, JT.A, (eds), Plunt Form and Vegetation Structire,
317-330, SPB Acudemic Publishing, Tie Hague.

Sala, O.E., Golluscio, R.A., Laucnroth, W.K_ and Surtane, A,
1989, Resuurce partitioning between shrubs sl grisses ) the
Putagonian sieppe, Occologia 81: 501-505,

Suls, O.E., Ousterheld, M., Ledn, RJ.C. wd Soriano, A, 1986,
Grazing cffects upon plant Coaumunity structure in subhumid
prasslands of Argenting, Vegeratio 67; 27-32.

Seaft, R.L., Riwtenhouse, L.R. and Woodmunsee, R.G. 1945,
Factors influencing patterns of cuttle grazing behuvior on
shongrass sieppe. Jowrnal of Range Managemen 38; 32-36,

Shantz, H.L. 1954, The place of grasslunds in the cunth's cover of
vegetation. Ecology 38: 142-145,

Smith, M.A., Rogers, 1.D., Dodd, J.L und Skinner, Q.D, 1992,
Hubitut selection by cattle along an ephemerul chunnel. Journal
of Range Mancgement 45; 385-390,

Tilman, D. 1993, Species richness of experinwntal productivity
gradients: how important is colonization limitation? Evology
T4 21792191, )

Tilman, D, wwt Downing, J.A, 1994, Biodiversity and stability in
prasslands. Narure 367: 363-365,

Tisdale, EW. 1947, The grasslunds of the southem interor of
British Columbau. Ecology 28: 346382,

vun Vegten, A, 1983, Thormbush invasion in & savannuh
€cosystem in castern Bolswana, Vigerario 56: 3-7.

Walker, B.H., Ludwig, D., Holling, C.S. and Petermun, R.M.
1981, Stability of semi-arid suvannah grazing systems, Journul
of Ecoluyy 69; 473498,

Wedin, DA, and Tilmun, D. 1990, Species cffects on nitrogen
cycling: u test with perenniul grasses, Oecologiu 84: 433441
Whittaker, R H. und Likens, GE 1975, The biusplere and v,
In: Licth, G.E. und Whittuker, R (eds), Frimary productivity
of the bioyphere. Ecological Stwdies Editian, Vol. 14, 305-32s,

Springer-Verlag, New York.

6.1.8 Mediterranean-type ccosystemy

6.18.1 Introduction

Mediterranean-type ecosystems share u climite of cool wet
winters and u distinct summer drought, and ure found in the
Meditervanean Basin, Califomia, Chile, (e Cupe Province
of South Africa and southwestern and southern Australia,
Estimates of biome cover vary depending on the climatic
classification used, but are approximately as follows, given
as 10° km? (estimates of numbers of plunt specits in cach
region ure given in parcntheses where avuilable):
Mediterrancan Basin 1.87 (c. 25 000), Culifornia 0.32
(5050), Chile 0.14 (c. 2100), Cape Province 0.09 (¢, 8550),
Southwestern Australia 0.31 (c. BOOO) (Quézel 19581
Cowling er al, 1992; Fuentes er al. 1995; Hobbs ef al.
1995; Keeley and Swift 1995), The last four reglons are
listed us *hot spots” for species diversity by WCMC (1992),
although parts of the Mediterranean Basin also possess
high plant diversities, as estimuted on u species per km?
basis (Davis ¢f al. 1986; Valdés er al. 1987: Moreno Saiz
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and Sainz Ollero 1993). The live regions have markedly
different biogeographic characteristics, histories und
current pattems of human habitusion und use, and markedly
different patterns of biodiversity, These differences are
most clearly obvious between the Mediterranean fegion,
which has u long history of human habitation, and some of
the arcas more recently settled by Europeans, such as
Austrulia, Mediterranean-type ecosystems consist of a
variety of vegetation types, ncluding forest, woodland,
shrubland and grassland, A feature of many of the
vegetation types is their sclerophyllous nuture, and high
levels of secondary compounds such as lerpenes. Floristic
diversity und degree of endemism are high in most
Mediterniuean areas, and shrublunds in Austrlia and South
Africa ure particularly noted for their high foristic
diveryity.

Human impacts on biodiversity vary between regions,
and include both positive and negative components. 1 the
Mediterrancun Basin, where human activities have
modilied the landscape for thousands of years, current
levels of biodiversity are in part maintwined by comtinued
human inlluence, Where traditional human sctivities cease,
plant and unimal diversity can be reduced (Gonzitez
Berndldez 19915 Naveh 1994) yny susceptibility 1o
disturbances, especially fire, can be incrensed (Moreno
1989). This in wm can promote landscape homogenization,
with resultant negative effects on biodiversity (Faraco e af
1993; Pérez et ul. in press), Landscape homogenization can
also result from the abandonment of apricultural/pustoral
land (Ferndndez-Alés et af. 1992), Human aetivities hive
also played an important role in detcimming the
distribution of vegetation und ccosystems in Chile, and
may be impornant in the retention of components of the
biodiversity within these ccosystems (Fuentes and Muioy
1994, Fuentes o1 al. 1995),

In South Africa and Australia, und in Califomia, human
impacts are largely negative, These include reductions in
population size andjor distribution of sensitive species
which huve occurred as o result of lund-use changes and
Tragmentition (Saunders 1989, 1993: Hopper e al. 1990);
Cowling and Bond 1992; Hopper 1992), Reduced age
stiuctune diversity of dominunt species results from aliered
disturbance regimes {Yates et ul, 1994): genctic diversity is
redeced through habitat loss (Rebelo 1992), and loss of
species diversity is caused by introduced predators,
herbivores, plunts and diseases (Mooney er al, 19%6; ¢
Cusini et al. 1990; Groves and di Castri 1991 Scougall e
al. 1993; Wills 1993),

Reduced structural complexity can occur because of
Management practices such as post-fine re-seeding (Harro
and Conrad 1987) or deforestution, but this is countened in
some cases by local increases in complexity through
reforestation (Blondel 1976). Human activities can
nuintain structural diversity where vegeLtion pallermns are
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targely a result of past activities, especially in the
Mediterrunean Busin and Chile, Ecosystem and lilseape
fragmentation and simplification result from agnculiure,
totestry and urbanization, and changed disturbance
regimes. This includes the addition of new disturbances,
medification of natural regimes, and the discontinuation of
traditional human management (Le Houérou 1990; Van
Wilgen ef al. 1992; Aronson ef al, 1993; llohbs 1993;
Hobbs ef o, 1993; Keeley 1993), The introduction of
¢xotic spécies and altered disturbance regimes affect
piodiversity at all levels. The likely magnitude of impacts
is uncertain and vanes between regions,

0.1.82 Productive capacity, bomass and decomposition

Human impacts on biediversity, Changes in productive
capacity and biomass result from type conversions, the
invasion of exotic species, grazing by intraduced herbivores,
spread of pathogens and changed disturbance/management
regimes (references in Introduction)

Ecosystem consequences of impacis. Impacts on
hiodiversity can cause a net decline in biomass and
productive capacity in arcas subject (o transformation by
agriculture (with a switch towurd human-orientated
productivity), urbanization or grazing (Scougall er of. 1993,
Keeley 1993). Reduced diversity may lead to reduced
resilience to episodic disturbances such as fire, flood and
drought (Atkins and Hobbs 1995). Effects on resilience
will become apparent only over long time-lrames.
Locahized increase in productive capacity can occur where
invasion by N-fixers occurs {Macdonald and Richardson
1986; Stock and Allsop 1992), This alse oceurs alter fire or
ahandonment in the Meditemrancun Basin, where {ust-growing
mative Jegumes invie (Faraco er al, 1993, Pérez ot al., 1995),

0183 Soil structure and nutrients

Human impacts on biodiversity. Changes result from
lype conversions, agncultural development and loss of
native plant cover, changes in grazing management, and
changed fire regimes (references in Introduction)

Frosystem consequences of impacts. Reduced uptake and
increased efflux can occur where there is i loss of
functional groups with specialized uptuke mechanisms
(Hobbs 1993b), Reduced soil aeration and loss of
macropore structure result from the loss of soil macrofauna
(Hobbs er al. 1995). These are centain, widespread impacts.
Nitrogen fixation can increase or decrease following
addition or deletion of N-fixers (Stock and Allsopp 1992),
with concomitant changes in ecosysiem response (o
disturbance. The direction of change is dependent on which
species are added or lost, Changed fire cycles and
intensitics lead 1o changes in seil chemical and structural
propertics, crodability and nutrient losses (Scott and van
Wyk 1990; Marion er of. 1991; Giovannini 1994; Riggan ef
af. 1994), Fire intensity can profoundly alter post-fire

367

ccosystem functioning, both directly and indirectly (Moreno
und Occhel 1994), These are likely to be localized effects.

0.1 84 Water disiribution, halance and quality

Human impacts on biodiversity. Changes result from
agricultural development and loss of native plant cover,
loss of riparian and wetland vegetation, and reduced
landscape heterogeneity through fragmentation, land
ahandonment and afforestation (references in Introduction),

Ecosystem consequences of impacts. Reduced structural
and landscape diversity leads to reduced buffering and
preater peak Mows. Reduced diversity of groups with
specialized water redistribution and uptake mechanisms
leads to reduced internal redistribution, lower water use,
greater verrical and horizontal water movement and
increased salinization and erosion (Nulsen e al, 1986;
Scott and van Wyk 1992; McFarlane ef al. 1992, 1993).
Reduced species and landscape diversity also fead to
reduced resilience 1o episodic high rainfall events, for the
same reasons. These are certain, widespread effects, which
occur over time scales of years to decades, The use of
natural water containing non-pathogenic levels of
Phytophthora cinammomi for irrigation leads to pathogenic
outhreaks in transformed systems (Von Broemsen 1984),

6.1.8.5 Atmospheric propertics

Human impacts on biodiversity. Of potential importance
is the large-scale removal of complex perennial vegetation
and its replacement by agriculture (Hobbs er al. 1993),

Feosystem consequences of impacts. Regional changes
in albedo, evaporation, cloud formation and rainfall
distribution may be caused by changes from complex
perennial vegetation to annual crop and pasture land (Smith
et al. 1992), Chinges are uncertain, but could be widespread,

0.1.8.6 Landscope and waterscape structure

Human impacts on hiodiversity, Fragmentation,
urbanization, type conversion, deforestation and
reforestation, and changes in disturbance regimes
{reterences in Introdection) are particularly important.

Ecosystem consequences of impacts. Impacts result in
reduced landscape diversity and connectivity and increased
probahility of landscape degradation (Fermandez Alés et al,
1992; Hobbs er af. 1993; Keeley 1993). Reduced landscape
and structural diversity around water bodies leads to
changes in chemical, physical and biotic characteristics
(e.g. & change from freshwater 10 saline; Froend er al. 1987;
Bell undd Froend 1990; Froend and McComb 1991). There is
also o higher probability of imeversible system change follow-
ing episadic storm events. Changes could be widespread.

6.1.8.7 Biotic linkages and species interactions
Human impacts on hiodiversity, Species introductions
have potentially large impacts on diversity at all levels
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(Mooney ¢ al. 1986; di Castri er al. 1990; Groves and Ji
Castri 1991) und species deletions cun result from changes
in landscape structure caused by hubital muodification,
homogenization, fragmentation und changes in utilizaton
pattems (references in Introduction).

Ecosystem consequences of impacis. Consequences
include the disruption of obligatory mutualisms involving
for example pollination or dispersal und the breakdown of
complex sysiems of predator-prey and plunt-herbivore
interactions (Fuentes and Etchegaray 1983; Bond and
Slingsby 1984; Bond and Stock 1989; Jaksic er al. 1992
Main 1992; Noron eral. 1994; Fuentes et al, 1995). Such
changes may huve potential follow-on effects on productive
capacity, nutrient uptake and retention, and ecosystem
Tesponse 1o disturbance, although the exact nature of these
follow-on effects will be difficult to predict. Introduced
plant species have been shown to have a positive effect on
honey production in Chile, which is dependent on the
presence of un arruy of species with different flowering
times (Fuentes er al, 1995). Follow-on effects are. most

likely where the specics lost are ‘keystones' or have no
functional equivalents,

6.1.8.8 Microbial activities

Human impacts on biodiversity: New suites of micro-
organisms, including puthogens, soil micro-orgunisms and
nitrogen-fixing and mycorrhizal symbionts have been
introduced into arcas where ey were previously absent
(Stock and Allsopp 1992). Human modification of
ecosysiems may also induce pathogenic outbreaks of
organisms previously present at non-pathogenic levels
(Von Broembsen 1984), Alterations 10 soil and litter
characteristics resulting from agriculture und ccosystem
modification will lead 1o chunges in microbial activities,
although it is not known exuctly how microbial diversity 1s
affecied (e.g. Brandenburg and Sparling 1990).

Ecosystem consequences of impacrs. Introduced
pathogens dramatically alter ecosystem structure und
functioning, and can differentially affect specific plant
functional groups (Wills 1993; Hobbs 1993u). Loss of N-
fixers through altered disturbunce regimes, or their addition
through introduction with invasive plants may alter nutrient
cycling (Hobbs 1992; Stock and Allsopp 1992), Puthogens
that cause the death of above-ground plant pans muy also
ulier fuel properties and hence affect fire behaviour und
intensity (Riggan er al. 1994). Changes in microbial
populations also lead to changes in soil respiration
(Brandenburg and Sparling 1994). The extent and
importance of these chunges is lurgely unknown,

6.1.8.9 Swmmary and relevance to human activities

Meditermuncan-type ecosystems are generally made up of 4
mosaic of different vegetation types, and the five
Mediterranean regions, while resembling cach adier in
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some ways, differ greatly in their levels of diversity and
degree of modification. This heterogeneity both between
and within regions makes generalizations difficuls,
Mediterranean regions are generally heavily populated wid
modified, und the major impacts on biodiversity arise from
this modification, particularly ut the lundscape scale. In the
Mediterrancan Busin, the continuation of traditional human
activities maintains landscape heterogeneity and hus a
positive influence o biodiversity, while in Australia, recent
human uctivities have had the opposite effect of reducing
heterogeneity and negatively influencing biodiversity. The
three other regions fall between these two extremes,

The likely consequences of chunges in biodiversity are
often unclear. In systems that are very species-rich, such us
the South African fynbos or the Australian kwongan, the
ecosystem effects of the loss of panicular species may be
minimal in the short teem, although the longer term impucts
on resilience to change and disturbance may be more
important, On the other hand, reductions in ecosystem and
lundscape diversity have already had profound impacts in

terms of altered hydrology and reduced agricultural
production.
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6.1.9 Coastal systems

6.1.9.1 Introduction

We use the term “coastal systems’ to mean the general
marine region extending from the upper tidal limits out
ucross the continental shelf, slope and rise (Brink 1993),
This detinition includes rocky shores, sandy beaches, kelp
forests, subtidal benthos and the water column over 1he
shelf, slope und rise. "Coastal systems® are penerally
considered 1o encompass the Exclusive Economic Zones of
nations (Highet 1992), a strip approxinuiely 200 nawtical
miles wide along the 440 000 km long outlines of the
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contments (Ryther 1909, Highet 1992; Goldberg 1993).
This simiple geographic definition is used for convenience,
Inseality, “coastal systems’ often represent the marging of
larger ecosystems (Sherman e af, 1990), and they vary
considerably depending on mmospheric, oceanopraphic,
historical und geological factors, For example, island
coastal systems often have much higher endemism than
vontinental coastal systems (Castilla 1988), This review
focuses on the nearshore benthic communities whose
hislogical dynamics are better known than those of pelagic
or deep sea communitics, Estuaries, mangroves and coral
reels are covered elsewhere in this Section,

The importance of coastal systems o humanity is high:
most of the world’s people live within 80 km of the coast
(Sobel 1993), Both land- and ocean-based aclivities are
concentrated at the coastal margins: tourism, recreation,
fishing, mariculture, domestic and industrial waste
disposal, military activities, transportation, mining and
cnerey industries (Goldberg 1993). Many kelp forests and
rocky imertidal shores are among the most productive of
iny ecosystem in the world (Valiela 1984; Leigh et af,
1987 Highsmith and Coyle 1990). Coastul fisheries are the
tichest in the world, with more than 75% of the world’s
fish catch coming from coastal waters {FAQ 1991: Brink
1993} In addition 1o the commercial importance of coastal
fisheries. muny people in developing countries obtain «
sienificant amount of their nutrition from the consumption
ol local scaweeds, shellfish and (ish (Tseng 1984;
Bustamante and Castilla 1987; Durdn ot of. 1987:
Santelices 1989; FAQ 1991: Norse 1993). The aesthetic
beauty of coastul shores, though difficult to evaluate in
veonomic terms, is nonctheless real and invaluable 1o
nany.

Coastal and other marine systems dilfer from terrestrial
systems in several important ways, both with respect 10
putterns of diversity and with respect to the functional
implications of thase patterns, High diversity is found not
only at the species level as in terrestrial systems (where
nsects constitute the vast majority of animal species), but
also w higher taxonomic fevels. 1n general, marine systems
have & much greater diversity of types of organisms and
types of body plans than do terresirial systems, For
cxample, of the 33 extant phyla of animals (Margulis and
Schwartz 1988), 32 occur in the sen, 15 are exclusively
marne, and five are nearly so (see Section 3.2; Norse
1993). Most of these phyla are abundant in coastal systems
(Ray 1991: Ray and Grassle 1991),

One consequence of the high level of diversity is thut
functional groups (see Section 5.2.2) often include species
that are physiologically and genetically more distinet from
one another than is the case within o comparable
assemblage on land. One possible consequence of the
greater differences among members of a functional froup is
& greater probability that the members will respond
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ilferemtly 1o environmental changes, In other words, the
preater the taxonomic diversity within a functional group,
the greater the genetic and physiological base for
adaptation to chunge, It is possible that this higher level of
diversity confers on the marine world a greater potential for
ccosystem resilience 1o change (see Setion5.2.2).

Primiry producers in coastal systems are particularly
diverse in many important ways. They range in size from
microscopic plunkton to giant kelps up to 60 m long, Most
seaweeds are anchored to the bottom, but others, like the
phytoplankton suspended in the water column, are
transported in and out of the anchored communities. One
result of this fluid transport is that carbon that is fixed in
one place may be consumed or decomposed many
kilometres away, The generally smaller size and faster
growth rates of primary producers in the occans is one
reason why changes occurring over very large spatial scales
(thousands of kilometres) can take place over much shorter
temporal scales (weeks) compared to equivalent changes on
lund (Steele 19RS). Primary producers in coastal systems
are taxonomically diverse, and photosynthetic bacteria and
protists play a much more prominent role than these groups
do on land,

Biogeographic diversity patterns are well known for
many marine taxa, Although some taxa (c.g. molluscs,
lishes) exhibit the highest species diversity at lower
latitudes, others (seaweeds) are most diverse at mid
latitudes (Gaines and Lubchenco 1982; Bolton 1994), still
others (marine mammals and bryozoa) are most diverse at
higher lutitudes, and many other taxa show no latitudinal
cline at all (Clarke 1992). In temperate regions, the eastern
margins of ocean basing tend to be more diverse than the
western marging, Large inter-oceanic differences in
diversity occur, and reflect, in part, geological and
historical phenomena (see Section 3.2). The coastal biota of
the temperate North Atlantic, for example, is less diverse
than that of the North Pacific; and the microphyte flora of
temperate South America is depauperate compared with the
temperate North Pacific or temperate Australasia,

6.1.92 Major human-induced impacts on and threats 1o
hiodiversity

Diversity of coastal systems is affected directly and
indirectly by numerous human activities (Aronson 1990,
Folke ef al. 1991; Hammer er al. 1993; Norse 1993:
Barbier ef al. 1994; Perrings ef al. 1994; National Research
Council 1995). Threats include over-exploitation of fishes,
inveriebrates and seaweeds (for fishery and non-fishery
uses): coastal aquaculture; physical alteration of the habitat
(by trampling, trawling, dredging, drilling, dynamiting,
huilding and dumping); noise pollution; thermal pollution;
and chemical pollution from both toxins and nutrients.
Long-term effects of oil spills are generally not well
known, but some impacts have been found to be substantial
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(Keller and Jackson 19934, b). Biological invasions are 3
serious threat 10 biodiversity, especially in bays, estuarics
and inland seas (Ben-Tuvia 1973; Ben-Yami und Glaser
1974; Dromgoole and Foster 1983; Spanier and Galil 1991
Carlton and Hodder 1995), and the transportation of
potential invaders in the ballast water of ships has only
recently been recognized as 4 serious concern (Carlton and
Geller 1993; McCarthy and Khambary 1994). Numerous
activities occurring on land also have strong impacts on
coastal systems: for example, logging, livestock grazing,
agricultural practices, indusirial activities, residential and
resort development and damming vary the load of
sediment, pesticides, sewage, industrial pollutants and
other wastes delivered to coastal waters. Although global-
scale threats such as climate change and increases in ultra
violet-B radiation have strong potential to affect coastal
regions (Smith et al. 1992; Castilla er al. 1993; Lubchenco
et al. 1993; Peterson et ul. 1993; Barry e al. 1995;
Roemmich and McGowan 19954, b), the threats to
diversity from land-use practices and overfishing are real,
serious and more immediate (Paine 1993; Perrings er al.
1994; Nationul Research Council 1995), Many areas are
already severely degraded, Moreover, the rates, spatial
exient and types of penurbations are increasing alarmingly.

Documentution of the effects of these threats is severely
hampered by several factors which, though upplicable o
many ferrestrial systems, are often more chronic in mirine
systems (Grassle ez al. 1991): they include (1) lack of long-
term, basic baseline information about the distribution and
abundance of biota and how the patterns change through
time (Wood et al. 1993; but see Barry er al. 1995 and
Roemmich and McGowan 19954, b for exceptions); (2)
inadequate busic sysiematic information and a paucity of
trained taxonomists (Andersen 1992; Wood and Leatham
1992; Knowlton 1993; Knowlton and Jackson 1994;
National Research Council 1995); (3) lack of
documentation of extinctions (Carlion 1993); (4) difficulty
in adequately surveying and sampling benthic and pelagic
systems; (5) slow expression of the consequences, which
often take years or decades to occur, and thus appear
“invisible' 1o humans (Magnuson 1990); (6} long-distance
transport of chemicals (Bacon er al. 1992; Taisukawa er al.
1994)7 organisms and phenomena, Coastal systems are
strongly affected by processes occurring both in the
immediae vicinity and far away, not only via air-wuter
interactions but also through long-distance trunsportation
within the aquatic medium, Spatiul scale, transport and
dispersal events are of particular importance to the
dynamics of coastal systiems (Guines er af, 1985;
Roughgarden e al. 1985; Grassle er al. 1991; Steele 1991:
Levin 1992) and to the evolution of species within these
systems (Palumbi 1992; Steinberg er al. 1995),

Despite these limitations to adequate documentution of
impacts, many effects are all 100 obvious. The extinction of
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numerous wild sulmon runs and the oageing decline of
many of the remaining runs in the Pacitic Nonhwest of the
United States; eutrophication in Chesapeake Bay and
Buzzards Bay in the eastem USA; effects of sewuge sludge
dumping off New Jersey, and the massive decline of most
major fisheries, provide ample evidence of adverse
impacts, Human exclusion experiments along the coust of
Chile document previously unknown but dramatic direct
impacts of people on the shore (Moreno e al. 1984;
Castilla and Durdn 1985; Durin er o/, 1987; Durin and
Castilla 1989; Castilla er al. 1993, 1994). Comparable
changes may be occurring elsewhere (Dethier er al. 1989:
Huwkes 1992; Addessi 1994),

6.1.9.3 Productive capacity, biomass, decomposition and
nutrient cyeling

Human impacts on biodiversity, Over-exploitation of
coustul fisheries world-wide represents one of the most
serious but least well documented threats 1o nearshore
biodiversity. Despite the fact that overfishing of many
commercially important fish and shellfish stocks has
resulted in the demise of numerous fisheries throughout the
world, there is often little specific information about the
overall consequences 1o genetic, species or ccosystem
diversity in most of the affected systems. The largest
impacts may well be caused by indirect effects, as initial
declines in target species in tum affect other species,

The effects of over-exploitation of i lew species are
known or can be inferred, especially where ecological
relationships with the species’ predators, symbionts,
competitors or prey are known (Barkai and MacQuaid 1988,
Paine 1993). The over-exploitation of sea otters along the
norheastem nm of the Pacific Ocean, for example, has been
well documented. Comparison of Aleutian Ishunds with and
without otters suggests that the removal of this keystone
predator in Alaska resulis in profound changes in the
biodiversity of the rest of the kelp forest community {Box
6.1-1); Estes and Palmisano 1974; Estes er al. 1978; Duggins
et al. 1989), Other changes in diversity resulting Irom
overfishing have been described for Northwest Atlantic
continental shelf systems (Sherman 1990), Haiti, the US
Virgin Islands (Hay 1984), Hainan Island, China (Hutchings
and Wu 1987) and the Baltic Sea (Hamumer o7 al. 1993),

Ecosystem consequences of impucts. Linle information is
availuble with which 1o evaluate comprehensively the
consequences of changes in diversity on production
biomass, decomposition or nutrient cyeling, We know of
o studies evaluating the consequences of changes in
number of species per se. However, there is evidence that
changes in ubundance of certain species can have profound
impucts on these processes. For example, in the sen otter—
sea urchin—kelp interaction (Box 6,1-1), the deletion of a
single species (the otter) resulied in dramatic changes in
biomass and probably also primary and secondury
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Box 6.1-1: Sea otters: keystone predators in Alaskan kelp forests.

Sea olters in Alaska demonstrate the strong influence that a single species can have on an entire community. Otters
pliey & pivotal role in maintuining kelp forests by eating and controlling sea urchins which consume kelps. In the
shsence of otters. urching increase in size and numbers and overgraze the kelps. A lush kelp forest is thus converted
10 an “urchin barren’, & community compased primarily of o pavement of encrusting coralline algae and urchins
(Estex and Palmisano 1974; Simenstad er al. 1978; Duggins ef al. 1989), Urchin barrens are devoid of kelps and
other large scaweeds, and lack the diverse assemblage of macroscopic benthic and pelagic invertebrates and fishes,
and marine mammals associated with kelp forests. The otter is thus a 'keystone® species because it exerts a
disproportionately large influence on the entire community (see Box 5.2-1).

Conversion of a kelp forest to an urchin barren results in the loss of important ecosystem services. In addition to
providing a habitat for resident species, kelp forests may also function as important nursery areas for many fish
(Carr 1993) and may modify Tarval transport 1o adjacent shores (Gaines ¢f af, 1985), They also provide dissoived
and particulate organic matter that is consumed locally and by organisms such as deposit- and filter-feeding
mussels, clams and bamacles i adjacent intertidal and subtidal communities (Duggins er al. 1989), Moreover, kelp
forests often protect coastal shorelines from the full force of waves, especially during winter storms, In this case,
{he absence of o keystone species results in the conversion of a community from a lush forest to a depauperate plain

to nearshore areas.,

with attendant loss of habita, primury and secondary production, export to nearby systems and buffering capacity -

production, nutrient cycling, decomposition, and export of
organic matter to nearby systems (Estes and Palmisano
1974; Simenstad of al. 1978; Duggins ¢f al. 1989).
Alterations in the relative abundance of phytoplankton or
macrophytes resulting from climate change could have
important cascading consequences for the structure and
functioning of the rest of the coastal systems (Peterson of
al. 1993), but the specific consequences to primary
production, biomass, decomposition and nutrient cycling
cannol be predicted with confidence.

Chmate change has been predicted to result in warmer
water, sca level rise (Houghton ef al. 1990, 1992) and
alterations in coastal upwelling patterns (Bakun 1990).
Each of these would be likely 1o have effects on
biodiversity, though the direct and indirect changes are
difficult to predict (Castilla ¢r ol 1993; Lubchenco ef al.
1993; Paine 1993; Peterson of al. 1993), Barry of al. (1995)
report shifts in temperntiures and in intertidal plants and
animals over a SO-year ttme span in Monterey Bay,
Califorma, USA, which may be due 1o global warming.
Different taxa of macrophytes as well as phytoplankton
vary considerably in their responses to changes in
temperature and their ability to take up and store nutrients
(Wheeler 1983; Fujita 1985). Changes in the frequency,
duration or intensity of coastal upwelling would be
expected o alter the refative abundances of the major taxa
of macrophytes and phytoplankton as well as affect the
overall Jevels of productivity (Menge ef al. 1995;
Roemmich and McGowan 19952, b).

61,94 Sedinment sorvctiere
Human impacts on biodiversity. Dredging, trawlhing,
anchoring. trampling. raking and digging have wide-

ranging but sporadically documented consequences for
marine biota, These activities disrupt sediment structure,
destroy burrows. bury or clog organisms and suspend
particles, and modify wave and tidal energy, all of which
may affect patterns of diversity in soft-sediment
environments (McLachlan er al. 1993). One short-term
effect of sediment resuspension should be increased
respiration and mineralization of sediment organic matter
and a consequent increase in inorganic nutrients into the
water column. Increase in nuisance phytoplankton blooms
would be expected to follow, Other expected consequences
include mobilization of toxic metals and inorganics into the
water column and a disruption of anaerobic microzones and
thus biogeochemical cycles.
The use of new, economically more efficient techniques
for harvesting shellfish can sometimes have negative
consequences on the target commercial species and the
rest of the community compared with traditional hand-
gathering techniques (Defeo 1989, 1993), Contamination
of freshwater effluents by human activities (e.g. through
the use of chemicals and increased nutrients from
agriculture) can affect the composition of these
communities and potentially reduce species diversity
above and beyond the effect produced by the reduction in
salinity (Defeo er al. 1990; Defeo 1993). Taxa vary widely
in the extent to which they themselves modify the structure
of the sediments and thus alteration of sediment structure
may result in further modifications through trophic and
non-trophic interactions among species, Intra- and
interspecific biological interactions are poorly understood
in these systems,

Ecosystem consequences of impacts, The ecosystem
consequences of these disruptive activities are largely
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Figure 6.1-4: Trophic linkages between nuisance phytoplankion blooms and species illustrating some direct snd vectored routes
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(afier: Smaydu 1992).

unknown. The experimental exclusion of humans to create
a de facto closing of the fishery of the yellow clam
Mesodesma mactroides from a sandy beach on the coast of

Uruguay illustrates, however, that these activities can have
far-reaching consequences. The yellow clam is an
important artisanal fishery in Uruguay, and many fishing
communities are devoted 1o its extraction (Defeo 1939),
The experimental manipulation of the fishery led 10
important changes in overall abundance und in the Kinds of
processes regulating the dynamics of the populations of not
only M. mactroides but also the coexisting wedge clam,
Donax hanleyanus, which is not exploited by humuns
(Defeo 1993; Defeo and DeAlava 1995). Changes in the
abundance of other non-exploited species were also
observed following the *exclusion’ of humans.

6.1.95 Water movement and quality

Human Impaces on biodiversity, Nutrionts In shallow
coustal systems ure taken up directly from the aguatic
medium, and nutrient availability 1s heavily affected by
sewage discharge, freshwater runoff, dumping of industrial
wastes, und mtmospheric deposition of toxics and nutrients,
In 1982, anthropogenic inpats of nutnients (o coastal waters
were estimated 10 equal or exceed nuturul inputs (Meybeck

1982). The UN's Group of Experts on the Scientific
Aspects of Marine Pollution (GESAMP 1991) has
*identified nutrients as the most damaging class of
pollutants in the marine realm’ (Norse 1993). Nutrient
enrichment of coastal witers i generally charucterized by
increases in primary production, shifts in the relative
abundance of phytoplankion species, dense plankton
blooms and nuisance macro-algal blooms (GESAMP 1991
Norse 1993), One specific mechanism of these shifts
appears 10 be alteration in the Si:N and Si:P ratios, which
favour non-diatom blooms (Smayda 1992). Explosive
increases in certain taxa such as various dinoflageliates
produce “rediides’. The diversity of organisms producing
toxic phytoplankion blooms has increased during the last
few decades (Wood er al. 1993), and the frequency, extent
and intensity of toxic phyloplankion blooms is increasing
(Dundas e al. 1989; Smayda 1990; Hallegraelf 1993),
Moreover, cortain blooming specles are apparently
spreading globally, perhaps wided by transport in the ballast
water of ships (HallegraclT and Bolch 1991). Smayda
(1990) terms this ‘a global epidemic® with Far-reaching
consequences.

Ecosystem conxequences of impacts. Coastul
cutrophicution has dramatic effects on water quality,
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aquaculture, fisheries, human health und ceusystem
structure and functioning. The well-known effects of
coastal eutrophication include wxic algal blooms, anoxia,
lish kills, shifts 10 a decomposition food web, and loss of
water quality (Fenchel ef af. 1990, Turner and Rabalais
19913, Red-tide or other algal blooms can result in human
health hazards such as paralytic shellfish poIsOning or
aquacultural die-offs (Richardson 1989), Toxins produced
by red-tide blooms have recemly been shown 10 result in a
wide variety” of other ecosystem effects, ranging from
reduced fecundity and recruitment and increased mortality
of fishes (Smayda 1992) 10 marine mammal die-offs
(Geraci e ol 1989) (Figure 6.1-4), Henee, differential
respanses of phytoplankton taxa to nutrient shifts cun result
n substantial alteration of the relative abundance of
phytoplankton with far-reaching consequences involving
not only water quality but also other ecosystem properties
as well. Changes in the relative abundance of
phytoplankton taxi are also influenced by shifis in the
refitive abundance of zooplankton and higher trophic level
tixa.

6.0.9.86 Feedhacks to atmosphetic propersies

Human impacts on hiodiversiry. A wide variety of
bacteria, phytoplankton and macrophytes produce pases
thit have been suggested to be of potential importance to
the radiative balance of the Earth's atmosphere,
Chemically important marine biogases include species of
carbon (CO,, CO, CH,), sulphur (DMS), nitrogen (N,0,
NH,), and halogens (CH,1, CH,CI, und CHBry (Wolle er
al, 191). Some of these gases arc also produced by
wrrestrial hioti, However, the marine environment is
thought to be the main source of dimethylsulphide (DMS)
and carbonylsulphide (COS), two trace constituents of the
atmosphere which have important effects on the global
atmospheric and climatic balance (Charlson o7 af. 1987; see
also 6.2.4). The production of atmospherically active gases
is not uniformly distributed among species within a given
habitat. A few species produce disproportionate fraction
of the most active imospheric constituents (e.g. bacterial
catabolism of certain phytoplankton species produces a
large fraction of all the atmospheric DMS). Factors
affecting the relative abundance of these species have the
potential to exert large cffects on the atmosphere and
consequently the global climate. Pollutants, eutrophication
of coastal witers, sedimentation. and depletion of
atmaspheric ozone with the conseguence of increasing UV-
B radiation (Karemz 1991; Helbling er af, 1992; Smith et
ol. 1992) can all alter the diversity and abundance of these
producers and thus have the potential to alter global
climare,

Eeosystent consegiuences of impacts. Emission of DMS
from the open ocean and its effeet in the formation of clowd
condensation nuckei (CON) has been hypothesized to be a
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major regulatory factor of the global climate. Production of
DMS varies dramatically depending on species
composition (Keller er al. 1989), It is also known that
blooms of calcifying coccolithophorids found in coastal
waters have global significance in the CO, and DMS cycles
(Holligan ef al. 1983; Matrai and Keller 1993; Brown and
Yoder 1994). Although factors regulating both species
composition and the outbreak of blooms are not clearly
understood in these systems, alteration of these regulatory
factors (e.g. the relative availability of nutrients) by human
activities can have potential global consequences.

The coastal marine environment is the main biogenic
source of COS, which is thought to be the major source of
sulphur in the stratosphere. After oxidation, these
constituents play n major role in the global radintion budget
and thus climate, by scattering sunlight back to space and
inerfering with stratospheric ozone (Lazrus and Gandrun
1977; Hofman 1990). The general degradation of coastal
environments can affect the global levels of CS,, changing
the atmospheric composition and in tum affecting the rest
of the biota.

6.1.9.7 Landscape and warerscape structure

Human impacts on hiodiversity. Coastal systems are
characterized by steep physical gradients in desiccation,
wave action, water movement, depth, light attenuation,
mixing, temperature, particle size, particle movement,
salinity and substrate type, One consequence of these steep
gradients is a high landscape diversity, with rocky shores
closely juxtaposed with sandy beaches, kelp forests,
estuaries or other habitats. The linkage of these different
communities by water flowing and organisms moving
within and among them provides for substantial
interchange. Human activities such as over-exploitation of
resources, physical alteration of the habitat, pollution,
introduction of alien species and climate change are already
affecting genctic, species and ecosystem diversity and
hence modifying landscape structure,

Ecosystem consequences of impacts. Most landscape-
level alterations resulting from changes in biodiversity
have not been well documented. The potential for these
changes is illustrated in the greater Everglades ecosystem
in Florida, USA. Massive alteration of natural hydrologic
patterns for flood control and development throughout
the entire Everglades region appears to be one of the
primary triggers of the ecological collapse of Florida Bay
(Butler ¢r al. 1994), The enormous anthropogenic flows
of flood waters into coastal waters to the east and west of
Lake Okcechobee have decimated hard-bottom
communitics.

Two smaller-scale examples provide more information
aboul possible roles of biodiversity in mediating landscape-
level changes, The absence of sea otters from certain
Aleutian istands (Box 6.1-1), and the creation of marine

—
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protected areas in intertida! sites in Chile, illustrate how
changes in diversity mediated through deletions of a Lop
predator have resulted in drastic alteration of the ecosysiem
and landscape structure, Conversion of a kelp forest to an
urchin bamen modifies water movement pattems, delivery
of dissolved and particulute Organic matter 1o adjacent
intertidul beaches and intertidal and subtidal rocky shores,
protection of juvenile fishes and hence recruitment into
pelagic communities. In Chile, humans remove gastropods
(Oliva and Castilla 1986; Durdn er af. 1987), seaweeds
(Castilla and Bustamanie 1989) and fishes, and because of
the effects of euch of these groups on other species in the

community, the result is a transformation of the
community,

6.1.9.8 Biotic linkages and species interactions

Human impacis on biodiversity, Overfishing,
overcollecting, trampling, modification of the physical
structure, pollution and species introductions are all
substantial threats to coastal biodiversity. Influences
range from ‘botlom-up” effects wherein species at the
base of the food web are affected first (¢.g. eutrophication
or harvesting of macrophytes) (o ‘middle-out’ effects
involving alterations in herbivores (e.g. harvesting of sea
urchins or herbivorous fishes), 10 'top-down’ effects
where 10p predators are directly affected (e.g. removals of
otters, molluscs, sea stars, lobsters, sharks and other
fishes). The relative importance of these regulatory
effects may vary among communities and along
environmental gradients (Sousa 1979; Menge 1992).
None of these impacts is limited to the taxon, functional
group or trophic level first affected; all of these effects
reverberate throughout the rest of the ecosystem via
biological interactions.

Ecosystem consequences of impacts. Biotic interactions
and species linkages are particularly well known from
nearshore coastal benthic communities where experimental
manipulation of species has resulted in & mechanistic
understunding of the links wmong species, including the
importance of interaction strength, keystone species, und
compensation among specics within a functional group
(reviewed in Paine 1980, 1992; Menge er al. 1994; Power
er al, 1995; Power and Mills 1995). If keystone species are
removed, for example, the entire ecosystem can be
affected, Sea otters and sea-stars provide well-documented
cxamples (Box 6.1-1), In contrast, some systems are
characierized by the lick of a keystone specics {Menge and
Lubchenco 1981; Robles und Robb 1993), These systems
provide an interesting comparison which is immediately
relevant to the relationship between biodiversity and
ccosystem functioning. Rocky intertidul shores on the
Pagific coast of Panama have rich diversity within all
trophic and functional groups {Lubchenco et al. 1984),
Experiments demonsirate that the entire assemblage of
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predutory and herbivores hus dramatic effects in
maintaining the burren appearance of the shores. However,
no single species or group of species has a demonstrable
effect. Removal of species or functionul group ssuch us
molluscan predators or molluscan herbivores or lurge fishes
or small fishes and crubs has littke effect on the community
because other groups with overlupping functions
compensate for the absence of the turget group (Menge ¢
al. 1986). High diversity within the functional groups of
this community provides for continuation of the function in
the absence of any individual constituents (Menge er al.
1986; Menge und Lubchenco 1981). This is a
fundamentally different result from that obtained in
Alaskun kelp communities or rocky intertidal shores off
Washington und Oregon (Paine 1966, 1994; Menge et al.
1994) or tide pools in New England (Lubchenco 1978)
where removal of a single keystone species totully changes
the community. The Panumu system is charucterized by
high functional overlup and thus the potentisl for
compensition,

Even in communities such as rochy intertidl systens
where the relationships between species diversity and
community patterns and processes are among the best
understood of any assemblage, relutively little is known
about effects at the ecosystem level. The consequence of
removal of keystone species to nutrient flows, rates of
production or decomposition have not been measured.

6.1.9.9 Microbial activities

Human impacts on biodiversity. Several unthropogenic
chunges have had broad impacts on MiCro-organisms.,
Excess nutrient input Irom sewage, fertilizers and soil
erosion can drastically change nutrient availability in many
coastal systems (GESAMP 1991; Norse 1993). Increased
UV irradiation from thinning ozone layer probably has a
detrimental effect on phytoplankion over vast areas
(Hebling ef @l 1992; Smith er al. 1992), Warming from
climate change reduces available oxygen and probably
favours some species over others (Epstein er af, 1993} or
causes evolutivnary change in orgunisms that experience
these environmental impacts as a form of directional
selection (Lynch ez af. 1991; Lynch and Lande 1993), Both
processes are likely to change the structure of microbiul
communities, with unpredictable impacts on ccosysiem
functioning.

The biodiversity of marine microorganisms has been
greatly underestimated in the past. Only recenly, through
moleculur methods, hus the tremendous taxonomie
diversity of these groups begun 10 be documented
(Giovannoni et al. 1990; Fulirman ¢ af. 1993). Specific
impucts on this diversity are thus ooy undenstoud.

Ecosystem consequencex of impacts. These broad
impacts may have severul consequences. Nulrient influk
has created u variety of cutrophication problems in muny
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constal regiony (Richurdson 1989 Turner and Rabalais
1994), For example, # cascade of disturhances, apparently
caused by an increase in eyanobacterial blooms in Florida
Bay, Florida, USA, has caused the widespread loss of
sponge populations and a decline in lobster abundance
(Butler er o, 1994), Outbreaks of human disease, such ns
cholera, have heen finked 10 plankton reservoirs that have
been enhanced by nutrient addition (Epstein ef al, 1993),
Further, anoxic conditions created by algal blooms have
heen implicated in significant mortadity of fish stocks and
benthic fauna in several regions (Tulkki 1965; Jorgensen
1980; Richardson 1989). Numerous unexpliined mass
mortalities or discase outbreaks remain enigmatic, though
pathogens are often suspected of playing key roles, for
example in urchins (Lessios ez af, 1984; Lessios 198%),
asteroids (Dungan et ol 1982), ubalone (Steinbeck er al,
1992: Richards and Davis 1993), sca grasses (Rasmussen
1977) and marine mammals (Dietz ef al, 1989). In most
cases, neither (he causes of the outbreaks nor the specific
vectors are known,

Viruses. previously disregarded by marine
microbiologists, are clearly important in regulating
phytoplankton (Suttle ef al. 1990) and bacterioplankton
populations (Bergh er al. 1989; Bratbak ef al. 1990; Proctor
and Fuhrman 1990). As with symbiotic relations,
vires-host interactions are highly species-speeific and
changes in diversity will change the dynamics of these
interactions (Steward of al. 1992).

Loss of certain functional groups (sec Section 5.2.2)
such as methane oxidizers would have a dramatic effect on
global biogeochemistry because these functional groups are
taxonomically limited in scope.

Close coupling of temperature for maximum growth rate
and average temperatures (r xine have profound impacts on
bacterial prowth and the fate of carbon from phytoplankton
in high latitude scas {Pomeroy and Deibel 1986: Pomeroy
ef al, 1991: Wiche er al. 1992), Similar close correlation
between in sitn temperstures und optimum growth rate has
been observed in other members of the microbial
community from the Arctic (Chot and Peters 1992) and
bacterial communitics from temperate ecosystems (Shiah
and Ducklow 1994), suggesting that the entire microbial
food web of a given environment will be very sensitive to
changes in average temperature, even if this involves a
change of only a few degrees.

6.1.9.10 Summmary and relevance to human activities

Coastal systems are among those most heavily affected by
humans, They are also among the systems most vital to
humans, and provide food, recreation, inspiration,
transportation, waste disposal, und the buffering of
coastlines from erosion. Threats to biodiversity in these
systems are multiple and serious; they may also be
synergistic. The full impact of the resulting changes to
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diversity are not sufficiently known, but carly indications
suggest they may be profound. The effects of over-
exploitation and pollution are increasingly obvious and
serious but the full consequences of species introductions,
physical habitat destruction, changes in UV-B rudiation and
climate change are yet to be documented,
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6.1,10 Coral recfs

6.1.10.1 Introduction

The complex and diverse assemblage of organisms that
constitutes the coral reef ecosystem covers over 600 000
km? (<30 m deep) of the tropical ocean, Over half this arca
is in the Indo-Western Pacific and about 15% is in the
tropical Atlantic, the two centres of reel diversity (Smith
1978; Veron 1986; World Conservation Monitoring Centre
1992) (Frgure 6.1-5), Modern coral reefs, representing
approximately 6000 years of growth during the most recent
period of sca-level rise, have an average gross carbonate
production of 10 kg/m¥/yr and average vertical growth
rates of 3 mmiyr (Chave ez al, 1972; Smith 1983). They are
the oldest and largest biogenic structures in nature, holding
detailed palacoccological and climate records (Smith and
Buddemeier 1992; Dunbar and Cole 1993). Coral reefs
have more species per unit area than any other marine
ccosystem bul, with the exception of a few groups such as
fishes and corals, most are poorly studied (Béhlke and
Chaplin 1968; Springer 1982; Achituv and Dubinsky 1990;
National Rescarch Council 1995), Reefs have fewer species
than tropical forests, with. which they are often compared,
but a much higher phyletic diversity (Ray and Grassle
1991 Briggs 1994). Disturbance appears to play a major
role in the maintenance of specics diversity in coral reefs,
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{Connell 1978; Harmelin-Vivien und Bourliere 198Y; Sale
1991a, b), However, the uncertain species-level taxonomy
of even the best-known organisms makes it difficult o
evaluate with confidence either the total number of species
or the role of niche diversification among them (Knowlton
and Jackson 1994). Many coral reef species rely for
population replenishment on larvae released from
‘upsiream’ reefs. This reliunce may increase opporunitics
for genetic diversification compared to populations
replenished from local stocks and/or by vegetative
reproduction, which are also common wmong reef species
(Benzie 1994). Day-to-day metabolic requirements are
provided by o low steady supply of inorganic nutrients
(D'Elia and Wiebe 1990). While reefs are charactenized by
the complexity of their biologicul relationships, it is their
ability to construct massive calcium carbonate frameworks
which sets them apart from all other ecosystems, The
construction comes about through interactions of
organisms, heuristically lumped into functional groups,
including framework builders (corais), facilitators
(symbiotic algue), and grazers (Figure 6.1-6). Studies of
reef communities through geological time or across
gradients of diversity indicate thut different combinations
of species may constitute a functional group (Jackson 1992,
1994a), However, chunges in keystone species (single-
species functional groups) can cause dramatic alierations in
reef structure and functioning.

6.0.102 Threars 1o reefs

The principal direct human impacts that threaten reels ure
nutrient loading, sedimentation and destruction from poor
land-use practices, dredging and coral mining. Reefs hold a
significant proportion of the world’s fishery resources, and
they are very seasitive to overfishing, particularly the
removal of large predators and herbivorous fishes ( Sulvat
1987; Wells 1988; Haicher er al. 1989; Russ 1991). A key
feature of human impact on reefs is the disturbance of
biotic und abiotic fuctors which shift reef composition from
framework builders (corals) to non-framework builders

Biadiversity and Ecosystemt Functioning - Evosystlen Aualyses

{ulgae; Figure 6.1-6). While globul climate change,
including sea-level rise, increased seawaler iemperatures,
and increased ultraviolet (UV-B) radiwtion, are a potential
long-term threat to reefs, there is an immediae need to

manage the impact of relentless coastal human population
growth (D'Elia ef al. 1991 Norse 1993).

6.1.10.3 Productive capacity, biomass und decomposition

Human impacts on biodiversity. Reel corals thrive in the
low but steady input of nutrients from the oligotrophic
occan waters of the tropics. Extreme nutrient loading may
disrupt the dynamic balance of coruls and algae in favour
of the benthic algae which can overgrow, shade and
smother corals (Littler and Littler 1985). Suspended
sediments and planktonic #lgal blooms may shade corals
und result in over-dominance of benthic algae.

Ecosystem consequences of impuacts, Coral reef
productivity, respiration ! calcification have been well
studied, and “standards of functional performance’ have
been suggested us indicators ol ecosystem heulth (Odum
and Odum 1955; Johunnes e al. 1972; Kinsey 1991). In a
healthy reef, the rutio of gross Productivity/Respiration = |,
indicating intemal cycling. This P/R ratio can shift 1o >1 il
there are excessive nutrients, additional production and
export, or to <l if there is increased respiration over
production implying impornt of material (D'Elia and Wiebe
1990; Kinsey 1991). Excess nutrients stimulate algal
growth und cuan inhibit culcification and reef
bioconstruction, shilting the balunce 10 bioerosion (Kinsey
and Davies 1979; Hallock and Schlager 1986),

6.1.10.4 Sediment siructure and nutrients

Human impacts on biodiversity, Increased sedimentation
from poor land-use practices may change sediments from
uerobic to unaerobic as orgunic muterial uccumulates,
Nutrients may then *bleed' out of the sediments over time,
stimulating benthic productivity und prolonging the impuct
long after corrective measures have been taken (Maragos ef
al. 1985; Smith ¢r al. 1981).

I Main reef areas

K&l conters of high diversity

<<= Major ocean currants

Figure 6.1-5: Global distribution of the coral reef biome, (From: Wells and Hunng, 1992.)
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«6: The princepal henconstructional functional wroups of the coral reef coosystem, Reef construction is a result of the
sctivitics of stony coral-framework hinbders which are infloenced by *

sediment aperitors. A key feature of the figure i the ‘potentiometer’ whach shafts

modifier groups” such as calcification enhancers., croders and
between framewoark-builders and non-framework-

builders depending on changes in nutrients, grazing and physical comditions,

Ecaxystem conscquences of impacts. Coral reef
ceosystems are characterized by slow removal and loss of
nutrients and relatively low sediment accumulation
(Johannes ot al. 1983: Pomeroy ez o, 1974). Human impact
can switch the reef ccosystem to external cychng of
nutrients and shift benthic dominance from corals to algae
(DElia and Wiebe 1990),

60105 Warter circulation and qualire

Human impacts on biodiversity, Coral reefs thrive in
well circulated waters, both ¢lear and naturally turbid
(Done 1982). However. enhanced turbidity and freshwater

runofT from land is generally inimical to reef growth and
development (Kohlmann 1988). Coral and sand mining and
dredging can alter the configuration of recfs and hence
waler circulation patterns,

Ecosystem consequences of impacts. Coral atolls
(necklaces of occanic reefs and coral islands surrounding a
central lagoon) provide good examples of functional
differences driven by water circulation. Atolls may be
characterized by their connection to surrounding water
masses, The lagoons of ‘closed’ atolls are profoundly
different from ‘open’ ones with increased nutrient refention
time and productivity (Birkeland 1987).
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6.1.10.6 Atmospheric properties

Human impacizs on biodiversity. Increased seawater
temperatures, possibly linked 1o global warming, and
elevated UV-B radiation have been implicated in coral
bleaching through the loss of symbiotic algae andfor their
pigments (Williams and Bunkley«-Williams 1991; Brown
and Ogden 1992; Gleason and Wellington 1993),
Bleaching stresses coruls causing decreased calcification
and reproductive cupacity (Szmant and Gassman 1990),
death and extirpation over wide arcas (Glynn 1988).
Increased seawater emperatures and rates of sea-level nse
may ‘drown' some reefs and cause a geographic shift in
reef distribution (Buddemeier and Smith 1988). Some
scenarios of global warming suggest an increased
frequency of tropical storms, which may affect the rate of
reef growth.

Ecosystem consequences of impacts. While reefs are sinks
for CO, over geologic time, reef calcification causes pH
reduction and release of CO, from seawater resulting in a
net positive flux 1o the astmosphere (Smith and Buddemeier
1992). 1t is not expected that changes in reef biodiversity
will have major impacts on the global mmosphere.

6.1,10.7 Landscape and seascape structure

Human impacts on biodiversiry. Reefs protect the coast
from the open ocean, fostering the development of a
complex interdependent ‘seascape’ of ecosystems,
including mangrove forests and seagrass beds. Human
occupation and exploitation of the coastal zone cause
profound changes in the configuration and interaction of
the major ecosystems of the coastal secascape. Coastal
clearing and deforestation for development, construction
materials, charcoal and mariculture and destruction of
seugrass beds, cause increased runoff of sediments and
nutrients inimical to coral reefs, Reef biodiversity is
dependent on the accessibility of adjacent ecosystems for
feeding arcas, nursery grounds, and fNows of energy and
materials (Ogden 1987, 1988; Figure 6.1-7).

Figure 6.1-7: The tropical coastal seascape showing buffering of
the land from the ocean by reefs and the buffering of reefs from
the lund by coastal forests and seagrass beds (see text for detail).
(After: Ogden 1987.)
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Figure 6.1-8: The uveruge corul density (cover) around Ishiguki
Island, Ryukyus, Japan. The pollutant-absorbing ¢ttects of the
shoreline forest belt is illustrated. (Fram: Kuhimann 1988.)

Ecosystem consequences of impacts. Coastal reefs attain
their greatest development when isolated or otherwise
protected from Jand run-off by coastal forests and adjoining
seagrass beds which slow and baffle witer movements
allowing sediments 1o [ull from suspension and nutrients to
be absorbed, Kohimann (1988) found that corul densuty
was directly related 1o the preservation of this buffering

capacity of forest margins in the Ryukyu Islands (Figure
6.1-8),

6.1.10.8 Bione linkages and species interactions

Human impacts on biodiversiry. Coral reefs are perhaps
best known for the complexity of the biological
relationships between species und functional groups. For
exumple, Figure 6.1-9.a shows the hypothetical relanonship
between fishes, the ratio of corals/algae, and the mujor
herbivorous sea urchin Diadema on undisturbed reels in the
Caribbean, The first critical disiurbance was overfishing,
which removed the larger size clusses of predutory hishes as
well us herbivorous groups. This impuact “released’
Diadera populations from predation and competition and
they attained artificially high population densities (Hay
1984; Figure 6.1-9,b). The muss mortality of Diadema in
1983-84 removed this remaining herbivore and the
corulfalgal ratio of Casibbean reefs shified 0 an aliemate
state of algal dominance (Lessios er al. 1934 Carpenter
1986; Knowlion 1992, Hughes 1994; Figure 6.1-9.¢),

This Caribbean basin-wide phenomenon has been
exacerbated by circumstances that lower thresholds for
macroalgal dominance over corals (Knowlon 1992): they
include increased availability of nutrients {(Hallock and
Schlager 1986); increased sedimentation associated with
deforestation (Cortes and Risk 1985); storm damage
(Woodley er af, 1981), oil spills (Juckson ¢ af. 1989), and
mass bleaching of corals (Williams and Bunkley-Williams
1991). Similarly, ‘outbreuks’ of crown-of-thoms sturfish
populations in the Indo-Pacific can dominate the dynamics
of many coral reefs (Done 1987, 1992),

Ecasystem consequences of impacts, The complex biotic
linkages characteristic of reefs depend upon the ecosystem-




fish

$€0
urchins

corals/algae

Figure 6.1-9: Model of the NCLATVE Synergistic response of
Caribbean coral reef communities to overlishing and sca urchin
disease, Prior to averfishing, reefs existed in Mate {a), with high
fish ubundance, moderste urchin abunidance, and lange amounts of
coral relative 1o algae, Overfishing (state b) Jed to a switch in the
relative abundances of fishes and sea urchins, but no change in the
relative abundances of coral and algae, Collapse of the sea urchins
duc 10 discnse (state ©) resulted in the replacement of corals by
algac and further declines in fishes (From: Jackson, 19948}

wide effects of a few functional groups and organisms
andinfluences such as nutrients which can shift the balance
of reefs from I’ramcworl\-buuldmg corals to non-
framework-builders such as benthic algae (Figure 6.1-6),

6.1.00.9 Microbial activities

Human impacts on biodiversity, Little is known about
the human impact on reel microbial populations with the
exception of inorganic nutrient processing. Under
undisturbed conditions, virtually all microbial activity takes
place within the henthos, Nitropen gas is fixed by
procaryotes on reef fronts and microbially transformed 1o
nitrate, some of which is exported out of the reel system
(Wiche 1985). Phosphate is slowly exchanged by the
benthos (Atkinson and Smith 1983),

Ecosystent consequences of impacts. Nutrient pollution
(sewage, runoffl) reduces N fixation and causes: (1)
accumulation of PO, and fixed N within the sediments; (2)
benthic macro-algal bjooms: (3) micro-algal blooms in the
water column, These blooms reduce light penetration
which adversely affects the normal benthic plants and
symbiotic algac. Prolonged exposure to high nutrients can
lead 10 the smothering of corals and the transformation of
the benthos into a low-diversity, benthic algal dominated
system (D"Elia and Wiche 1990),

6.0.10.10 Summary and relevance 1o human activities
Coral reefs, which are exploited by millions of people, are
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acknowledged to be the most diverse maring ecosystem,
Penodic disturbance plays a mayor role in the maintenance
of their biodiversity, the persistence of which relies on the
interconnections among often widely dispersed
metapopulations, and on a jow, steady supply of inorganic
nutrients, The massive calcium carbonale structures of
reefs are formed through the collaboration of unique
functional groups including framework-builders (corals),
facilitators (symbiotic algac) and grazers, Studies of reef
communities through geological time or across gradients of
diversity show that the composition of functional groups
can vary greatly. However, changes in keystdhe species
(single-species functional EFOUPS) can cause dramatic
alterations in reef structure and functioning, The most
common manifestation of disturbance is a shift from coral
dominance to benthic algal dominance, Reefs protect the
coast from the open ocean, fostering the development of a
complex interdependent ‘seascape’ of ccosystems,
including mangrove forests and seagrass beds, Reef
biodiversity is dependent on adjacent ccosystems for
feeding areas and nursery grounds and for protection
against land runoff, allowing sediments 1o be frapped and
nutrients to be sequestered. Tt is gencrally conceded that
clobal reef diversily is declining from the impact of
chronic human disturbances and is threatencd by global
climate change. Some effects of chronic human disturbance
may be temporarily *invisible': for cxample. few reef
scientists worried about the effects of prolonged
overfishing on corals until the demise of the sea urchin
Diadema led 10 the wholesale replacement of corals by
algac on these reefs (Figure 6.1-9), Similarly, some
currently abundant species may already be doomed becayse
of “extinction debts” associated with habitat reduction.
There appears 1o be little hope for the survival of recfs that
are near relentiessly expanding coastal populations.
Protection of more remote reefs will require inter-
Bovernmental co-operation in surveying, monitoring,
comparative research and infegrated coastal management
within global sub-regions, such as the tropical western
Atlantie, encompassing the geographic range of reef
metapopulations and of key ocean processes.

011011 Management implications

Reefs have responded to efforts to protect them from
exploitation in parks and reserves {McClanahan 1994) and
10 poliution control (Maragos et al, 1985), and these efforts
at the grassroots and Jocal government level should be
encouraged and expanded. However, the meta-population
characteristics of most reef organisms arguc strongly that
the ultimate conservation of reefs, as much of the ocean
eavironment, will be through inter-governmental
management of human impact within ecologically defined
sectors of the world's tropical oceans,

_——ﬁ
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6.1.11 Mangrove systems

6.1.11.1 Introduction

The major form of Vegetation supporting biodiversity in
tropical estuarine ecosystems is the intertidal forested
wetland known as mangrove, About 240 x 107 km? of
mangroves (Lugo ot af, 1999, Twilley er af. 1992) dominate
tropical river deltas, lagoons and estuarine complexes
developed from ferrigenons sediments {Thom 1982), In
addition, mangroves colonize shorelines and islands in
sheltered shallow coastal waters formed principally from
carbonate sediments, These are geomorphologically distingt
regional landscapes witly focat vanations in topography and
hydrology that result in the evolution of distinet ceological
types of mangroves (with respect 1o both structure and
function) such as nvenine, fringe, basin and dwarf forests
(Lugo and Snedaker 1974). Although there are relatively
few species of mangrove trees (54 species; Tomlinson 19863,
MINErove ccosystems are nevertheless unique beciuse they
include structural niches and refugia for numerous non-
mangrove specics. Mangroves are salt-tolerant forested
wetlands at the land-sea interface which form
interdependent links between inland terrestnal landscapes
and the nearshore marine environment (Macnae 1968:
Chapman 1976; Odum et al. 1982; Tomlinson 1986:
Gilmore and Snedaker 1993 Twilley e af. 1993). The
dominant ecological ‘services' of mangroves are the
maintenance of nearshore marine habitats and the
concomitant provision of food and refugia to a variety of
organisms at different trophic levels (Odum and Heald
1972; Thayer et al, 1987: Sasekumar et al. 1992; Yadez-
Arancibia et al. 1988, 1993 Rojas et al, 1992), Mangroves
also play a major role in maintaining water quality and
shoreline stability by controlling nutrient and sediment
distributions in estuarine waters (Walsh 1967, Twilley 1988),
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Human impacts on retevant hiodiversiry
components

The coupling of mangroves to coastal waters is considered
to be the most important link in the sustainability of
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subsistence, commercial and recreational fisheries in
estuaries and related nearshore marine habitats,
Historically, the establishment of mangrove plantations
promoted sustainable use of this valuable resource for
forest products such as timber, fuelwood, tannins,
pulpwood and charcoal in the Old World tropics (see
Watson 1928; Saenger er al. 1983; Snedaker 1986). Recent
forms of direct impact include the destruction of
biodiversity by land uses such as aguaculture (shrimp
ponds), agriculture (rice and salt ponds), urban
development, and forest clear-felling for economic gain
and other purposes (see Pannier 1979), Indirect loss of
mangrove biodiversity components has resulted from
human alterutions of upland watersheds, causing diversion
of freshwater flows (dams and canals), and deterioration of
water quality from the input of toxic materials (heavy
metals, oil spills, pesticides) and nutrients 10 rivers and
coastal waters,

6.1.11.3 Productive capacity, biomass and decomposition
Ecosystem consequences of impacts: On a global scale,
the highest species diversity and primary productivity occur
in low-latitude regions where precipitation exceeds
evaporation. Stunding crop may reach 300—400 Mg/ha
(Twilley er al. 1992; Saenger and Snedaker 1993). Human
impacts change productivity, distribution and biomass
accumulation by altering soil conditions such as salinity,
sulphide concentrations, waterlogging, redox potentials,
nulrient concentrations, soil structure and pH (Cintrén ef al.
1978). Regional rates of liver production in mangroves are
a function of water turnover and have been ranked
according 10 ecological type as riverine > fringe > basin
>dwarf (Pool er al. 1975; Twilley er al. 1986). The surficial
hydrology is a critical factor in muintaining these diverse
functions. Antificially reduced expasure to tides, und lower
freshwater input, cause higher soil salinity (Cintrén er al.
1978), anoxia, and the accumulation of growth-inhibiting
toxic substances such as hydrogen sulphide (Carlson er al,
1983; Nickerson and Thibodeau 1985; McKee er al, 1988)
which result in increased stress (Hicks and Burms 1975).
Regional-scale chunges in freshwater surface inflow into
mangrove areas have also caused reduction in the
sccondary productivity of tropical estuarine ecosystems
due 10 the degradation of habitat and water quality of
estuarine ecosystems. Changes in the species composition
of mangrove communities alter the quality of leaf litter
and result in different rates of decomposition and an
ultered quality of organic matter expont (POC vs DOC) to
the adjacent estuary (Boto and Bumt 1981; Twilley 1985,
1988; Snedaker 1989). Eliminating a given species of
mangrove along zones of edaphic conditions may also alter
specific types of refugia available to consumers (e.g. those
offered by species with prop roots vs those with

pneumatophores),
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6.1.114 Soil structure and nutricnts
Ecosystem consequences of impacts, Mangroves,
particularly those in the genus Riizophora, have o low
decomposition rate of root biomass relative 1o root
production, which resulis in the accumulation of organic
matter in the soil and leads to the development of
mangrove peat deposits (Snedaker 1993). Differences in
litter quality among mangrove species also affect liver
decomposition, leading 10 nutrient immobilization and
accumulation (particularly nitrogen), and hence the ferility
of mangrove soils (Twilley er al. 1986; Steyer 1988).
Mineral accumulation is enhanced by mangrove prop roots
and pacumatophores, which trap sediments suspended in
the water column during low-velocity flooding. Coastal
forested wetlands thereby enrich intertidal soils and retard
the forces of erosion along the shoreline (Scoffin 1970;
Lynch er al. 198Y). In areas colonized by benthic
calcareous algue (¢.g. Halineda wd Penicilles), mangroves
stabilize the new carbonate sediment and promote soil
development. This process has led to a significant
expansion of mungrove shorelines in southeast Florida
along with a rise in sea level equivalent to ubout 23 em per
100 years (Maul and Murtin 1993; Sneduker et al. 1994),
Mungrove rookeries ure enriched in nitrogen und
phosphorus which stimulute the productivity of mangrove
vegetation. The density and diversity of herbivores is
greater on mangrove island rookeries, compared 1o
proximal islands that lack nutrient enrichment (Onuf ef al.
1977). The so-culled *soil reclamation’ projects in Africa,
as well as in parts of Asia (cf. Ponnamperuma 1984) for
agriculiure (and aquaculiure) have reduced regional levels
of coastal productivity due to loss of mangrove habitats. In
many instances the conversion of organic-rich, pyritic
mangrove soils leads 1o the formation of acid sulphase soils
that are both extremely difficult to reclaim further, and
incapable of supporting the original diversity of the
landscape (cl. Dost 1973; Moorman und Pons 1975),

6.4.11.5 Water distribution, balance and quality

Eceosystern consequences of impacts. The conversion of
coastal landscapes 1o ugriculture has resulted in the
deterioration of water quality in contiguous estuarine
ecosystems. In Ecuador, pesticides from banana plantations
have been implicated in the morphological deformity of
shrimp in the Guayas River estuary (Taura syndrome),
Water-bome heavy metals in the coastal regions of Brazil
and Malaysia (Peterson e¢f a/. 1979) influence mangrove
biodiversity und have impucts on the biodiversity and
response of estuarine ccosystems. In Malaysiy, the
reduction of mangroves has resulted in increased turbidity
of estuarine waters in the affected arcas (Nixon ¢ al.
1984). The nutrient removal capacity of the mungrove
community sensu Juro has been utilized for wuste-witer
treatment in many tropicul localities, particulurly for nitrate
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removal (Nedwell 1975; Clough ef o, 1983). This practice
is presumed (o interfere with the dissolved organic matter
(DOM) export from basin mangrove forests that augments
aquatic primary production and the d
phytoplankton (Prakash 1971 Prakash et al
et al, 1995),

ynamics of
1973; Rivera

A1LLG Atmospheric properties

Ecasystent ronsequences of impacts. Nitrogenase achivity
has been obsetved on decomposing leaves, root surfices
(prop roots and pncumatophores), and in sediment. This
enzyme makes an important contribution to the nitrogen
budget in mangrove systems (Kimball and Teas 1975:
Gotto and Taylor 1976: Zuberer and Silver 1978: Poits
1979 Gotto e al, 1981), Mangrove sediments in southemn
Florida fix nilrogen at rates of 0.4 10 3.2 g N/m¥jyr
(Kimball and Teas 1975; Zuberer and Silver 1978) and
most of this lixation oceurs in mangrove litter M specific
Stages of decompasition (Gotto of af 1981 van der Valk
and Attiwill 1984), This source of nitrogen can account for
some of the nitrogen immobilization m leaf litter (Twilley
1988). Rates of nitrogen fixation in mangrove leal linter are
species-specific. depending on the chemical composition of
the leaf. Thus. the contribution of this ccological process 1o
the fentility of mangrove ccosysiems may depend on the
species composition and diversity of leaf litter, which
differs among riverine. fringe. basin and dwarf zones,
Mangrove forests also fix and store carbon in wood and
organic-rich sediments. The total carbon sequestration in
tropical coastal ecasystems is unknown, but it may
contribute to the potentially significant carbon sinks in
deltaic continental marging (Twilley er al. 1992),

0117 Landseape and walterseape structure

Ecosystem consequences af impacts. River (and surface
runoff) diversions that deprive tropical coastal deltas of
fresh water and silt result in losses of mangrove specics
diversity and organic production, and alter the terrestrial
and aquatic food webs that Mangrove ccosysiems support.
Freshwater diversion of the Indus River to agriculture in
Sind Province over the last several hundred years has
reduced the once species-rich Indus River Delta to a sparse
community dominated by Avicennia maring: it is also
responsible for causing significant erosion of the seafront
due to sediment Starvation and the silting-in of the
abandoned spill rivers (Snedaker 1984). A similar
phenomenon has been observed in southwestern
Bangladesh following natural changes in the distributary
fivers of the Ganges, and the construction of the Farakka
barrage which reduced the dry season Now of fresh waler
into the mangrove-dominiated western Sundarbans.
Freshwater starvation, both natural and human-induced, has
had negative impacis on the rich vertebrate fauna (e.g.
arboreal primates, deer, gavinl, large cats) of the Ganpes
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River Delta (Hendncks 1975; Das and Siddigi 1985) and
the Santa Mara lagoon (Cicnaga Grande) in Colombia
(Botero 19903, Change in the species composition and
distribution of mangroves and ccological types, such as
fringe and basin forests, alters the quantity and quality of
organic matter (DOM vs POC) contributed 1o adjocent
estuaries (Twilley 1988). The cffects of land-use chanpes at
the landscape scale of tropical estuaries are also significant
hecause of the dependence of marine organisms on
estuarine conditions during the juvenile or adult stages of
their life cycles (Yatez-Arancibia e al, 1994). The
seasonal supply of organic matter by differem primary
producers, along with scasonal variations in physical
constraints ol organisms, such as tfemperature and salinity,
provides a unigue set of conditions for estuarine~dependent
life cycles (Rojas er al. 1992), The fragmentation of
mangrove-dominated landscapes may create the same types
of problems for cstuarine-dependent organismy that are
associated with the frapmentation of upiand forests, yet
there has been little, if any, research on this topic.

ol N Riotic linkages and species interactions

Ecosvstem contequences of impacts. Organisms
associted with mangrove forests may play many roles. In
Malaysia, for example, bats that visit mangroves are also
responsible for pollmating trees bearing the highly valued
durian [ruit. In Belize, wood-boring insects in mangroves
are aimportant o the formation of gaps and the speeific
architecture of mangrove trees (Feller 1993). Crabs are
diverse in mangrove habitaty (Jones 1984) with many
functions such as contributing to plant zonation by
differential seed predation (Smith 1987). to hitter dynamics
(leal burrowing: Robertson 1986: Rebertson and Daniel
1989: Twillcy er ol 1993), and 1o nutrient dynamics (soil
acttion from barrows; Smith er aof, 1991) (sce Box 6.1-2),
Sponges. tunicales and a vanety of other forms of cpibionts
On prop roofs are cqually diverse (Ruetzler and Feller 1988;
Ellison and Farnsworth 1992) and may be sources of
nutrition for higher level predators as well as influencing
various processcs in mangrove fringe forests, Finfich and
macro-invertehrates may exert top-down controf of
community dynamics in fringe mangrave zones (Robertson
and Duke 1990). Also, the diverse avifauna, mainly those
that use mangroves for rookeries. control nutnient fevels
and foliage dynamics through nesting and the associated
herbivory (cited ahove). These keystone guilds have
disproportionate effects on the ecological processes of
mangrove ccosystems, and illustrate the multiple roles of
biodiversity in ecosystem functioning (Ray and
McCormick 1992,

6.0.11.9 Microhial activitics
Ecoxystenr consequences of impacty, The production and
accumulation of mangrove peat occurs when root
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Box 6.1-2: Crabs - u central ecosystem element in
mangrove forests,

Crabs are extraordinarily abundant in many
mangrove forests, They can make up nearly 80% of
the macrofaunal biomass (Golley er al. 1962) und
can reach densities of 80-90 per m* (Macintosh
1988). Two families of crabs are particularly
associated with mungrove ccosystems (mangal) - the
Grapsidae with 63 muangrove species, and the
Ocypodidae with over 80 species (Jones 1984),
These animals can have an enormous impact on
ecosysiem dynamics;

They can processas much as 70% of the leaf liter,
and leaf processing by crabs in Australian
Mangrove systems can tum over litter at a rate in
excess of 75 times that of microbial decay. The latter
process predominates in New World mangrove
ecosystems (Robenson and Daniel 1989),

- Most of the mungal crubs feed on vascular plant

material, including liter, but they also feed on
green leaves, including seedlings. Seedling
grazing, particularly by members of the genus
Sesarma, may slow regeneration of these systems
(Jones 1984) und crab seed predators greatly
influence tree distribution in many mangrove
forests. In the forests of Mualaysia, Panama and
Australia, grapsid crabs are the prime seced
predators whereas in Florida snails occupy this
functional role (Smith e7 af. 1989).

- Mangal crabs not only fill every feeding niche but

4lso occupy virtually ull spatial dimensions of
their hubitat, showing species replacements
horizontally from the sea inward and from the
muddy substrate to the top of the canopy. Most,
however, are burrowing forms (Joges 1984),

. Crabs, through their burrowing uctivity modify

the microtopography of the mangrove forest floor,
not only influencing sediment texture distribution
but also negatively affecting the abundunce of
surface algae (Wirren and Underwood 1986),

- Crabs of the mangrove forest positively influence

tree productivity, und reproductive oulput,
peesumably by acrating the soil through burrowing
activity and by decreasing sulphide levels, For
this and many of the other activities described
here Smith ef al. (1991) have designated crabs as
keystone species in mangrove systems,

production and mortality exceeds decomposition, The
relative rate of below-ground production and
decomposition in wetlund plant communities depends on
the presence of sulphate in seawuter that is wtilized by
inaerobic sulphate reducers (Alongi 1988). In this regard,
Snedaker (1993) has argued that in terms of climate
change, changes in precipitation and freshwater run-off ure
the most important purameters (see also Pool e ul. 1975)
since each promotes mangrove [root] production and
restricts root-peat decomposition by scawater-sulphate
reducers. The succession of microbial processes also
controls the wransformation of' nutritionally-poor mangrove
leaf litter 10 a protein-rich food substrute which represents o
significant contribution 1o the encrgy und nutrient budgets

of wropical estuarine ecosystems (Heuld 1971; Odum 1971,
Fell and Master 1973),

6.11LIG Swmmary and relevance 1o luman acavities

A 1991 workshop on the status of mangroves of Southeast
Asian coastlines (Sasekumar 1993) reported that the region
hiss 1ot large weas of mangroves in the Philippines (80%),
Thailand (50%), Indonesia (S0%) and Malaysia (32%),
This pattern is likely 1o continue ax greater demands ire
pliced on forest and lishery resources wlong with land use-
changes along coastlines und in upliand witersheds, The
result will necessarily cuuse a change in the ecological
characteristics of iropical estuaries. Mauny of the
biodiversity components are sensitive 1o changes in
physical conditions (salinity, turbidity), chemical balunces
(cutrophication) and biological chunges (exolic species),
The environmental quality of tropical estuaries relies on the
unknown balance of the mosaic of ecosystem functioning,
many components of which are still poorly understood.
Major restoration Projects in countries such iy Colombia
(Botero 1990), Pukistun (Qureshi 19940, Eewador (Twilley
ef al, 1993) and Bangladesh (Siddigi wd Khan 1990) will
challenge our ability 1o rebuild tropical estuuries und the
dependent fisheries that have collapsed or been altered a3 a
vonsequence of human interterence.
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6.1.12 Open oceans

6.1.12.1 Introduction

Open-ocean systems include all environments on Earth
minus the landmasses and the continental shelf benthos.
These systems comprise more than 70% of the Earth's
surface, and over 90%% of its habitable volume, Open-ocean
ccosystems are unique in being almaost completely devoid
of higher plants, and depauperate in other forms of
biogenic structure which is limited 1o drift-weed,
terrigenous flotsam (especially wood) and the surfaces of
other, usually motile living creatures. Primary production is
dominated by phytoplankton, and averages one-fifth that of
the mean terrestrial ccosystem (Valicla 1984), although
fumover rates of oceanic plankton may be more than one
order of magnitude greater than those of terrestrial vascular
plants. Biomes within the open ocean are defined by the
intersection of four factors: energy source for primary
productivity, physical structure, depth/light attenuation, and
Intitude (Figure 6.1-10). Approximately 15% of described
species are marine (Barnes 1989 May 1992). The diversity
of open-ocean taxa is poorly known far both high and low
taxonomic levels (Grasske and Maciolek 1992; Fuhrman
and Davis 1994), The most conservative estimale for the
total number of species in the open occan ~ hall a million —
is still at least (wice the number of specics thus far
described (May 1992), and estimates range up to 10 million
(Grassle and Maciolek 1992 Poore er al. 1994; but see
May 1992, Briggs 1994). Global phyletic diversity is
dominated by oceanic taxa: 32 out of the 33 phyla are
marine, and 1§ of these phyla are marine endemics
(Margulis and Schwartz 1988; Ray and Grassle 1991;
Angel 1993), The variety of major functional groups in the
manne environment also overshadows that found in other
biomes. In particular, we must emphasize the significance
of biodiversity within the microbial groups at the
fundamental biochemical level, These are arguably the
most unfamiliar, fundamentally “different’ life-forms in
recent discovery (Fuhrman et o/, 1992; Fuhrman and Davis
1994). And we have barely scratched the surface of the
seciments (Grassle and Maciolek 1992; Poore and Wilson
1993; Poore ¢t al. 1994), Species diversity is generally
higher at low latitudes, with three peaks. dependent upon
taxonomic group: photic zone. benthic environments at
2000 to 3000 m depth (mostly on the continental slope),
and the abyssal plain (Vinogradova 1979b; Grassle 1991;
Alongi 1992; Grassle and Maciolek 1992, Angel 1993;
Poore and Wilson 1993; Brey et af, 1994), Life in the
epipelagic zone is dominated by gencralists with a dynamic
metapopulation structure (Steele 1985, 1991). The decp
benthos harbours a much higher diversity of species
(Grassle and Maciolek 1992) and a higher proportion of
local of regional endemics. Relationships among species in
highly diverse deep-sca communities have not been well
studied. and rates of dispersal of deep-sea species among
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Figure 6.1-10: A heunstic view of the structure of open-ocean ecosystems.

geographic regions are also poorly known. These is an
extremely important and dynamic link between the open
ocean and coastal pelagic biomes due to the high
prevalence of the larvae of many coastal marine organisms
dependent upon pelagic dispersul.

6.1.12.2 Threats ro the oceans
Increases in ultraviolet radiation may directly uffect both
phytoplankton and zooplankton in open ocean pelagic

areas. A steady increase in lempensture wmowting 1o (.32 °C
over the last 35 years has been observed at abyssal depths
(Parrilly er al. 1994). Pollutants huve been observed on the
deep-sea floor in all areas where they have been looked for,
and increases from atmospheric sources (Lallemme und
Hites 1978; Takada er al. 1994) are inevitable, The
greatest flux of pollutanss 10 the deep sea is likely 10 occur
on continental marging where sediments from lund sources
accumuliate, Human impucts on biodiversity in the open-




occan biomes arc summarized in Table 6.1-1. The
hiodiversity impact of changes in atmospheric gases (i.e.
acid rain, glohal warming and ozone depletion processes) is
uncertain, but likcly to he significant, The reason for the
uncertainly i partly that our knowledge of the biodiversity
of tho wmallest epipolngic arganivme |s extremely poor. The
likelihood of there being direct cffects of these processes
on the biodiversity of the megafauna is unknown, Fishery
collapses in every sector of the world ocean point 1o a clear
human impact on the diversity of top-level camivores and
herbivores in the epipelagic zone (Brown 1993; Norse
1993: Paine 1993: Anon. 1994), and major changes in
community structure of oceanic ccosystems following the
over-exploitation of dominant vertebrates and inveriebrates
have been observed in the Antarctic (Laws 1985), North
Atlantic (Beddington and May 1982; Weber 1986), and
Pacific Oceans (MacCull 1986; Cox 1993). Another human
impact is the potential for acoustic noise to disrupt normal
social and migratory behaviour of marine mammals and
large teleosts.

There is insufficient baseline information about the
distribution and nbundance of deep-sea species to
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determine whether or not major changes are occurring in
deep-sea ecosystems (Grassle ef af, 1990). The number of
quontitative samples from the deep sea is minuscule, and
increases in pollutants are not monitored in any arca of the
deop ncenan. Furthermore, fow seientinie ure enpabile of
ientilying apeclen within even the botter-known doep.son
taxa. Present information is insufficient for determining
whether introductions or extinctions are taking place in
cither pelagic or benthic assemblages.

6.1.12.3 Productive capacity, biomass, decomposition and
nutrient cveling

Human impacts on hiadiversity. Most of the impacts
mentioned above should be included here. There is
evidence for major intra- and interspecific shifts in life
history profiles of the dominant taxa in the open occan due
o over-extraction in fisheries and as by-catch (Nelson and
Soule 1987, Rijnsdorp 1993; Stokes er al. 1993).
Intraspecifically, there is evidence for response to
overharvesting of sexually mature individuals, manifested
as a reduction in age at first maturity and of maximum
adult size. Fisheries have systematically reduced the

Table 6,11 Human impacts on the hiodiversity of the open-ocean hiomass,

Anthropogenic impacts’ Coastal’ Open ncean
Benthic and pelagie Epipetagict Mesopetagic® Benthic
Land-based activities
Alr pollution
Change m almospheric gases saed "4 indirect indirect
(e.g. CO,, methane, acid rain)
Increase UV radiation oo e indirect Indirect
Global warming o pand indirect indinect
Land pollution
Sittation b ¢ indirect .
Accidental waste disposal (e.g. llotsam) ~ *** - .
Waste disposal e . -
Occan-hased activities
Inputs
Introductions s ric ?
Accidental waste disposal (e.g. oil spills)  *** ooty o
Waste disposal e s ot
Outputs
Resource extraction (harvesting and miming)*** e v e

1. References to the impacts are Tound in text,
2. Coastal systems extend to the limits of the continental shelf.

1, Epipelagic systems occur above 200 m: mesopelagic systems occur beiow 200 m,
4. Ranking of impact: ***expected serious impact: **cxpected moderate impact; *expected mild impact: indirect/direct effects

may cascade impacts down down fo other ocean systems,
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abundance ol all species of large orgunisms in the
epipelagic zone,

Ecosystem vonsequences of impacts. Human impacts on
productive capacity in the open ocean are predominantly
nutrient-loading effects. However, alterations to
biodiversity could have important secondary impacts on
productive cupacity or its spatial distibution. Shifts in the
abundances of non-cetacean planktivores in Antarctic
waters are probubly a consequence of this impact (Valiela
1984). Eliminution of large carnivores and herbivores
should also have profound effects on the efficiency and
form of open-ocean food webs. The effects of removal of
large epipelagic species should cascade down to the rest of
the water column, as these are significant agents of nutrient
transport, both as living individuals undergoing frequent
vertical migration, and as deadfall {(Smith er al. 1989,
Plannkuche and Lochte 1993). Recent simulations of
oceanic systems suggest that the effects of altering species
composition are very difficult 10 predict, may be highly
counterintuitive, und are dependent on relevant temporal
und spatial scales (Yodais 1988, 1994),

6.1.124 Sediment struciure and nutrient pools

Human impacts on biodiversity. Removal of munaganese
nodules eliminates one important type of surface structure
exploited by a distinct ussemblage of epifauna (Thiel
1982). Reduction in epipelagic megafauna hus
compromised deadfall, which serves both as @ source of
nutrients and as a polential stepping-sione for dispersal of
rift-associated organisms (Smith er al, 1939).

Ecosystem consequences of impacts, It is not known if
human activity has yet had any significant impact on the
biodiversity that affects sediment structure of infaunal
dynamics in the deep sea. The possibility for impuct exists
through alteration of physical structure, chemical or
rudiological contumination, and alteration of nuirient inputs
from surface waters. As for impact specifically emergent
from loss of deep oceun soft sediment species, nothing can
be surmised at this time. A cuutionury note is in order,
however. It is apparent that the diversity of microbial
activity in the deep benthos is not only a key attribute of
the system, but also of enormous potential value 1o
humanity. The possibility of losing specific taxa or strains
us a result of direct human alteration of sections of seu
bottom should be tuken seriously.

6.1.1235 Water distribution, balance and quality

Human impacts on biodiversity, Principal concerns for
the open ocean include texic inputs (oil spills, ocean
dumping of PCBs, heavy metals, pseudohormones,
atmospheric inputs of toxic organic compounds),
discharges, and alteration of nutrient regimes (Tanabe  er
al. 1984; Tanabe 1988; Cox, 1993). Although these are
currently thought of as principully coastul phenomena

DIRUNVETYUY Grid ELOSNSIOM FUOC g . e s\ Ay

(GESAMP 1990), this is almost certainly a product of
ignorance rather than an accurale reflection of fuct. Even
the most distant oceunic ecosystems have truces of humay
activities (Flegal ¢t al. 1993),

Ecosystem consequences of impacts, The pervasive
nature of chemical pollution suggests that open-ocean
organisms and ecosysicms are likely 10 expenience levels of
disruption ar least as great as those observed in coastal
systems. Existing data sugpest, however, that substantially
longer time scules are likely to be needed for recovery from
such impacts. The biomagnification of toxins up through
the food web could lead to significant changes in
community structure if the larger apex orgunisms are
negatively atfected (Tunabe e al. 1984: Tanabe 1988;
Addison 1989),

6.1.12.6 Feedbacks to aimospheric properties

Human impacts on biodiversity, Human impact on the
biodiversity that influences aimosphernic processes is
difficult 10 uscertuin because of our ignorunce of which
biogenic products wre most imponant in regulating climate.
Dimethy! sulphide, carbony!l sulphate and bromoform are
gases that potentially can have an important impact on
cloud formation or the greenhouse effect. All three gases
are known 10 be produced by marine organisms {primarily
the diwoms and noa-caleifying cocclithophorids) (Churlson
et al. 1987; Tumer ¢t af, 1988; Iverson er al. 1989, Kiene
und Butes 1990). The relative abundance of these species
and their distributions are poorly known, although
unthropogenic activities (see Table 6.1-1 and above) will
most likely alter their current status, because different taxa
respond differently to eutrophication, chemical pollution,
UV radiation and species introduction. Recent studies have
suggested thin oceanic phytoplankton may uct as u carbon
sink for globally increasing levels of curbon dioxide.

Ecosystem consequences of impacis. To the extent that
the relative sbundances of plankton producing carbonyl
sulphate and dimethy! sulphide are impacted by human
activities in the open ocean, change i at least the regional
climate is likely 10 occur {Fuhrman wd Capone 1991). This
is o lurgely unexplored yet important field with possible
wide-ranging rumifications given the potential ability of
climate models to predict effects of global weuther,

6.1.12.7 Landscape and waterscape structure

Human impacts on bindiversity. Patch dynumics ure very
importunt (o the wiy open-ocean ecosystems function.
Pelugic systems are heterogencous at all scules (Steele
1985; Colebrook 1991; Kawasaki 1991): hydrodynamic
structure predominates and is provided 10 oceanic systems
principally by curremts and waves from small-scule eddies,
through warm-core rings of water moving across ocean
basins, (0 trans-oceanic currents. Open-oceun biomes are
not dominated by 4 biogenic physical structure, such as
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angiosperms, that humans cin alter. The extent of large i dramatic shifis in comm
floating mats of raftweed, such as Sargassum, may, have been noticed most dra
however, have declined. Much of the benthic cnvironment  reef Systems. The lack of quantitative sampling over any
is very distant to most human activitics, although mining  time period in the open ocean preciudes any firm
and fish trawling in benthic habitats may differentially conclusion on whether the elfecta of novel disene or
Impact slignificant members of the benthic community predation are more or less important in oceanic systems,
(Watling and Langton 1994), The recent mortalities of marine mammals along the
Ecosystem consequences of impacts, Physical structure is Atlantic coastlines from viral epidemics (Visser or al,
mportant to the functioning of the deep benthos, primarily  1993) may reflect only the mo:
because of the tunnelling activities and mixing of the the changes currently oceurr
sediments by specifie biota, which alter biogeochemical
eycling of nutrients and Oxygen availability, Recent interest 6.1.12.9 Microbial activitiey "
in mining and harvesting the deep sea will probably impact Human impaces on hiadiversity, The microbial world of
the structure of the Scascape, although this effect has not  both the pelagic and the benthic open ocean are poorly

unity structure. These cffects
matically in coastal and coral

been quantificd, understood, in parf because only now are molecular
techniques revealing surprising information about the
6.1L.12.8 Biotic linkages and species interactions relatively high abundances of certain organisms (e.g.

Human impacts on biodiversity, The decline of many Archaea in surface waters) (Bergh er al. 1989: Giovannoni
marine fish stocks and the complete closure of many et al, 1990, Bolliger ¢r af, 1991; Fuhrman et af, 1992,
formerly productive marine fisheries signifies an important 1993). Its importance cannot be denied: the heterotrophic
depletion in many top-level predators and herbivores in the microbial loop accounts for over 70% of the total carbon
open ocean. As onc species becomes depleted, another is  and nitrogen in the euphotic zone (Fuhrman and Capone
exploited uniil it, too, is scarce. Many of the formerly 1901, Chemical pollution could h
common fishes and marine mammals arc now already rare, microbial diversity by differential
and two attributes of ocean systems may make them specices.,
especially vulnerable. The first is pelagic recruitment. Ecosystem consequences of impacts, Very littie is known
These species are subject to highly stochastic determinants  about the consequences of changing microbial communties
and when disrupted sufficiently at large scales the outcome because of the difficulty of identifying micro-organisms,
is highly unpredictable. Second, these systems arc  and the dearth of knowledge about their ecology,
ordinarily very resilient 80 that a shift in the dominant  Circumstantial evidence suggests that microbial processes
species may be extremely difficult to reverse. This  such as degradation and the utilization of specific nutrients
resilience is predicted from the prevelance of pelagic larval  gre most efficiently performed by specific microbes.
dispersal plus the likelihood that many adults can prey on - Changes in the abundance of these organisms would thus
the juveniles of many other species. Another important  alter the microbial loop. A high diversity of bacteria may
human impact comes from the introduction of marine be important in stabilizing microbial loops, given the large

species into novel environments via tanker ballast water, numbers of pamasitic viruses found in open oceans (Bergh
ete. {Carlton 1993: Cariton and Geller 1993; see 6.1.12.3), eral, 1989).

It is often assumed that open-ocean taxa are more
cosmopolitan in distribution and that open-occan systems  6.1.712.10 Summary and relevance to human activities
should be less prone to the introduction of novel organisms, Although a great deal is known in principle about open-
but this has yet to be tested, ocean biodiversity and potentinl human impacts, the
Ecosystem cansequences of impaces, Many of the empirical dintabase is small, and our capacity to monitor
organisms exploited by humans play pivotal roles in the and trace cause—cffect relationships extremely limited,
t food web, and because many of the top-level Species are  Many oceanic faxa are generalists, with 3 well-distributed
being exploited simultancously, substantial changes in the population structure characterized by boom-and-bust cycles
composition of oceanic communities can be expected. The  (Steele 1991). This may suggest that for many species,
change in Antarctic communities due to whale harvesting, removal would have little overall effect on oceanic
and the shift from a community dominated by bony fish 1o ccosysiem. processes: however., humans have
onc dominated by cartilaginousfish in the Northwestern simultancously reduced the abundance of many organisms
Atlantic are two examples of the transformation of open- in higher trophic levels, This is predicted to cause a
ocean communities (Laws 1985: Weber 1986). Introduction substantial change in the community structure and
of new organisms into an environment may result in the productivity of occanic systems. Novel disenses and
exposure of key organisms to novel diseases or predators predators that will substantially change the functioning of
(Carlton 1993; Carlton and Geller 1993), which can result certain oceanic ecosystems are likely to occur at some point

Ve A serious effeet on
ly impacting particular
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if the redistribution and introduction of orgénisms by
humans continues. Changes in planktonic communities
because of greenhouse elfects, increased UV radiation, or
food-web structural alterations may have large effects on
our global climate because several of the climate-
modulating gases are produced by relatively few plankion
tuxa. That we have overlooked open-ocean biodiversity in
the past is understandable. That we should continue o do
s0 is indefensible.

References

Addison, R.F. 1989, Organochlorines and manne mammal
reproduction. Canadian Journal of Fisheries and Aguatic
Science 46: 360-368.

Alongi, DM, 1992, Bathymetric patterns of deep-sea benthic
communities from bathyul 10 abyssal depths in the western
South Pacific {Solomon and Coral Seas), Deep Sea Research: A
Oceunographic Research Papers 39: 549-565.

Angel, M.V. 1993, Biodiversity of the pelagic oceun.
Conservanon Biolagy 7: 760-772

Anon. 1994 The tragedy of the oceans, The Economist, 19 Marcls
1994,

Burnes, R.D. 1989, Diversity of orguntsms: How much do we
know? Amer, Zuol., 29; 1075-1084,

Beddington, J.R. and May, R.M. 1982, The harvesting of
Eeructing species in 4 nutural ecosystem, Scientific American
247 (5): 62469,

Bergh, @., Borsheim, K.Y., Bratbak, G. und Heldal, M. 1989,
High abundance of viruses in aquatic environments, N,
340 462468,

Bolliger, R., Hansclmann, K.W. and Bachofen, R. 1991,
Microbial potential in decp-sea sediments, Experientiu 47:
517-523,

Briggs, J.C. 1994, Species diversity: land and seu compared,
Systemaric Biology 43: 130-1335,

Brey, T., Klages, M., Dahn, C.. Gomey, M., Cull, 1., Hain, S.,
Stiller, M. and Amiz, W.F, 1994. Amarctic berthic diversity.
Narture 368: 297,

Brown, LR. 1993. A new era unfolds. In: Starke, L. (ed.), State
of the World. A Worldwatch Institute report o progress foward
d sustainable sociery. W.W. Nonon and Co., New York,

Carlton, )T, und Geller, J,B, 1943, Ecolugical roulette: The
ghobal sruasport of nonindigenous marine organisms, Sclence
261; 7882

Carlton, J.T. 1993, Neoextinctions of marine mvertebrates,
American Zoologist 33; 499-509.

Chartson, RJ., Lovelock, J.E., Andreae, MLO. and Warren, S.0.
1987. Oceanic phyloplankion, atmosphere selfur, cloud ulbedo
wnd climate, Nature 326: 655-061.

Colebrook, J. M. 1991, Continuous plankton records: from
seusons 10 decades in the plankton of the north-east Atlantic,
I Kawusukl, T, Tanaky, S., Toba, Y. and Tunlguchi, A. (eds),
Lung-term Variability of Felugic Figh Populasions and their
Environment. 2943, Pergamon Press, New York.

Cox, G.W, 1993, Conservarion Ecology, W.C. Brown Publishers,
Dubague, lowa

Wiure

Bindiversity and Ecos ystem Functiomng! Ecosystem Anal yses

Flegal, AR, Maring, H, and Niemeyer, S. 1993, Anthropogeni
bead in Amasctic sea water, Natire 368; 242-244,

Furbman, J.A. and Capane, D.G. 1991, Possible biogeochemical
consequences of ocean fertilization
Oceunograpiry, 36 (8): 19511959,

Fuhrman, J.A. and Davis, A.A. 1994 Unesplered marine
prokuryotic biodiversity, Abstract Ocean Svic
February

Fuhrman, J.A., McCullum, K. and Davis, AA, 1992, Navel
major archebacterial group from masine plankton. Narure 356;
148~ 149,

Fuhrman, J.A., McCallum, K. and Davis, A.A. 1993,
Phylogentic diversity of subsurface murine microbial
communities from the Atluntic und Pucific Oceans, Applicd
Environmenral Microbiology $9: 1294-132,

GESAMP (Jolnt group of experls on the Scieniific Aspects of
Marine Pollution). 1990, The Siare of the Marine
Blackwell Sciemific, Cambridge, Muss.

Giavunnoni, §.J., Britschgi, TB., Moyer, C.L. and Field, K.G.
1990, Genetic diversity in Sargusso Sea bucterioplankton,
Nurture 345: 60463,

Grassle, LF, 1989, Species diversity in deep-seu communitis
Tremds in Ecology and Evedition 4:12. 15.

Grassle, J F, 1991, Duvep-sea benuhic biodiversity. BioScience 41;
464449,

Grassle, J.F. and Maciolek, NJ. 1992, Deep-seu spevies ochaes:
regronal and local divensity estimates from yuamive botton
suniples. Amerivan Natorafiss 193; 313341,

Grassle, LE., Maciolek, NJ. and Blike, J.A. 1990, Are deep-sca
comimuniies resitbient? In: Woodwell, G.M, wald, T Eaurth in
Trangition: Patterns aml Provesses of biotic impoverishment,
386-394. Cumbridge University Press, New York

Iverson, R L., Nearhool, F.L. and Andreae, MO, 1989
Production  of dimethylsulphide  propionate  und
dimethylsulphide by phytoplankton in estuurine and costal
waters. Limnology ind Oceanogr uphy M- 5367

Kawasaki, T. 1991, Loag-term variabiley s the fish populutions
la: Kawasaks, T, Tunuka, S.. Tobs, Y, and Taniguchi, A. (eds),
Long-term variabitity of Pelugic Fish Populations and their
Environment, 2945, Pengamon Press, New York.

Kiene, R.O. and Bates, T.S. 1990, Biological removal of
dimethylsulphide from seawuter. Nosare 345, 0205,

L Flumme, RE. and Hites, R.A. 1978, The ghodul distribution
of polyeyclic aromutic hydrovarbons in recent sediments,
Geachimica Cosmiwhinicg At 41 289-303,

Laws, RM, 1985, The cvology ol e southem oocan
Sciennsr 73: 2640.

Limnology und

Neey Meenag,

Euvironment,

Asreerecan

MucCall, A.D. 1956, Clanges in the womass of the Califormia
Current ecosystenm, In: Sherman, K. und Alexunder, LM, (eds),
Variubility and Management of Large Murine Evosystems.
33-54. American Association for the Advancemem of Scicnee,
Washington, DC.

Murgalis, L. und Schwartz, K.V. 1988, Five Kingiows. W H,
Freemun, New Yark.

May, R.M. 1992, Buttoms up for the oceans, Notare 337:
278279,

Nelson, K. and Soulé, M. 1987 Geneticul conservativn of

exploited fishes, e Rymun, N. and Uner, F. eds) Pomiasion




Genetics and Fisheries Management. Washington Sca Grant
Program, 345-368. Univessity of Washington Press, Seatile,
Norse. E.A. 1993, Globa!l Marine Blological Diversity; A
strategy for building conservation into decision making. Island

Press, Washington, DC,

Paine, R.T. 1993. A saity and salutary perspective on global
change. In: Kareiva, P.M., Kingsolver, J.G. and Huey, R.B.
(eds), Biotic Interactions and Global Change, 347-363,
Sinawer Associates, Sunderland, Mass,

Parilla, G., Lavin, A, Bryden, H., Garcia, M. and Millard, R.
1994, Rising temperatures in the subtropical North Atlantic
Ocean over the past 35 years. Nature 369; 48-51.

Prannkuche, O. and Lochte, K. 1993. Open ocean pelago-benthic
coupling: Cyanobacterin as tracers of sedimenting salp facces.
Deep Sea Research 1. Oceanography Researck Paper 40:
T27-733,

Poore, G.C.B. and Wilson, G.D.F. 1993. Marine species richness.
Narure 361: 597-598.

Poore. G.C.B.. Just, J. and Coben, B.F. 1994, Composition and
diversity of Crustacea. Tsopnda of the southeastern Australian
continental slope, Deep-Sea Research 1, 41: 677-6921,

Ray, G.C. and Grassle, J.F, 1991, Marine biological diversity.
Bioscience 41: 453-457,

Rijnsdorp, AD. 1992, Fisheries as a large-scale experiment on
life-history evolution: disentangling phenotypic and genetic
effects in changes in maturation and reproduction of North sea
plaice, Plesronectes platessa L. Qecologia 96: 391-401,

Smith, C. R,, Kukert. H., Wheatcoff, R.A., Jumars, P.A. and
Deming, J.W. 1989. Vent fauna on whale remains. Naswre 341:
27-28,

Steele, J.H.1985. A comparison of marine and terrestrial
ceological systems. Narure 313: 355158,

Stecle. J.H. 1991. Marine functional diversity. BiaScience 41:
470474,

Stokes, T.K. A, Law, R,. nnd McGlade. J. 1993. The Exploitation
of Evolving Populations, Springer-Verlog, Berlin,

Takada, H.. Farrington, L.W., Bothner, M_H., Johnson, C.G. and
Tripp. B.W. 1994, Transport of sludge-derived organic
pollutants in decp-sea sediments at Decp Water Dump Site 106,
Environmental Science amd Technotogy 28: 1062-1072

Tanabe, S. 1988. PCB problems in the future: Foresight from
current knowledge. Emvanmental Pollution 50: 5-28,

Tanabe, S., Tanoka. H. and Tatsukawa, R. 1984
Polychlorophenyls, DDT, and hexachlorocyclohexanc isomers
in the western North Pacific ecosystem. Archives of
Emvironmental Contamination and Toxicology 13: T31-738,

Thiel, H. 1982, Decp-sea environment disturbance and recovery
potential, Inr, Rev, Gesamt. Hydrobiof. 77: 331-339,

Turner, SM.. Malin, G.. Liss, P.S.. Harbour, D.S. and Holligan,
P.M. 1988, The seasonal variation of dimethylsuiphide and
dimethylsulfonio-propionate concentrations in near shore
waters, Limnology and Oceanography 33: 364-375,

Valiela, L. 1984. Marine Ecological Processes, Springer-Verlag.
New York,

Vinogradova, N.G, 197%. Vertical zonation in the distribution of
deep-sen benthic fauna in the occan. Deep-Sea Rescarch 8.
245-250.

Yinogradova, N.G. 1979, The geographical distribution of the

Biodiversity and Ecosystem Functioning: Ecosystem Analyses

399

abyssal und the hacdal (ulira-abyssal) fauna in relation 10 vertical
roontion of the occans. Sarsia 64: 41-50,

Visser, 1.LK.G., van Bressem, MUF., Barett, T. and Osterhaus,
ADME. 1993, Morbilivirus infections in aquatic mammals.
Veterinary Review 24: 169-178.

Watling. L. and Langton, R. 1994, Fishing, habitat disruption,
and biodiversity loss, Ahstract, Ocean Sciences Meeting, Febuary.

Weber, M. 1986, Federal marine fisheries management, In;
DiSilvestro, R.L. (ed.), Awdubon Wildlife Report 1986,
267-344 National Audubon Society, New York,

Yodzis. P. 1988, The indeterminacy of ecological internctions, a¢
perceived by perturbation experiments. Ecology 69: S08-515,
Yodzis. P. 1994, Food webs, dynamics and perturbations,
Absrract at Canadian Society of Zoologists Mecting Bulletin 25

Q2x 111,

6.1.13 Lakes and rivers

6.1.13.1 Introduction

Freshwater ecosystems (lakes and rivers) cover about 2.5 X
105 km?, less than 2% of the Earth's surface (Wetzel 1983).
Only 0.014% of Earth's water occurs in the soils, rivers and
lukes of the biosphere (Ia Riviere 1989): freshwater lakes
contain 1.25 X 10% km® of water (Wetzel 1983), while
rivers contain about 1.2 X 10 km* (Wetzel 1983).
Combined, lakes and rivers contain about 0,009% of
Earth’s water (Wetzel 1983). Fresh water is a crucial
resource for terrestrial ecosystems and human life. In
addition, extensive riparian arcas associated with rivers and
lakes include some of the most productive ecosystems of
the landscape. The small pool of water available for life is
distributed irregularly, and water often limits terrestrial
productivity and economic development (Gleick 1993).
Climate and geomorphology determine the global
distribution and diversity of fresh waters, Diversity of fresh
waters across landscapes depends in part on regional
geochemistry and fand use. At the species level, diversity is
best known for fishes (R400 specics, 40% of the world's
total fish diversity; WCMC 1992) and aquatic vascular
plants (1022 species. Sculthorpe 1967). Other groups are
less well known. For example, phytoplankton diversity
may be in the order of 10° species, but only 10% or so of
these are known (WCMC 1992).

Human impacts on biodiversity. A few common drivers
account for virtually all human impacts on freshwater
biodiversity components (Moyle and Leidy 1992; National
Research Council 1992; Allan and Flecker 1993). The most
important and widespread of these are;

I. Habitat loss and degradation, driven mainly by land
transformations such as agriculture and forestry
{(Naiman ef al. 1993) and by direct transformations of
freshwater bodies by large water projects (Allan and
Flecker 1993).

-

2. Specics invasions and introductions (Lodge 1993),
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- Overharvesting (Moyle and Leidy 1992; Allun and
Flecker 1993; Persson 1993),

« Secondary effects, or cascading consequences of the
loss of a native Species, addition of an exotic, or
overharvesting (Carpenter and Kitchell’ 1993),

- Chemical pollution (National Research Council 1992).

Climate change is a Potential driver with implications
thut are less certain than those of drivers 1-$ {Firth and
Fisher 1991, Carpenter er al, 1992),

Methods for restoning dumaged freshwater ecosystems
are currently an area of active research (Nationu! Research
Council 1992; Cooke er af. 1993). Rutes of recovery are
variable, and as 3 rule of thumb, are proportional 1o the
Wwaler renewal time and the generation times of the longest-
lived Keystone organisms (see Box 5.2-1) (which are
usuully fishes or higher plants, including ripasian lrees),
Wister renewal times of the world’s rivérs are about 0.05
year and lake renewal times range up to 100 years (Wetzel
1983). Generation times of the ke
typically about a decude or longer,

Ecosystem Consequences of impacts. Scientific centainty
is relatively high for the following effects, except where
noted otherwise,

yslone organisms are

6.1.13.2 Producti vity, biomass, decomposition and
nudrient eycling

Agriculture and construction activity promote erosion and
nutrient loading which cause cutrophication of fresh
waters. Input of sewage or household wilstes cun also result
in eutrophication. Eutrophication involves increased
primary production (especially of nuisance plants which
reduce water quality; Cooke et af 1993, increased storage
of organic mater, und decreased decompesition due 10
anacrobiosis (National Research Council 1992). Dams can
also increase primary production and storage of ofganic
maner, while decreasing decomposition. In many cases
eXOliC species, overharvesting, and their secondary effects
have led 1o reduction of viluable fishery resources, Some
kinds of chemical pollution can reduce fish stocks,

Eutrophication is generally associated with incressed
Dutrient availubility and retention in freshwater ecosystems
{Wetzel 1983). Exotic species and overharvesting have
complex effects on sediments and nutrients. Exotic
mucrophytes alter sediment accumulation rates and
biogeocliemistry (Lodge er al, 1988), while changes in fish
communities affect recycling rutes of limiting nutrients
(Lamarra 1975; Kitchell er al. 1979 and can shift the
limiting nutrient between nitrogen and phosphorus (Elser er
al. 1988; Carpenter and Kitchell 1993). Species
composition, size distribution, and migratory behaviour of
zooplankton und fishes lurgely derermine 1he rates and
spatial patterns of nutrient recycling in |

hes (Canpenter o
al, 1992; Schindler ot al. 1993),
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00133 Wurer distribunon, baluee und ity
Eutrophication reduces water quality (Peierly er al. 1994,
Nationul Rescarch Council 1992). Exotic species,
overexploitation, und their secondary consequences, can
cither improve or degrude water quality, For example,
exploitation of large fishes leads 10 increases in the
numbers of small zooplanktivorous fishes, decreases in
herbivorous zooplankion, excess algal growth and reduced
walter quality (Carpenter und Kitchell 1993). On the other
hand, invasions of the zebry mussel in Eurasiu and Nonh
America may improve water quality by filtering particles
from the water. 1y rivers, the impacts of INvason or over-
exploitation may depend very much on sputial scale and the
elapsed time since las major flood (Grimm 1992),
Chemical pollution reduces water quuliry.

61134 Ammospheric properiicy
Anoxia, which hus signaficant impaces on ddjuatic life, is a
Common consequence of cutrophication that is in 4 yense
“wtmospheric'. Regional climates are affecied by lurge
freshwater bodies (Firth and Fisher 1991). Scientific
cerinty is relatively low for the

following atmospheric
effects.

Carbon dioxide: Most lukes have high pCO;, relative
to the atmosphere and therefore outgas CO, (Cole ¢
al. 1994}, However, the direction of

s exchange
with the aimosphere

can be reversed by adding
nutrients or by d4dding fish that eat herbivorous
zooplankton (Schindler 1977 Cole ¢r ay,
unpublished), In cither case productivity rises and
uses the excess CO,, decreasing PCO, in the luke and
Cuusing CO, to invade from the wmosphere.

Methine: Anoxic sediments of wetlunds, lukes and
Ponds produce considerable amounts of CH, at rates
linked to landscape biodiversity and the
biogeography of beaver (Carpenter er gl, 1992).
Beaver distributions contral water retention, soil
hydrion und OXygenation, nutrient cycling and gas
flux over vast continental wreas (Naiman ¢ al, 1993),

6.4.13.5 Landscape and Waterscape structure
For ecosystem consequences of habitat loss and
degradation, see 6.1,13.2 and 6.1, K

Landscape wid Walerscape structures huve been ultered
by river canalization, damming,
sedimentation and suliwarer o
practices that remove or
the inputs of large

Teservoir construction,
nerouchment. Land-use
dler riparian vepetation decrease
wooady debris 10 rivers and lukes,
affecting cover, food resources and spawning habitat of
fishes (Maser und Sedell 1994), Impacts of

hese structural
changes ane

relutively well known seientifically.
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6.1.13.6 Biotic linkages and species interactions

Because of the insularity of fresh waters, species
introductions, overharvesting and management actions
larpeted on particular species can have effects that ramify
throughout freshwater systems, affecting production,
decomposition and nutrient recycling as well as other
species (Power 1990, Carpenter o7 al. 1992, National
Research Council 1992: Carpenter and Kitchell 1993;
Lodge 1993; Persson 1993), These changes may also affect
wildlife and waterfow! that use freshwater systems for
drinking, habita and food. Biodiversity of functional euilds
in fresh waters can stabilize process rates in stressed
ccosystems (Schindler 1990), This resistance o stress
depends on the capacaty of more tolerant species 1o replage
the contributions of less tolerant ones (Frost ot al. 1994),
The resilience of freshwater ecosystems (i.c, their rate of
recovery from perturbation) depends in part on biotic
linkages and species interactions (Cottingham and
Carpenter 1994). However, there is consideruble scientific
uncertainty about the responses of freshwater systems to
changes in biodiversity, Species invasions have had a wide
range of impacts on freshwater communities and
ccosystems (Lodge 1993). For a given freshwater system,
the nature and consequences of future invasions by exotic
species may be difficult to predict,

6.1.13.7 Microbial activities

Eutrophication affects microbial activity, the biodiversity
of microbial metabolic athways, and the biodiversity of
biogeochemical pathways through anaerobiosis (Wetzel
1983). Effects of specics introductions and overharvesting
on microbial activity are poorly resolved (Porter o af
1988). Pelagic microbial activity closely tracks the
productivity of phytoplankton, which can be effected by
food-web structure (Pace 1993). Chemical pollution can
directly and selectively affect crucial biogeochemical
transformations (e.g. nitrification and sulphatc reduction:
Schindler 1990),

61138 Summary and relevance tor humean activities
Landscapes and freshwater bodies are linked by powerfyl
feedbacks. Terrestrial landscape diversity affects fresh
waters by determining rates of erosion, siltation and
nutrient input. Freshwater bodies are a magnet for human
settlement and use, and human activities determine
landscape biadiversity in the watersheds. Freshwater bodies
are insular habitats in which biotic interactions can have
major consequences, Species introductions and fish
manipulations have significantly changed productivity,
nutrient cycling and physical characteristics of fresh
waters, and the net consequence of land-use changes and
species introductions has been 1o increase the similarity
among fresh-water ccosystems through eutrophication and
community change.

401

ians need fresh water for drinking, fishing, industry,
Irrigation, recreation and transportation (Schindler and
Bayley 1990), These uses are impaired by landscape
changes that fif), cutrophicate or pollute lakes and rivers,
and by exolic species mtroductions and overharvesting that
displace or eliminate living resources, A diversity of
freshwater fystems on the landscape is valuable as
insurance agains fluctuations in the productivity of. or
need for, particular [reshwater resources. Freshwater
ccosystem diversity requires a diversity of riparian
vegetation that buffers freshwater systems from upland
crosion or other disturbances, Species management is a
component of many methods for restoring fresh waters that
have hecome degraded (National Research Council 1992),
Specics diversity guarantees a range of options for
restorations that are potentially self-sustaining and
consequently less costly. A major reason for sustaining
freshwater biodiversity is 10 preserve options for

maintaining high-quality water resources under different
environments in the future,
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6.2 Cross-biome compurisons

6.2.1 Productive capacity and biomass accumulation
0.2.1.1 Introduction

The response of ccosystem net primary production (plant
growth) 1o biodiversity hus two mijor components. One
reflects the role of diversity in providing genotypes or
species adapted 1o the full range of habitus within a biome,
over the long term, including year-to-year climate variation
and cycles of disturbance and recovery. The other concerns
the response of production to diversity in a single year and
ut a single site, Becuuse the relevant evidence, the
underlying principles, and the feasible approaches for
stedying these two components are quite different, they are
treated here in sequence,

Here, whea referning 10 biodiversity, we generally refer
1o genetic und species diversity of the primury producers
with the dominant life-form, 1Le. trees in forests, grasses in
grasslunds, macro-ulgue in nearshore habituts und so on.
Whole ecosystem biodiversity hus additional dimensions,
some of which may be critical determinunts of production,
For example, a relatively uncommon insect that preys on
insect herbivores can have a major impact on production,
At present, gencral tools for identitying species with a
functional impact much Larger than their biomass are not
availuble (see Section 5.2.2). A focus on consequences of
the diversity of prinry producers in the dominant life form
provides a starting point for understanding the functional
role of biodiversity, but it clearly does not address the
entire ruge of potentially important inleractions.

6.2.1.2 Lessons from agriculture

Modem agnculture and plantation forestry are based on the
premise that low-diversity ccosystems can be highly
productive. While this premise s broadly validated in
intensively managed ecosystems, the experience of
agriculture highlights the ¢ritical sensitivity of low-
diversily ecosystems 10 vuriation in climate and soils as
well us outbresks of pests and pathogens, Across all of tw
world's biomes, temporal and spatial variation in climate,
soils, disturbance (e.g. fire, hurricanex) and biotie
influences (e.g. pests, pathogens, dispersers, pollinators)
are the rule ruther than the exception, This variability,
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much of which modem practices in agriculture and forestry
arc designed 1o suppress. establishes important constraints
on the productivity of low-diversity natural ecosystems,
especially over long time periods.

Lessons from agriculture provide useful puideposts for
understanding the role of biodiversity in regulating
production, First, when the genetic diversity of agricultural
crops is severely limited, as when single hybrids are
planted over large arcas, pests and pathogens can be
devastating. The outbreak of Helminthosporinm mavdis on
CMS-T hybrid corn in 1969 and 1970 is an extreme
cxample (Williams and Levings 1992). Second,
maintaining productivity across n mixiure of good and bad
years s anc of the most common motivations for multi-
crop agriculture (Francis 1986 Vandermeer 1988: Swift
and Anderson 1993), Third, progressive losses of
productivity in some intensively farmed regions
demonstrate that high productivity in low diversity
teosystems may be transient, depleting the accumulated
capital of soil nutrients rather than operating on the
sustainable supply.

6.2.1.3 Habitat variation in space and time

The role of biodiversity in modulating the sensitivity of
production in natural ccosystems to variation in climate.
soils and biotic factors is far from completely understond,
but several lines of evidence establish its importance, Some
of the evidence is very direct. For example, Tilman and
Downing (1994) observed that biomass production was less
drought-sensitive in high-diversity grassland plots than in
Inw-diversity plots in the American Midwest (see Section
6.1.7.3). Year-to-year variations in climate can strongly
favour different species in different years (Hobbs and
Mooncy 1991}, a pattem that appears to result in higher
productivity than occurs with continuous dominance by a
single species,

Much of the evidence for the links between prochuction
and the biodiversity sufficient to provide species that thrive
across a biome and over time is indirect and! comes more
from studics of pattern than of process. For cxample,
vegetation differences between north- and south-facing
slopes. drier upland and moister lowland sites, or sites on
different 50il types, are very common (Chabot and Mooncy
1985). Whenever biodiversity falls below the minimum
representing the suite of species or genolypes best adapted
to cach of the major habitat types within a biome, the
overall vegetation becomes fess well adapied to local
conditions. With variation in slope, aspect, clevation, soils,
moisture. temperature and wind, most biomes include
several habitats that support distinctive local ecosystems.
While these broad patterns do not necessarily maximize
production in any particular year, they consistently yield
solid compromises between short-term productivity and
long-term persistence (Grime 1979; Chapin 1980). n

403

general, a single species does not thrive over the cntire
range of habitats in a biome. The uniform dominance of the
tree Metrosideros polvmorpha in natural Hawaiian habitats
15 an exception, though the recent history of biological
invasions in Hawaii (Vitousck et /. 1987) points 1o the
sencitivity of this puttern, Except in intensively managed
systems, parallel changes in the habitat and in functional
characteristics of the dominant plants make it likely that
production increases with biodiversity, at least until each
major habitat within o hiome is occupied by least one
specics that thrives in i (Figure 6.2-1).

In many biomes, the vegetation on a patch depends on
the time since disturbance, and the distinctions between
carly successional and Inte successional species are often
striking {Tilman 1988). The failure of late successional
species to thrive in carly successional habitats and vice
versa has been tested in many cases and supported
experimentally in some, but not all, studics (c.g. Chapin er
al. 1994), To the extent that the dominant species of one
suecessional stage fail 1o thrive in others, production tends
1o increase with biodiversity whenever the increased
biodiversity represents a specialist on an empty
successional stage or time since disturbance (Figure 6.2-1),

f——— Zone accassibie 10 Inensive managemant

Annual NPP

Add successional stages
Add yenr-io-year varation
Add site-10-site variation

Blodivarsity of dominant #e form .

Figure 6.2-1: A conceptonl schematic of the response of avernpe
annual net primary production (NPP) 10 the Foddaversity of plamt
specres or penalypes in the dominant life-form. showing how
mechanisms are likely to combine, The basic iden is that, s one
site and in one year, low-diversity ecasystems subjected to
intensive management can achicve pearly the some NPP as highly
diverse coosystems, In real bomes, however, spatial variotion m
climate and resources, tempornl variation in climate, and
successional dynamics relited 1o disturbance history all increase
the mnpe of biodiversity ovee which NPP changes. NI'P of any
suite of species not skillfully chasen to provide plants adapied to
the full range of habitats peakably saturates even more slowly
with hiodiversiy

Vegetation production and persistence often refleet a
balance hetween highly competitive species that use
resources efficiently, and less competitive apecies that
effectively colonize disturbed sites (Tilman 1993), A loss




