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of species unywhere along the continuum is likely to
decrease long-term average productivity, Removal of
strong competitors should result in less complete or
efficient resource use, while a loss of good colonizers
should lead 10 decreased production through incomplete
establishment in recently disturbed areas. (Tilman et al.
1994),

These three factors (spatial vuriability, tempora)
variability, and varation in time since disturbance) all tend
to make average annual production an initially increasing
function of biodiversity, without necessarily requiring more
than one species of the dominant life form per habitat type.
For u biome populated with a random selection of the
possible species and genotypes, duplication of functional
types or suites of adaptations would increase the number of
species und genotypes at which long-term average
production saturates (Figure 6.2-1).

Given these mechanisms that favour an increase in
production with an increase in biodiversity, at what level of
biodiversity should production reach a muximum, and how
should this vary across biomes? In general, production
should saturate at lower levels of biodiversity in biomes
with lower levels of spatial and temporal complexity,
Biomes cenuinly differ in the source and scale of the major
modes of variation, but differences in the total amount or
importance of variation are less clear, In tropical rain
forests, the dominant sources of variation are probably
related 1o small-scale gap dynamics (Mantinez-Ramos ¢t al.
1988) while in Arctic tundra, variation due to topography
and soils is especially important (Chapin and Shaver 1939),
In other biome types, year-to-year climute vasiation is a
dominant source of variation. The response of grasslund
production o rainfull is a clear example of this (Sala ef o,
1994). Precise quuntitative estimates of the number of
distinctive zones of habitut, climate and disturbance within
each major biome are not yet possible. A rough but
reasonable estimate is in the order of 10 substantially
different zones per biome, with a range of perhaps 4 to 40.
Additional experiments will be necessary before it is
feasible 10 develop a more detailed uccounting,

 6.2.14 Production and resource augmentation

The mechunisms discussed above do not address the
response (0 biodiversity of production at a single site in a
single year, This topic is not well studied and neither the
shape nor the quantitative limits of the response is
generally known. In some cases, biclogical and
biogeochemical characteristics related 10 production uppear
to suurate with a few species, even in a complex ccosystem
like a tropical forest (Ewel er a/. 1991). Bur when low-
diversity ecosystems fail 10 develop complete canopies, us
a consequence of the suile of plant species present or of
interiuctions across trophic levels, increased diversity can
lead 10 increased production (Nueem ef al. 1994), Most of
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the current hypotheses on the role of biodiversity in
production at one site in one yeur are summarized by 4
resource augmentation model, which stutes that adding »
species should increase production only if that species has
access o, or prevents losses of, previously unused light,
wiler or nutrients, Examples of mechanisms for ncreasing
resource access or decreasing loss Include symbiotic
nitrogen fixation (for increased access to nulrients
(Vitousek ¢r al. 1987), increased rooting depth {for
increased access 10 water; Davis and Moaoney 1986),
umproving the temporal match between nutrient release and
uptake (Swift und Anderson 1993), releasing extracellulur
phosphitases into the soil solution (to increase phosphorus
availability), faster canopy development (for increased light
capture), increused leaf longevity (for decreased nutrient
loss), and providing & refuge for ants or other defenders
against herbivory (for decreased nutrient loss).

The resource sugmentation model predicts that only u
fruction of the many possible species additions should lewd
to increwsed production. But it also presents the possibility
that many of the consequences of additions and deletions
should be predictable on the busis of a species” pattem of
resource utilization (Hobbie ¢f al. 1993) or its relative
abundance (Sala er al. 1996).

Anthropogenic impacts on the biosphere often result in
changes in resource availability, in the efficiency with
which resources are used for growth, o in the dynamics of
resource tumover (Field ¢ al. 1992), In some cases, these
impacts may change the response of NPP 1o biodiversity. If
for example, anthropagenic nutrieant deposition changes the
relative uvailubility of limiting nutrients (Schulze 1989), or
if a change in climute eliminates one or more species,
polentislly availuble resources may o unused without an
increase in biodiversity. On the other hund, a chunge in
resources or species composition could also make it
pessible for a smaller number of species 1o capture the
aviiluble resources or 1o use the available resources more
efficiently. It is also likely that the response of NPP 1o
changes in biodiversity will differ with different
anthropogenic impucts und that, for any particular
anthropogenic impact, the NPP/biodiversity relutionship
will viry among biomes. Developing the understanding
necessary 1o predict changes in the response of NPP 1o
biodiversity in ecosystems impucted by aliered climate,
clevated CO,, nutrient deposition, oxidants or species
introductions should be a central objective of future studies,
The role of biodiversity in regulating production at one site
in one year involves different mechanisms from those
govemning the role of biodiversity wcross the whole array of
habitats within a biome, and it is unlikely that relationships
mong species are the sume in the two contexts. Thus, the
response of production 1o biodiversity almost certainly
suturates more slowly when both site-to-site and within-site
mechanisms are operating. The quantitative FESPOnse is nol
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yet known, but it is possible that specics complementarity
through resource augmentation could lead 1o increased
production with two to several species or genotypes per
site, A conservative minimum estimate is that accounting
for resource augmentation for each site and year doubles
the biodiversity fecessary to saturate ecosystem
production. Thus, the combination of the mechanisms
related to resource Augmentation and temporal and spatial
diversity should Jead to increasing production until the total
reaches on the order of 20 species and/or genotypes in the
dominant life-form of primary producers. The uncertainty
of this estimate is very large. In addition, the persistence of
these dominant fife-form primary producers may depend on
2 number of other species, including pollinators, dispersers,
nitrogen fixers, decomposers, herbivores and pathogens,

6.2.1.5 Biomass and disturbance

The role of biodiversity in regulating standing biomass is
poorly studied. In most biomes, the major control on
standing biomass is the frequency of disturbance, including
fire, severe weather, and pest and pathogen attacks (e.g.
Bonan and Shugart 1989), Disturbance frequency regulates
not only the size of the dominant plants but also the species
present and, in some cases, the presence or absence of a
major growth form, ©.8. trees (Hughes er al. 1991), Effects
of single species on disturbance frequency have been
documented (D'Antonio and Vitousek 1992), and
resistance to pests and pathogens is one of the best-known
benefits of muiti-crop agriculture.

Increasing biodiversity could potentially decrease the
frequency or intensity of many types of disturbance. Effects
of biodiversity on disturbance by pests and pathogens are
relatively well known, at least for agriculture, Biodiversity
could decrease fire frequency, especially in ecosystems
where single species enhance flammability (D' Antonio and
Vitousek 1992). While increased biodiversity would not
reduce the frequency or intensity of severe weather, it
could reduce the intensity of disturbance through
interspecific or population differences in tolerance to the
extreme weather,

To the extent that increasing biodiversity decreases the
frequency and intensity of disturbance, jt should lead to
increased standing biomass. It is not feasible, at this point,
to even speculate on the number of species required to
saturate the long-term average standing biomass,
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6.2.2 The soil system

6.2.2.1 Inroduction

The widespread effects of human activities on soils are of
global concern because of increased emissions of
“greenhouse’ pases, aceelerated erosion and desentification,
and declining fenility in soils supporting some of the
lughest populution densities in developing coumtries (Waorld
Resources Institute 1992-3). Human-induced soil
degradation by wind, water and pollution amounts to about
24% of the inhabited lund area of the globe (Oldeman
1994). Changes in climate, atmospheric Co,
concentrations and UV radiation are affecting soily and
vegetation in regions of the world remote from direct
effects of human activities (IPCC 1992). Discuption of soil
processes from atmospheric pollution, changes in landuse,
management practices and intensive use of agrochemicals
ure also affecting freshwater and marine Systems as o
consequence of increased transfers of sediment, nutrients
wnd toxins from land to water,

Losses of genetic and species diversity below ground
resuling from human impacts on the biosphere are largely
undocumented in comparison with estimates of extinction
fates above ground, Biodiversity in soils, however, is not
simply an attribute of the living biota. Unlike above-ground
systems, the physical and biochemical properties of dead
organic matter {Jivter and soil organic matter fractions)
confer important functional stiributes on soils which are
integral 10 biogeachemical cycles. The structural and
biochemical characteristics of soils vary both with depth in
the profile and in relation to the parent materials,
topographic variation, climate gradients and vegetation
cover within and between systems. This spatial
heterogeneity constitutes a mosaic of sinks and sources for
surface water, sediment and trace gases which is impartant
for swubilizing soil processes at aggregate, pawch, plot,
ccosystem and landscape scales.
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The functional importunce of biodiv ersity for the
mamtenance of soil fertility remains one of the moy
fundamental gaps in current understanding of terrestria)
ecosystems (Swift and Anderson 1993; Anderson 1994),
Indeed, the wtal diversity of the soil biota, as u starting
point for this assessment, has not yet been determined for
any natural system (Lee 1991) As o consequence of this
deanth of comparable information on biodiversity in soils
for the different biomes, this review has been developed in
the style of o biome essay rather than a cross-biome
synthesis as originally intended.
6") 29
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Lessons from agriculture

Human impacts on biodiversity. Most of the annual flux
of carbon und nutrients in soils from wndrs 10 tropical rain
forest occurs in the top 5-10 ¢m of the profile despite the
consideruble visriation in biomass and primary productivity
ubove ground along this gradient. Strectural characieristics
of litter cover and the soil surface 1o 4 few millimeters
depth partition the beneficial or destructive effects of
rainfall (Papendick 1994). The animal and microbial
communities occupying these critical soil interfaces are
highly complex even in nuatural systems with low
biodiversity of plant species. At the molecular und
organism level, biodiversity in soils is very high. A single
gram of temperate forest soil could contain 10Y individual
cells comprising 4000-3000 bucteriul types, of which less
than 10% have been isolated and are known 10 science
(Torsvik er al. 1990; Klug und Tiedje 1994). More than
300 species of soil inverebrates huve been recorded from
4 beech (Fagus sylvarica) forest (Schacfer and
Schauermunn 1990) and new records wre still being added
to a list of 2500 species of fungi from a nature reserve
covering a few hectares in southwest England
(Hawksworth 1992), Species richness declines towarnds the
poles but assumptions regarding the simplicity of
communities at high latitudes generally ignore the
complexity of below-ground systems. Even simple moss
tussock communities in the Antarciic Peninsula have
complex food webs linking over u hundred species of
algae, protozoa, nematodes, tardigrades, collemboly and
mites plus unknown numbers of fungal and bucteris
species (Davis 1981).

Significant loss of biodiversity cun oceur when narural
hubitats are modified or convered (o intensive permuinenl
cultivation (Paoleuti e7 al. 1992; Anderson and Swift 1993;
Freckmun and Entema 1993; Lavelle e al. 1994). The
larger, surfuce-living invertebrutes disappeur fiest with the
destruction of litter habituts which provide food and living
space, Dead tree bules and branches contiining many
wood-decomposing invertebrates and fungi can be
eliminated under intensive extractive forest manugement or
plantation forestry (Gilot er al, 1992). Conversion of
tropicul forest 1o tree pluntations or smallholder larming




fystems can also result in changes in termite communities
with the loss of highly diverse humivorous groups and an
increase in woodflitter fecders which include damaging
pest species (Wood er al. 1977), In New Zealand,
improvement of temperate pastures with legumes and
exolic grasses climinated indigenous earthworm species
and enabled European lumbricids to become established
(Lee 1985). In contrast, Evropenn lumbricids maintained
marginal populations in US prairics in relation to native
Diplocardia species because of their infolerance of high
summer temperatures (James 1991). However, these exotic
carthworms have invaded many mesic habitats where there
is 2 low diversity of indigenous species (Hendrix ef af.
1992).

Communities of smaller invertebrates live within the
highly complex microscopic structure of litter and soil
habitats, Anderson (1978) showed that the diversity of mite
(Cryptostigmata) species was closely related to
microhabitat diversity in organic soils developed under a
single tree species. Changes in litter quality or the
introduction of plant species with faster decay rates reduces
habitat complexity. Improvement of pasture quality to
support higher stock densities reduces the thatch of litter on
the soil surface and thus the habitat space for the associated
micro-arthropod communities {Hutchinson and King 1980),
but carthworms living within the mineral soil respond
positively to increased grass and dung quality (Knight ef al.
1992; James 1992),

Mechanical cultivation is highly destructive to most
invertebrate groups. The microbiota (nematodes, protozoa,
micro-fungi and bacteria) are the main groups surviving in
intensively tilled soils (Hendrix ef al. 1986: Freckman and
Ettema 1993). Agrochemicals also reduce the taxonomic
and genctic diversity of soil micro-organisms (Domsch ef
al. 1983; Atlas er al. 1991). Even so, total biodiversity in
agricultural soils is likely to be greater than the total above-
ground diversity of plants and animals in the natyral
systems from which they were derived. The adoption of
zer0 of minimum tillage practices allows the resurgence of
biodiversity in agricultural soils provided that sources of
colonists are present in habit refugia around the field
margins (Hendrix et al. 1986),

Ecosystem consequences of human impacts, Most soil
organisms are small (<2 mm diameter) and manifest their
specific effects at spatial and temporal scales orders of
magnitude below those where process measurements are
made in most ecological studies (Anderson 1988). As a
consequence there is a poor understanding of the links
between their proximate roles in biological transformations
and processes operating at larger scales and over longer
time intervals.

The roles of the soil biota can be described in terms of
allogenic and autogenic processes proposed by Jones and
Lawton (1995), The allogenic processes, such as carbon
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and nitrogen mincralization, are direct products of soil
orgamism metabolism, These are modified by changes in
the quality of the resources they are processing as a
consequence of changes in plant species composition, (?02
and N enrichment of plants, or poliution. Autogenic
processes involve the modulating effects of organisms
where the consequences of their activities, such as
removing litter, creating soil miacropores or the release of
prey from predation, influence mass or encrey transfers
much larger than their allogenic effects (Anderson 1995),

Microcosm studies have shown that different species and
combinations of invertebrates and microorganisms have
specific effects on the rates and products of carbon and
nutrient fluxes. The feeding activities of collembola, mites,
nematodes and protozoa have also been shown to change
the composition and activities of bacterial and fungal
communities in ways analogous to the effects of herbivores
in above-ground communitics (reviews by Anderson 1988:
Verhoef and Brussaard 1990}, The specific nature of
aliogenic and autogenic effects could be taken to support
the 'Rivel Hypothesis® that the removal of cach species
deletes unique properties from community functions
(Ehrlich and Ehrlich 1981: see Section 5.1). However, at an
ecosystem level, the attributes of complexity in food webs
are not apparent and fumigation treatments, which
climinate much of the biotic diversity in soils, usually show
transient effects on soil processes; at least in the short term
(Rovira 1976: Ridge 1976; Ingham ¢f al. 1986). These
results suggests that there is a high level of functional
overlap in soil biological processes. with many organisms
producing similar metabolic end products able to
compensate for changes in community structure, On the
other hand, microbial processes such as nitrogen fixation,
which are carried out by a group of bacteria with
intrinsically low diversity in soils, are susceptible to heavy
metal contamination of soils (Brookes and Verstraete
1989). McGrath e al. (1988) have shown that the activity
of Rhizobium associations with white clover (Trifolium
repens) was drastically reduced by heavy mertal
concentrations from sewage sludge which were within
legislative limits set by the European Community,

The activities of soil fauna are evident at the ecosystem
level where functional groups are dominated by one or two
species creating persistent artifacts (aggregates, burrows,
incorporation of organic matter into soil) which have
cumulative effects on soil propertics (Anderson 1995), The
climination of carthworms, or the introduction of exotic
Species with different attributes to the indigenous
community, has been shown 1o alter soil structure, acration,
surface water infiltration, the distribution of organic matter,
pesticides and heavy metals, and total crop production (Lee
1985: Lavelic 1988; Clements ¢f al. 1991), In Peru, the
conversion of forest to improved pasture eliminated most
of the soil macrofauna and populations of an exotic tropical
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carithworm species, Poatoscolex corethrurus, thea
developed a biomass of 4 Yha and dominated soil processes
(Lavelle and Pashanasi 1989). Termites in semi-arid
systems have similar Key effects on soll structure and
hydrology which can shift from beneficial to deleterious as
a consequence of changes in climate or management, In the
overgrazed grasslinds of Ethiopia, scavenging of the liule
remaining grass and liner cover by termires leaves soil bare
and susceptible to erosion (Wood 1991), Similarly, the bure
ground around termite mounds in grassland fallows of
West Africa can initiate erosion and land degradation when
they reach high densities (Juneau and Valentin 1987).
Conversely, the elimination of a single termite species in
the Chivhuahuan desent altered the soil water balunce and
resulted in shrubs replacing grass cover in experimental
plots over i period of eight years (EXking e7 al, 1986).

6.2.2.3 Soil organic matter »

Components of diversity. Soil organic matter (SOM)
contains on average twice the amount of carbon found in
vegetstion ubove ground and is a resource of extraordinary
physical and biochemical complexity (Theng et al. 1989;
Anderson 1991). Dead organic matter is essential 10 the
functioning of most natural and derived soils not only as a
complex hubitat and resource base for a diverse biota, but
also because it maintains the physical and chemical
mntegrity of the system. Litter resource types (fruits, leaves,
twigs, branches, coarse and fine roots) from species with
different chemical compositions and decomposition rates
regulate the rates of carbon and nutrient mineralization
(Swift and Anderson 1993), Litter cover also protects the
s0il from wind and rain erosion, and influences water and
heal wransfer to the underlying soil (Lal 1994). During the
process of decompesition, soil organic matter (SOM) is
formed which cun be chemically or physically stabilized by
soil mineruls to form different fractions with turnover rates
runging from years to centuries. The whole range of SOM
fractions, operationully defined as fast, slow and passive,
confer particular atiributes on soil such us aggregate
stabilizution, complexing free sluminium, regulating soil
moisture, forming ion exchange complexes and
constituting sinks/sources of plunt nutrients (Duxbury er al.
1989). There are, however, very differemt time scales over
which these effects are manifested. Chunges in lier and
fast SOM fractions have rapid effects on soil physical
processes and nutrient cycling but the slow and passive
fractions have wrnover rates ranging from decades 10
millenia. Consequently, the restitution of soil profile
characteristics under natural vegetation cover following
catastrophic disturbance can effectively operate outside the
human time frume.

Ecosystem consequences of human impacts. The effects
of changing resource diversity on soil properties fits the
asymptotic model of Vitousek and Hooper (1993; see
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Figure 5.2-1A) relating species richness 1o CCusystem
functioning. Adding (or removing) resources until ull the
key resource lypes are represented has barger effects on &
given process thun fusther sdditions of representatives of
those groups. For exumple, erosion control depends on the
amount of litier cover for soil protection rather than the
diversity of plant species making up the liter (Mbakaya e/
al, 1988), Similarly, the amount of soil organic matter
depends upon the quality and quantity of resource inputs
and not on vegetation diversity. Hence SOM accumulation
in forests is related to the inherent fenility of the parent soil
and nol 1o tree species diversity.

Where resource types are the product of a keystone
species the effects of changing diversity ¢an be profound.
Davies (1981) has described two Antarctic moss
communities: a tll trf community dominated by two moss
species und o moss carpet dominated by three species. The
decomposition-resistant Uow quality) stems of one moss in
the tall et contributed 1o SOM accumulation o u depth of
2 m under this community ugainsg only 0.2 m SOM
accumuluted under the moss carpet with more rapidly
decomposing (high yuality) species. Anulagous effects on
soil carbon pools are ussociated with changes in landuse
between high quality broud-leaf woodlands and low Quality
conifer plantations; or the introduction new keystone
species with contrasting litter quality into communities
with low diversity (Anderson 1991). In Hawaii, organic
soils have developed under stunds of a single tree species,
Mertrosideros polymorpha which produces u low-quality
litter in response to limited N availability. The invasion of
the monospecific stands by wn introduced nitrogen-fixing
tree, Myrica faya, which produces a rapidly decomposing
litter, has changed the nutrient and organic master balunces
of the ecosystem (Vitousek ¢ af. 1987). The consequences
of these changes for the biodiversity of soil organisms are
unknown but are likely 10 be profound. More gradual
ncreases in litter quadity and SOM turnover are oCcurTing
aver much of Europe where anthropogenic sources of N are
siturating forest ecosystems leading (o inereased nitrite
leaching and nitrous oxide emissions (Aber er af, 1989:
Rosen ¢ al. 1992). Conversely, increased C/N rutios in
livter as a consequence of CO, enrichment of N-limited
systems may be increasing curbon storage in SOM on a
globul seale (Allen 1990; Bazzuz 1990).

6.2.24  Functional importance of spatial conplexiry
Spatial componenss of hiodiversity. Soils under
undisturbed vegetation cover have high resilience o nutural
perturbations, such as storm events. cutuclysmic litter
inputs and extreme seasonality, so that losses of suspended
solids or solutes ure wsually small in relation to the pools
and fluxes within the system bousdaries. The miss hulance
of carbon und Butrienls in the system s maintuined by

transfers between sinks und sources which operate w
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different scales from microsites o landscapes (Anderson
1995). Reciprocal processes, which stabilize the overall
dynamics of the system, are manifest in soil organism
populations (natality/mortality; emigration/immigration),
nutrient eycling (mobilizationfimmobilization), carbon fluxes
(plant growth/decomposition), water balances (runoff/
infiltration) and soil development (crosionlwcalhcrmg).
These sink/source interactions arc considered in other
essays in this volume and are only briefly reviewed here

The “balance between processes of nitrogen
mineralization/immobilization. and nitrification/
denitrification. are important in regulating nitrate leaching
and nitrous oxide emissions from soils. These N transfers
occur between adjacent hacteria. on gradients within soil
apgregates (Groffman et al. 1987; Parkin 1987), at the level
of resource patches integrated by fungal hyphae on the
forest floor ( Rayner and Boddy 1988), in forest gaps
(Vitousek and Denslow 1986) and between hill-slope and
riparian zones of catchments (Peterjohn and Correll 1984;
Gregory er al, 1991). Sinks and sources for methane similarly
extubit scaling related to acrobic and anaerobic regimes in
soils (Crutzen 1991) from microsites within aggregates (King
and Adamsen 1992), and between surface and underlying
soil horizons (Whalen and Recburgh 1990) through the
patch scales associated with plant communities (Whalen ¢r
al. 1990) up to the landscape scale (Moore ef af. 1990),

Hydrological processes are alse buffered by spatial
heterogencity of surface water sources and sinks. In rain
forest, high intensity storm events. combined with
funnclled stemflow as a result of branching patterns of
canopy emergents, may create saturated arcas around the
frunk hases and overland flow downsiope from these arcas.
Exposed roots and buttresses, however. can act as effective
barricers to downslope soil wash (Spencer et al. 1990), Van
Hooff (1982) showed that splash erosion and overland fMlow
in a deciduous woodland was determined by the differential
palatability to earthworms of litter from the two tree
species. Consumption of the more palatable litter in patches
of one tree species in spring caused splash erosion, while
patches of the Tess pafatuble species, where litter cover
remained intact. formed sinks for surface water and
sediment so that there were no net losses of sediment
across the forest boundary. Soil loss rates are generally Tow
under forest cover but severe crosion can oceur in cxtensive
plantations of teak (Tectona grandis) where ground cover
vegetation is suppressed and the rapidly decomposing
leaves give no soil protection from the high kinetic energy
of canopy throughfall (Bell 1973),

Spatial heterogeneity of soil properties reduces the
amplitude of sediment, solute and trace fas losses from
terrestrial systems, Extreme cvents which exceed sink
strengths at Jocal scales may be contained with the patch
mosaic sinks at ecosystem or landscape scales. Human
activities have major impacts on the heterogencity of soils
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which affect terrestrin, aquatic and atmospheric processes,

Ecosystem convequences of human impacrs, Changes in
landuse resulting from traditional agncultural practices can
increase spatial heterogeneity of ccosystems within the
landscape as a consequence of habitat fragmentation,
Further intensification of landuse reduces the patch
heterogencity of sources and sinks for trace gases and
solutes, and increases the penodicity and amplitude of
hiogeochemical Muyes within the landscape (Burke and
Lavenroth; see 6.2.4), As larger areas of arable agriculture,
plantation forestry and pastures tome under the same soil
management practices and cropping cycles, trace gas fMuxes
and nutricnt leaching can he synchronized across whole
landscapes with knock-on cffects for atmospheric and
aquatic systems on regional and cven wider geographic
scales,

Extensive development of intensive agricultural practices
has increased soil erosion by wind and water in many
regions of Europe and North Amecrica (Lal 1994;
Papendick 1994). The removal of hedgerows and buffer
strips. levelling of field systems and intensive tillage have
reduced sinks for transported material. Soit channelling and
compaction also result in surface runoff exceeding the
mfiltration capacity and particle retention by the
microtopography of inter-rill areas {Boardman 1991),
Similarly, Hutsch or af, (1993) have shown that sink
strengths for methane in agricultural systems are related to
the use of morganic fertilizer (decreased sink) and organic
manures (increased sink). Uniform agricultural practices
using inorganic fertilizers can therefore reduce sinks for
methane across agricultural landscapes (Mosicr er al.
1991). Atmospheric N deposition also reduces the sink
strength of forest soils (Steudtler of af, [989),

6.2.2.5 Summary and relevance to human activities

Soils contain high biological, biochemical and physical
complexity which can bhe defined across all scales from the
microscopic 10 landscape level. The hiotic diversity below
ground may be orders of magnitde higher than that above
ground bat total microbial diversity has not been fully
documented in any system. Human activities reduce the
diversity of species, resources and spatial heterogeneity
through changes in land-use and the effects of pollutants
but the functional importance of these changes are largely
unknown. Processes dominated by a few species
representing functional groups arc at risk from the dircet
and indirect effects of human activities, Source/sink
dynamics within systems buffer mineral clement, trace gas
and sediment fluxes, These processes become synchronized
with increasing intensity of landuse and reduction of spatial
heterogeneity. As a consequence the amplitude and
periodicity of biopeochemical fluxes can override sinks
within landscapes and result in net transfors between the
atmosphere and adjacent systems which would otherwise
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be accommodated within system boundaries, It is
concluded thut there is u high degree of uncertuinty over
the consequences of reducing biodiversity below ground 10
undefined threshold levels in any 1errestrial systems.
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6.2.3 Effects of biodiversity on water distribution and
quality in ecosystems

6231 Introduction

Water is essential to all living orgunisms, and in tum the
biosphere plays a crucial role in the transportation,
transformation and redistribution of water on local and
regional scales. In terrestrial ecosystems, vegetation plays
the primary role in transfernng water from the soil to the
atmosphere; plants and animals also have significant effects
on the movement of water into the soil. In terrestrial
systems, living organisms often regulate the magnitude and
rute of flow of water from one site to another; similar
effects oceur in some aquatic ecosystems. In both terrestrisl
and aquatic systems the biota can have measurable impacts
on water quality (e.g. on composition of solutes, abundance
and nature of particulates). Unfortunately there are few
experimental studies exploring the links between
biodiversity wid water, Clearly, though, differences wmong
organisms and communities in physiology, phenology and
structure determine the type and magnitude of biotic
effects. The text below summarizes some of the major

influences of species and communities on water fluxes and
water quality.

6.2.3.2 Disiribution of water

In terrestrial ecosystems, precipitation landing in one place
is either evaporated again into the mmosphere, absorbed or
infiltrated into the soil, or transferred by surfuce flow as
runoff 1o another spot on the landscape. At the lundscape
scule, the types, relative ubundances, and relative spatial
locations of ecosystem types affect the amount of water
moving from one point 10 another. For example, diverse
land-use and management practices in water carchments in
South Africa have be. shown to affect stream-flow
behaviour differently by Jltering runoff surface nid water

storage capacity in different ways (Braune an. Wessels
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1981). Conversion of vegetation within a watershed from
forest or shrubland to grassland iy known 1o have both
short- and long-term effects on stream flow out of the
watershed, in both emperiute and tropical systems (Knight
et al. 1985; Heimsuth 1993); these elfects could be due
both 10 differences in the balance between infiltration wiwd
run-off, and o differences in the water use of the different
communities (see discussion of evapotranspiration, below),
In stream ecosystems, the presence of tree species cun
influence the rate of water flow with consequent effects on
hydrology, sedimentation and stream channel structure
(Graf 1978; Blackbum er al. 1982). Similarly, the presence
of coral reefs offshore, und of estuarine or coustal
vegetation, moderates the energy of water and reduces
erosive uction along shorelines (Walsh 1967; Twilley
1988). Lagoons within ‘closed’ coral atolls experience
different water circulation, nutrient dynamics and
productivity than do waters adjacent 10 *open’ reefs
(Birkeland 1987).

Biodiversity at the scale of functional groups or species
also plays an important role in determining the distribution
and rate of movement of water. In terrestriul systems,
differences in canopy and stem architecture among plants
result in differences in the amount of precipitation
intercepled, the proportion of precipitation converted 1o
stem-flow, and the proportion of precipitation thut
infiltrates the soil rather than running off. For example, in
urid lunds a vegenative cover of shrubs hus a very different
effect from one of grasses: u semi-arid grassland has
relatively homogeneous, complete capiure of precipitation
keading 1o shallow infiltration, while a shrubland has bare
arcas with high runofl interspersed with other areas where
stem-flow leads to deep percolution (Schlesinger er af,
1990). Among woody species in semi-urid systems,
differences in, for example, stem angle and leaf displuy
leud to differences in the impact energy of precipitution
{throughfall), and in infiltration rutes, ete, (Nulsen er al,
1986; Wood er al. 1987; Navar and Bryan 1990). The
movement of witer through lotic (flowing) systems muy
also be uffected by species differences. Water flow in
streams moving through coniferous foresty is more
frequently slowed by large logs in the stream bed, with
resulting influences on water chemistry, temperuture and
invertebrate communities (Bilby and Likens 1980), becuuse
of the slow decomposition of conifer woed relutive 1o that
of deciduous hardwood (Molles 1982). Other organisms
redistribute moisture in even more subtle ways: Keeley und
Swilt ussert thit oaks on coustal stopes in Mediterrincan
climates act to collect fog and dew, which significantly
increases waler availability at the site. Even single animal
species can affect water distribution: for example, the
presence or abseace of beavers in northern forest
ccosystems creates extremely different distributions of
surface waters (Nauiman of af. 1994).
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6.2.3.3 Groumdwater fluves

The movement of water from the armosphere and shal'
seil layers to deeper portions of the sojl profile |
mportant determinant of the structure and function of a
terrestrial ecosystem, and also influences the ‘loss” or
leaching of nutrients from the surface layers of the soil.
This flux to the groundwater, and removals from that
groundwater which serve as sources of water clsewhere, is
largely regulated at the functional group scale of plant
diversity. Addition or removal of trees and phreatophytes
(plants whose deep root systems reach the water table) has
the capacity to alter the depth of the water table lecally. For
example, in Australia an introduced pathogen has Killed
trees and shrubs, reducing evapotranspiration and causing a
nise in the water table (Shea ef af, 1975), Deliberate
removal of woody vegetation (to be replaced by seasonal
agriculture) in Australia has resulted in a similar reduction
of evapotranspiration, raising the water table, and
salinization over large regions (McFarlance ¢f al. 1993;
Lyons et al, 1993). Reduced diversity of landscapes and of
plant growth forms has reduced the systems' ability 10
absorb and buffer storms, so that peak flows after extreme
precipitation events have increased (Nulsen ef af. 1986:;
McFarlane er al. 1993). Species differences within a
functional group can be significant: Tor example, the
phreatophytic invader Tamariv has the ability to draw
wilter from unsaturated alluvial soil, an ability missing in
native phreatophytic trees of the southwestem USA (Busch
ot al. 1992). This difference affects the species” relative
competitive abilities as woll as their overall effect on soil
and stream hydrology, Other examples of species’ or
functional group differences influencing flux to the
groundwater come from the forestry and watershed
management literature: for example. conversion of
deciduous forest to conifers can reduce the flow of water to
the groundwater (Schulze 1982), in par because
interception of precipitation (and subsequent loss to
evaporation) is greater (Swift of al. 1975). Hamilton and
King (1983) reviewed the conflicting reports that changes
in tropical forest cover did (or did not) alter groundwater
percolation and streamflows,

Animal functional groups are important 1o groundwater
Muxes as well: for example, the carthworms (which can be
divided into different sub-groups by soil depth) are
fesponsible for aeration and porosity in soils, which in turn
affect the water storage capacity of the profile and the
infiltration rates (Al Addan 1990; Joschko ef af. 1992:
Smettem 1992). Agricultural activitics also have altered or
reduced the soil macrofauna in many areas, changing the
impacts of animals on the physical properties of soil
profiles (including porosity: e.g. Abbott er al, 1979; Lobry
de Bruyn 1990). In semi-arid and arid zones, where
carthworms may be unimportant, termites and ants play a
similar role (see Section 6.2,2). Plots of semi-desert where
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ants and termites had been removed have demonstrated
'ng-term decreases in infiltration and increases in runoff
(Elkins e al. 1986 Whitford 1991)

6234 Evapatranspiration

The transfer of water from the substrate to the atmaosphere
hy vegetation is undoubtedly the single largest flux from
biosphere 10 atmosphere (Schlesinger 1991). Carbon
dioxide cannot be fixed into primary production without
the loss of water molecules from the leaves of plants, At
the functional group level, the phenology, root structure
and physiology of plants have direct implications for the
amount and timing of water teansfer to the atmosphere via
transpiration. For example, tilling and the resultant changes
in fimhos vegetation (mcluding a reduction of plant species
diversity} resulted in greater moisture content in the soil
during summer months (Davis 1992). Plant functional
groups may influence water flux to the atmosphere cven in
aquatic systems. The presence of a surface aquatic
macrophyte, the invasive water hyacinth, results in leafy
cover over the lnke surface, which decreases surface
cvaporition but greatly increases transpirational losses {due
1o the preat surface aren of mesophyll). The net balance
between the two processes can alter water levels. In
terrestrial systems, diversity of root momhology and depth
(including the tendency of some species to form roots at or
even ahove the soil surface) results in the extraction of soil
moisture from different parts of the soil profile, and thus
more complete exploitation of received precipitation (e.g.,
Patric 1961; Dodd et al. 1984: Knoop and Walker 1985;
Sala et al. 1989; Golluscio and Sala 1993). Differences in
the depth of rooting zones and thus of water use result in
differences in the depth of carbonate deposition in arid land
s0ils (Schlesinger er of. 1987). Diversity a1 the species level
may also be important, Within a group of plants, individual
species differ in their resistance 1o water loss, their
efficiency of water uptake from the soil. and 50 on, Even
genctic diversity can have measurable effects: in
agricultural ecosystems, varietal differences in water use
cfficiency, stomatal resistance and the like are the focus of
sclection in some crop breeding programmes, Certainly at a
landscape level, evaporation/transpiration from one
ccosystem or patch can have an effect on microclimate
(especially relative humidity) downwind. It has even been
suggested that inputs of moisture by transpiration are
significant enough to increase local probability of
precipitation (Anthes 1984). Work in the Amazon Basin
suggests that roughly half of local precipitation is derived
from moisture transpircd locally (the rest coming from
oceanic air masses), and that forest vegetation also
contributes by intercepting moisture that would not
otherwise fall as precipitation; thus deforestation is
expected to decrcase local moisture availability
considerably (Franken and Leopoldo 1984; Salati [985),
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Effects on the hydrological cycle muy be indirect ay well:
climate modelg suggest that the effect of boreal forest in
wirming the s0il (compured with bare soil or with tundra
vegetation) regulutes formation of permafrost, snow

accumulation and persistence, and soil moisture (Bonan er
al, 1992),

2.3.5 Filrration and assimilative capacity
Biologicul organisms also serve 1o alter water quality by
performing various filtration, uptake or EXCrelory processes,
all of which-affect the composition and concentration of
various dissolved gases, solutes and particulates, Diversity
at the landscape scale (that is, the types, relutive
abundances, and relative spatial locations of ecosystem
types) affects the quality of water moving from one point to
another. For example, the width of strips of native
vegetution bordering 4 stream in an agricultural area will
affect the sediment and nutrient loads in runoff reaching the
stream (Peterjohn and Correll 1984), suggesting that the
presence of belts of ripuriun vegeration in a largely
agricultural landscape is important in limiting the
cutrophying effects of agricultural runoff into freshwates
ccosystems . Changes in landscape structure in dry tropical
forest increase runoff, erosion and nutrient loss in runoff
(Maass er al. 1988). Beaver uactivity determines the
inundation of land in the Great Lakes region of North
America, with consequent changes 1o nutrient cycling,
sediment accretion, aeration and other propertics of flowing
water (Naiman ef af, 1988). In shallow coastal Mirine ureas,
seuprass beds are known to serve as buffers, minimizing
the sediment and nutrient loads that reach coral reefs from
cutrophied waters (Ogden and Gladfelter 1983; Ogden
1988). Estuarine and floodplain vegetation is known to
exert a strong influence on the chemicul composition of
water (e.g. Amazon River: Junk and Furch 1985; estuarine
mangroves: Twilley 1988). At the level of functional
groups and of species, a diversity of uptuke mechanisms
und metabolic pathways (in both plants und microbial
assemblages) allows more complete and efficient processing
of nutrients and pollutants. There is a busrgeoning industry
pursuing the use of wetland communities (both naturel and
‘constructed') for the treatment of water pollution
(Tourbier und Picrson 1976). There is ample
documentation of the effects of species-level differences on
water quality in squatic systems, For example, there were
differences among tree species and among nutrients for the
uptiake of N and P from waste water ‘processed” by cypress
swamps in Florida (Ewel and Odum 1986), and the
presence of floating macrophytes was un important additive
effect. Introductions of non-native macrophytes can affect
luke chemistry significantly (Lodge er al, 1988)
Differences among species of mangroves result in
differences in the decomposition of organic marter and thus
shifis in the bulance beiween particulate organic carbon and
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dissolved onganic carbon (Bute and Bum 1981 Snedaker
198Y). On u smaller scale, Sphagnn mosses ane known Lo
their ubility 10 pump cations from surrounding winer, thus
reguluting water pH and Yuality (Hutchinson 1975,
Species eflects may be significant in terrestrial systems 10o;
where pollution has altered the abundance or the
composition of trees, forested ecosystems have exhibited

alterations of groundwater Quality (Schulze ¢r al. 1989;
Last and Watling 1991),

6.2.3.6 Trophic cascades and other biotic influences on
water quality

Consumption and trophic patterns of primary consumers
and secondury consumers also represent the influences of
biodiversity at the functional group/species level, In lakes
without fishery exploitation, the fish assemblage will be
dominuted by lurge individuuls; smaller, zooplanktivorous
fish will be strongly reguluted by predation. Then predation
on zooplankton is light; these auain high densities and
effectively regulate phytoplankton. With heavy fishery
exploitation, though, the fish communily becomes
dominated by smaller individuals with varying levels of
zooplanktivory. The net result is 4n increase i algal
biomass, sometimes causing blooms und water quulity
problems (Carpenter er al. 1985; Carpenter and Kitchell
1993). A similar story involves the introduction of Nile
Perch 10 Lake Victoria, resulting in the elimination of many
native cichlid fishes, u disruption of Jocsl fishery patterns,
an increase in algal blooms, and eventually increased
erosion from surrounding lundscapes due 10 altered
patierns of fuelwood consumption for drying the larger fish
(Ogutu-Ohwayo 1990; Witte e af. 1992). The composition
of the fish community ultimately determines whether the
system's productivity is limited by nitrogen or by
phosphorus (Elser er al. 1988 Carpenter and Kitchell
1993).

Human activity (pacticulurly nutrient enrichment) has
apparently increased the incidence of loxic blooms of algue
(e.g. red tides, flagellate outbreaks) in shallow seis. These
species-level effects in wm have drumatic effects on water
quality and on fisheries (higher trophic levels), as well as
on the shellfish industry (Smayda 1990, 1992), Another
example of a species-leve! impact is the invasion of b
mussels into North American lakes und rivers, where the
rapid population growth of this filter-feeding molluse has
affected food particle density und the abundance and
diversity of native filter-feeding organisms (Nalepa and
Schloesser 1992),

62.3.7 Sunmary und implications

Because of the great magnitude of the transpiration flux
through vegetation, and beciwse of the diversity of plant
physiology and water use, changes in the diversity of
vegetation ar almost any scale can huve drumatic etfects on
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the rate of movement of waler from the soil into the
atmosphere (with resulting impacts on soil and atmospheric
waler content). Diversity of the biota at the functional
eroup level can also have significant impacts on the
mavement of water in the opposite direction, into the soil,
And hecause water availability is such a basic constraint 1o
primary productivity and other facets of ecosystem
functioning, considerations of potential impacts should
awcompany any actions that could have the effect of
aliering vegetative cover or soil macro-organisms. In
muntic systems, organisms affect water quality more than
diiribution (although there are biotic influences on the
hydrology and geomomhology of streams). In most cases a
preater diversity of biological organisms leads to a higher
water quality, as perceived by humans. and in this sense
wuatic biota {from microbes to fish and macrophytes)
perfarm valuable ecosystem services. While the appropriate
comparisons have not yet been made. current
understanding allows several predictions about the relative
impact of biodiversity alterations on water distribution and
quality in different ecosystem Lypes:

+ Effects of biodiversity changes on local water
distribution are predicted to be greatest in arid and
semi-arid systems, for several reasons: the low
availability of water in general, the large effects of
organisms in regulating infiltration and surface flow,
and the relatively low diversity of functional groups
and ol species within functional groups. Similarly,
the magnitude of biodiversity effects on water flow in
aquatic systems will probably be in inverse
proportion to the magnitude of water flow itself (i.e.
greater in small streams than in large open-water
seash

*+ Biodiversity effects on groundwater flux (especially
the presence or absence of phreatophytes in the
vegetation) are predicted to be important in nlmost
any ferrestrial system where precipitation exceeds
potential evapotranspiration and there is significant
flow of water from the soil profile into the
groundwater,

+ Biodiversity effects on evapotranspiration at the
landscape scale are probably more dependent on
geography than on biome type. That is, the effects are
predicted to be most significant where (1) climate
allows the development of sufficient vegelation to
maintain high rates of transpiration, and (2) regional
geography results in local moisture supply being
significant in relation to moisture transported by air
masses from distant regions.

* An imporiant question to be addressed is whether
water quality is most affected by biodiversity where
biomass (or some other index of the rate of biological
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activity) is high relative to the volume of water, That
15, one might argue that the chemistry of water in a
large Inke will be less sensitive to changes in
biodiversity than in a small pond, or in the soil
solution of a well-developed forest.

In summary, there is strong cvidence that biological
diversity at the level of functional groups has significam
effects on major Muxes in the hydrological cycle
(infiltration, percolation to the groundwater,
evapotranspiration). with the magnitude of the flux usually
being positively related to the number of functional groups
represented. Tt is, however, premature to draw conclusions
about the effects of different numbers of species within
functional groups. Species-level differences in physiology
can be more dircctly related to differences in their effects
on water quality (which can be either positive or negative),
We conclude that hiological diversity plays a substantial
role in the ecosystem services of water supply and
filtration, so critical to human welfare.
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6.2.4 Atmospheric Jeedbacks

6.24.1 Inteodietion

The biosphere interacts Wwith the atmosphere in various
ways with respect to biodiversity and ccosystem functioning,
AS 8 source of atmospheric ¢onstituenis the biosphere
contributes significantly to the chemical composition of the
atmosphere and thus has a strong influence on importan|
Mmospheric propertics and, hence, on climate. Vice versa,
changes of climate wil) have a strong feedback on
ccosystem functioning and biodiversity, and therchy will
influence biogenic emissions. Biogenic emissions of
atmospheric constituents may be entirely dependent on a
few species or a single functional group of species. As a
consequence, particular ceosystem functions constitute a
high environmental risk: minor changes in species
composition will produce o direct feedback on atmospheric
properties, which will then nffect other aspects of ecosystem
functioning and biodiversity. The term ‘biodiversity risk’ is
used here for this pattern of binsphcrc/ntrrosphcre
interaction, As the biosphere is also the most important
sink for numerous atmospheric constituents, the flux of
injurious compounds from fhe atmosphere (o the biosphere
can reduce biodiversity and Impair essential ecosystem
functioning, which may then feed hack into the atmosphere,
The following text summarizes the biosphere/atmosphere
interactions that can affect biodiversity and ecosystem
functioning and/or constitute a high biodiversity risk.

6.24.2 Biogenic emissions and atmospheric properties

The biosphere is the most important source of several
atmospheric trace constituents, including dimethylsulphide
(DMS), carbonylsulphide (COS), methane (CH,) and
nitrous oxide (N,0), as well as non-methane hydrocarbons
such as terpenes and isoprene (Table 6.2-1). DMS is the
major hiogenic sulphur compound emitted by planktonic
algac in marine environments (Bamard ef o 1982; Bates et
al. 1987). In the atmosphere DMS is rapidly oxidized by
OH raddicals to form sulphate acrosols (Graedel 1979; Niki
cf al. 1983) which are the most important source of cloud
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condensation nuclei (CCN) in the marine wmosphere and
thus have a strong influence on the type and abundance of
clouds over the oceans (Charlson er al, 1987), Since the
growth of planktonic algae is highly dependent on
environmental conditions, DMS emissions from the open
oceans are considered a regulatory factor of the climate that
can feed back on biodiversity and ecosystem functioning.
Although many marine algae contain and release
significant amounts of DMS (Keller er al. 1989), high rates
of production and emission are restricted 10 u few classes of
marine phytoplankton (mainly Dinophyceae and
Prymnesiophyceae). As a consequence, high DMS
concentrations in marine water (‘hot spots') are
supenmposed on relutively constant concentrution levels of
1-3 oM and result from blooms of certain species, e.8.
Phacocystis poucheni (Bates e1 al, 1987; Berresheim ef al.
1989; Saltzman and Cooper 1989), Therefore, DMS
emissions and, hence, CCN formation over the open oceans
constitute & high biodiversity risk. DMS is also emitted
from terrestrial ecosystems (Rennnenberg 1991); however,
it will not have a significant impact on cloud formation
over the continents because of the high CCN formation by
the oxidation of sulphur dioxide (SO,) emined by fossil
fuel bumning (Schwanz 1988; Wigley 1989),

The relatively long-lived biogenic sulphur compound
COS and its atmospheric precursor CS, (Jones er al. 1983;

Table 6.2-1: Biogenic emissions affecting ammospheric properties.!

Hynes and Wine, 1989) represent the major sources of
sulphur in the stratosphere (Crutzen 1976; Lazrus and
Gandrun 1977; Inn ef al. 1979; Khalil and Rasmussen
1984; Hofman 1990). Oxidasion of COS in the straiosphere
results in the production of sulphte werosols {(Lazrus and
Gandrun 1977), which influence the Earth's radiation
budget by scaniering sunlfight buck into space and interfere
with stratospheric ozone (Hofman 1990). Therefore,
biogenic emission of COS and CS, contribuies to climue
as well as 10 the intensity and spatial distribution of UV-B
radiation reaching the Earth's surface (Charlson ef al,
1987) which will feed back on biodiversity and ccosysien
functioning. In marine environments, COS and Cs,
emission 15 dominated by coastal environments that are
considered highly vulnerable 1o anthropogenic disturbance
(Ancja er al. 1979). Emission of COS from terrestrial
ecosystems seems 10 be restricted 1o bare soils. COS
released from vegetated soils is rapidly 1aken up and
metabolized by vegetation and thus does not reach the
atmosphere (Rennenberg 1991). Recent requirements for
sulphur fertilization in agroccosystems due to the
prolonged use of low-sulphur ferilizers, und the increasing
cultivation of high-sulphur crops such as rupe, may be
linked to increasing biogenic emissions of COS (Hofmun
1990) which now constitute u significant biodiversity risk,
Next 1o CO,, CH, is presently thought to be the most

Biome DM§? cos? CH* N,O' Terpeies" Isoprene®
Mediterrunean-type + e T
Tropical forest + T e
Savannahs +

Arctic alpune - . ?
Coral reefs

Islunds

Coastal systems + (RS

Temperase forest .o .t +t
Temperate grasslunds Ty

Agroccosysiems +v ++t ++

Lukes and rivers

Open ocean it

Boreal forests o + +
Estuaries, lagoons and mangroves + LRS

1. The number of (+) indicates differences in the source strength of biomes for individual truce ESTR

<

Ancya et al, 1979; Reanenberg 1991

o8 N o ol )

Monson eral, 1991; Tingey et al 1991,

Bamard e al. 1982; Bates er al. 1987; Keller er al, 1989; Bemesheim ef of. 1989: Saltzman and Cooper 1989,

Heyer 1990; Schutz er al. 1991; Green 1992; Wassmann er al. 1993
Pupen und Rennenberg 1990; Bouwmin et al 1993; Papen ef ol 1993;
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important greenbouse gas (TPCC 1992} and is released into
the atmosphere predominantly from biogenic sources
(IPCC 1992). Biogenic CH, production is mediated by a
single functional group of approximately 100 species of
bacteria that require strictly anaerobic conditions (Heyer
1990). Therefore, biogenic CH, emission is restricted 1o
anacrobic environments, i.e. natural and human-made
wetlands such as rice paddy fields and the digestive tracts
of ruminants and termites (IPCC 1992), Many other biomes
may become transient sources of atmospheric CH, when
temporarily flooded, The actual amount of methane emitted
16 not only dependent on CH, production, but also on CH,
oxidation in acrobic zones of the corresponding
environment: CH, oxidation by methylotrophic bacteria, n
functional group of approximately 25 species (Green
1992), may consume as much ns 80% of the CH, produced
(Wassmann et al. 1993), In vegetated wetland soils, CH, is
released into the atmosphere mainly via transport through
the acrenchyma of the plants which may provide resistance
to the CH, flux (Schutz et al, 1991). Thus. CH, emission
from wetlands is determined by the balance of microbial
populations and their interaction with vegetation. Because
of the low number of specics involved, this balance is
highly vulnerable to disturbance at the ccosystem
functioning and landscape diversity level.

Another important greenhouse Eas is N,O. Tt is
accumulating in the atmesphere at an increasing rate (IPCC
1992) and may thercfore become even more important in
the future. Global N,O production has almost doubled
within the last 100 years by anthropogenic activitics, and
hecause of the long (150-year) residence time of N,O in the
atmosphere, the atmospheric N.O concentration will only
stabilize in about 250 years from now, even if N,O
production were 1o be maintained at the present level. As
for CH,, & major part of the atmospheric N, O is of biogenic
origin (IPCC 1992): it is produced in aerobic soils by
chemolithotrophic and heterotrophic nitrification and in
anacrobic soils by denitrification (Papen and Rennenberg
1990, Bouwman ¢t al. 1993), but may also originate from
other processes so far not identified (Papen et al, 1993). Ay
N,0 emission is dependent on the availability of substrates
for these processes, biomes that are exposed to high loads
of nitrogen by direct application of N-fertilizer (e.g.
agroccosystems) or by its incidental input through the
atmosphere via dry and wet deposition (e.g. temperate
forests) are major sources of biogenic N,O (IPCC 1992;
Papen ¢t al. 1993). In addition to inteefering with
ccosystem functioning and biodiversity by climate forcing,
N,O emission also constitutes a biodiversity risk, as
ch.cmolilholrophic nitrification is restricted to a small
number of microbial species (Papen and Rennenberg
1990).

Volatile organic compounds, especially terpenes and
isoprene, are produced and released into the atmosphere by
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a large number of plant species (Movon er af, 1991:
Tingey ot al, 199, especially by woody plants including
Mediterrancan shrubs, cucalypts and conifers which
determine particular landscape patterns in several biomes
(Table 6.2-1). This heterogeneous group of volatife
compounds affects the chemical composition of the
atmosphere by controlling the oxidation capacity of the
troposphere (Chameides or al, 1988). Changes in the photo-
oxidation capacity of the atmosphere will influence the
abundance and the distribution of other radiative teace
constituents such as ozone. Apparently, terpene emissions
are dominated by Pinug species which constitute a
functional group for the emission of these atmospheric
trace gases (Tingey er al. 1991).

6.2.4.3 Fluxes of atmospheric constituents into the
hiosphere

The biosphere is not only a source, but also a sink of
radiatively active trace pases and atmospheric pollutants.
Depositions of atmospheric sulphur and nitrogen
compounds of anthropogenic origin severely affect
biodiversity and ccosystem functioning in temperate and
boreal forests and grasslands, as well as in lakes and rivers,
by acidifying of water and soils and unbalancing nitrogen
and sulphur nutrition (Lauenroth and Preston 1984; Reuss
and Johnson 1986; Schulze et of. 1989; Wellbumn 1990;
Pearson and Stewart 1993: Rennenberg and Polle 1994). In
particular, the diversity and abundance of cctomycorrhizal
fungi and lichens can be reduced in the presence of
atmospheric sulphur and nitropen compounds (Kozlowski
1985; McCool 1987). Air pollution by photochemical
oxidants can cause severe species-specific damage in
agroccosysiems and horticulture (Guderian ef al. 1985).
Deposition of atmospheric pollutants also affects the
diversity and functioning of microbial populations in the
soil and, as a consequence. changes interaclions between
the soil and the atmosphere as feedback reactions,
Acidification of forest soils eliminates chemolithotrophic
nitrification. a significant source of atmospheric N,O
(Johnsrud 1978; Papen et af, 1993), Nitrogen input into
forest soils reduces the oxidation of Atmospheric methane
and, thus, the sink strength of forest solls for this
radiatively active trace gas (Keller er al. 1983: Steudler o
al. 1989).

6.2.4.4 Climate change and biospherclatmosphere
interactions at the level of biodiversity and
ccosystem functioning
The depletion of stratospheric ozone with the consequence
of increasing UV-B radiation and the increase in radiatively
active trace gases in the atmosphere with the consequence
of global warming are considered fo be the most important
changes in climate presentfy occurring (German Bundestag
1989). Increasing UV-B radiation will have direct effects
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on biosphere/ammosphere interactions at the level of
biodiversity and ecosystem functioning. Impairment of
photosynthesis, nitrogen metabolism and orientation of
marine phytoplankton by enhanced UV-B radiation (Tevini
1994) may affect DMS emission into, the marine
atmosphere, and hence CCN formation, an important factor
in the global climate, In particular, the generution of hot-
spots of DMS emission connected with the blooming of a
few classes of manine phytoplankton may be a sensitive
process. Changes in marine phytoplankton will also affect
marine food chains and thus the vertical flux of
aumospheric CO, into the deep ocean layers (biogenic CO,
pump), This will in turn have 4 severe impact on the
amospheric CO, concentration, and hence on climute. In
terrestrial ecosystems, increasing UV-B radiation may
affect not only biogenic emission from sensitive vegetation
(Tevini 1994), but also the production and emission of
radiatively active trace gases by nitrificstion in the upper
soil (Hooper and Terry 1974; Endo ef al. 1986). As
biogenic emissions are temperature-dependent processes,
global warming is expected generally 1o increase the
biogenic production of atmospheric trace constituents,
which will cause u significant negative feedback on global
wirming. Species-specific responses and interactions with
ecosystem functioning have 10 be expecied as a direct
consequence of elevated atmospheric CO,. Functional
studies and model estimations indicate that changes in
growth rates and biomass production due 10 elevated CO,
levels are dependent on environmental factors such as
nutrient supply and climate and differ between species
(Jarvis 1989; Mooney er al. 1991; Woodward er al. 1991;
Bazzaz and Fajer 1992; Gilford 1992; Bowes 1993; Komer
1993). These factors will also affect ecosystem functiomng
at increasing atmospheric CO, concentrations and, hence,
the sink and source strength of the biosphere for
aumospheric trace consutuents,

6.2.4.5 Conclusions and management implications

The biosphere is an essentiul factor in determining the
budget, sbundance and distribution of the most important
environmentally relevant trace gases in the atmosphere. As
these aumospheric constituents play a central role in global
climate, changes in the source or sink strength of the
biosphere will strongly affect biodiversity and ecosystem
functioning. In addition, the emission of atmospheric trace
gases by, und their deposition in, the biosphere is itsell an
important ecosystem function, highly dependent on
biodiversity. The prevention of changes in ecosystem
functioning und biodiversity thut will affect the
composition of the wmosphere is likely to be one of the
mos!l important environmental policy issues of the
immediate future, To support policy decisions in this
direction, intensive rescarch is required on
biospherefatmosphere exchange processes and their
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interaction with ecosystem functioning and biodiversity.
Studies on soil microbial/atmosphere interactions may be
of particular significance in this respect.
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6.2.5 The influence of biodiversity on landscape
Structure

6.2.5.1 Inraduction

Here, we explore how changes in biodiversity can affect
lundscapes and the way they function, A landscape can be
defined scientifically as a heterogencous arca made up of a
cluster of interucting ecosystems that is repeated in similar
form throughout (Ferman and Godron 1986). Although we
usually think of landscapes us covering tens to hundreds of
square kilometres, they cun be of any size and can be
detined hierarchically, At one scale we might recognize a
riverine landscape consisting of clumps of trees, grassy
patches, bank habituts, reed beds and so on. From a broader
perspective this landscape is subsumed as a riverine
lundscape element in a larger landscape consisting of
rivers, valleys, ridges and so on. From the perspective of an
aquatic insect, the bank habitat is a landscape in itself,
made up of small communities of different terrestrial und
wyuatic plants, bare patches and so on,

Landscape structure consists of the spatial layout of the
different landscape clements and the linakges between
them, The way a landscape functions is determined by the
interactions between the spatial elements, the most
important of these being mediated by flows of materials,
energy and organisms, Lundscape structure is primarily
determined by the geomorphological and edaphic features
of an area, but is also modified by the complex of
interactions between the elements of the landscape itsell,
Changes in biological diversity that affect the exchange of
material, energy or organisms between the elements have
the potential to disrupt existing landscape strecture and
functioning.

The muny different species found in a landscape are, of
course, essentiyl components of that lundscape. Thus, uny
chunge in bicdiversity affecting a large number of species
is likely to affect landscape structure and functioning. The
conversion of forests or grasslands to agriculture are
exumples of such chunges in biodiversity, These types of
lund cover changes are well documented ulong with the
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changes in ecosystem functioning (e.g. Waring and
Schlesinger 1985). They usually involve major human
activity to bring about the initial change and sometimes
alyo 10 maintain the modified lundscape. They will not be
discussed further in this essay, but instead we will
concentrate on the less deliberate anthropogenic
modification of biodiversity, and on cases where changes in
biodiversity in one element of the landscupe lead to
changes in other elements,

In assessing the impact on lundscapes of changes in
biodiversity it i3 important 1@ keep in mind the chain of
causality that we are discussing. This is shown in Figure
6.2-2a where some event, action or impact leads to
change in biodiversity and this subsequently cuuses
chunges in the landscape. However, it is often difficult 10
distinguish this chain from that in Figure 6.2-26 where the
impact affects both biodiversity and landscape but with no
strong causal connection between biodiversity und
landscape in ¢ither direction, or from Figure 6.2-2¢ where
the chuin of causality is reversed. Further combinations of
chains of causality can be described but these are the main
three. In this summary we have sought examples that

Impact

(a)

Biodiversity | =—* |Landscape
(b) Impact
/ \
Biodiversity Landscape
() Impact
Biodiversity | +———————|Landscape

Figure 6.2-2: Chuins of causality in assesssng the impact of
changes in biodiversity.
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appear to be best described by Figure 6.2-24 but accep
than in some cases other interpretations may be valid.

6.2.5.2 Specific systems {

6.2.5.2.1 Arid systems. In arid ecosystems the
redistribution and concentration of water, nutrients and
sediments are important ot several scales in achieving
adequate growing conditions for plants, For example, in
and shrublands, each individual shrub is 2 ‘fertile island’
where-nutriemts and water are concentrated (Garcia-Moya
and McKell 1970; Noy Meir 1985; Gamer and Steinberger
1989; Fricdel ef al. 1990). Introduced herbivores, or
changes in the concentration of domestic and native
herbivores. around new Wwatering points for example, can
disrupt these fertile islands and lead to changes in
biodiversity and eventually the structure of the surrounding
Iandscape. Introduced species that occopy the transfer
areas, such as shrubs and trees invading watercourses, can
disrupt the concentration process and lead to the loss of
other species,

The stripe process, which is found in many arid regions
aof the world (White 1971), is an example of the resource
concentration process at a larger scale. In these systems
vegetation is clumped in parallel, narrow bands and the soil
between the bands of vegetation is usvally almost bare. In
heavy rainfalls water quickly runs off bare arcas but is
trapped in vegetated arcas. These Systems occur in
landscapes with slopes of less than 0.6° and relatively
impervious soil surfaces, Measurements have shown that
the stripe process can effectively double the amount of
water received in the stripes and the development pattern in
stripes is species-dependent (Montafia of al, 1990). The
patiern of stripes can develop initially either from the Joss
of surrounding vegetation in previously vegetated arcas or
from the spread of vegetation around an initial colonizer in
previously bare areas (White 1971). The sysiem can be
disrupted by changed herbivory patterns that break the
runofT surfaces (c.g. sheep tracks: Tongway and Ludwig
1990). by introduced species colonizing the runoff surfaces,
or by grazing in the stripe vegetation.

At a larger scale the resource concentration process has
heen described as an ‘erosion cell’ (Pickup 1985). And
lands are often a mosaic of crosion cells cach consisting of
crosional, transfer and sink arcas. Changes in grazing
paticmns bought about by human activity can increase the
susceplibility of land surfaces to erosion (e.g. by removing
plant cover or by breaking up soil crusts), so initiating new
crosional cells and thus altering landscape pattems,

6.2.52.2 Temperate and boreal forests and grasslands,
In more mesic systems the concentration process described
for arid systems is not ax important, Instead, the main effect
of changes in biodiversity is through the disruption of
disturbance regimes leading to changes in the landscape
patterns that result from disturbance.
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mmon examples involve fire Any pain or loss of
‘pecies that contributes 1o heavy fuel loads s hikely to
affect fire reximes and these changes in disturbance regime
can lead to significant changes in landscapes, An example
is the impact of introduced herbivores (sheep) 10 native
pastures in temperate to semi-arid areas of castern
Australin, Increased grazing pressure has reduced the grass
biomass (and possibly diversity) and, coupled with fire
suppression activitics hy landowners, fire frequencies have
been reduced. This has led to dramatic increases in the
density of many shrubby species previously kept in check
by fires, and the conversion of large areas from a mosaic of
grass and shrublands to shrub thickets (Griffin and Friedel
1984),

Beavers (Castor canadensis) provide an example of
the loss of a single species leading to major changes in
landscapes (Hammerson 1994; Naiman et al. 1994), It
has been estimated that in parts of North America the
density of beavers was 0.8/km along streams of all sizes
(Jenkins and Busher 1979) and that they were the major
element in creating patches of 0.5 to 24 ha in forested
landscapes (Remillard er af, 1987). They do so by
creating ponds, affecting stream flow, opening the forest
canopy, changing nutrient distribution and creating
habitats favourable 1o some species (c.g. willows,
waterfowl) and unfavourable to others (e.g, aspen,
cottonwood, running-water invertebrates). Their loss
leads to a reduction in landscape heterogencity. although
their influence on the landscape may persist for conturies.
For example, beavers disappeared from England
about 1000 years ago but their influence can still be
traced in the distribution of fens and peat arcas (Darby
1956).

Moose (Alces alces) and Alaskan snowshoe hares (Lepus
americanus) also play a keystone role in the composition
and’structure of boreal forests, and their presence or
absence can affect the distribution and abundance of many
other species {see 6.1,6),

6.2.5.2.3 Tropical savannahs. The complex
interactions leading to the unstable balance of trees and
grasses in savannah systems have been summarized by
Walker (1987). In the alternating wet and dry tropical
systems, changes in biodiversity can affect landscape
functioning both by changing nutrient concentrating
processes and by changing the fire regime as described
above, Also, the loss of a few specics can lead to a
significant flow-on of effects that results in changes in
landscape structure, An example is the role of termite
mounds in acting as sites for the cstablishment of tree
clumps (Menaut and Cesar 1982), Abandoned termitania
provide higher nutrient concentrations, greater water
availahility and local protection from fire, and thus favour
the establishment of tree seedlings over those of grasses.
The number of such mounds can be reduced by domestic
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stock, so reducing tree regencration und changing the
nature of the savannah landscape towards a grassland.

Large native herbivores, such as elephants (Loxodonta
africana) and hippopotamuses (Hippopotamus amphibius)
affect suvannah structure directly (Cumming 1982).
Elephanis physically remove trees and both $pecies create
paths that can eventually lead 10 new erosional cycles.
Hippopotamus trails have & major influence in drainage
pasterns and thus on wetland landscapes (Laws 1981), The
loss of these lurge species and their replacement by smaller
or domestic herbivores usually leuds to an homogenization
of the savannah landscape.

62524 Wet ropics. In wet tropical sysiems it appears
that landscape patterns are less affected by changes in
biodiversity per se, and that the biological diversity of most
functional groups is so high that the loss of one or a few
species has lintle effect (Janzen 1981), Landscape pattem is
u consequence of topography and small-scale events such
as blow-downs. Human activity, such as shifting
agriculture and lund clearance, can have major effects on
biodiversity and landscape patterns, Changes in lundscape
patlemns (e.g. edge exposure and fragmentation) may have
continuing effects such as edge die-back and blow-down
(Lovejoy er al. 1984), but the changes in landscape pattems
appear 1o be the direct consequences of the human actions
and are not moderated by changes in biodiversity directly
(i.e. the chain of causality is most likely as in Figure 6.2-2b
orc).

There ure examples of key species affecting rain forest
patches in wet-dry tropical regions. In Australia water
buffalo, a recent introduction from Asia, seek out small rain
forest patches where they create large wallows that are
invaded by grasses and herbaceous species, many of which
are also introduced. The wallows are more susceptible o
fire than the rain forest itself and carry the frequent fires
from the surrounding drier woodlands into the rain forest
patch (Russell-Smith and Dunlop 1987). This is leading to
the loss of rain forest patches within the landscape.

6.2.5.25 Aquatic systems. Water is a dense and mobile
medium which readily carries material, energy and
organisms between components of aquatic “landscapes’
(here interpreted as the solid substrate beneath the water
rather than structures in the water column itself). Water is
the dominant linkage between clements of the landscape,
and organisms are most likely to affect landscapes by
acting as filters or barriers 1o the wransport process. In coral
reefs the diverse biota literully create the landscape where
the existence of atolls and barrier structures is dependent on
the diversity of coral and plankionic organisms responsible
for substrate formation and for the continued nutrition of
the living landscape (see 6.1.10),

The destruction of mangrove forests can lead to a loss of
the filienng process that traps soil sediments in the surface
flow from the landward side (Ogden 1988). Seagrass beds
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perform a similar role in shullow coastal areas (Ogden wisd
Gladfelter 1983). The loss of these species may allow lurge
pulses of nutrients and sediment to be deposited on
nearshore marine systems leading to major impucts on reel
structure and diversity (D'Elia 1988), Sediments and
nutrients in the outllow alter the competitive balance of the
reef system by physically inhibiting coral growth and by
encournging algal growth in the higher nutelent conditions.
This can Jead 10 significant changes in landscupe structure,
which can be further accentuated by additional biotic
interactions.

There has been concern recently about the impact on reel
structure of outbreuks of the crown-of-thorns starfish
(Acanthaster planci). Heavy gruzing by this key species
leads to dramatic short-term changes in the reefl lundscape,
although it does uppear that reefs eventvally recover 10
more or less their previous condition. It has been argued
that these outbreaks may be associmed with the influx of
additional nutrients to the reef (e.g. alter shoreline
clearance or heavy rains) which leuds to plankion blooms,
which in turn lead 10 increased survival of Acanthaster
tarvae (Birkland 1982), The outbreaks of crown-of-thorns
sturfish may be an extreme fluctuation in the complex
control systems of coral reef structures where echinoid
gruzers control algal growth that would otherwise reduce
coral recruitment and success (Mann 1982; Summarco
1982). Any change in the populations of either the gruzers
or the ulgae (e.g. from nutrient inputs, hurricanes,
overfishing or predators on the gruzers) can set in chuin a
series of abiotic und biotic interactions leading 10 chunges
in biodiversity and landscape structure (Ogden and Lobel
1978; Wicbe 1988).

The role of sca otters (Enhydra luris) in shaping the
‘landscapes’ of Kelp communities has been well
documented (see also 6.1.9). Ouers feed on a range of
benthic herbivores and in particular on sea urchins, In arcas
where otters were hunted to extinction, urchin popalations
exploded and overgruzing of the mucroscopic algae led w a
spatially heterogencous community i which kelp was o
minor component. Otters hive been reintroduced into some
arcas and there is evidence of a shift towards a much Jess
diverse community dominated by a single kelp species
(Duggins 1980). The effect of otters on community is not
only via their direct predation on herbivorous species but
also via their discarded clam shells and their excuvation of
soft-bottom areus for clums, These activities leave more
shells on the surface and these are a more fuvourable
location for the establishment of kelp in soft-bottom
environments (Kvitek er al. 1992), 11 15 ulso possible that in
the past the presence of otters led to high algal productivity
which in tum supported the presence of sea-cows (Sirenia
spp.). Sea-cows huve a mujor effect on sea grass bed by
their ‘ploughing’ feeding action, In the northern Pacific,
Steller’s sea-cow (Hydrodamalis steileri) was also hunted
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In extinction, 5o that the reintroduction of sea otters in this
region may not lead to the recovery of communities or
landscapes similar 1o those before the impact of over-
exploitation (Dayton 1975; Mann 1982,

The loss of mangroves from shorelines also reduces the
effectivencss of their filtering (or absorbing) the energy of
wave action thus exposing coastlines to major landscape
modification (see 6.1, 1). There are many similar
of where the loss of 3 few ke
esluarine or sand-dupe s
landscape structure.

The water body of open occans is patchy at various
scales (Steele 1991), However, the patches tend to be
associated more with physical phenomena, such as
circulation cells, than with biotic phenomena. One possible
exceplion is the effect of large floating mats of raft weed,
suich as Sargassum, which may decline due to pollution and
cause changes in ocean structure (see 6.1.12),

In freshwater systems the vegetation of the riparian zone
also has an cenergy-absorbing role. Streamside vegetation
and fallen logs dissipate stream energy and trap sediment.
The loss of these species either through direct human action
such as clearing, or indirect action such as smal| changes in
water flow and flooding patterns with dams or weirs
causing changes in streamside and floodplain vegetation,
can Jead to major changes in the flow regime of the stream
itscifl and to changes in jis path (Naiman and Décamps
1990; Malanson 1993). In general, the foss of vegetative
cover in mountainous topography will lead to wider,
shallower valley systems with a more uniform gradient
(Waring and Schlesinger 1985). The effect of the loss of
large mammals on stream and wetland habituts has already
been described for beavers and hippopotamuses,

cxamples
y filtering species from
ystems can fead to ch

62.5.3 Generalizations
Itis often difficult to determine whether changes in
landscapes are due 1o changes in biodiversity per se or 1o
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the processes that led 1o the changes in biodiversity. Even
when changes in landscape structure ean b linked 1o a
biotic factor, the changes are often set in coursc by the gain
or loss of a single key species,

Table 6.2-2 summarizes the ox
review. The examples are by no means comprehensive byt
We suggest that they are indicative of the relative
importance of the different ways in which biodiversity is
linked to landscape structure across different biomes. The
mechnnisms are defined as "filtering or concentrating”, where
organisms aci primarily as physical bartiers or conduits in
transferring materials between landscape elements;
‘disturbance regimes where organisms are mstrumental in
propagating energy (or sometimes materials) between
landscape elements: and ‘key species” where one or a few
species can dircctly bring about changes o landscape elements
that eventually lead 1o changes in landscape structure,

There are 5 few generalizations that may be made from
this review, The role of key species in Inggering changes
that alter tandscapes is common to all biomes. Sometimes
the loss or invasion of the key species is accompanicd by
conscquential changes in biodiversity and these are the
basis of changes in landscape structure and functioning
(e.g. sea otters in kelp forests); in others the impacts of the
key species are concentrated more directly on the landscape
(¢.g. elephants and hippopotamuses) which, in tum, may
Iead 1o changes in biodiversity,

Nutrient {including water) concentration and filtering
cffects are most important in biomes with low
concentrations of nutrients, Thus, we observe changes in
landscapes in arid and savannah systems as a result of the
disruption of the nutries and water concentration processes
ad in coral reel communitics changes in communities and
landscape functioning when filtering systems break down
and higher concentrations of nutrients reach the reef,

In higher productivity systems changes in disturbance
regimes, and particularly fire regimes, tend to be more

amples presented in this

Table 6.2-2: Summary of the cxamples cired in thix chapter clastified by the opes of changes in biodiversity and by biomes. There is

a question mark against the tiek under tfropical forests becanse this refers 1o rain forest parches embedded in a wet—dry tropical
wondland
Ard Savannah Temperate lorest Tropical forests Aquatic
and prasslands (freshwater, estuarine
and marinc)
; -
Aliered material concentration T -
or filtering
Altered disturbance regimes - -
w7 -
Key species effects - - %
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Importunt processes in modifying landscupes. In the most
highly productive and diverse communities (i.¢, tropical
ruin forests) changes in biodiversity appear 1o have linle
effect on landscupes. In these systemy disturbances must be
of large spatial or temporal scale in order 1o disrupt the

nutrient und witer cycles and thus have long-term effects
on lundscape structure.
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6.2.6 Biotic linkages and ecosystem functioning

6260 Introduction

In this essay, biotic linkages are considered ns an
ceosystem functional property in their own right. Thus a
major emphasis will be placed on discussing the roles of
hindiversity in biotic linkages and community structure,
specifically exploring how these are disrupted by human
nctivities. In addition. an attempt will be made to discuss
further how biotic linkages may in tum influence some of
the other more conventional ccosystem propertics (c.g,
nutrient cycling. primary production, microbial activities)
reviewed in Section § of the GBA. In this analysis,
however. it is important to bear in mind the following
caveat. The roles of biodiversity in biotic linkages and
species interactions are difficult 10 assess since changes in
specics richness (ie, deletions/additions) imply consequent
changes in linkages and therefore it is difficult to assign
causality for the observed effeets uncquivocally, An
appropriate asscssment, for the future, would fequire
different approaches, such as assessing cffects as a result of
changes in the strength of interactions without changing
specics nchness,

Occasionally, hiological interactions may have discemnible
dircet benefits to humins, s described in Box 6.2-1.

The biological activities of one individual invariably
impinge upon the activities of other individuals of the same
or different trophic levels, and the magnitude and direction
of these effects are commonly referred to as biotic Jinkages
Or species interactions. Though activities occur at the level
of the individual, typically the individual interactions are
grouped according to their species designation (i.e. intra- or
interspecific). According to their sign, these interactions
«an be classified into two broad Eroups — antagonistic and
mutualistic — and can be further classified into many kinds
of more specific interactions, most of which are described
and treated in text books of ccology (e.g.. Begon of ol
1993; Ricklefs 1993),

Most species are involved in several interactions with
nther species and cach interaction can differ in its sign
fantagonistic. mutualistic), magnitude (strong, weak),

of interactions among their me
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specificity (ranging from complete specialism 1o
Eeneralism), and degree of dependence on inleracting
orgamsms (obligate, Gicultative). The multiple interactions
of species imply that most communities consist of a pattern
mber species that we refer 1o
A5 0 community weh (this differs from 2 food weh, which
focuses on 1rophic links among species), This implies that
besides direct interactions there are complex indireet or
non-lincar interactions imong species (e.g, a top predator
that feeds on a polyphagous herbivore which in turn
determines relative competitive interactions among plants),
Effects, consequently, are usually non-linear. The mpact of
a single species on o community s therefore o complex
function of the number of interactions, the signs and
magnitudes of those interactions, and the number of
indirect links with other species n the community, This
complex function can be referred 1o 3¢ the average strength
of & species interaction with s community, and this
strength can range from strong in keystone species (see
Terborgh 1986 0 weak m relatively indepenlent species.
A more detailed discussion of the contrasts between direct
and indireet interactions and non-linearities is given by
Menge (1995) and in Box 5.2-1. Although there is still an
ongoing debate about the relative importance of types of
mterictions, or of keystone species, and about the role of
compensitions among species within functional groups,
particularly i terrestrinl biomes {see reviews in Ricklefs
and Schluter 1993), there s a conscnsus that biotic
interactions play a crucial role in structuning communities.
This is particularly highlighted in studies of coastal benthic
communitics, where experimental manipuiation has been
actively applicd, leading to o mechanistic understanding of
such details and 10 a clarification of the importance of
biotic linkages and specics interactions for community
sructure and composition (see o recent review in Menge
1995} However, there is sl a major gap i the knowledge
needed 1o assess 10 whit extent community structure in tum
affects ccosystem functioning. Here we attempl to review
(1) how changes in biodiversity (largely due to human
activities) in different biomes affect biotic linkages or
species interactions and, 1o the extent that the scant
information permils, (2) how this scales up to alterations of
ecosystem functioning.

6.2.6.2 Human impects

Human activities produce alterations of bindiversity that
directly or indirectly affect the patterns of interactions and
linkages of species to one another in communities, In
Arctic and subalpine systems. overhunting and
overharvesting of marine and ferrestrial mammals is
leading to population declines (6.1.1). When these animals
are keystone or top predators (e.g. sea otters), the effects
seem 1o alter dramtically (ht pattern of interactions and
May propagale to the entire ecosystem, Likewise, herding
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Box 6.2-1: Potential human benefits of the Urania/Omphalea coevolution,

The day-flying moth Urania fulgens and its host plants Omphalea spp. provide a remarkable example of the
complex and fascinating ways in'which elements of biodivensity (viewed at the species level in this case) operate in
their natural settings, as well as the potential implications these seemingly obscure organisms may have for human
society.

The adult moths migrate northwards and southwards between several localities in northem South America and
southeastern Mexico, In many of these localities, with a certain periodicity, they undergo dramutic local population
explosions. The caterpillars of this moth feed exclusively on the foliage of plants of the genus Omphalea, such as
the vine 0. diandra in Panama, or the 25 m tall tree O, oleifera in Mexico. During years of the moths' population
explosions, these plants are heavily defoliaed, If fed with the Jeaves of other plants, the caterpillars will 0ol ¢at, and
starve (o death. In the Mexican populations this was found 10 be the case, consistently, even if the moths were led
with all the Jocal species of the same family as Omphalea (Euphorbiaceae), The Omphalea plants, in tum, are rarely
calen by herbivores (either invertebrales or vertebrates in the Mexican situation) other than Urania. This high
degree of mutual specialization indicates a long joint evolutionary history, of the type usually referred 0 as
cocvolution, In addition, it hus been noted that the moths' migrations and the magnitude of the their populidion
explosions uppear to occur with 4 certain periodicity = but the underlying mechanisms for this are not fully
understood. R

Such tight biotic interaction appears to be mediated by

some peculiar metabolites (apparently toxic 1o many
animals) that were unknown until very recently, and which

dre present in the plants® tssues and can be sequestered
by the caterpillars without them, in tum, being affected. Specifically, it hus been found that O. dindra produces

and U. fulgens concentrutes Uihydroxymethyldihydroxypyrrolidine (DMDP), These remurkable compounds have
been found 1o be quite promising in three aspects of relevance 10 humans, The first of them has 10 do with AIDS,
due 10 their role in blocking the activity of the HIV virus, Secondly, DMDP suppresses enzymatic activity in
Callosobruchus beetles. The beetles attack stores of beans in the tropics; und as a result of the differential effect of
the chemical, humans can eat beans treated with DMDP (which the beeties would not have been uble to eat),
Thirdly, it has been found that DMDP also has some activity ugainst cancer and diabetes. Such remarkable
activities of these metabolites and the moths’ ability to deul with them constitule promising avenues not only for U
prospecting and development of new drugs, but also for the understanding and possible application of novel
detoxifying mechanisms,

On the other hand, based on the understanding of the activity of the plants’ foxic metabolites, some evidence

suggesis that the periodicity of the migrations and the magnitude of the moths’ population explosions might be
govemned by the time it takes for the heavily defoliated plants to induce and relux (he

production und build-up of
their toxic compounds,

Given the migratory habits of the moth and the great specialization of their ecological interaction with the
Omphalea planis, this system highlights two points pertinent to biodiversity conservation: thus conservation effons
should not be directed only to biodiversity components (e.g. species) per se, but also to their underlying ecological
and evolutionary processes {such as biotic linkages) and to the global nuture of the conservation/disruption of
biodiversity. In this system, for example, perturbutions in 4 given locality (say Mexico) may dramatically disrupt

the ecologicul interactions and destroy & complex ecological process in another distant Jocality (say Punumia) and
vice versa,

practices or changes in reindeer abundunce change lichen
cover and vegetation structure (Andreev 1978), In wropical
forests, habitat destruction (deforestation, forest
fragmentation) and contemporary hunting (6.1.2) produce
dramatic alterations of biodiversity components which are
beginning 1o show consequences in biotic interictions such
as pollination (Aizen and Feinsinger 1994) and herbivory
(Dirzo and Miranda 1991), Temperate forest systems show
a marked vulnerability to species introductions of

pathogenic pests such as the ones causing Dutch-elm
disease and chesinut blight, or insects such as the £ypsy
moth (6,1.3). In arid lands, boih importation of non-nutive
plants and removal of aative ones are occurring wcrively in
ussockstion with forage improvement plans (6.1.4), Human
activities are also leading 1o the decline of but populitions,
which in urn affects the pollination pattern of Aguve
plants in Nonh Amencan desens (Howell and Roth 1981).
Introduction of mammals and other chiunges in grazing




Fegime cause marked

alterations of the vegetation structuse
and composition

and plant-plant Inleractions in suvannahs
16.1.5), boreul foresty (6.1.6) and lemperate grasslands
(6.1.7), Species introductions and habitat medification are
argued potentially 1o disrupt biotic interactions such as
pollination ang dispersal (6.1.8). In aquatic biomes the
removal or partial displacement of predators by
overfishing, overcollecting or pollution, as well as the
inlroduction of pew species can produce considerable
effects (particularly welt documented in Coastal systems —
see 6.1.9) which can Propagate to the rest of the €Cosystern
by means of the disruptions of biotic mteractions,

From the point of View of the relevance of biodiversity
with regards 10 biotic linkages, the effects of human

activities can be assessed more simply in terms of species
deletions or Species additions,

6263 Effects of removel aof species on biotie linkages

The removal of 4 species from a community may cause
further losses and therefore profoundly affect biotic
linkages, or it may cause no further losses (although all the
other persisting species may do so at different densities)
thus leading, at Jeast theoretically, to what Pimm (1986)
calls the species deletion stability of systems. Within a
web, species deletion stability may vary considerably,

op predators or herbivores. This conclusion appears 1o
hold for o wide v

(Brown 1985), and fropical forests (Terborgh 1988), In an
excellent experimental study McNaughton (1977) found
that the consequences of the removal of herbivores

of plant species from
species-poor and species-rich systems. Although species-
nch systems might be expecied to be more resistant to the
loss of plam species, the occurrence of keystone plant
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species such as Ficys SPP. in highly diverse tropical forests
(see Terborgh 1986), suggests that removal of certain plant
Species can indeed

species.

626.3./ Empirical evidence of the effects on ecosystem
Junctioning. Apart from the alteration of biotic linkages and
community structyre due 1o species removals,
the level of ecosystem

successional stages ( Pastor er gl
determines the structure and Compasition of these forests,
By comparing browsed and unbrowsed plots, it has been
shown that this herbivore significantly reduces nutrient
availability and microbia) activity and, in the longer term,
primary production and successional trends.

A 12-year Study by Brown and Heske (1990) showed
that the removal of three seed-eating kangaroo rat species

1993), Thus herbivory

species), In general, it
dppears that species-rich tropical forests are very

1o &pecies invasions, Data for ingect introductions
Suggest a similur pattern (see & review in Pimm 1986),
but prediction of the success of insect introductions from
a knowledge of the community structure and diversity is
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subsequent (in some cases devastating) effects of such
invastons on the rest of the biotic linkages,

6.2.64.1 Empirical evidence of the effects on ecosystem
Junctioning. Aside from the question of the role of species
diversity in susceptibility to invasion, there remains the
issue of the possible consequences of such additions to
some ecosystem functions or properties. The following
examples indicate such polential ecosystem consequences,
The Argentine ant (Jridomyrmex humilis) has invaded
extensive areas of the world causing considerable changes
in the species inferactions of the invaded systems. In the
South African Cape Region it has radically altered the
compasition of the native ant fauna by replacing dominant
species. Bond and Slingsby (1984) documented the
consequences of this invasion for the mutuualistic
interactions between plants and seed-dispersing ants. They
found that, compared to the native ant species, the
Argentine ant was much slower to discover the seeds of an
exclusively ant-dispersed plunt, dispersed these seeds
shorter distances, and failed 1o store them below ground
where they would have gained protection from seed
predators, Given the importance of ant seed dispersal in
this system, the invasion of such an influential ant species
has the potential substantially 1o alter community
composition and ecosystem-level processes,

The inadvertent introduction of the house mouse to
Marion Island in 1818 resulted in substantial alterations in
decomposition and nutrient cycling on the island (Crafford
1990). This introduction was found to be particularly
influential because the mice preferentially feed on the
island’s dominant detritus-feeding invertebrate, the
endemic moth Pringleophaga marioni. Larvae of this moth
are estimated to consume up to 50% of the primary
production on the islund. Such processing considerably
enhances microbial activity und subsequent release of
essential nutrients. Some experiments (Crafford 1990;
Smith and Steenkamp 1990) have shown that the addition
of just two moth larvae into litter stimulated mineralization
of nirogen ten-fold and phosphorus three-fold. Thus, these
moth larvae appear to be the primary mediators of nutrient
mineralization and introduction of an exotic predator has
greatly altered ecosystem processes on this island.

6.2.6.5 Cross-bionie comparison and ecosystem services

In an atempt 10 summarize the available informution in a
way that permits us 1o highlight the effects of human
activities on blodiversity components, and the
consequences of this on biotic linkages, we present a cross-
biome comparison based on o distillation of several
published accounts that provide information on (1) the
kinds of biomes that are likely to be affected by the
maodification documented; (2) the interaction type; (3) the
biotic hierarchical level ut which it operates (e.g. gene,

individual, population, sp- community, ecosystem,
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landscupe, region, global); (4) the humun activity
responsible for the change; (5) the ecological effect, ad
(6) the human consequences. The working set consisted of
11 examples of mutualistic and antsgonistic interactions
which included cases applicable to specific biomes and
cases applicable to all biomes (Table 6.2-3).

6.2.6.5.1 Pollination linkages. This review indicates that
landscape modification in the form of partial deforestation
and habitat fragmentition affects pollinution linkages in a
variety of terrestrial biomes, from lemperate sandy
meadows {Jennessten 1988) 10 tropical forests (Karr 1982),
Thus it appears that pollination disruptions oceur across
most biomes except in aquatic ones, where biotic
pollination per se is poorly represented. The alteration of
this type of biotic interaction occurs fargely due to the
reduction of species or ubundance of pollinators, The
consequences of this disruption range from porential local
extinction of plant species to reduced genetic variation in
partly self-compatible outcrossers which thus depend 10 a
larger extent on selt-pollination (Jennersten 1988), The
consequences of reduced genciic variation can in some
cases scale up 1o ccosystem functions and affect o given
service. For example, in agroecosystems, where single
hybrids are planted over large arcas, pests and pathogens
cun be devastating. The outbreuk of Helminthosporium
maydis on the CMS hybrid corn (Williams and Levings
1992) is an outstanding example of the consequences of
reduction in biodiversity (genctic variance in this cuse)
which affects biotic linkages and in turn affects an
ccosystem function and service (the regulation of
production).

6.2,6.5.2 Seed dispersal linkages. Deforestation and
fragmentation lead to the loss/decline in abundance of
some species of frugivores in tropical forests, which in tum
have the potential to reduce biotic seed dispersal (Kattun
1992). The greater occurrence of plant modifications for
biotic dispersal in terresirial tropical and temperate
deciduous forests (Howe and Smallwood 1982) SUgEests an
expecied trend of greater imponance of this biotic linkage
in such biomes than in more dry und dquatic ones, A
similar trend could be expected in the case of defensive
mutualisms, though appropriate information for cross-
biome comparison is very limited, The expected
consequences of reductions in such mutualisms as
frugivory may include reductions in the reproduciive
cupacity of highly dependent (specialized) plants, or
reductions in genetic variubility (similar 10 the case of
pollination described above) though no information seems
10 exist regarding the ccosystem-functioning consequences,

6.2.6.5.3 Grazing linkages. Modifications of grazing
regimes drumatically affect several ecosystem processes in
a variety of both terrestrial and uquatic biomes (Tuble 6,2-
3). Additions or deletions of top predutors alier the
ubundince or oceurrence of herbivores und this 10 turn iy
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have 4 runge of effects from modifications of vegetation
structure o disruptions of Jetritus pathways. This type of
ccosystem funclion consequence occurs in several forest
biomes from boreal (o tropical ones, as well as in uguatic
ones. The introduction of exotic species affects trophic
relationships and 1 number of biotic linkages (predation,
herbivory, hierurchical competitive relationships) in non-
linear ways and this type of effect is known for both
aquatic and terrestrial biomes of several Lypes Some of the
best-known examples are referred to in Table 6,2-3.

6266 Conclusions

Although there is little specific documentation about the
importance of biodiversity components affecting biotic
linkages and then ecosysiem processes, our review of the
available information indicates that a common outcome of
human impacts on biotic linkages is alieration of the
stubility of community structure (pattern of interactions)
and composition {(distribution and ubundance of specics),
From our analysis, it appears that in low-diversity systems,
the full set of species within functional groups is important.
This is the cuse in boreal forests (Pastor ef al, 1993) and
temperate rocky intertidal shores (6.1.9), while it appears
that in high-diversity systems (e.g. tropical forests, tropical
rocky shores) the deletion of species can be compensated
for by the other species in the available pool. However,
compensation does not seem 0 occur when deletion of a
whole functional group takes place, even in high-diversity
systems (e.g. the deletion of the guild of understorey
herbivorous mammals in tropical forests; Dirzo and
Miranda 1991).

The present assessment allowed us 1o consider the
certainties and uncertaintics of how changes in bioric
interactions atfect community stability (cf. Orians 1982).
We conclude that stability changes occur when biotic
interactions and linkages are altered through deletions,
additions or other alterations of structure — and that the
effects can range from reductions of genetic vasiability to
landscape-level effects and from moderate to catustrophic,
Effects are generally confined to within ecosystems or
biomes and there is little evidence of them scaling up 1o
geographically distant biomes. However, an example of the
potential of the latter cun be drawn from the case of across-
biome migratory organisms such as birds or insects.
Deforestation and habitat fragmentation in tropicul forests
affect several species of migratory birds, which in tm may
affect biotic interactions involving these birds in temperate
forests. The alterations of temperate forests may have
similar effccts in woplcal forests,

Much of the availuble evidence demonstrates that
changing biodiversity changes biotic interactions und links
in communities, but this is evidence that is generally
gathered after alterations have occurred. Effective
prediction and management modelling is dependent upon

Biediversity and Ecosysiem Functioning: Econssten Al

funher research involving the experimental manipulation ol
species, through nitural and planned experiments
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#.2.7 Microbial diversity and ecosystem processes

A2 7.1 Background
Microorgunisms are crucial to the functioning of every
rcosystem on Earth, They perform unique and

Ji3

indispensable activitics in the circulation of malter, on
which all larger organisms, including humans, depend
(Hawksworth and Colwell 1992; Guerreo and Pedros-Alio
1993, Allsopp er al, 1995). Primary production,
decomposition, nulrient recyeling, trace gas production and
the other processos considersd int the preceding chnptors
cither have a microbial component or are carried out only
by microorganisms,

Microorganisms occupy a greater range of ecological
niches than macroorganisms (Price 1988) and sOme groups
were diverse as long ago as 3.5 billion vears (Schopf 1993),
They oceur in all niches where life is thermodynamically
possible. including many extreme environments in which
no other life is found: high temperatures (80-110°C), high
salinity (e.g. the Dead Sea, >320 £ saltflitre). high pressure
(deep ocean hydrothermal vents, >600 atm). very acid
(helow pH 2), low water activity (under 0.65 aw) and
extreme cold (e.p. cryptoendoliths in Antarctica. with
photosynthesis at —8°C) (Vestal and Hobbic 1988;
Edwards 1990,

Microbial diversity does not represent a monophyletic
eroup. but includes archaea, cubacteria, fungi, algae,
protozoans and viruses. In practice, microorganisms are
species cither belonging to a phylum many members of
which cannot he seen hy the unaided eye, or where
microscopic examination, and in many cases growth in
culture, s cssential for identification, Culturing, however,
reveals only a biased subset of the specics present in
natural systems and may not accurately reflect either the
actual composition or the activity of microbial
communitics (Hobbic and Ford 1993), New techniques
(White er @, 1991) are beginning 10 rectify this problem in
many ccosystems, including oceans (Giovannoni ef al.
1990). coral reefs (Rowan and Powers 1991, 1992), hot
springs (Ward er af. 1990; Barne ¢t af, 1994) and
hydrothermal vents (Hedrck vz ai. 1002 However, they
are also uncovering whole groups of previously unknown
orpanisms (DeLong er al. 1994, Olsen 1994: oceanic
archachacteria: Sherr and Sherr 1991 ultraplankton).
Perhaps fewer than 5% of microbial species have been
discovered and named (Hawksworth 1991; Hawksworth
and Ratchie 1993, Triiper 1992; sce Section 3.1) and in
many cases their precise ecological il Mogeochemical
roles are unclesr (Hobbie and Ford 1993,

Our 1nsk is 1o describe how this dramatic and relatively
unknown diversity influences n huge range of ecosystem
processes and to clucidate how it might be threatened by
anthropogenic activities,

6272 Imporrant aspects of microbial diversiry

Due to 3 Timited set of morphological traits identifiable in
microorganisms. microbiologists .huvu commaonly classified
orgamisms according 1o detectable metabolic substrates and
end products, by trophic catepories, or hy size. Tn some
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ways, such functional groupings put us ¢loser 10 an
understanding of the roles of microbial diversity in
ecosystem processes than for other groups of organisms. To
say that functional group diversity is important to
ecosystem processes is circular — known groups are
classified as such because of their importance 10 the
process ar hand (Vitousek and Hooper 1993). The task is 10
discern what the important groups are and how they
interact with each other and with abiotic controls,

6.2.7.2.1 Substrate-based groups.The functional
diversity of micrebes, particularly as defined by the
substrates used for energy metabolism (both electron
donars and -acceptors), is integral (0 our understanding of
biogeochemistry. Substrate linkages between microbial
functionul groups form the basis of element cycling (e.g. N-
fixers, heterotrophs, nitrifiers, denitrifiers: Meyer 1993;
sulphate/sulphur reduction and sulphur/sulphide oxidution:
Howarth und Stewart 1992; Meyer 1993). In some cases, a3
in oxic/anoxic sediment interfaces (Schlesinger 1991;
Andreae and Jaeschke 1992), microbial mats, and
hydrothermal vents (Hedrick er al, 1992), multi-orgunism
redox cycles can be relatively localized and major
transitions between groups take place over very short
(millimetre) distances. At the other end of the scule,
through trace gas production frequently due to metabolic
redox reactions, microbes shaped the composition of the
aumosphere and currently play a significant role in its
maintenance (Hedrick ez af, 1992; 6.2.4).

Vast complexity exists within the broadly defined redox
groups. Within the wide range of uerobic heterotrophic
microbes, the importance of further subsirute specialization
is frequently cited for carbon metabolism during
degradation of plant material (e.g. specialists on lignin,
cellulose, pectins; Garland and Mills 1991; Meyer 1993;
Schimel 1994; Zak et al. 1994). Even within the group that
decomposes lignin, however, metabolism of this
recalcitrant plant compound is carried out by hundreds of
species of fungi (even at a single site) and by bacteria of
several genera (Meyer 1993). These can oc¢cur in
succession and may be attacking different ligno-cellulose
bonds, so we cannot necessarily assume ‘redundancy”’,
Some transformations, such as nitrification and sulphate
reduction, require multiple groups 10 complete the process
(smmonium oxidizers and nitrite oxidizers, sulphate
reducers and sulphur reducers, respectively). Some
functionul groups form consistent taxonomic groups (e.g.
the nitroso-bacteria in ammonium oxidation) or at least
shiure common metabolic constraints (sulphur-oxidizing
bacteria). Others, such as denitrifiers, are very diverse with
different substrate specificities and share only the use of
either nitrate or nitrite as electron acceptors in a facultalive
anaerobic metsbolism (Cook and Kelly 1992; Meyer 1993).
Aguin, the importance of these functional groups is widely
acknowledged in thut loss of un entire group would lead to
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loss of a process and potential disruption ol the entire
cycle. We know almost nothing, however, ubout whether o
how diversity within groups mught contribute 10 process
Fates, process stability, or the types of processes that ure
active, Though it is a common assumption (used in this
assessment as well) that more diverse groups are less
sensitive 10 disruption, this warrants empirical venfication.
6.2.7.2.2 Size-based groups. Functional group
classifications based on size are importunt particulusly in
aquatic food webs. The relatively recent discovery of nano-
(2-20 gm), pico- (0.2-2.0 yxm) , und even femproplankton
(0.02-0.2 ym) has changed our understanding of energetics
and natrient cycling in both marine und freshwater systems
(Sherr and Sherr 1991: Steinberg and Geller 1993}, The
classical aquatic food chain from distoms to metazouns to
small fish 1o large fish holds only for picces of u more
complex web. The size-cluss microbiul groups ire both
taxonomically and trophicully diverse, including
photoautotrophic and heterotrophic prokaryotes and
eukaryotes. Mixotrophs abound and feeding is bused us
much on the relative sizes of predator and prey as on
classical trophic categories of primary producers,
herbivores and predators (Sherr und Sheer 1991),
Consequently, large fractions (20-60%) of primary
production ure cycled through “microbial loops' with no
link 10 macrofauna due 1o the energelic losses at trophic
stages too small to be consumed by metuzoans (Pomeroy
and Wiebe 1988; Pomeroy 1991; Sherr und Shere 1991).

In these loops, not unlike terrestrial ccosystems (e.g.
Clarholm 1985; Jucksoa er al. 1989, Schimel ¢r al. 1989),
bacterin compete with primary producers (larger
phytoplankion) for nutrients, rather than Just serving s
nutrient regencrators themselves, and gruzing on bucteria is
responsible for large amounis of nutrient regeneration
(Pomeroy and Wiche 1988: Pomeroy 1991; Goldman znd
Dennett 1992). The rupid nutrient recycling provided by the
aquatic microbial loop leads to relatively stable primary
production in oligotrophic systems. In such systems, the
microbial pathway is favoured because low nutrient
concentrations give a competitive advantage to smaller
individuals (i.e. higher surfuce 10 volume rios; Pomeroy
1991). As nutrient concentrations increase, us in seasonal
lake turnovers or arcas of oceanic upwelling, larger
phytoplankton are favoured. These in tum are fed on by
metazouns and those are subsequently caten by fish. Due t0
the life-cycle constraints of metazouns, however, their
growth frequently lags behind thut of the blooming algae,
whose populations become nutrient-limited and crash
(Pemeroy 1991; Sherr and Sherr 1991). Thus, trophic
diversity within the size-based eroups leads 10 altemative
pathways for nutrient and energy flow, and diversity among
size-based groups results in different patterns of primary
production {stable vs boom and bust) in response 1o the
bottom-up controls of nuticil

ivaslability. Nutrients may
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regulate the total productivity of some systems, but specics
characteristics (size. competitive abilitics) regulate the
relative amounts that flow to larger metazoans and fish, As
with the redox functional groups, knowledge of the roles of
Indlvidunl microblal specles is rure ot best,

6.2.7.2.3 Species-specific interactions. When a single
species has a strong cffect on ecosystem processes, that
species may be looked upon as a functional group with
only-one member. For example, for an exotic specics to
alter ecosystem processes, Vitousek (1986) lists the
following criteria: that it must acquire or use resources
differently from native specics, that it must alter trophic
structure, or that it must alter disturbance regime. The
clearest cases of such effects for microbial species (whether
invaders or not) arc in species-specific interactions. The
importance of individual microbial specics is much better
known for effects on economically important organisms. as
for both mutualists and pathogens in agroecosystems, than
for carbon and nutrient cycling in natural systems,
particularly given the problems of identification discussed
above. Microbinl mutualists and pathogens, however, can
have important ramifications in structuring natural
ccosystems as well (e.g. N-fixing in primary succession
and mycorrhizal associations: Vitousek and Walker 1989;
Galloway 1992: Dhillion and Zak 1993; Read 1993:
Schimel 1994; Chestnut blight (Cryphoncctria parasitica),
Myxoma virus, Phytophthora cinnamomi: Burdon 1993:
Dabson and Crawley 1994; Castello et al, 1995). In cases
with dramatic ecosystem level effects, both novel
characteristics of the organisms involved and the specificity
of the biotic interactions are relevant aspects of
haodiversity,

6.2.7.24 Qualitative and stabilizing effects of diversity.
Two important ways in which microbial diversity (and
biodiversity in general) can affect ecosystem functioning
are {1) qualitative cffects, as with different functional
proups (Chapin ef al. 1994); and (2) stabilizing cffects (cf.
McNaughton 1977 Tilman and Downing 1994), as with
diversity within functional groups, The sensitivity of
ccosystem functioning to environmental change
{anthropogenic or otherwise) becomes a question of the
peesence/absence of basic functional groups, the strength of
control exerted on a given process or interaction, and the
plasticity of organisms within groups to operate over a
range of conditions. While many soil and aquatic bacteria
are widespread, it is a myth that all microorganisms are
distributed ubiquitously. Those that are restricted to special
environments (e.g, isolated hot springs) or lack broad
dispersal (many fungi, especially lichen-forming species)
may not recolonize casily if they are lost from an
ccosysiem. Some of these, such as mycorrhizas, play key
roles in the re-establishment of systems following
disturhance (Perry ef of, 1987, 1989; Dhillion and Zak
1993). At the samc time, we have only very limited
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knowledge of the identity and functional atiributes of the
mynad microbes found in cven one gram of 5oil (see 6.2.2),
Predictions of the strength of control are most easily and
frequently based on abundances, though ‘keystone’
organisms/groups are often not recognizable on this basls,
Predictability is a major problem. especially in microbial
communities, 45 we often are not aware of species’ roles as
keystones until they are either lost from systems or
introduced as invaders (Sherr and Sherr 1991: Bond 1993).
For microbial groups whose members are cosmopolitan
and whose activity depends on environmental conditions.
ccosystem-level processes carried out by more diverse
groups will probably continue as conditions change, but
may be carried out by different organisms (Hobbie and
Ford 1993). Of course, when conditions cross certain critical
boundaries (as in going from acrohic to anacrobic), different
organisms and processes may become active while others
become inactive. The problem is the identification of the
boundary conditions and rate changes through that
spectrum of conditions and microbes, Thus, microbial
diversity (and biodiversity in general) could be important in
the sense that either (a) process rates are stahilized through
a varicty of environmental perturbations because of
compensatory changes in community composition (cf.
McNaughton 1977; Tilman and Downing 1994), or (b)
process rates change as the specics performing them
change. due to differences in the functional properties of
the organisms, In the first case, diversity is thought to be
important for maintaining consistency (stability and/for
resilience) in ccosystem propertics/process; in the second
case, it 1s seen as important for helping to create or
maintain ecosystem heterogeneity through functional
differences, {cf. Chapin et al. 1994; Schimel 1994), These
seemingly contradictory statements point out the need to be
precise ahout the expected ecosystem-level effects of
diversity when addressing hypotheses on this topic,

The predictions may, in fact, not be contradictory, but just
opposite ends of the perturbation spectrum, Shifts in
dominance within a diverse extant community may
stabilize processes over a relatively narrow range of
environmental conditions; if changes are long enough or
strong enough, however, and if appropriaste organisms are
present of can colonize, entirely different communities with
different functional propertics may become established
(e.g. shifts in phytoplankion dominance with changes in
nutrient availability).

6.2.7.3 Changes in biodiversity and microbial activiry

Using the criteria of specificity of interactions, sensitivity
to disturbance/change, and diversity within functional
groups, we can recognize microbially mediated ecosystem
processes sensitive to changes in biodiversity and those in
which, in addition, anthropogenic forces have affected or
may affect microbial diversity (Table 6.2-4). The biome
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wypes (Chaper 6.1) in which occur both the anthropogenic
forces und the microbiul processes that are sensitive 10
those forces are also identified, In many cuses, the reason
for the biome listing is the prevalence of a panicular type
of disturbance; absence of 4 biome from the listing should
not be taken to imply that it is necessanly resistant to that
threat,

6.2.7.3.1 Biotic interactions. Species-specific biotic
interactions, both mutualistic and pathogenic, are the most
vulnerable tochanges in microbial composition and
diversity. The gain or loss of a microorganism involved in
a mutualistic or pathogenic interaction can have
consequences that range from subtle changes in
competitive ability of the host species 1o the loss of
populations or whole communities of macro-organisms.
What makes an ecosystem process particularly susceptible
o change, however, is difficult to predict. If only one or a
few species of microorganisms are responsible for a
mutualistic or pathogenic interaction of importance 10 an
ecosystem process, the risk of changing that process given
& loss of diversity is very high. If that species is widespread
and disperses and colonizes eusily, however, then the risk
of actually losing it may be low. The most sensitive
processes may be those controlled by highly specific
inteructions that are themselves sensitive to disturbance,

Nutrient-based mutualisms, especially those of
mycorrhizas and nitrogen-fixers, are susceptible to
eutrophication, scid precipitation und nutrient deposition,
with major implications for forest health (Perry et al. 1989;
Arnolds 1991; Vitousck 1994). Lichenized fungi are
sensitive 10 a vasiery of chemical stresses (Galloway 1992)
independent of biome type. These and other listed
mutualisms are sensitive to physical disturbance (Pilz and
Perry 1984; Perry er al. 1987) and w pollutants, such as
acid and alkaling deposition (Adamson und Seppelt 1990;
Lovett and Kinsman 1990; Richardson 1992), heavy metals
{Zabowski er al. 1990; Richardson 1992), pesticides and
radioisotopes (Haselwanier ¢t al. 1988; Woed er al. 1990)
in any system in which such anthropogenic stresses occur.
In many systems (e.g. island and Mediterrancan-type
systems; D'Antonio and Dudley 1994; see 6.1.8), exotic
species are frequently a problem, und these systems may
suffer from addition of N-fixing species (e.g. Vitousck and
Walker 1989; Tuble 6.2-4).

The zooxunmthellae mutualists in corals and other murine
organisms are sensitive to both natural and anthropogenic
disturbances, including storm waves, freshwater pulses
from flooding, nutient loading, sedimentation and over-
fishing (Holthus er al. 1989; Smith and Buddemeier 1992,
Dollar and Tribble 1993; Richmond 1993; Hughes 1994),
An important difference between these categories may be
thut many natural disturbances are episodic and allow
recolonization, whereas many human disturbances are
chronic and, while perhaps initially more subtle, can result
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n long-term changes n visbility ol the mutwalism and s
health of the reel (Dollar and Tribble 1993, Hughes 1994,
Richmond 1993). The role pluyed by the zooxanthellae in
ecosystem nutrient cycling and productivity is relatively
well characterized compared to our understanding of how
different microbial mutualists alfect these processes (Cook
and D'Elia 1987; Muscatine and Weis 1992; Falkowsks er
al. 1993). Indeed, it has only recently been discovered thig
the genetic diversity of algal symbionts, mostly classified
within the genus Symbiodinium, is equivalent to the
diversity between different orders of other microbes
{Rowan and Powers 1991, 1992),

Arthropod gul microbiotas, while poteatially seasitive
due 10 the restricted number of microbes involved, may be
less vulnerable because of lower degrees of host specificity
(Martin 1991) than more closely allied mutualisms, such as
the fung: of gall midges (Bisset und Borkent 1988) and
algae in lichen thalli (Honegger 1992). This may be true in
the case of trees able 10 form ectomycorrhizas with morce
than n single fungus, though variable environmentul
conditions and successional relationships could make this
diversity important (Perry er al. 1989). Mycophagy is
widespread in insects but the degree of specificity is
frequently unclear (Hammond and Lawrence 1989).
Disruption of a microergunism-asthropod mutuulism or the
sole food source of a fungus-feeding insect would be of
particular significance if the anthropod wus, for example,
the pollinator of o predominant tree, e, held & Keystone
role.

Sensitive pathogenic interactions may be positive (e.g.
biocontrol agents; Butra 1982) or negative (e.2. crop
pathogens) from a human perspective, with exotic species
introductions generally having the greatest visible impact
(Dobson and Crawley 1994; Castello ¢ al. 1995). Extrenw
cases can include destruction of dominant native trees by
pathogens, with subsequent Josses in mucre-, meso- and
microbiota (Podger and Brown 1989, Wills 1992). In
agroecosystems, the genetic simplification of crop plunis,
rather than loss of microbial diversity inself, can result in
adverse microbial outbreaks (Vanderplunk 1982 Leonard
und Fry 1989). Pathogenic interactions in natural
communitics may be equully important in determining
ccosystem structure and functioning, but are often
overlooked because of their subtlety and ure much less
extensively researched (Burdon and Leather 1990; Burdon
1993; Dobson and Crawley 1994),

6.2.7.3.2 Trace gus production, Microbial trace gas
production can be sensitive 10 species interactions und is
particularly importunt regionally and globally when lund-
use changes result in chunges in rutes of release 1o the
atmosphere (Table 6.2-4), The oceanic production of
dimethylsulphide (DMS) from relatively few species of
phytoplankton plays un important role in atmospheric
dynamics as the dominant natural source of sulphate
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acrosols (6.2.4). Zooplankton grazing vin dramatically
increase rates of DMS release (Dacey and Wakeham 1986:
Tumer et al. 1988). The broad distribution of the species
involved (Andreae and Jaeschke 1992), however, leads to
controversy over whother or not disruption of this process
due to species loss is likely in practice (6.2.4), Coastal
systems have higher flux rates than pelagic systems and
often suffer more intense disturbance from humans, both
directly and indirectly through land-use Irunsformations 1n
adjacent terrestrial systems. While they have potential for
preater changes in sulphur gas fuxes because of this, the
relatively small area of these regions may make the inpuls
minor on a global scale (6.1.9; but sce also 6.2.4),

Land-use transformations leading to increased methane
relcase, such as livestock grazing and rice paddy
manigement, are already responsible for part of the change
in Earth’s radiative balance (Watson ef af. 1990). Methane
production in (emperate and tropical grasslands and
groccosystems is affected by management practices, while
climate warming may affect methane production in
‘sturated arcas, particularly in northemn ecosystems (Table
6.2-4), Changes in methane flux are due to impacts both on
the microbial environment {e.g- inducing anoxic conditions
necessary for the methanogen functional group, or
increasing temperature) and on microbial interactions (e.g.
hy the bypassing, via plant acrenchyma, of diffusional and
microbial (methane oxidizers) houndaries which normally
impede transfer of methane to the atmosphere (sec 6.2.4),
While changes become globally significant only when
extended over large areas, the extent to which landscape
diversity per se contributes has not yet been fully explored.

0.2.7.3.3 Carbon and nutient cyeling, While microbial
functional diversity is clearly important in the major
nutrient and carbon transformations, the risk from
hindiversity loss is scored as ‘low’ because many micro-
neganisms appear to be able to undertake these functions
(Table 6.2-4). Successional relationships may, however,
decrense some of the apparent redundancy. The extent to
which this within-group diversity results in process
heterogeneity (Schimel 1994) and/or the buffering of
\ystems against changing environmental conditions or
species loss, has yet to be determined for most of the
processes involved in both terrestrial and aquatic systems,
While nitrification is particularly susceptible to pH (Meyer
1991) and may be affected in certain areas by acid
deposition. does this mean that the limits of a functional
ktoup have been exceeded or merely that pH exerts a dircet
control on the process? Changes in plant species
tomposition, and thus litter quality, may occur in many
biomes for a variety of reasons (e.g. climate change in
Arctic, alpine and boreal systems: 6.1.1, 6,1.6; increased
listurbance and therefore prevalence of more secondary
siccessional species in tropical forests: 6.1,2; management
regimes in grasslands: 6.1.7). This may change microbial
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communities (Garland and Mills 1991: Zak o al. 1994),
but it will probably not interrupt carbon and nutrient
cycling. Extreme environments in which a minimal number
of specics fulfils each functional role could prove to be an
important exception (e.g. Fricdman ef af, 1988; Table 6.2-
4).

In onc subcategory of carbon cycling — the microbial
decomposition of hazardous wastes — microbial diversity
is clearly imporant in dealing with the myriad toxic
contaminants we have put into our natural and managed
ccosystems (Aclion and Bradley 1991). Furthermore,
diversity within communities, through co-metabolism, gene
transfer via plasmids, provision of necessary co-factors and
other mechanisms, is frequently necessary to degrade
recalcilrant compounds (Weightman and Slater 1988), We
do not know of threats 1o this diversity other than the inputs
of xenobiotics themselves, which is happening in ali
biomes (Table 6.2-4). Community interactions such as
those just listed may be important in other close microbial
associations such as biofilms and microbial mats, but their
potential for disruption, and the ccosystem consequences
thereof, remain fargely unexplored, The intentional release
of genetically engineered MicTo-0rganisms poses yet
another set of questions about the potential ecosystem-level
effects of microbial diversity (Smit s af, 1992), Sce
Section 10 for a further discussion of many of these issues.

In aquatic systems, microbes form the base of the food
web leading 1o macrofauna, As previously described,
microbial loops offer alternative pathways for primary
production and nutrient transformations. In this case,
trophic diversity within size-based functional groups (both
plankton and metazoans) influcnces pathways of nutrient
regeneration and carbonfencrgy fNow, and has implications
for fisheries (Pomeroy 1991; O Brien er af. 1992. Steinberg
and Geller 1993). Loss of phytoplankton productivity itself
may not be currently under major threat from changes in
microbial diversity (the major exception being cases of
severe pollution which push environmental conditions
beyond the hounds of most primary producers). However,
both dircctly and through species interactions, nutrient
loading can alter pathways of carbon cycling (e.g. Peterson
ef al, 1985, 1993), can result in plankton blooms leading to
anoxia in extreme cases, and can also result in changes in
species composition leading to outbreaks of noxlous
species such as red tide (6.1.9). Coastal and freshwater
systems are particularly susceptible to such disturbances
due to their proximity to terrestrinl sediment, toxics and
nutrient sources,

6.2.7.4 Conclusions

Despite our relative lack of knowledge in the face of the
staggering diversity of microbes, we do know something
about the importance of mxm.y microbial functional groups.
We can begin to look at how microbial diversity affects

e
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Carbor cyvhng Metabaolism of Xenobiotses may boh

High Xenohiornic 1.3 Myrniad
degradation all recaleitrant/toxic substrates threasen diversity and
select for novel organisms
Low/High C and nutrient 11,2345 Microbes in extreme Primary production, Physical and chemical
cycling environmenlts nutrient cycling, disturbance - extent
decompaostion, soll structure not known
Low/High C and nutnient 124 Phytoplankton Primary production, Primary production Severe pollution,
cycling CoS. CoR, L&R. secondary production, eutrophication
TE decomposition
Low All other 12345 Mynad Nutrient cycling, Decompasition, Changes in plant species
AA, BoF, TeF, carboa cycling, mineralization, nitrification, composition
TeG, TeE, TeF soil formation denitrification, immobilization

primary production, ecosystem
respiration. Soil organic maiter

synthesis and breakdown, elc.

I. 'Sensitivity' refers to potential for change/disruption of ecosystem processes due to change/loss of biodiversity; High = dependence on either a few species or very specific species
interactions, or particularly subject to disruption. Low/high = in general assumed not to be sensitive but may be highly vu nerable in extreme environments of near-shore aguatic systems!
Low = due 1o the lack of adequate information, generally assumed not to be sensitive,

[nterfaces: 1 = atmosphere/biotic; 2 = biotic/biotic; 3 = biotic/soil; 4 = biotic/hydrologic; 5 = soil/hydrologic.
3. Biomes: AA = Arctic and Alpine; >%m « Agroesosystems; AsL = Arid Lands; BoF = Bareal Forests; CoR = Coral Reefs; CoS = Coastal systems; L&R = Lakes and Rivers;
= Open Oceans; TeF = Temperate Forests; TeG = Temperate Grasstands; TrE = Tropical Estuasies; T+F = Tropical Forests; TrS = Tropical Savannahs

Med » Mediterranean-type;

\
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ecosystem-levol prucesses, and how this may be theeatencd
by human impacts, by using the criteria of specificity of
inleractions, sensitivity 1o disturhance, and diversity within
functionz! groups. Some or all of the assumptions
underlying these criteria may need funther testing,

For carbon and nutrien transformations, the importance
of microbial functionul diversity is well known, However,
these processes do not seem 1o be immediately threatened
unless anthropogenic chinges cross process-level
thresholds by pushing the range of environmentul
conditions beyond éither the ability of particulurly sensitive
and specific micro-organisms to Operate (e.g. pH with
nitrificrs; Meyer 1993) or the abilities of the microbial
assemblages in that group 1o respond. This assumes that the
species diversity within most functional groups related w
curbon and nutrient cycling substantially buffers processes
in chunging conditions (Hobbie und Ford 1993). For this
reason, we conjecture thut microbial communities in

extreme environments, in which & restricted number of

Species carry out each process Step, are particularly
susceptible 10 these changes. The role of diversily within
functional groups, however, has burely been explored, not
only for microbes but for most organisms and processes.

Biotic interactions, both Mutualistic and pathogenic,
belong 1o another category of microbiul diversity that may
substantially affect ecosystem-level processes and which is
probably the one currently most threatened by
anthropogenic activities, The sensitivity of mutualisms to
disruption may be a function of both their specificity and
the number of differcnt species involved (ugain, within-
functional group diversity), though ecosystem level
impacts would be expected only where the inteructions are
widespreuad or in some sense “keystone' in nature,
Pathogenic interactions have the most dramatic effects on
hatural systems when cither the host or the pathogen (or
both} are intreduced (Dobson und Crawley 1994),

For diverse functional Broups, we need to look more
closely ut how changes in diversity affect the boundaries of
processes (ie, determine thresholds of functional change)
as well as how such clanges modulate the rates of those
processes. For very specific biotic IIeractions or important
clement transfers carried out by few species, we need more
information on their susceptibility to both physical or
chemical disturbance. As McNaughton (1988) has
previously observed, microcosm experiments which
manipulate both species composition and diversity (e.g.
Hairsion o1 af, 1968) could provide useful insights both for
microbiul communities and for general principles on how
diversity uffects CCOSYSICm properties.
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6.2.8 Agroecosystems
6.2.8.1 Introduction

Agroccosystems are ecosystems in which people have
deliberately selected crop plants and livestock animals to
replace the natural flora and fauna, These artificial systems
vary enormously in the intensity of human intervention
(Harwood 1979), from those with only low-intensity
management (c.g. shifting cultivation, home gardens,
nomadic pastoralism, traditional compound farms,
rotational fallows and savannah mixed farming) to those of
middle-intensity manngement ( including multiple cropping,
horticulture, improved pasture mixed farming and alley
farming), and high-intensity management (intensive cereal
cropping and crop rotations, orchards and plantations, and
imensive livestock maising). Intensive CrOppINg systems are
often monospecific and usually composed of genctically
uniform plant stands, Functioning in agroecosystems is
determined by the production goals of the farmer which
include economic, cultural and often acsthetic values as
well as those of biological production. Dependent on the
circumstances of the farmer, preference may be given to
short-term maximization of specialized productivity or 1o
the diversity, persistence and stability of production. These
[x1ors influence the way in which biodiversity is managed,
6.2.82 Impact of agricultural intensification on relevant
biodiversity components

There is no simple quantitative index of agricultural
iensification bt increasing human intervention results in
a deliberate reduction of the diversity of plant and
vertebrate animal specics, Continuing harvesting and the
practices of plant, soil and pest management lower the
diversity of associated plants, invericbraies and microbes
(Swift et al. 1995), Many of the changes in ccosystem
diversity and complexity associated with intensification
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affect a variety of ecosystem functions. Modem intensive
agriculture utilizes a narrow range of crop species and
genetic varieties which have been bred for high yicld,
including response to inorganic fertilizers and resistance to
selected pests and discases (Vanderplank 1984; Fageria
1992). Less intensive systems commonly incorporate a
wider range of species and genotypes which serve a variety
of production goals and/or are used for differential
exploitation of microhabitats, and for their resistance to
discases and pests (Ramakrishnan 1992). Decreased plamt
diversity often reduces the overall biomass and almost
invariably the structural complexity of the ecosystem.
Multi-strata high-biomass vegetation is replaced by single-
canopy monocrops often incorporating varieties with a
reduced proportion of non-grain biomass. Complex
horizontal patterns of intercropping are succeeded by
monocultural row cropping (Wolman and Fournier 1987).
Decreases in the diversity of plant species lead to increased
pest and discase problems. This is accompanied by a drop
in the diversity of invertebrate consumers, predators and
parasites (Altieri and Liecbmann 1986) a feature further
exacerbated by the use of pesticides. Substitution of annual
for perennial vegetation reduces the extent of soil cover and
produces periods when the soil is left bare. These selective
influences produce decreases in the quantity and diversity
of organic matter inputs and residues, the mineral nutrient
content of which may be substituted by inorganic fertilizers.
Decreases in organic inputs and removal or burning of
residues also reduce soil cover, Above-ground changes are
reflected below ground by decreased biomass, diversity and
complexity of rooting systems, and particularly the absence
of deep rooting which comes from exclusion of trees from
the systems (Persson and McMichael 1991),

At the landscape scale, intensification of agriculture
commanly includes an increase in the size of fields and
progressive specialization in production goals leading to
homogenization of the landscape both within furms and
across substantial areas or even regions (Wolman and
Foumnier 1987). This entails a move away from farming
systems with a diversity of different production systems,
c.g. home gardens (gardens for fruit, vegetables, spices and
medicines), a varicty of specialized or species-diverse crop
fields, including systems related to specific micro-
environments (e.g. wetlands used for rice cultivation) and
associated livestock production areas (including
aquaculture in wetlands) (Okigbo and Greenland 1976).
This homogenization reduces the complexity of the
interface between units on the landscape and leads to
reduced biological migration, habitat diversity (particularty
of ecotones) and disruption of nutrient flows,

6.2.8.3 Ecosystem consequences of impacts
6.23.3,) Productivity capacity, hiomass and
decomposition. The utilization of high-yiclding varieties
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hus enablod farmers 1o exploit the full range of yield
potential for many crops in many environments (Fageria
1992). Monocultures also cun increase the efficiency of
management by facilitating harvesting and simplifying
marketing of the product. The narrowing ol the genetic
base for host resistance {particularly by dependence on &
few “major genes') produces an increased risk of yicld foss
through epidemic outbreaks in contrust to the ‘chronic*
status of disease in sysiems with a runge of genotypes
including those incorposuting ‘wolerance’ characteristics
and multiple-gene resistance (Vanderplunk 1984). In some
environments infercrops, tree-crop combinations und
rotations show significant yield advantages over
monocrops (Francis 1989; Vandermeer 1989), A
component of this yield advamage is attributed to reduced
pest and weed infestation due 10 enhunced natural
biological control by natural predutors (Aluen 1987),
Reduced amounts and diversity of oeganic residues result in
a reduced range of decomposition rites in intensive
systems (T er al. 1992).

6.2.8.3.2 Soil structure and nutrients. The practices
employed in ¢learing land for cultivation, subsequent
tilluge, the lowered diversity und complexity of rooting
systems, and the decreased biomass und diversity of organic
inputs to the soil, all act 10 reduce the diversity of soil
organisms (Hendrix er of. 1990; Swift and Anderson 1992),
These changes in below-ground diversity mity extend 10 the
climination of keystone species or even entire functional
groups. Some of the groups ure general in distribution e.g.

nitrogen-fixing bucteria, mycorrhizul fungi wwd preditors of

soil-borne pests, whilst others such s curthworms and
lermites ure more environmentally restricted in their
distribution. Clearing of vegetution and subsequent tillsge
leads 1o u decline in soil orgamc matier and the consequent
loss of associuted propertics of nutrient storage, cution
exchange und moisture-holding cupacities (Greenland
1981). Decline in SOM is most rapid in tropical
environments and also his more serious ellects in the highly
weathered soils of these arcus which have low activity clays
and thus litle capacity 1o compensate for loss of the
functions associated with SOM. Increased use of inorganic
N, together with enhunced decomposition und nitritication
razes, resulis in increased loss of N as NO; leachate or by
volutilization or denitrification and soil acidificauon
(Lowrance et af, 1983), The avinlability of high levels of
inorganic N may also increase the nitrage 10 protein ratio in
above-ground vegetation ledding o enhunced susceptibility
10 pests and puhogens (Altieri 1987). Reduced vegetation
und litter cover increases the risk of erosion (Boarden er al,
1990) and recorded nues of erosion in nuny enveonments
now indicate losses of topsoil much in excess of the rafes of
renewal (Pimentel 1993), Increased biomuss of livestock
can result in soil compaction und changes in s0il water
regimes {Bochet 1983),
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0.2.8.3.3 Water distribution, balunce and quality .
Decreased soil cover from canopy and litter together with s
lack of contour barriers and deep-rooting plants results in
decreased infiltrution and increased water runoff (Hamiltoa
and King 1983), Increused use of inorganic fertilizers
across the landscape, associated with decreased capacity of
the soil community to immobilize nutrients, and the
absence of deep-rooting systems, leads 1o cutrophication of
ground water (Lowrunce o7 al, 1983). The same effects may
be felt from disposal of high-N manurey from inensive
livestock production.

6.2.8.34 Atmospheric properuies. Enlargement of the
net area of agricultural land gives rise to increased Co,,
CH, and NO, when the primary productivity of the
subsequent cropping system is lower than that of the
vegetation it replaces. This difference is most marked in
agriculture based on annuul cropping, but it may be
significant even in fullow rotation systems where the
biomass and persistence of vegetation is low due to
shortening of the fallow period. Similarly continued
burning of residues may or may not lead to net emission
bulances dependent on whether or not this is balanced by
subsequent fixation of C und N, Additional changes in
carbon equilibrium come from oxidution of soil organic
matter in the absence of a sufficient input of organic
matter to balance this loss (Bouwman and Sombroek
1990). Agroccosystems with higher plant biomass (e.g.
those incorporating trees or with fallow biomass periods
in the cropping cycle) can help 10 compensate for these
imbalances. Clearing of natural vegetution, and drainage
of wetlands for cultivation, miy be a major source of
CO, emission from oxidution of the lurge stocks of
organic matter, Methane is gencrated from anaerobic
decomposition in wetlunds, and increases in the area of
permanently or near-permanently flooded rice
cultivation are thought 10 nccount for 4 significant
proportion of the increuse in net CH, emission (Schutz
et al. 1990), Intermitiently wet und dry systems produce
less CH, but more CO,. Methane is ulso produced by
unacrobic digestion in animal Buts and increascd
specialization of ruminani production has contributed
significantly to global CH, emission (Schutz er af,
1990). Increases in N,O emissions have been linked to
the stimulation of denitrification following intensificd
use of inorganic-N fenilizers (Bouwman and Sombroek

1990) and from expansion of the area of flooded
cultivation,

6.2.83.5 Landscape and waterscape structure.

Complex agroecosystems have substantial linkages
between production units in the form of nutural
migrations of biotu (e.z. of pest predators from fallow
vegetation refuges to crop areas; livestock feeding in crop
fields in the dry season) or of materiuls (e.g. transfer of
nutrients and organic matter from livestock pens us
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6.3 Conclusions

6.3.] Background

Understanding the role of biodiversity's elements in the
functioning ol ccosystems is u relatively new field of
research endeavour. This science is crucial by irs own right
for leaming about the evolution of biotic ntersctions, the
structural and functionyl properties of ecosystems, und the
degree of sensitivity of these propertics o changes in
underlying diversity. Understunding the functional role of
biodiversity is also important in managenwnt applications,
Valuable scientific principles and guidelines for making
ccosystem management decisions ane beginning to emerge
in spite of the field's youth and the relatively small number
of experimentul studies from which we can draw. We cun
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expect much more to (ollow in the near future as these
resedrch areas gather momentum,

6.3.2 The importance of ecosystem approach

The ecosystem integrates both the physical und the
biological environment, and thus changes in uny of the
clements of the ccosystem affect the quantity wnd quality of
its lunctioning, These changes in functioning may
themselves then affect the biological composition of the
ecosystem, its physical characteristics, and its dynamics.
From o very peactical sundpoint, it is the eeosystem, and
the array of ecosystems over entire landscipes and regions,
that provides a broud diversity of goods and services to
human society. The ccosystem is the level of ecological
organization that most closely corresponds 10 the primiry
targets of most munsgement decisions, Therefore,
understanding the functional consequences of changes in
the underlying bivdiversity  assumes tremendous
impostance for mumagers and seientists alike,

6.3.3 Ecological goods and services

OF particular importance in understunding the role of
¢hanges in biodiversity in ecosystem functioning is the
voncept of ecological goods and services. Ecosystems
ubviously provide marketable commodities, c.g. food from
fisheries and agroecosystens and timber from Torests {Box
6.3-1). Ecosystems also provide u wealth of products from
which marketuble goods are made, c.g. taxol from the
North American yew (Taruy hrevifolia), or from which
they can ultimately be synthesized, such as the Precursor 1o
tasol found in the commonly occurring Eurupesn Yew
(laxies buceata) or the original sources of aspirim und

Box 6.3-1: Biodiversity’s influence on yield,

Yield is one of the most important paramelers to
understand and manage sustainably in managed
ecological systems. In agricaliyral systems, genetic
diversity is very important for determining yleld
(Section 5.2.1). Although the highest known yields
in terrestrial systems occur in species monocultures
(6.2,1), substantial umounts of energy, fertilizer and
pesticide are required to maintain these levels, and
their long-termn sustuinability is difficult o ascenain,
Moderate yiclds can be achieved without energy
subsidies in managed mixed crops (6.2.8), suggesting
that increused diversity at the species level can
reduce the overall subsidies needed 1o muintain
adequate, although not maximum, yields.
Management that decreases animal diversity in
pastuees 5 comrelated with increased yield of animal
peoducts (6.1,7). Loss of couszal habitat diversity can
leud 1o lessening of production in unmanaged
fisheries (6.1.9),
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digitalis, Ecosystems further provide services for which
there are obvious economic returns: ecotourism, whose
popularity is growing world-wide, is one example, but the
same principles hold for sport fishing and hunting, where
the economic activities range from the purchase of licences
to expenditures for travel and lodging.

Ecosystems also provide services that are more difficult 1o
measure in cconomic terms, but which are nevertheless
fundamentally important to our quality of life. For example,
wetlands provide substantial copabilities to assimilate wastes
and to purify the water that flows through them: microbial
diversity can be important for the degradation of hazardous
wastes; adequate functioning of the s0il microbiota is
partially responsible for the maintenance of soil fertility.
while the contribution of intact forests in controlling soil
crasion, particularly in mountainous regions, is well known,
Although diminutions in these services can be shown to have
social and economic costs, markets do not capture their full
worth. They have thus been labelled “free’ services (Box
6.3-2). Our understanding of consystem functioning must be
improved 5o as 1o enable socicly to maintain these *frec’
services, as well as providing marketable goods and services,
Building this understanding is an increasing challenge for
managers and scientists,

6.3.4 Drivers of change

Human activitics are now the dominant force in causing
the alteration, redistribution and loss of biodiversity. The
rate at which humans are allering the environment, the
extent of that alteration, and the consequences of these
changes for biological diversity arc unprecedented in
human history, and are now beginning to pose substantial
threats to economic and cultural aspects of many socictics.
Depending on the circumstances, human activities may
increase, maintain or diminish the diversity of species.
enes or ecological communitics in a given region and at a
piven time, but the general trend is an increasing loss of
biodiversity at the global scale. Some of these changes,
such as the erosion of genetic variability and the extinclion
of species, are truly irreversible; others are not, but the
challenge of managing natural resources while maintaining
adequate levels of biodiversity has increased markedly.
Moreover, pressures on biological diversity are likely to
increase still further as a consequence of human-induced
climate change.

6.3.5 Factors affecting the functional sensitivities of
ecosystems
Reductions in specics diversity can reduce the ability of
ccosystems either to resist stress from environmental
factors or to recover from disturbance, For example, coral
reefs, mangroves and kelp forests can buffer adjacent
terrestrial systems from ocean waves, and thus the presence
of constal landscape diversity can mitigate the effects of
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Box 6.3-2: Water quality and flood control:
provision of ‘free’ services by ecosystems.

Biodiversity at both landscape level and species level
influences water quality and quantity, For example,
conversion of vegetation within o watershed from
forest or shrubland to grassiand increases stream-
flow out of the watershed, Loss of the woody
overstorey in riparian systems greatly increases water
temperature. and reductions in the diversity and
productivity of the herbaceous layer increase the
velocity and crosive capacity of the strcam-flow
{6.1.7). Thus, landscape-level conversions, particularly
those involving hydrological changes associated with
clearing forested watersheds, can increase flows and
the variance of flows, making flood control more
difficult and expensive.

In aquatic ecosystems, even the addition of a
saple species can greatly affect water quality. For
example, the accidental introduction of the zchra
mussel into the Great Lakes greatly increased water
clarity due 10 its tremendous filtering capacity and
rapid population growth (Ludyanski ef af. 1993),
This increase in clarity. unfortunately, comes at the
expense of many natural plankton commumities. and
thus affects fish populations.

storms that would otherwise produce substantial erosion
(6.1.9: 6.1.10; 6.1.11). Experimental studies have shown
that species-rich temperate grasslands exhibit smaller
changes in plant biomass after deought than less rich arcas
(6.1.7). The existence of relatively undisturbed
communities within a mesaic of different lund uses can
serve as sources of propagules, sceds and dispersing
animals o recolonize areas that have been adversely
affected by other stresses (6.1.1),

The sensitivity of ecosystem functioning 1o changes in
biediversity appears to be influenced in part by the number
of species that contribute to processes in similar ways
(6.2.2), For example, the functional consequences of
species losses should be greatest for those systemns that
have few species - such as boreal forests, deserts and
islands, because there are few species that can substitute for
the deleted taxa, and thus the chance of adversely affecting
an ecosystem process from e¢ven a single deletion is high
(6.1.4; 6.1.6: 6.2.6. 6,2.7). For example, emissions of
methanc, nitrous oxide, dimethyl sulphide and volatile
organic chemicals, each scem to depend on a limited
number of taxonomic groups with functionally similar
propertics, 1t is not understodd why this is the case, but it
seems reasonable to presume that the marginal effect of
losing any one of them would be high.
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Conversely, ecosysiems or processes with many
f\muinnnnysimﬂarspccicsshmddhebeuﬂmud(mn
such disruptions in the long term, because there are more
species that respond differently to environmental stress. For
example, a wide variety of organisms comprise the functional
group of primary producers, and there is no good evidence
lhuprimuypmducﬁvityineoosyammkpmdsmuglym
the number of species, within reasonable limits (Box 6.3.3),

On short time scales, some degree of substitutability cun
be docemented in particulur cases (6.1.1), In a lemperite
prassland sysiem, dominant species fully compensated for
the removal of subordinate species, while the subordinate
species only partially compensated for the removal of
dominant species (6.1.7). Substitutability has some
limitations, however, Al the genetic level, populations may
not be completely substitutable because of local
adaptations, Thus, even for small areas, when a longer
timescale is considered, our best understanding is that
functional substitutability among species is limited, and it
is unwise o assume that species are functionally redundant.

Ecosystems can vary tremendously in the number of
functionally similar species they contain, and there is no
consensus on what determines the number of functionally
similar species in particular biomes. For example, marine
ccosystems (open ocean, near coastal, estuarine) tend 1o
hive greater phyletic diversity among functionally similar
species than do terrestrial ecosystems, due at least in pun 1w
their greater overall phyletic richness. Muny tropical
terrestrial ecosystems have large numbers of apparently

Box 6.3-3: How does biodiversity influence
productivity?

The relationship between biodiversity and primary
productivity needs 1o be considered over both short
and long time scales. On relatively short time scales
and small spatial scales, the most important issue is
whether reductions in species diversity will adversely
impact productivity. Over longer time scales, the role
of diversity in the maintenance of productivity in
systems undergoing a variety of stresses becomes
paramount,

In most biomes, primary productivity appears 10 be
only weakly related to the number of plant species, as
it usually peaks at relatively low species-richness
levels (6.2.1; 6.1.2; 6.1.7). Diversity may play a role
in the maintenance of productivity in the fuce of
notural and buman-induced change (e.g, disturbance,
drought, climate change, toxlns) (see 6.2.1; 6.1.2),
and changes in landscape configuration can have
lurge and long-lasting effects on regional productivity
(¢.g. bunded vegetation systems, 6.2.5),
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functionally similar species, especially when compured 10
their temperate anulogues. Even within a climatic zone,
historical factors can result in substantial variation in the
number of functionully similur specics, as IS seen in the
wide variation in numbers of flowering plant species in
different zones of temperate deciduous forest and different
Mediterranean ccosystems.

Each individua! species may play many different
functional roles, which are rurely fully understood. It is
possible for an orginism 1o have a suite of biological traits
that confer on it a dynamic importance out of proportion 10
its abundance, i.e. it plays a keystone role in orgunizing
structure and processes throughout an ecosystem. The
effects of moose and reindeer on boreal and Arctic
ecosysiems; sea olters in northemn Culifornia kelp forests;
many purasitoids and parasites in biological contral
programmes; and the mujor grazers on grassland
ccosystems, all provide well-documented examples, The
full influence of such species is generally only seen and
understood when it has been lost from the system. Our
ability 10 predict a priori which species will have such
effects is very poor, und they may occur in cither specics-
poor or species-rich systems.

When changes in ecosystem composition and
functioning do occur, they are often gradual. However,
some  systems, especially islunds, lakes and
agroecosystems, exhibit dynamic thresholds in their
response 10 a major stress or disturbance that affects
diversity. Others seem 10 be susceptible to chronic stress,
and these tend 10 have very few species with functional
similarities: ¢.g. boreal, Arctic and alpine systems,

6.3.6 Invasions, introductions and species losses

International travel and trade, in addition to climatic
variation, provide opportunities for the deliberate
introduction or accidental invasion of species inlo new
ecosystems. When a species enlers an ecosystem in which
it previously did not occur, it can either wdversely disrupt
ccosystem processes or have positive effects — such as
providing biocontrol of pests or pathogens in
agroecosystems. Microbial species introductions,
particularly of plant pathogens, have had lurge effect on
ecosystem composition in both natural and managed
systems, but these effects do not always have large
Observable effects on ecosystem processes (6.2.7). For
example, the loss of chestnut from eastern deciduous
forests in North America, due 10 the introduction of
chestnut blight from Europe, was both rapid and dramatic,
but there have boon no discornible consequences for
ecosystem functioning as other tree species seem 1o have
fulfilled its original functional roles. On the other hand,
introductions of new capabilities such as nitrogen fixation
into ecosystems whose component species previously did
nut have this ability, typically huve dramatic chunges in
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both composition and ecosystem functioning. The
introduction of nitrogen-fixing trees into sites in Hawaii
has led to a compicte restructuring of the plant
communities, with consequent changes in nutrient supply,
fire frequency and water availability. Biotically
impoverished systems whose major specics have only
limited genetic diversity, such as many production
agroccosystems, are often very susceptible to the effects of
introductions and invasions (5.2.1: 6.2.1; 6.2.6), with the
introduction of pathogens being of primary concer.

Islands and ecosystems with relatively few component
species, such as boreal forests, seem to be more susceptible
to specics invasions than species-rich biomes such as
tropical forests, so it would be expected that invasion of
species leading to disruption of ecosystem processes is
mare likely to occur in the former than in the latter (6.2.6).
Freshwater ecosystems in all climatic zones also seem to be
especially sensitive to invasions and introductions (6,1.13),
In general, arcas of ccosystems that have been subjected to
disturbance or stress from other environmental factors,
such as fire, drought. overgrazing or extensive clearing. can
provide open habitat and resources that allow invaders to
become established. Whether or not introduced species will
spread from their original entrance depends on the
particulars of their biology, and the biology of the native
species they encounter. Apart from these generalizations,
there is very little ability to predict a priori the effects of
accidental or deliberate introductions, suggesting that
considerable prudence be exercised,

6.3.7 Transformation and fragmentation of populations
and ecosystems

The net effect of human activitics may possibly be an
increase in the overall diversity of ecosystem types around
the world, some of which are extremely important to
sacietal well-being. Human activities are, for example,
dircctly responsible for creating agroccosystems, However,
these increases in the diversity of ecosystem types have
come at the expense of impoverishment of a great number
of natural communitics. and the reduction of at lcast some
ecosystem services,

Some fragmentation of existing ecological communities
is inevitable, except in arcas that have been specifically
protected, In nearly all cases, the fragmentation of existing
communities reduces the diversity of native species in their
natural habitats. Human impacts, in particular habitat loss,
fragmentation and over-cxploitation, tend to reduce
severely the size of many biological populations, and this
increases the risk that a population will be lost, ultimately
leading to species” extinction. Even when the species does
not become extinet, its loss from a local region or a major
reduction in its population can have significant
consequences for human livelihoods and ccological
services. The species most likely to be lost are large
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predators and other species with large body sizes and area
requirements. Also likely to be lost are species with less
ability to disperse among and colonize habitat patches.
Species likely to survive fragmentation will be those best
adapted to patchy and frequently disturbed environments.
especially early successional and casily dispersed species.
Fragmentation is thus expected fo result in ccosystems
dominated by such ‘weedy' species. Such systems have
characteristically higher losses of nutrients, nitrogen and
carbon; higher litter quality and therefore faster
decomposition rates; simpler spatial structure; and less
overall protection from herbivoary than the original
communities that preceded them,

No biome is functionally resistant to landscape-scale
changes in diversity, particularly those changes due to
anthropogenic alterations. The large-scale conversion of
ccosystems in fandscapes tends to have long-lasting effects
on system processes independently of whether the
particular ecosystems were originally of high or low
diversity. For example. the large-scale transformation of
forested ecosystems to pastureland, grasslands and
agriculture has been an important contributor to the
increase in atmospheric carbon dioxide over the last several
hundred years. The first phase of this transformation
occurred in the developed countries of the Northern
Hemisphere, but in recent decades tropical conversion of
forested ecosystems to grassland has become the main
contributor. During the 1980s, conversion of tropical forest
to grassland contributed approximately 1.6 gigatons of
carbon per year to the atmosphere, in addition to the 5.5
gigatons of carbon per year released by fossil fuel
combustion. This was slightly offset by regrowth of
temperate and boreal forests. which sequestered about 0.5
gigatons per year during the same time period. Improved
management of forested ecosystems and reforestation in
both the temperate and tropical regions can continue to
sequester carbon rom the atmosphere and move it to
longer-lived soil pools, thus reducing the rate at which
greenhouse pases are added to the pmosphere,

The interactions among different ecosystems determine a
landscape’s functional seasitivity to changes in diversity.
Landscape-scale functions are affected by changes in
diversity at lower hierarchical levels cither when the
changes in diversity affect the strength of the spatial
interaction, or when the changes in diversity affect the
strength of sources or sinks of the materials being
transferred. There are characteristic differences in these
aspects of ccosystem ‘connectedness™ ¢.g. ocean systems
have high connectedness compared to terrestrial systems,
therefore changes in one place may ultimately have effects
far away. Tn many terrestrial systems, the connectedness of
landscape components s determined by water flow, and
thus both topography and vegetation play major roles in
determining fandscape-level functional respenses, However,
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even in terrestrial systems, stmospheric or climatic stress or
disturbance, Qr processes that produce feedbacks 1o the
atmosphere, operate through u medium that provides high
connecledness. The acidification of soil and surfuce water
in forested landscapes; changes in soil microflors; and loss
of nitrogen from previously nitrogen-limited forests as a
consequence of acid precipitation in North America and
Europe, demonstrate that landscape-level functional changes
can occur in lerrestrial systems because of atmosphenc stress.

Within reasonable bounds, we cannot consider
trunsformations of ecological communities to have only
local effects. In manine systems, changes in geographically
distant ecosystems may greatly affect one another through,
for example, lurval ransport or the transport of pollutants
by currents (6.1.12), Even in terrestrial ecosystems,
migratory animals and the atmosphere provide similur
linkages between distant ecosystems. Fragmentation of
temperate forests in Nornth America can, for example, affect
the survivorship of tropical-temperate migratory birds,
which are important seed dispersul and biological control
agents in nectropical areas, Changes in forested watersheds
can have obvious cffects on water flow and quality far
downstream. Current rates of forest conversion will also
reduce potential or actual sustainable economic benefits
due 1o soil and water conservation services, recreation and
tourism, and non-timber products.

6.3.8 Goods and services at risk
The trunsformation, fragmentation and loss of habitats has
had many different effects on the provision of ecological
goods and services. The massive creation of new
agroecosystems has obviously resulted in the ability to
increase food production dramatically. At the same time, it
has led to the impoverishment of natural communities and
cun reduce the ability of ecosystems to maintain
productivity in the face of envisonmental fluctuation,
" Substantial alteration in soil fertility can be driven by
changes in plant species composition and microbial
functional groups which are required for the cycling of
important plant nutrients. The loss of particulur plant
species and loss of critical communities, such as forested
witersheds, can reduce the ability of ecosystems 1o control
50il erosion and retain water. Conversion from forest or
shrubland to grassland dramatically increases stream-flow,
und if this occurs in the upper reaches of watersheds, can
increase the need for additional water control measures
through dams. Thus, degradation and conversion of
forested watersheds can result in significant economic costs
due 10 increased Nooding and sedimentation,

The rapid transformation of forested ecosystems without
regard for appropriate management of water resources, has
had serious consequences for human health (Box 6.3-4),
Deforesiation led to major malaria outbreaks in the western
Amazon, due to the creation of new habitats for mosquito
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Box 6,3-4: How do disruptions in blodiversity
InfMuence human health?

Disruptions in biodiversity can affect disease
transmission either through their influence on vectors
of disease, or more directly on their influence on the
disease-causing organisms themselves. Changes in
landscape diversity, due to agriculture, have resulied
in the the spread of human diseases, For example, the
introduction of stash-and-burn agriculture into wet
tropical Africa resulted in an increase in malana
which in tum increased the occurrence of sickle-cell
unaemin (5.2.1). Physically damaged reefs are often
invaded by the dinoflagellate Gambierdiscus roxicus,
which is responsible tor cigustern in humuns (6.1,10).
Unidentified precursors in the dinoflagellate are
wransformed into 1oxins which accumulate in food
chains leading 1o table fish,

Other direct or indirect effects on health can come
from biodiversity's influence on panticular ccosystem
processes, Changes in plant species composition can
result in changes in the emissions of volatile organic
compounds by plants which can lead, along with
industrial pollutunts, to increases in tropospheric
ozone that can indirectly affect human healih (6.2.4).
Rooting depth changes as a result of replacing
species when forests are converted to agricultural
systems. These changes in rooting depth affect the
amount of water percoluting through the soil and may

increase the levels of nitrate in ground water (6.1.4;
6.1.7),

vectors, and also 10 the increased colonization of the region
by susceptible human populstions. However, minagement
of vector habitats, when coupled with other public health
measures, dramatically reduced the incidence of the same
disease in the southern United States.

Increuses in the extent und yield of nice agroccosystems
have provided food for vast numbers of people. At the
same time, the increases in rice cultivation and livestock
husbandry have been major contributors to the increased
methane concentrations in the atmosphere, and thus to
concerns over greenhouse warming. It is likely, although
less certuin, that increases in the usce of nitrogenous
fertilizer in the tropics in order to enhance agricultural
productivity are also contribuling 1o nising atmospheric
concentrations of nitrous oxide, 4 very powerlul
greenhouse gis, in the atmosphere (Box 6.3-5).

Transformation of pans of ecosystems that then acquire
substantial economic value often requires intensive
management in other parts of the ecosystem. Fire control in
I rest ecosystems provides one example, Fire control in
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many forests provides substantial benefits for adjacent
property owners, and for hunting and recreation. However,
because fire control campletely alters the frequency of
maturally occurring fires, it also can have the unintended
side-effect of contributing to the buildup of fuel, possibly
leading to more intense fires which have adverse effects on
plant regeneration and wildlife habitat, and threaten human
habitation. Prescribed buming can partially mitigate these
potential adverse consequences, but can itscif be expensive,
Fire control thus illustrates the need to balance carcfully the
costs and benefits of maintaining diversity in ecological
communitics,

Over-cxploitation in extracting matenals and goods from
converted or degraded ecosystems, such as poorly managed
cropping and timber harvesting, while providing food and
wood, also tends to disrupt some ecosystem services by
decreasing the ability of the ccosystems to retain nutrients,
water and topsoil. These effects are due directly to the
mechanical effects of extracting the desired materials,
along with the longer-term biogeochemical effects of
removing carbon, nitrogen and nutrients from the systems,
Over the long term, reductions in soil carbon and soil fertility,
and increnses in overland flow and sedimentation mtes, are
ofien the result (Box 6.3-6). Increased fertilizer and pesticide
subsidies are then often required to maintain adequate
agricultural yields, resuiting in increased direct costs.

The introduction of non-native species, and over-
exploitation of resources, has been especially problematic
in grassland ecosystems, Tn arid and semi-arid regions, the
inraduction of cattle, sheep and other non-native grazers,
subsequent overgrazing, over-use of fire, and the
introduction and spread of alien plant species, can result in
desertification because the new species lack the adaptations
of the natural communitics for using water cfficiently in the
face of the original herbivores,

63.9 Implications

Understanding the functional role of biological diversity is
imponant scientifically, but as our analysis makes clear, it
also is important from a managerial and policy perspective.
Changes in biodiversity will, to the best of our current
knowledge, have important implications for sustainable
resource management, and for the continued provision of
ecological goods and services, Our analyses suggest that
these implications may be particularly important for longer
time scales, especially for those ccosystem processes and
poods such as primary productivity and crop yields that do
not depend strongly on diversity over short time scales. As
the need for sustainable management of ecological goods
and services increases, the maintenance of these processes
hecomes more important over long time scales, and the
importance of considering biodiversity as a compaonent to be
managed also increases, Ecosystems can be managed 50 as
w0 maintiin ponds and services that might otherwise be fost, if
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Box 6.3-5: How does biodiversity influence
atmospheric composition and climate?

The influcnce of biodiversity on air quality is not
generally thought to be strong in comparison with
direct anthropogenic effects, However, there is some
relationship between the actual composition of
ecosystems and landscapes and air quality, Because
different plant species emit different volatile organic
compounds, species composition can affect the
concentration of troposphenic ozone, in conjunction
with industrial pollutants (6.2.4). Certain ecosystems
within a landscape serve as particularly efficient
sinks for pollutants (6.1.3).

Biodiversity at a species or ecosystem level plays
a stronger role in the relative strength of sources and
sinks of trace gases. Some species and systems are
particularly high sources of trace-pas emissions, such
as DMS. CH4, N,O, and NO; (6.1.2; 6.1.6; 6.2.4:
6.2.8). Methane (CH,) is one of the most important
greenhouse gases and its production is restricted to a
single group of bacteria species that require
anacrobic conditions, they are found especially in
wellands and in the digestive tracts of ruminants and
termites (6,1.2: 6.1.7: 6.2.4). For DMS. microbial
species interactions such as grazing can have a
strong influence on emission rates (6.2.4; 6.2.7), but
the sensitivity to anthropogenic disturbance is not
known, Other microbial species provide important
sinks for CH, and NO,

The changes in atmosphenc concentrations of some
trace gases can be related in part to alterations in
landscape-level diversity and human activities, One
of the sources of the net addition of CO, to the
atmosphere is land-cover conversion (i.c. change in
landscape diversity) notably in the dircction of
tropical evergreen > tropical deciduous > temperate
forests (6.1.2). Net additions of CH, can largely be
attributed to human activities enhancing the extent of
rice paddy soils, livestock, and other sources rather
than one particular change i landscape diversity.

In temperate forests, changes in species
composition can affect atmospheric interactions and
Jocal weather through changes in evapotranspiration
and albedo (6.1.3), In desert and grassland systems, the
amount of water transpired — and hence the local climate
— depends very strongly on the particular complement
of species present and the way in which they
partition water (6.2.3). In marine systems, planktonic
alpae emit considerable amounts of dimethylsulphide
(DMS). which subscquently have a strong influence
on cloud formation (6.1.9: 6.1.12: 6.2.4),
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Box 6.3-6: How is biodiversity related to soil

fertility, soil erosion and the control of hazardous
waste?

Soil fertility is related to soil parent material, litter
type and the presence of basic microbial species
richness, Therefore, within an ecosystem, specics
composition certainly matters, and changes in
species diversity can therefore lead to changes in soil
fertility, Substantial alicrations in soil fertility can be
driven by changes in plant species composition
(6.1.6), both within and among ccosystems.
Unfortunately, few data are available on microbial
richness in soils, or the interactions among plant
species richness per se, litter quality, soil biots and
soil fertility., We know that different microbial
functional groups are required for the cycling of
important plant nutrients, However, at present we
have lintle knowledge of the comparative roles of
microbes within functionul groups (6.2.7).

Biodiversity can affect rutes of soil erosion in &
variety of ways, At the species level, individual plunt
species, due to their growth form and canopy
architecture, can play a crucial role in controlling
soil erosion (6.2.5). Particularly in arid and semi-arid
regions, then, reducing the diversity of plant species
can accentuate soil losses through erosion.
Landscape diversity resulting mainly from lund-use
patterns can also affect erosion rate directly (6.1.2;
6.1.4; 6.1.7). These changes largely come about
through land-cover conversion, especially the
transformation of forested systems to agricultural
uses or pastures, but they can also come about
through the intensification of agricultural
management. Both changes generally have the effect
of lowering the water and soil retention capabilitics
of the landscape, leading to increased soil erosion,
Coastal forested wetlands play an imponant role in
controlling shoreline erosion (6.1.11).

Microbial diversity can be very important for the
degradation of xenobiotic compounds (L.e. hazurdous
wastes). It is important both for dealing with the
myriad toxic compounds entering the environment in
all biomes and also in cases in which microbial
community inieractions, such as co-metabolism, are
necessary (o break down a single compound (6.2.7).
These phenomeni can be exploited 10 identify
specific organisms, or groups of organisms, that
possess traits that could be harnessed on larger
scales either to mitigate the effects of accidental
contamination, or to reduce hazardous waste
production in industrial processes

Biodiversiry and Ecosystem Functioning: Ecosysiem Awalyses

the appropriate composwnts of biodiversity are maimituned
(Box 6.3-7). Changes in biodiversity can have direct wul
indirect effects on wimospheric composition, management
of water, und human health. Thus, management caution in
reducing diversity is indicated for both species-rich and
species-poor systems, when it is important (0 sustain the
provision of goods and services over long time scales.

Box 6.3-7: Appropriate management can enhunce
ecosystem services

Carbon sequestration can be enhanced by managing
landscape diversity. Conversion to grassland, the most
common type of forest conversion in the tropics,
contributes the lurgest amounts of curbon emissions
in those arcas. Returning agricultural lund 1o forest,
or managing ugriculivral lund more etfectively to
enhance soil carbon sequestration, cun lewd 1o lower
eqssions of truce pases, and can slow the rute ut which
excess carbon dioxide is added to the sumosphere.

Forest fragmentation profoundly uffects biotic
interactions which constitute important ¢cosystem
services. A cleur example of this is biotic pollination
(6.2.6). Reducing the degree of fragmentation, perhaps
by providing sufficient corridors for dispersal, might
be able (0 mamtain an accepiable level of pollination
while allowing some harvesting of resources,
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