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New vistas in aquatic microbial ecology 

Biodiversity and shifting energetic stability 
within freshwater ecosystems 

Robert G. Wetzel 

With 1 figure 

Abstract: Biodiversity within freshwater ecosystems is examined in relation to a gradient of 
loadings of nutrients and of the chemical composition of organic matter to these ecosystems. 
These changes were also examined in relation to hypothesized shifts in ecosystem resilience or 
relative stability, that is, the rate at which a property or the system approaches steady state fol
lowing a perturbation. Increased rates of nutrient recycling tend to decrease resilience. 

Regulation of biotic regeneration and recycling of nutrients, and thus resilience to disturb
ances, is markedly influenced by the sources of organic substrates. From an entire ecosystem 
perspective, much of the organic carbon entering aquatic ecosystems is respired by microbial 
heteotrophs without entering the metazoan food web. Dissolved organic carbon emanating 
from decomposing higher plant tissues buffers the rates of nutrient recycling and increases 
resilience of the ecosystem. Shifts in the ratios of higher vegetation vs. algal dominance in 
the development of aquatic ecosystems therefore alter relative stability. 

Maximum biodiversity of freshwater ecosystems occurs where wetland and littoral 
heterogeneity interfaces with pelagic regions. Maximum metabolic stability of aquatic 
ecosystems occurs where dissolved organic matter loadings derived from higher plant tissues 
from land-water interface and terrestrial sources are high. As a result, a concordance of 
biodiversity and relative stability occur. 

Introduction 

Over a decade has passed since the perceptive insights and concerns of E.O. WIL

SON (1985, 1988, 1992) brought the problems of diminishing global biodiversity 
into overdue prominence. Rates of loss of biodiversity vary both because of dif
ferences in intensities of disturbances to the habitats as well as the number of 
species inhabiting particular areas. Because of the extremely high biodiversity in 
many tropical forested areas that are very vulnerable to catastrophic alterations by 
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human activities, great attention has been given to these critical ecosystem or 'hot
spots' (MYERS 1988, WILSON 1992). Essentially all of the emphasized biodiversity 
crises have focused on terrestrial ecosystems, particularly in tropical rainforests, that 
are under intensive siege. 

Biodiversity of most microbial, plant, and animal groups of freshwater stream, 
lake, and wetland ecosystems is very poorly known. Moreover, it is likely erroneous 
to believe that biodiversity of many taxa in temperate ecosystems is appreciably less 
than in tropical freshwater ecosystems. For example, the rivers and streams of Ala
bama, a 'hot spot' within the United States, contain 43 % of all gill-breathing snails, 
52% of freshwater aquatic or semi~aquatic turtles, 60% of mussels, and 38% of 
freshwater fishes of North America (LYDEARD & MAYDEN 1995). Over half of the 
species in some of the groups mentioned above are either threatened or endangered 
under the U.S. Endangered Species Act of 1973. 

Water quality as disturbances to biodiversity 

The fresh waters of the world are collectively experiencing markedly accelerating 
rates of degradation. These major sources of disturbance impact upon the biodiver
sity of fresh waters in many ways. Direct chemical toxicants released into surface 
and ground waters are common. Many forms of heavy metals, inorganic reducing 
agents, and organic compounds enter the environment and eventually fresh waters. 
Although some are inactivated, such as by chemical precipitation, or oxidized, many 
have long residue resident times (e.g., FRANCKO & WETZEL 1983). Despite disper
sion and dilution in the aquatic environment, bioconcentration of both metals and or
ganic compounds is common by which toxicity can be increased exponentially. The 
biological effects of many of these compounds are unknown. Elemental and com
pound toxicity is increased markedly when the pollutant substances are radioactive 
or acidic. Increased acidity in poorly buffered fresh waters can increase concentra
tions and potential toxicity of metals, such as aluminum, that are not normally abun
dant in souble, reactive states (e.g. CRONAN & SCHOFIELD 1990, HAVAS & LIKENS 
1985, HALL et al. 1985). 

Plant nutrients, particularly phosphorus and nitrogen, can lead to well-understood 
enrichments of plant and other organic productivity in fresh waters. This eutrophica
tion process often results in enhanced rates of decomposition and in chemical con
ditions that greatly reduce or eliminate suitable habitat for many species of plants 
and animals. Similar excessive loading of organic matter and enhanced rates of de
gradation result from organic sewage from human populations, industry, and agri
culture. A further common pollutant that reduces habitat availability markedly is the 
suspension of fmely divided organic and inert inorganic matter. Erosion and trans
port of such suspensions are incr(":asing as large areas of forest and former wetland 
buffer interface zones between land and water are eliminated, primarily for agricul-
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tural expansions. As a result, flow patterns of surface waters are often altered and 
benthic habitats of surface waters can be obliterated by sedimentation. 

Changes in biodiversity in freshwater ecosystems can arise from many disturb
ances. Introduction of certain competitively superior species can result in marked 
losses of biodiversity. The infamous example of introduction of the Nil~ perch into 
Lake Victoria resulted in the extinction of over 200 species of its cichlid fish taxa in 
two decades (KAUFMAN 1992, LOWE-McCONNELL 1994, 1996, GOLDSCHMIDT 
1996). Many other examples exist of introductions of exotic plant and animal 
species that result either in direct destruction of prey species or indirect alteration of 
habitats required by many species. Dense floating macrophyte communities and 
other eutrophication-associated excessive plant productivity often result in deoxy
genation and reduction in habitat and elimination of many plant and animal species. 

Technological and social responses to degradation of water, and the rates at which 
changes can be implemented, vary under different societal structures (FRANCKO & 
WETZEL 1983, WETZEL 1992). Effective utilization of extant freshwater resources is 
complicated by distributions of humans and their exploitations in regions low in 
water availability. Anthropogenically-induced accelerating changes in hydrological 
patterns associated with flood controls and water supply reservoirs and with on
going and impending climatic changes further obfuscate efficient utilization prac
tices. Certain societies can cope with pollution and water availability constraints, 
and even reduce freshwater degradation with habitat restoration. In most of the 
world, however, human population growth continues without any significant reduc
tion of rates. Until human growth is stabilized, either by intelligence or catastrophes, 
further losses and degradation of fresh waters can be controlled only partially on a 
global basis (WETZEL 1992). Control and reversal of degradation requires a proper 
economic valuation of fresh waters for efficient, conserved utilization of water sup
plies for agricultural, industrial and residential purposes. 

Shifting resilience and stability of freshwater ecosystems 

Many definitions of stability exist. A central feature of stability is the ability of a 
property (nutrient concentration, population, community) of an ecosystem to return 
toward a steady-state equilibrium following a perturbation. Resilience, or relative 
stability, is a measure of the rate at which the property or system approaches steady 
state following the disturbance. The return time (TR) to equilibrium can be for
malized mathematically by integration of the asymptotic curve of return to equili
brium (e.g., DEANGELIS 1980, 1992). Resilience is approximately the inverse of the 
return time (l/TR). 

As a rate of recovery, resilience is a function of the turnover time of limiting re
sources, such as a limiting nutrient, and this approximately the inverse of turnover 
time (l/Tres) (DEANGELIS 1992). A faster rate of nutrient input per unit biomass, for 
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example, will generally decrease the nutrient turnover time and thus increase the 
rate at which a system can recover from a disturbance. Therefore, any mechanism by 
which the rates of nutrient turnover and recycling are increased should generally re
sult in a reduction in resilience to disturbances. 

Many theoretical ecologists have evaluated resilience and its couplings to the 
structure of ecological food webs. Contemporary views of ecosystem stability focus 
on the rates of recovery (i.e., resiliency) after perturbations (PIMM 1984, 
DEANGELIS 1992) or the strengths of trophic interactions in community food webs 
(DE RUITER et al. 1995). Largely based on terrestrial studies, the Eltonian diversity
stability hypothesis suggested that, because of the many different traits of multiple 
species, more diverse ecosystems will likely have species that will survive and ex
pand during and following an environmental disturbance and compensate for those 
species that are reduced by the perturbation (supporting evidence reviewed by TIL
MAN 1996). Thus, a more species diverse ecosystem should be able to be more resi
lient to disturbances than a less biodiverse system. 

Because physiological differences and tolerances among species can be small, the 
individual interactive strengths of some species in an ecosystem can become satu
rating at high biodiversity. As a result, a point is reached where increasing species 
may be functionally redundant and have reduced individual impact on ecosystem 
processes (e.g., VITOUSEK & HOOPER 1993). On both theoretical and experimental 
grounds, only a small fraction of species manipUlations should have strong in
fluences on food web structure (DE RUITER et al. 1995). This species redundancy 
hypothesis implies an appreciable functional resiliency in which the ecosystem can 
compensate in collective metabolism and biogeochemical cycling when disturbed. 
Thus, although population dynamics become progressively less stable as the bio
diversity and number of competing species increases (MAY 1973, TILMAN 1996), 
biodiversity can enhance resiliency of many community and ecosystem processes in 
the rate that the system metabolism returns to equilibrium states following a pertur
bation. 

Dead organic matter or detritus clearly functions in the regulation of nutrient dy
namics of ecosystems and, as a result, has manifold implications for ecosystem sta
bility (WETZEL 1983, 1984, 1995, DEANGELIS 1992). Key to the ensuing discourse 
on biodiversity and ecosystem stability are nine essential points. Some of these 
points are well supported by empirical data; some are hypothetical but probable in 
most freshwater aquatic ecosystems. 

1. Most organic matter of a.quatic ecosystems is dead (detritus) and most is in dis
solved or colloidal form 1. Dissolved organic matter is energetically and functionally 
detritus (WETZEL et al. 1972, RICH & WETZEL 1978). This source of organic matter 

1 The demarcation between particulate and dissolved organic matter is at 0.5 /lm for an array of 
analytical reasons (WETZEL & LIKENS 1991, GUSTAFSSON & GSCHWEND 1997), a size below the 
ingestive capabilities of most metazoan animals. 
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is physically unavailable to the metazoan food web and can enter the metazoan food 
web primarily through bacteria. 

2. Most of the instantaneous mass of dissolved organic matter (soluble detritus) 
present in lake, pond, and river ecosystems originates from the structural tissues of 
higher plants. These higher plants occur in the littoral, adjacent wetland and flood
plain regions, and upland terrestrial areas. Upon partial decomposition of these 
plants, the relatively recalcitrant macromolecules from structural tissues are im
ported in soluble or colloidal form to the aquatic systems. 

3. Once within the aquatic ecosystem, the recalcitrant DOC is metabolized, al
though slowly (ca. 0.5 to 1.0% per day) as mediated by a combination of hydrolytic 
enzymatic and physical (e.g., UV-B photolysis, WETZEL et al. 1995) processes. 

4. Bacterial, viral, and much of protistan heterotrophic metabolism (respiration) 
represents a major output of carbon, largely as C02, from the aquatic ecosystem. Al
though this output is a loss of carbon from the ecosystem, it is not an energetic loss 
from the ecosystem. Non-predatory metabolism and death (biochemical senescence, 
lysis) of prokaryotic and protistan heterotrophs dominate. Although the organic 
carbon packaged in these microbial heterotrophs is largely not available or little 
used for ingestion by higher trophic levels, this non-metazoan pathway is a dom
inant energetic and carbon flow within the entire ecosystem (pelagic, benthic, litto
ral) and dominates nutrient regeneration from organic carbon substrates. Even ignor
ing the benthic portions of lakes where most of organic carbon metabolism occurs 
(cf. WETZEL 1983, 1995) and considering only pelagic metabolism of lakes, for 
example, most of the organic carbon entering the system does not reach higher tro
phic levels (e.g. WETZEL et al. 1972, WETZEL 1983, GAEDKE & STRAILE 1994, 
GAEDKE et al. 1996). 

5. There is very little storage capacity for organic carbon within the higher trophic 
levels and low system residence times results in rapid cycling of carbon and nu
trients within the higher food web components. Such rapid cycling and recycling re
sults in a reduction in the resilience of the higher trophic levels of the ecosystem. 

6. Most of the storage of organic carbon occurs in the dissolved organic carbon 
(DOC) compartment in the open water and in the particulate organic carbon (POC) 
and DOC) compartments of the sediments; in both of these compartments, the sol
uble organic carbon of the pelagic of lakes or running water of streams and the DOC 
and POC of the sediments, the cycling of carbon is slowed. The rate of cycling is 
slowed in the pelagic by the recalcitrant chemical composition of the dissolved or
ganic carbon emanating largely from higher plants and in the sediments additionally 
by the anoxic conditions that prevail almost universally in aquatic sediments. The 
reduced rates of cycling and recycling result in an inherent increase in resilience sta
bility of the ecosystem. 

7. · Any process that changes the sources and hence chemical composition of sol
uble organic matter and their rates of loading to or within aquatic ecosystems will 
affect the rates of nutrient recycling. Reduced percentage composition of recalcitrant 
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dissolved organic matter will increase the rates of nutrient recycling and decrease 
the resilience of the system to return to an equilibrium state following a disturbance. 

8. Pivotal to these arguments is the coupling of the chemical type of organic mat
ter loaded to the aquatic ecosystems. Shifts from organic matter inputs dominated by 
in lake (autochthonous) algal production to organic matter loadings dominated by 
littoraVwetland and external (allochthonous) organic matter, largely in the form of 
imported dissolved organic macromolecules, could result in decreased rates of de
gradation of total organic matter. As a result, the shift would be toward decreased 
rates of nutrient and carbon recycling and increased resilience to disturbance. 

9. These arguments address total energetic fluxes of the aquatic ecosystem, of 
which only a small portion consists .of the metazoan higher food web. Much and 
often most of the energetic and material (carbon and nutrients) fluxes never enter the 
metazoan food web, as has been long ago demonstrated quantitatively (reviewed by 
WETZEL 1983 and many others) and theoretically (e.g., PATTEN 1985, 1995). These 
arguments, however, do not imply in any way that the microbial metabolism path
ways are not coupled with higher freshwater food webs. In regard to the present dis
course, I emphasize four aspects. 

a. Rates of nutrient cycling and recycling in the entire aquatic ecosystem are 
governed largely by bacterial, fungal, and protistan metabolism either (i) directly by 
hydrolytic degradation of dissolved organic substrates or (ii) indirectly by modify
ing the retention (e.g., adsorption to particles) and movements of nutrients as a con
sequence of the release of metabolic products into, and alteration of the redox of, the 
environment. Higher trophic levels, in particular herbivorous zooplankton, can have 
a significant effect on nutrient recycling by partial heterotrophic decomposition of 
particulate organic matter, which can decrease nutrient turnover time in the food 
web by creating short circuits in nutrients directly back to the nutrient pool without 
delays of storage in particulate detritus (DEANGELIS 1992). An important distinction 
made by WETZEL (1983, 1984, 1995) is that most of the organic detritus is in dis
solved form and includes major loading sources from allochthonous and littoral 
sources. This point differs from that of others, such as DEANGELIS' (1992) excellent 
synthesis, which largely restricts the detrital compartment in aquatic ecosystems to 
that of particulate detritus emanating from the metazoan food web. 

b. Any factor that influences the rates of nutrient and carbon cycling will in
fluence the resilience of the ecosystem to disturbances. Changing sources of organic 
matter, as discussed below, and hence bacterial metabolism and nutrient cycling thus 
change resilience and biotic stability. 

c. A wealth of limnological data from a spectrum of hundreds of lake ecosystems 
suggests that with a shift of nutrient loadings, concomitant shifts in the development 
of photosynthetic producers and loadings of organic matter occur. During the com
mon sequential development of lake ecosystems over time (reviewed in WETZEL 
1983), shifts in the ratios of higher vegetation vs. algal dominance can occur. In
creased relative organic loadings from higher vegetation result in proportionally 
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greater loadings of recalcitrant DOC, which can suppress nutrient cycling and in
crease resilience of the ecosystem. 

d. In addition, the development of higher vegetation in littoral and wetland com
binations with the pelagic increases enormously the habitat heterogeneity, com
monly by a factor of 10 or. more. Species diversity nearly always increases under 
these circumstances by at least an order of magnitude among nearly all major groups 
of organisms, particularly among the lower phyla. 

Resilience or relative stability in an aquatic ecosystem is governed by process 
rates, that is, the rates at which energy and materials are transferred among biotic 
components. Because so much of the organic matter of aquatic ecosystems is detri
tal, most of the assimiliation and decomposition metabolism is microbial (bacterial, 
fungal, protistan). Each of the species constituting these biotic groups has a physio
logical range for growth, competition, and reproduction within the environmental 
constraints. Some of these ranges differ with developmental or temporal changes in 
life histories of the different species, which can affect species responses to disturb
ances. Resilience occurs at the community level, however, from an ecosystem per
spective, within the medley of combined species process response capabilities. 

Physical and chemical environmental conditions, mediated by a host of biogeo
chemical and climatic/meteorological factors, regulate the bounds of these material 
and energy flux rates. The average range of these environmental conditions is rea
sonably finite for different ecosystems and habitats within the ecosystems. Major 
deviations of natural ranges of these environmental conditions from the average can 
arise from anthropogenic or abnormal natural disturbances. The collective, inte
grated ecosystem responds to major disturbances by shifting dominant metabolism 
from one species to alternative species as the physiological tolerances of certain 
species are exceeded and they are lost. In ecosystems with greater species diversity, 
physiogical and behavioral differences among many species may be small. Within 
limits, pn?ductivity and energy flux rates may increase with mild disturbances that 
remove certain species, because greater species biodiversity can result in increased 
interspecific competition and cause a reduction of community productivity and bio
mass. Given sufficient information, one can model the differences in physiological 
ranges and abilities of the individual species to tolerate change and still maintain 
stable productivity and reproductive capacity. 

Greater biodiversity may have a greater collective effect by improving the ability 
for ecosystems to recover from large disturbances. Reduced biodiversity increases 
vulnerability by reducing the total collective physiological tolerances of the com
munity to large habitat changes/disturbances. Recovery after a major or catastrophic 
disturbance would be slower. with a reduced aggregation of residual physiological 
ranges within the remaining species. Recovery then must depend to a greater extent 
on slower fortuitous methods, such. as importation of species rather than generation 
from residual surviving species or slow recolonization processes such as from rem
nants in resting stages or seed banks. In some cases, such as in many ponds, streams, 
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and reservoirs in clay-rich regions where high turbidity often occurs with successive 
rain events, total submersed photosynthetic productivity is intermittently but re
peatedly suppressed; biodiversity is likely also suppressed and restricted to r-strat
egist species with high reproductive potential to utilize periods between turbidity 
disturbance events. 

Extent and timing of disturbances and shifting stability 

As implied in the earlier introductory comments, disturbance to freshwater ecosys
tems can occur in many forms and to different extents. Certain perturbations can be 
catastrophic, such as overwhelming a lake or stream with an organic or inorganic 
poison in which most of the biota are eliminated (e.g., HANAZATO 1994 or copper 
poisoning of an entire lake, CORBELLA et al. 1958, BONACINA et al. 1973). How
ever, many disturbances are more gradual over long periods of time (months, years), 
such as nutrient enrichment, or irregularly episodic often of short duration (days, 
weeks), such as severe flooding and scouring of a section of a river. Several 
examples are worthy of brief discussion to point out couplings of biodiversity to 
ecosystem stability (resilience) and the type and extent of disturbances. 

The ensuing hypothetical model of the responses of photosynthetic productivity 
of lake ecosystems to changes in nutrient loadings from the drainage basins (upper 
panel, Fig. 1), originally set forth by WETZEL & HOUGH (1973) and variously im
proved by WETZEL (1983), has been abundantly verified by nutrient and com
parative primary productivity data of phytoplankton, attached algae, and macro
phytes from dozens of lakes in different stages of ontogeny. The differences in plant 
productivity result in very different types of chemical composition of organic matter 
loaded to lakes, especially associated with the structural tissues of higher plants. Be
cause of the large amounts and relative chemical recalcitrance of dissolved and par
ticulate organic detrital sources from higher plants, heterotrophic utilization of this 
pool is slowed (WETZEL 1984, 1995). As set forth in the introductory preamble, the 
resulting large but slow metabolism of organic detritus provides an inherent ecosys
tem stability that energetically buffers the reserves from rapid exploitation and nu
trient recycling. Alterations to the quality and quantities of dissolved organic matter 
entering the aquatic ecosystem from the drainage basins will influence this inherent 
chemically-mediated metabolic stability. In this context, forested watersheds, undis
turbed riparian floodplains, and wetland/littoral zones are important to the metabolic 
stability within the lake and stream ecosystems. Alterations to these organic loading 
sources will be translated into altered stability within the lakes and streams. Stated 
another way, the organic carbon couplings between the drainage basin and land
water interface zones are metabolically as important to lake and stream energetic 
and carbon flux stability as are the traditionally studied nutrient (N, P, Si) loading re
lationships to food-web productivity. Indeed, the predominating recalcitrant chemi-



Fig. I. Relative changes in pri
mary productivity of phyto
plankton, macrophytes, and at
tached microflora, and habitat 
diversity, species diversity, and 
ecosystem stability along a 
gradient of nutrient loading to 
lake ecosystems (see text for 
discussion). 
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cal quality of the organic reserves retards the rates of utilization and related nutrient 
recycling within the lakes and streams. As the sources of the organic matter change, 
the chemical recalcitrance to degradation can change. Alterations of rates of utiliza
tion, nutrient recycling, and energetic resilience can ensue as a result. 

In the following discussion of these quantitative differences in photosynthetic or
ganic matter sources in relation to nutrient loadings from the drainage basin, I inte
grate hypothetical proposed couplings to biodiversity and discuss potential relation
ships among lakes of different development stages among a series of, for example, 
a hundred lakes along a nutrient input gradient. 

A common disturbance to lake and reservoir ecosystems involves progressive in
creases in loading of nutrients. These loadings, in excess of losses to sites of tempo
rary or permanent inactivation such as sediments, result in enhanced nutrient avail
ability for phytoplankton and other autotrophs and increased rates of growth and 
productivity. If nutrient loadings increase to an oligotrophic lake, increased produc
tivity is rapid. Similarly, if the disturbance is brief(i.e., the duration of increased nu-
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trient loading is relatively short), nutrient cycling is rapid, the ecosystem will re
cover rapidly, and productivity will be reduced proportionally to the load reduction. 
The return time of such an oligotrophic ecosystem is high, but the resiliency is low. 
Species diversity of the plankton tends to be high in oligotrophic lakes, but because 
of limited habitats, particularly associated with littoral areas and surfaces, composite 
biodiversity of the lake ecosystem would be low (Fig. 1). 

As nutrient loading increases, particularly among shallow lakes that predominate 
globally (WETZEL 1990), a marked shift in the productivity occurs from the pelagic 
to attached surfaces associated with living aquatic plants and the particulate detritus 
of senescing macrophyte biomass (Fig. 1). Under these conditions, primary produc
tivity and biomass increase greatly (WETZEL 1990). Habitat diversity amongst the 
massively dissected surfaces of submersed aquatic plants increases exponentially, 
and biodiversity among attached biota and associated metaphyton may increase by 
at least an order of magnitude. It is likely that among all autotrophic and hetero
trophic microbial groups, as well as most of the smaller metazoans, over 90% of the 
species are sessile, associated with surfaces. 

As nutrient loading increases further, phytoplanktonic productivity per unit vol
ume increases, but self-shading by the algae restricts the depth of the photogenic 
zone. Phytoplanktonic productivity per unit area declines precipitously under these 
eutrophic conditions and is usually accompanied by a marked decrease in planktonic 
biodiversity as well (Fig. 1). Submersed light limitation also reduces or eliminates 
submersed macrophyte growth and attendant surfaces for microbial growth. The 
elimination of photosynthesis by attached microbiota decouples the metabolic mu
tualism to the attached heterotrophs and decreases collective productivity markedly 
(WETZEL 1993, NEELY & WETZEL 1995). Biodiversity of the attached biota declines 
precipitously. The losses of attached microbial communities and their coupled meta
bolism cause a massive reduction in the capacities of the lake ecosystems to retain 
loaded nutrients and dissolved organic compounds. Because of the great accumula
tion of nutrients in the sediments from a largely planktonic eutrophic system, the 
time for recovery from a reduction of the loading (reduced disturbance) will be long 
and not proportional to load reductions. Under these conditions after the loading 
perturbations end, the internal nutrient loading and recycling may be greater than 
external nutrient loading. With increased nutrient recycling, resiliency (relative sta
bility) will be reduced. 

Continual high nutrient loadings and hypereutrophic phytoplanktonic conditions 
generate large areas of anaerobic reducing conditions and lower rates of decomposi
tion of organic matter. Production exceeding decomposition leads to rapid sedimen
tation and generation of increased shallow habitat conducive to colonization by 
emergent macrophytes. The high productivity of emergent macrophytes increases 
the proportion of lignocellulose supporting tissues that are relatively recalcitrant to 
rapid decomposition, particularly under reducing conditions. The collective result is 
markedly increased productivity and habitat diversity (WETZEL 1979, 1990). 
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However, although habitat diversity is high among very shallow wetland-dom
inated waters, environmental fluctuations are also more extreme than in continually 
submersed habitats. Quite different community stmctures occur and biodiversity is 
likely tempered as a result, though comparative data to support this statement are 
few. 

Biodiversity and nutrient recycling (Turnover rates) 

Fragments of data from many descriptive and experimental studies suggest that 
greater biodiversity results in a greater efficiency of utilization of nntrients. 
Stated quite simply, greater biodiversity likely results in a greater physiological 
diversity to cope with natural vagaries in environmental parameters. Competition for 
resources, nutrients in this specific case, is intensified. Efficiency of nutrient reten
tion in an ecosystem would be maximized under conditions of greatest microbial 
community diversity. That microbial diversity (bacteria, algae, fungi, protists) is 
maximized in the attached communities where habitat diversity and microenviron
mental differences are the greatest. Physical constraints of boundary layers and mu
copolysaccharide matrices in which the microbiota live mandate ionic and gaseous 
movements predominately by diffusion to organisms living within the attached com
munities (RIBER & WETZEL 1987, LOSEE & WETZEL 1993). Nutrients once ac
quired, are intensively recycled among the attached biota and conserved. Resources 
from extemal sources can then be utilized largely for new growth and reproduction 
(WETZEL 1993, 1996). Nutrient retention is very high within the microcomunities 
and the attached habitats. As dependence on more labile organic substrates from 
algae increases, reduced resilience to disturbances results. That reduction in resi
lience accelerates when extemal nutrient loadings to the ecosystems push the pro
ductivity to hypereutrophic phytoplanktonic densities that shade out submersed 
macrophytes and, by elimination of substrata, the attached microflora. 

Predation-induced shifts in energy fluxes and biodiversity 

In certain productive lakes, piscivore consumption of planktivorous fishes can lead 
to sporadically enhanced development of cladoceran zooplankton. The high grazing 
rates of the c1adocerans can result in selective reduction of larger algae for brief to 
moderate intervals of time. The effects of these changes among the larger forms are, 
however, poorly translated to smaller microbiota, and only minor changes are seen 
at the microalgal and bacterial levels (e.g., PACE 1993). For example, removal of 
portions of the larger algae can decrease competition for nutrient and light resources. 
Often the smaller algae with shorter generation times increase in productivity. Nu
trient recycling likely also increases, particularly as decomposition of these algae 
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and metabolically~coupled bacteria is accelerated by protistian microconsumers 
(heteroflagellates, ciliates, and related organisms) and the nutrients are tightly re
tained among the microbiota. Little is known concerning changes in biodiversity 
under these conditions, but it appears that biodiversity among the microbiota would 
increase and likely more than compensate for the losses of larger forms by the crus
tacean grazing. Once again, a shift in energy fluxes occurs, in this case from larger 
planktonic forms to smaller forms with much higher turnover rates and increased 
rates of resource turnover. Compensatory mechanisms likely also appear in compo
site biodiversity, and, as a result, resiliency within the pelagic foodweb probably de
clines. 
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