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Vulnerability and Management
of Ecological Services
in Freshwater Systems

Paul S. Giller, Alan P Covich, Katherine C. Ewel,
Robert O. Hall, ., and David M. Merritt

Society obrains great benefits from properly functioning ecosystems in the form of pro-
visioning (e.g., food), supporting (e.g., waste processing, sustained supplies of clean
water), and entiching (e.g., recreation) services, all of which are provided at multiple

scales and at no charge to society. Freshwater benthic ecosystems often play important
and unique roles in providing many of these services (see Chaprer 3, Table 3.1), but the
number and magnitude of anthropogenic stressors that threaten these services is grow-
ing rapidly. Sustainable development, which “meets the needs of the present generation
without compromising the ability of future generations to meet their own needs”
(World Commission on Environment and Developmenc 1987), depends on our abil-
ity to manage and maineain these ecosystems and the services they provide. In order o
achieve chis end, we need a better understanding of how benthic ecosystems function
and are struceured, as well as stronger integration of management with ecological stud-
ies. Having insulated ourselves from many natueal ecosystems through echnology, we
often fail to appreciate the beneficial “workers” that sustain “nature’s economy’ upon
which ecosystem services depend. .

We now appreciate that degradation of freshwater sediments, which harbor the biota
essential to benthic ecosystem processes, will in turn degrade waser quality and a range
of other services. We also understand that because of the strong linkage between fresh-
water ecosysterns and the landscapes chey drain (Giller & Malmqvist 1998), changes in
land use and other activities in the catchment can cogtribute to such degradation, Many
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current water management praceices, such as flood control, water diversion and deten-
tion, channelization, and irrigation, affect the hydrological eycle at local to cacchmen
scales, Over the past several hundred years, humans have buile thousands of kilometers
of diversion canals, channels, and levees w divert water for society’s use, Humans have
drained wetlands for urban development and agriculture, and have dammed rivers for
water abstraction and the generation of hydroelectric power. Although these acrivities are
intended to provide cereain important services to the human population, they also sig-
nificantly degrade many other services, the values of which become evident only when
they are lost or destroyed. The examples of the demise of the Aral Sea in Central Asia
(Micklin 1992) due to the diversion of inflowing freshwater streams, and the ongoing
threars from paper mill effluent to the species-rich and globally unique freshwater biota
of Lake Baikal in southeast Siberia, are clear cases in point. On a larger scale, climate
change, an unintended consequence of human activities, also alters the hydrological cycle,
threatening freshwater habitats and organisms {and hence a range of services) through-
out the world (Palmer et. al. 1997; Lake ev al, 2000; Wall et al. 2001). ‘The threats of such
activities on sustainable development are clear.

"The various types and imporeance of ecosystem services in fresh waters, and the role
of benthic biodiversity in the delivery of these services, are presented in Chapter 3, along
with a discussion of the balance berween ecological and economic values. In this chap-
ter, we will briefly review the various threars to freshwater benthic ecosystems and the
important benthic species that help sustain ecosystem services. We also consider the vul-
nerability of these services, using a number of case studies to illustrate the cascading
effects of overexploitation and the subsequent loss or degradation of other services.
These case studies also illustrate how benthic organisms and the ecosystem services they
perform can be used to enhance management and maineain the overall health and sus-
tainability of freshwater systems,

Threats to Freshwater Systems

‘Threats to freshwater systems arise from a myriad of human activities, including chan-
nelization, groundwater pumping, diversion, dam building, pollution, human-induced
climate change, and overexploitation of natural resources (e.g., Postel & Carpenter
1997; Malmqvist & Rundle 2002). Nearly all major rivers and lakes worldwide have
large human population densities assaciated with them or within their drainage basins,
usually sited there with relatively fitele thought to the availability of potable water. The
growth of the human population and the mismacch between population growth and
provision of, and accessibility to, water resources is an imminent concern (Cohen
1995). An estimared 1.8 billion people now live under a high degree of water stress in
areas with limited supplies of potable water (Vérgsmarty et al. 2000). This stress may
continue to rise, with a projected population living in these areas estimated to be between
2.8 billion and 3.3 billion by 2025 (Engelman & LeRoy 1993, 1995; Cohen 1995).
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Suressors and impacrs that force changes in freshwater ecosystems can be classified
inte four major types of threat (Malmqvise & Rundle 2002): (1) complere eFDsystem
loss or destruction, (2) physical habirar alteracion, (3) water chemistry alterations, anfl
(4) modifications of species composition. Ecosystem loss or destruction is often associ-
ated with water withdrawal from the system (e.g., in the Alps, Ward etal. 1999) re'sult-
ing from tapid urbanization and/or intensification of agriculture, and the _assoc:ated
water demand and lowering of water tables by extraction elsewhere. There is a strong
correlation between population size and water withdrawal (Gleick 2001), and irrigation
dominates water demand at the global level. Habitat alteration of the freshwater system
can oceur from both insteam activities {including channelization, damming, and
draining of wetlands) and carchment-relared activities (such as deforestation, poor land
use, and alteration of the riparian corridor). Changes in water chemistry result from pol-
Jution due to wastewarer discharge, diffuse nutrient loading from agriculture runoff,
acidification from atmospheric inputs, and the introduction of endoc?rine dis.rup‘tors
(Malmqvist & Rundle 2002). Introductions of exotic species may be du:e.ct or indirect
(as discussed below). Excincrions are common, often due to overe.xpionat_;on of the
organisms themselves, habitat destruction (or loss of habirat to inv?swc species replace-
ment), the loss of fusctions necessary for some life stage of a particular species, or the
loss of a symbiont.

We have identified 14 major threats to the six major services provided by Fresh-wa—
ter benthic systems (Figure 6.1). Bach threar can impact more than one of the services,
and many of these impacts are mediated through the benthos. In reality, cac.:h thfeat can
be subdivided into a finer series of threats. For example, hydrologic modification can
have effects through a decrease in peak flow, increase in low flows, change m t‘ir-ning of
peak flows, changes in the rate of drawdown, and/or a decrease in flow vanabllt.ty, and
so on. Bach ecosystem service can be affected by several different threats_, and different
stressots may act synergistically. Eutrophication can increase biotic activity and thel:f:b}’
ershance the effece of meral contamination (for example, the mobility of mercury). Like-
wise, changes in water chemistry, mechanical disturbances to a system, or chzfmg‘es 0 !:he
characreristics of the habitat can enhance the probability of successful species invasion
(Jenkins & Pimm 2003), which in turn may decrease economi.c.success based on a
highly profitable food source for humans. Changes in the competitive balance berween
species can also ensue. One example of this phenomenon is the replacement n-)f the saw-
grass ( Cladium jamaicense) communiries in the wedands of the Everglades in Florida,
United States, by cactail species ( Typha latifolia and T, domingensis) as a sesult of phos-
phorous and nitrogen loading from agricultural runoff (Newman et al 1998). In areas
of the 600,000—ha Everglades that have the highest phosphorous enrichment, catrails
dominate, but in portions of the Everglades where phosphorous remains low, sawgrass
still dominates. This shift in community structurg directly resulting from hum@-
caused changes in warer chemistry is due o the fact that carrails are better able to assim-

fiate nitrogen and phospherous and ro produce biomass.
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Figure 6.1. The interaction berween six major ecosystem services, provided by freshwater
systems, and fourtcen potential threats in the freshwater domain. An explanation of the
nature of the services is given in Chapter 3, Tables 3.1a~3. 1e. Solid lines indicate the
direct links berween the major services and the various threats, and the dotted lines indi-
cate links that may be mediated through the benthos.

The stressors described above in Figure 6.1 occur in all types of freshwater ecosys-
tems; however, the magninude and direction of their effects vary across ecosystems. Lakes
and wetlands are susceptible to various stressors due to their slow eurnover of water, their
potential for accumulation of toxins and metals in their sediments, and cheir depen-
dence on the quality and quantity of water inputs from inflow streams. The suscepti-
bilicy of rivers and associated wetlands, on the other hand, is exacerbated by the down-
streamn flow of warer (and hence pollutants and sediments) and their longitudinal
connecrivity {upstream and downstream dispersal migration of many species). Almose
anty significant activity within a river catcchment and throughout its drainage network
may have the potential to exert effects for large distances upstream and downstream.

Freshwater ecosystems face different threats in different regions, depending largely
on the economic activity and state of development, Warer is abundant at high latitudes
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and in the wet tropics; however, in much of North and East Africa, Australia, and parts
of North America, the availability of potable water is relatively scarce. Ew?n in the more
retnperate countries with relatively high overall annual precipitation, major concentra-
tions of population are often focared in areas of lowest rainfait (SUCl:l as Du‘blm and Lon-
don), creating local warer deficits that require large-scale engineering projects for water
storage and/or transfer, as well as water regulation acrivitie.s o overcome. l.loughly 49
percent of the world’s population thar live in 80 dry, or partially dry, countries face seri-
ous periodic droughts (Cohen 1995); these pressures on water resources will be more
pronounced in Africa and South America by 2025 (Vérgsmarty ex al. 2099). Plans to
redirect water from uninhabited areas to population centers will create additional prob-
lems. Lakes in che developed world are threatened by eutrophicarion and lowered wager
tables due to groundwater abstraction, while in the undeveloped world, owl:rexplo'xca-
tion of fish and invasion from exotic plants (e.g.. the water hyacinth Eichhornia crassipes)
are more problematic. Destruction of running water habitats is excensive in much of the
developed world {because of flood control, drainage, clearing chanm?ls for transporta-
tion and transport of timber, and dredging}, as well as in the developing world (largely
due 1 dam construction and mining; see Covich et al., Chapter 3).

Wiaste disposal poses significant threats 1o many systems, as treated and untreated
domestic and industrial waste leads 1o significant levels of eutrophication and to metal
and other chemical contamination. Sedimentation and nonpoint source pollusion
result from changing land use such as deforestasion, overgrazing, an‘d intcns}ﬁcati?n of
agriculture. The degradation of riparian zones that often accompanies such mt-cnsaﬁca-
tion {as in the Netherlands, for example) also changes benthic ecosystem f‘unctlons dra-
marically (Gregory etal. 1991). Even acmaspheric pollution impacts aquatic ecosystems,
as evidenced by acidification of freshwater systems throughout northern Europe, the
northeastern United States, and Canada (Stoddard et al. 1999).

Anthropogenic theeats and influences alter the balance of natural r'egulato?y factors
in freshwater systems such as energy supply and fow, organic and inorganic matter
transpore, hydrologic regimes, hydrologic and biogeochemical cycles, and water chem-
istry (Malmqvist & Rundle 2002). These anthropogenic factors chan.ge the structure c?f
freshwarer sediment, alter temperature regimes, and cause other environmental cond.;-
tions to change beyond the normal levels of variation and extremes. Such ch.anges will
clearly impace species unless they possess certain traits that confer resistance or
resilience to the environmental change. ‘

Interaction of Threats and Ecosystem Disservices

There is frequently a trade-off between ecological and economic value.s associated \:vvith
ecosystem services (see Covich et al., Chapter 3). In chis context, the mterco?nect.lons
berween services and threats provide an introduction to the concept of dls'serlwces.
Exploiting one service can negatively affect, or in extreme cases completely eliminate,
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Figure 6.2. Concepual diagram illustrating a disservice for humans, theough the poten-
tial negative effect of implementation of management on an ecosystem function (EF,} to
enhance an ecosystem service (Service A). In this example, the physical alteration of éhe
structure of the ecosystem through the management regime also leads to a reduction or
change in function of EFa. This in turn can act as a disservice to EF,, hence causing a
negative impact on Service B, o ?

another service. The potential for disservice is exacerbared when society introduces a man-
agement process to enhance one particular ecosystem function, and hence one particu-
lar service, that unintentionally leads to a reduction or change in another ecosystem func-
tion. The net effect is to degrade a second, non-target, ecosystem service (Figure 6.2).
For example, regulating a river to obrain hydroelectric power has negative conse-
quences on ecosystern services thae depend on natural hydrologic regimes and free-
flowing water. Natural rivers and streams are heterogeneous systems with flow parterns
thar vary over time, often in predictable patterns (Poff & Ward 1989). However, in reg-
ulated rivers, the purposc of management is to adjust this variation; the reduced seasoral
and increased daily dynamics of flow in regulated rivers inscead reflect the periods of
electricity demand. Reduced spring floods and elevated winter discharge, and even
high daytime/weckday flow and low nighttime/weekend flow often result (Malmgqvist
& Englund 1996). In addition to changing flow regimes, habirat loss, fragmentation,
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and (in heavily regulated systems) 2 general change from lotic (running water) to lentic
{standing water), or even to dewatered conditions, can occur along some strecches of
siver. These flow alterations change river habitats and their biota, including sedimen-
tary biota, fundamentally. For example, species richness and abundance of benthic
macroinvertebrates are impacted (Ward & Garcia de Jalon 1991) which, given the
clear rale of such invertebrates in delivery of ecosystem services {see Covich et al,,
Chaprer 3), will lead to degradation of such services (e.g., breakdown of wastes, support
of fisheries, and maintenance of high water quality). Effects on migrations and stocks
of anadromous salmonids, in turn, alter various services such as recreation. This Is of sig-
nificant concern, for instance, in Sweden (Malmqvist & Englund 1996; Jansson et al.
2000), whete over 70 percent of the rivers are regulated, and also in the northern third
of the Earth, where 2 majority of rivers are heavily influenced by river regulation
(Dynesius & Nilsson 1994). Worldwide, the number of “large” dams (greater than 15
m) has increased approximately eightfold over the last 50 years and the rotal number
of dams has risen to nearly 800,000 (Postel & Carpenter 1997; Rosenberg et al. 2000).

The introduction of exotic species further illustrates the concept of the interaction
of threats and ecosystem disservices. Exotic species incroductions create less visible but
ecologically and sometimes economically imporeant problems. Introductions of non-
native fish to improve fisheries for sport or to provide protein for human consumption
have fed to the wholesale collapse of local biological communities and aquatic food
webs. The negative impacts on ecosystem functions that rely on intact food webs, such
as decomposition, biogeochemical cycling, and overall productivicy, will likely affect
water quality, other fisheries, and hence a number of other services. The intreduction
of a predatory cichlid into Gatun Lake in the Panama Canal (Paine 8 Zaret 1973) and
the introduction of Nile Perch into the African rift valley lakes (Kitchell eral. 1997) are
two cautionary cases. The zebra mussel (Dreissena polymorpha) is perhaps the most
farnous and pervasive invading freshwater exotic. Originally native to the Black and
Caspian Seas, it spread throughour European waters during che 19 century, but it has
only recencly reached Ireland (Minchin et al. 2003). Discovered in 1988 in Lake St.
Clair in the Great Lakes of the United States, it rapidly spread throughour the Great
Lakes and Mississippi river basin (Ludyansliy et al. 1993). There is a range of abioric,
biotic, direct, and indirece impacts of a zebra mussel introduction (Maclsaac 1996), but
one of the greatest is the impact of biofouling (undesirable accumularion on artificial
surfaces) associated with the sertlement of the mussels. Water intake scructures for
municipal, induscrial, and hydroelectric plants are extremely vulnerable o fouling if chey
draw intake water from an infested water body. Reaching densities of up to 334,000
mussels per square meter, the exotic mussels have signiftcant ecological effects such as
compertitive exclusion of native unionid mussel species (Ludyanskiy et al.1993; Ficzsi-
mons et al. 1995) and removal of phytoplankton, which results in the disruption of food
webs (Karatayev et al. 1997). Theoretical estimates suggest that the native mussel pop-
ulation in Lake Eric can filter up to 14 times the entire lake and remove phytoplank-



144 | Ti. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

ton equivalent to 25 percent of primary production cach day {Bronmark & Hansson
1998). On the other hand, this trait can be utilized in management of eutrophication
problems as seen in the Netherlands. By efficiently filtering phyteplankton, these mus-
sels are able 1o alter nutrient cycling patterns, transfer carbon and nutrients from che
pelagic to the benthic zone through the build up of mussel biomass, reduce the con-
centration of suspended solids, and hence improve water clarity and increase macro-
phyte growth.

Given the various threats to ecosystem funciioning in freshwarer systems, one might
ask why the problem is not worse. After alf, large population centers are still supporeed
by surface waters that continue to provide a number of ecosystem services. The answer
lies in parz wich the level of technology and infrasteucture we are able o bring to bear,
such as wastewater processing, but also in the ability of the freshwater ecosysterns and
biological communities either to cope with a certain level of discurbance or to recover
rapidly and restore function—thar is, an innate resistance and/or resitience of the
ecosystem. The question remains: What role do henthic biota play in reducing the
impact of a threat? Specifically, how daes benthic biodiversity influence ecosystem
processes in freshwater systems and are there key taxa involved, the loss of which will
have devastating consequences on ecosystem services? Overall, key taxa do influence
ecosystern functioning; the presence of certain species can substantially influence the sys-
tem (e.g., on decomposition) (Giller ex al. 2004). Benchic studies, however, have gen-
erally focused on relatively low levels of species richness, and experimental studies have
been at Jocal scales (Covich et al. 1999; Covich et al. 2004). More research is needed
to provide a comprehensive understanding of the various roles played by different ben-
thic species and funcrional groups of species.

Management and Ecosystem Services

In this final section we present five specific case studies that illustrae, in detail, the inter-
actions between threats and the impact on ecosystem services. We also provide exam-
ples of how some benthic ecosystem services themselves have been used to enhance man-
agement and coneribure to the maintenance of the health of the freshwarer ecosysterms.
The case studies differ in geographical location, type of freshwater system, and nature
of the services and threats. The first case study highlights the Rhine and Meuse, major
European rivers that have been subject to centuries of human interference leading to
hydrological modifications and pollution and clear conflicts berween the various
ecosystem scrvices they offer. Efforts at restoration management are reversing some of
the more dramatic ecological changes. The second case study describes the Pantanal
region, a huge natural wedand complex in South America that undergoes massive sea-
sonal changes. Unlike the Rhine and Meuse rivers example, it is in a relatively unde-
veloped area. It offers a wide range of services to the native population and is a habirac
to considerable biodiversity, yet the Pantanal is increasingly threatened from growing
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agriculture and mining. Lake Mendota, the third case study, provides a recreational s.er-
vice that was threatened by eutrophication. Here, management based on the ecological
concep of the erophic cascade has been applied with some suCeess. Like the Panranal,
the Everglades (the fourth case study) is a large wetland that provides a range ?f ecosys-
tem services. Agricultural pollutants, including heavy metals, hs'.ve comgromlsed th'ese
services, illustrating the disservice phenomenon across terrestrial-aquatic boundaries.
The final case study of the Carskill Mountains watershed sht?ws the scale of watershed
management chat is needed to sustain water quality and provide potable. water for New
York City. This example illustrates how landscape management can obviate the ne'ed' o
replace natural ecosystem services with artificial technological processes, thus providing
significant economic and ecological value.

Repairing Years of Abuse: The Impact of Managememf' Jor Transport
and Waste Disposal in the Lower Rhine and Meuse Rivers (Eurgpe)

The Rivers Rhine and Meuse have served as vital European transport arteries for cen-
turies, as well as sites for urban and industriat development and warer esources. Thus,
the two rivers are of considerable economic importance but have beex‘a subject to .sub-
stancial anthropogenically derived changes over time. The River Rhine, a combined
glacier-rainfall river, originates in Swirzerland (2,200 m zbove sf:‘a fevel) af-xd flows over
1,250 km through France, Germany, and the Netherlands with a drainage area of
185,000 km?. In the Netherlands, it divides into three branches: Waal (65 percenf: of
discharge), Lek (21 percent discharge), and Ijssel (14 percent discharge). The River
Meuse is fed by rainwater, originates in France (410 m above sea level), and flows ovzr
890 km through Belgium and the Netherlands, with a drainage area of 53,009 km™.
Both rivers flow into a lowland area where they form a river delta before entering the
North Sea {van den Brink 1994). The earliest documented human influence on thc.sc
rivers occurred in the Roman era and involved the construction of canals to regulare dis-
charge into the Dutch Rhine triburacies (van Urk & Smit 1989) and‘embank’menrs
starced in the Middle Ages. In the 18% century, the Rhine River floodplain was s_t:ii tens
of kilometers wide, and the river meandered and supported an exrensi-vc ripasian for-
est. Large-scale river regulation began in the 19™ century, with construction of dams and
sluices For sea flood protection, dams for river regulation, and groins (b'rf:alnvate-r b?ul-
der piles extending laterally into the river), weirs, and dykes w facilitate shipping.
These changes impeded natural meandering and formation of side cl?annels, cutoff
channels, and oxbow lakes; consequently, the floodplain shrank dramacically (v-an c‘len
Brink 1994). Since then, nearly all the floodplain foreses have been cut, the riparian
forests have been largely removed, and the existing riparian areas hav?, been degraded.
The significant loss to the aesthetic and recreational gervices is self-evlder-lt. .
The water quality of the main channels of both rivers has changed c‘onmder.ably since
measurements began in the easly 1900s, with increased levels of nutrients (nirrate and
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phosphate}, sales (chloride, sodium, and sulphate), and heavy metals (cadmium,
i er-

cury, lead, and zinc) (van de Weijden & Middleburg 1989). In addition, incregsi,

levels of organic micropollutants such as polychlorinated biphenyls (PCBs) par :
3 a-

aminohippuric acid (PAHs), insecticides, and herbicides have contaminated the ged;

ments. The lower sections of the two rivers accamulace inputs from several countries.
ies

upstream and are the most polluted. In the 1960s--1970s, oxygen levels were extremel
low, which affected the abstraction and provision of quality drinking water. I:?ey
recently, construction of sewage treatment plants has improved the Rhine, afthm; h Ol-fe
Meuse still suffers from low oxygen, particularly in summer (van den Brink 199g4) tA:
a result of thermal pollution from power plants and industries, water temperature invth
lower Rhine and Meuse has risen by 2 to 4° C since 1900, ¢
Not surprisingly, there have been dramatic changes in the biatic communities of ch,

rivers. Plankton biomass in the river channels has increased, and is now dominated be
a few ubiquitous centric diatoms and green algae (Admirzal et al. 1993). Thesc add ,
considerable economic cost on filtration of the abstracted water. At present, the wate :
of the lower Rhine are dominated by sadium chloride instead of calcium E;icarbona:S
(chlaride levels increasing from < 20 mg/l in 1874 t0 > 200 mg/l in 1985; van den Brinle
et al 1990), which, together with the increased temperature, has created an cnvironmeni
that permitted the iavasion of several exotic brackish-water and eurythermic macro-
invertebsate species. These include exotic species introduced from North America and
Eastern Asia and others that have immigrated from the Mediterranean and Ponte
Caspian areas. One species is the benthic filter-feeding amphipod crustacean Corephinm
curvispinum, an invader originally from the southern Ponce Caspian zrea, which has
expanded its range since 1900 from the rivers entering the Caspian and Black Seas via
canals and rivers to western Europe, probably aided by shipping, It was fiest documented
in the middle then lower Rhine in 1987, and within a couple of years increased explo-
sively to become the most abundant species in the Rhine system. This species Slso
reached the Belgian pars of the River Meuse in 1981 and the Dutch part by the end of
the 1980s. This invader has had a significant impact on the Rhine ecosystem (Newmann
2002). Irs high fecundity, shore generadion time, and small size have led 1o massive den-
sities (rising from 2/m? in 1987 to 200,000/m? in 1991 on stones of groins in the lower
Rhine, van den Brink et al. 1993a), increased filer-feeding activity, and competition for
food and space with other species, including other exotic invaders such as the amphi-
pod crustacean, Gammarus tigrinus, and the zebra mussel, Drefssena polymorpha, G[jzm—
marns tigrinus invaded the lower Rhine in 1983, reducing abundance of the.native
amphipod G. pulex. Dredssena spp. invaded Europe from the Black Sea and Caspian Sea
over two centuries ago, before the Industrial Revolution, but disappeared from the lower
Rhine in 1960s due to the poor water quality and high levels of cadmium. Reducrions
in cadmium levels lead to Dreissena polymorrpha's re-establishment in 1975 and its
subsequent rapid population increase. Flowever, the species has now dramaticall
declined since 1987 due to competition for space with the nonnative Corophinm (vax};

[~

. thei
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or Velde ecal. 1994). Meanwhile, 2 number of native brackish-water erustaceans such

a5 the benehic amphipod Gammarus zaddachi range more than 100 km upstream of

¢ original distribution boundary, as a result of increased river safinity (van den

Brink et ak. 1990, 1993b).
“The rivers’ benthic community is now largely a pollution-tolerant one, with typical

sollucion-sensitive aquatic insects (ephemeropteran, trichopteran, and plecopreran

- spe ]
" in detriral breakdown, the decomposition process was likely affected. Species richness

cies) having disappeared prior to 1940. Because the latter two families are involved

of macroinvertebrates declined from 83 around 1900 o 40 in 1987. The fish commu-
nity was completely dominated by cyprinids (particularly roach) in the 1970s, and
anadromous and theophilous species declined or disappeared altogether {van der Velde
et al. 1990). For example, the salmon (Satmo salar), was overexploited and became
extinct despire large-scale restocking attemprts, thus negatively impacting recreational
scrvices provided by the rivers. In addition, changes in the macroinvertebrate commu-
nities and the invasion of exotic species led to changes in the river food web structure
and the diet of the major predatory fish (Kelleher et al. 1998).

Over the past two decades, vatious restoration management MEASUIEs Were imple-

meneed that began to reverse some of these impacts (Jungwirth ec al. 2002). The Rhine
Action Plan established by the Dutch government involved all the countsies bordering
the river and implemented various measures to restore watcr quality and habitat struc-
ture. Discharge of raw sewage and industrial wastes has decreased. The much-publicized
Sandoz incident in 1986 {Lelek & Kohler 1999; Mason 1996), which involved huge
inputs of insecticides following a major fire in a chemical plant in Switzertand, led to
the closure of water diversion plants along the river and other controls and restrictions.
Despite such setbacks, some evidence of success has been seen in the rediscovery of sev-
exal benthic riverine species in the lower Rhine, including the net-spinning caddis fly
Hydropsyche conturbernalis, the water bug Aphelocheirus aestivalis, the damselfly
Calopteryx slendens, and the freshwater mussels Anadonta anatina and Unido pictoruim
tvan den Brink et al. 1990). The number of fish species has increased, rising from a low
of 12 in 1971 to 25 in 1987 {van der Velde et al. 1990). Further reduction of the pol-
lution loads in the entire drainage basin has focused on nutrients, heavy metals, and
organic micropoffutants (such as PCBs and PAHS). Restoration of wetland vegeration,
floodplain lake water quality, and, in particular, connections becween the main chan-
nel, floodplain lakes, and side channels were suggested as being particularly important
from a biodiversity perspective (van den Brink 1994). Indeed, the creation of perma-
nently flowing secondary channels on the Rhine floodplain in 1994 showed thar within
five yeass these artificial secondary channels function well as an appropriace habitat for
riverine species, including the more demanding theophilic species (those that prefer tc
live in running water), and have thus contsibuged to the ecalogical value of the rive
(Simons et al. 2001). Jungwirth et al. (2002) give a aumber of other examples of sim
ilar river and floodplain restoration projects.
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Wetland Protection to Preserve Biodiversity and to Enhance Food
Production and Recreation: The Pantanal of South America

This enormous tropical wetland, the Pantanal of South America, is approximately the
size of the state of Florida and is the fourth largest complex of wetland ecosystems in
the world (Keddy 2000). Ies basin covers approximately 138,000 km? in Brazil and
100,000 km? in Bolivia and Paraguay. It consists of numerous streams, lakes, and sea-
sonally flooded swamps. The basin receives inflows from several large rivers (e.g., Rio
Paraguay, Rio Petras, Rio Cuiaba) that low southward to join the Rio Parana and then
to become the Rio Plare in Argentina (see Por 1993 for further details). The river water
that supplies it is primarily “clearwater” {semsu Sioli 1984), with little suspended mace-
rial under pristine conditions. A unique feature of the Pantanal is that it experiences sub-
stantial changes in the area that is under warer berween wer and dry seasons each year,
with as liccle as 10 percent of the area inundated during the dry season and as much as
70 percent during the four-to-six-month wet season. During the dry season, shallow,
isolated water bodies develop aquaric communiries thar are characrerized by high tur-
bidity because of the density of bacterta and algae as well as black coloration in the warer
from humic materials released during decomposition. Nevercheless, these temporary
aquacic ecosystems have no endemic or even rare species. This is because of the likeli-
hood of extinction during accasional very dry periods followed by the cercainty of the
exsensive mixing among aquatic and wetland ecosysterms that follows flooding in the wet
season.

The seasonal wet-dry cycle provides a wide range of ecosystem services of grear eco-
logical and economic value, There were a farge number of indigenous people who cul-
tivated wild water rice, hunted deer, and construceed arrificial islands wichin the
swamps on which to live (Moss 1998). Water supply, food production, and waste pro-
cessing all still contribute imporrane economic values to the region, and benthic com-
munities play an important role. The Pantanal is characterized by a density of large ver-
tebrates and unique food webs (Heckman 1998). In addition to providing habitar to
endangered rerrestrial and semi-aquatic species such as the spotted jaguar (Panthera
onca), giant anveater (Myrmecophaga tridactyla), and giant eiver otter (Prevonura
braziliensis), this vast region supports more than 40 species of wading birds and more
than 400 species of fish. These species have high “existence values” for many people, and
they maintain the complex pelagic and benthic food webs that are the basis of many
ecosystem services. Recreational uses are also of major economic importance. Hunters,
BHshermen, and conservationists travel from all over the world to view and ro exploic this
exceptional biodiversity.

During the dry season, much of the unflooded matrix within the Pantanal wetland
becomes a savanna used for grazing large herds of catrle that are supported by nutrient
cycling in the sedimenss. The savanna is divided into a series of cattle ranches (based on
several million zebu cattle and local breeds) that have been burned regularly by ranch-
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ers for the last 150 years. Deforestation by burning to creare more grazing land has led
to soil erosion and high rates of sedimentation (see Covich et al., Chaprer 3 and Ine-
son et al., Chaprer 9). In more recent years, nonnasive grasses have been introduced to
improve forage, and pesticides and fercilizer use has increased in an effort to support the
growth of rice and soybeans, These increased chemical inputs have negative effects—
such as bioaccumulation and eutrophication—as occur elsewhere in the world (Moss
1998). Gold mining predates ranching by about 00 years, and open-pit gold mines are
still being established. Purification of gold ore utilizes mercury, which is then evapo-
rated, and there is some evidence of mercury pollution affecting birds (as in the Ever-
glades). Subregions within the basin (such as Nhecolandia, Brazil, the second largest of
11 subregions) are being studied with remote sensing to increase availeble data on
land-use values. Meanwhile, threats from the watershed have also increased, and the
rivers feeding the Pantanal now introduce chemical concaminants, nutrients, and sed-
iment from increasing urban developments, agricultural operations, and mines. Seidl
and Moraes (2000) estimate the annual total value of ecosystem goods and services o
the Nhecolandia subregion is more than US$15.5 billion.

The conflict is clear in the Pantanal berween the maintenance of natural provision-
ing, supporting, and enriching services and the increase of the delivery of arcificial ser-
vices through agriculture and exploiration of natural resources. It is quire remarkable chat
such a diverse and unusual animal assemblage exists, given that it is dependent on a foad
chain with a very important benthic base that itself is by no means unique in its diver-
sity or nature. How long the Pantanal ecosystems can continue to provide the wealth of
ecosystem services under the increasing effects of the variaus stressors is unknown.

Nutrient Cycling and Productivity of Lakes:
Lake Mendota, Wisconsin, United States

Lakes are used for a variety of ecosystem services, but becanse of their enclosed nature
and che slow turnover of their water, they are often susceptible to a variery of threacs,
among them the loss of ecosystem services and resulting disservices. Eutrophication, for
instance, results in rapid growth of blue-green algae, which affect tastes and odors of
drinking water. Algal blooms disrup fileration processes during warter abstraction and
can be toxic, which may affecr drinking water for municipalicies. These issues stimulated
intensive experimental and modeling studies to determine whether such changes were
irreversible (Baerenklau et al, 1999; Wilson & Carpenter 1999).

Lake Mendota in Madison, Wisconsin, is one of the most thoroughly studied
medium-sized (approximarely 4,000 ha) lakes in North America (Kiechelf 1992). In the
early 1980s, the combined decline of walleye populations and fost recreational fishing,
together with concerns over unprediceable eruptipns of noxious and sometimes toxic
blue-green algae (cyanobacteria), led to a research effore demonstrating chat water qual-
ity and food web management could be integrated. The management processes devel-
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oped here and elsewhere were based on the trophic cascade concepr (Carpenter &
Kitchell 1993), in which enhanced populations of top piscivorous predarors thar feed
on plankrivorous fish led indirectly to the reduction of algal densities through the
release of zooplankron populations that feed on algae. This approach of using one
ecosystem funcrion (predation} to enhance another (herbivory) and hence increase an
ecosystem service (provision of high-quality water) has been utilized in 2 number of
countries. In the case of Lake Mendota, management issues to solve conflicting service
provision included: (1) trade-offs berween increased stocking for walleye and northern
pike fishing or managing for bass or perch {distinct “goods” for different people); (2)
effects of increased water clariry (following removal of algae by grazing zooplankron) on
deep light penesration, which can result in increased growth of submerged aquaric
plants (that provide critical habirat for juvenile fishes, but can become weedy and
reduce dissolved oxygen in the littoral zone during late summer and winter when the
dead plants decay); and (3) disadvantages of improved water quality (clear water with
lower concentrations of dissolved nutrients), which made ic difficulr to fulfill the
demand for recreational fishing.

These integrative studies led to new questions abour how management can enhance
ccosystem services in freshwater bodies: How are “distinet” ecosystems, with appareney
clearly defined surface boundaries {e.g., smalt ponds, large lakes, and rivers), intercon-
nected hydrologically over time and space? How mighr these linked ecosystems func-
tion and affect each other in predictable ways? Why must fisheries biologists add Ffer-
tilizers 1o increase fish production in some locations (hatcheries, aquaculiure ponds)
when water-quality engineers are designing rreatment plants to remove nutrients in
other “downseream” locations (groundwaters, rivers, and fakes)? Is produceion of fish for
food versus recreation a necessary trade-off Or can aquatic ecosystems be managed to
optimize complex production functions? Can natural processes of nutrient cycling and
organic-marter breakdown provide supplemental services that could save construction
of new trearment plants? Answers to such questions have emphasized chat sedimentary
deposits and the species thar live in these substrates are key regulators of nutrient
cycling and productivity of different forms of plants. These basic elements of nutrient
cycling (bottom-up conerol) interace with the effects of open-water predators such as
fishes {top-down control) to jointly influence entire food wehs (Kiwchell 1992; Car-
penter & Kitchell 1993),

The Fverglades:
Coping with Heavy Metals and Ecosystem Disservice

The Everglades is a vast freshwater wetland thar originally covered an area of more than
10,000 km? in south Florida, United States. It is part of a 100-km-long basin in which
water flows along a gradual gradient of 3 em/km from shallow Lake Okechobee to the
mangroves lining Florida Bay. Exploication of rich organic soils for agriculture, drainage
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for urban development, the construction of canals, and the impoundment of surface
water for flood control and warer storage have led to dramatic changes in flooding and
fire regimes and nutrient inputs to the wetland. Because of draining and modifications
in hydrologic regime, the area of the Everglades is now, in 2004, 35 percent of its orig-
inal size.

The Everglades provides numerous ecosystem services for human well-being. Even
in irs much altered state, che Everglades filter polluted runoff from agricultural fields,
yielding fresh, clean water for a variety of uses, including support of the estuarine
ecosystems ac its terminus. It harbors and produces a great quantity and diversity of
wildlife, most notably alligarors, crocodiles, the Flosida panther, manarees, and a rich
variety of aquatic birds. The fresh water it supplies to Florida Bay comes in a quality,
quantity, and partern of delivery that enables coastal ecosystems to provide their own
suite of services. Finally, the Everglades provide aesthetic values, including recreation,
to an audience thar extends well beyond the boundaries of the United Stares.

Among the many changes to the Everglades that alerted scientists and resource man-
agers to potential “ecosystem disservices,” one that was particularly difficult to diagnose
was the increase in concentrations of mercury in several species of vertebrates. Mercury
contamination has been particularly pronounced for Everglades sport fishes; high lev-
els have been detected in other vertebrares, including afligators, wading bieds, and the
Florida panther (Fink et al. 1999). Fear arose thar agriculrural pollutants introduced
primarily into the north and eastern ends of the wetland were finding their way into and
up the food chain, instigating a closer look at the mercury cycle in the Everglades. In
fact, the emerging pattern of cause-and-effect is complex and, in some ways, very dif-
ficult to counteract.

Most of the mercury introduced to the Everglades comes from acmospheric sources,
not from agriculture (Fink et al. 1999). Although some is from natural sources, such as
volcanoes and outgassing from oceans, approximately 95 percent of the atmospheric mer-
cury is released with coal combustion, waste incineration, and industrial processing
{Krabbenhoft et al. 2003). Mercury in the atmosphere is ptimarily elemensal mercury,
which is relatively inert. Once deposited, it is subjece to conversion to the more roxic
methylmercury, a process performed primarily in an anoxic environmens by sulfur-
reducing bacteria, which ate responsible for much of the organic carbon decomposition
in the Everglades’ sediments. An unusual feature in the Everglades’ food chains is the
dominance of periphyton over phytoplankton as the basc of food chains (Browder et al.

1994), Periphyton is an assemblage of algae, bacteria, and associated microfauna that
form a mat that overlies the surface sediments and often includes filamentous blue-green
algae. Both mercury and methylmercury accumulare in periphyton, buc it is still unclear
how mercury becomes so concentrared in fishes near the top of the food chain. Com-
plex interactions that change seasonally with fish diets (which include benthic inverte-
brates) and are affected by wetting cycles, fire, sunlight, total mercury concentrations, sul-
Fate concentration, and levels of znoxia remain to be clarified (Gilmour et al. 1998;
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Krabbenhoft et al. 2003). It is clear char in areas of nurrient enrichment, accumularion
of biomass (often awributed o increased abundance and rates of growth of Tipha lesi-
Jiliaand T domingensis) increases, rates of microbial activity 2nd decompasidon increase,
and there is an increased tendency for mercury methylation (Gilmour et al. 1998).

Through our use of the atmosphere to perform the service of waste mercury disposal,
humans are compromising animal and human food chains in the Everglades. Armo-
spheric deposition of mercury to the Everglades is approximately double the rate in rural
Wisconsin for example, but ir is difficult to derermine the source of this inpur.
Although it may be possible to manipulate Everglades water levels and mercury release
patterns to minimize formarion of methylmercury, the patts of this wetand that are
most affected are the pares with the most natural fire and warer regimes. Mainraining
an environment that can continue to produce sustainable populations of sport fish and
wildiife may not be comparible with acmospheric release of waste mercury. This exam-
ple of the Everglades’ ecosystem demonstrates the extent to which freshwater systems
are often compromised by the use of ecosystem services in other realms.

Clean Drinking Water: Managing the Catskill Mountains of
New York Citys Watershed to Provide High-Quality Water Supplies

One of the major success stories in the use of natural ecosystems to deliver vital ecosys-
tem services is the use of a series of river-reservoir ecosystems located in the Caskill
Mountains to provide water for New York City’s nearly nine million people (Ashendorff
eral. 1997). Three large reservoir systems (Croton, Catskill, and Delaware) containing
19 reservoirs, 3 controlled lakes, and numerous tributaries cover an area of 5,000 km?
with a reservoir capacity of 2.2 X10° m?. The US Environmental Protection Agency
issued a “filtration avoidance status™in 1997 for five years in response to the citys
request to upgrade their watershed management and enhance the capacity of natural
ecosystems to maintain clean water. To avoid the potential expense of US$2--8 billion
over 10 years to build new, larger filtration plants to meet drinking water standards, the
city invested US$1—-1.5 billion o restore natural ecosystem processes in the watershed
{(Ashendocff ecal. 1997; Foran et al. 2000). The cicy agreed to construcr a filtration plant
if natural processes failed to meet EPA standards. Filtration is viewed as essential
because chlorination is not completely effective in killing pathogens, particularly when
there are high levels of suspended materials (Schoenen 2002).

New York City increased the capacity for natural nutrient rerention and lower ero-
sion by protecting riparian buffer zones along rivers and around reservoirs. Road con-
struction within 30 m of a perennial stream and 15 m for an intermitcenc seream was
prohibited. Non-point sources of nutrients and pesticides from stormwater runoff,
septic tanks, and agricultural sources were also regulared. Water managers continued to
montitor for protozoans, such as Crytosporidium parvum and Giardia lamblia, that cause
cryptosporidiosis and giardiasis.
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The city is now expected to save some US$300 million annually that would be nec-
essary to run new fileration planes. The investmenr in natural capital reduced risks of
contaminants, and the city can now focus on minimizing disinfectants ar the final treat-
ment stages. Although chlorination of drinking water is widely used, it can produce car-
cinogenic byproducts (e.g., chloroform, trihalomethane, and 260 other known chem-
icals) in drinking water, especially in ecosystems with high levels of organic mauter
(Zhang & Minear 2002),

Increasing effectiveness of natural ecosfstem processes by wartershed prorection,
restoration, and ripasian management provides an example of how planners can cope
with highly variable inputs shat characterize this carchment {e.g., Fref et al. 2002).
Boston, Seattle, San Francisco, and Greenville, South Carolina, are other examples
where natural ecosystem services are used in conjunceion with water ereatment planes
to ensure high-quality drinking water (O'Melia et al. 2000). This final case study illus-
trates the potential value of maineaining and enhancing nataral ecosystem functioning
in order to provide our vital ecosystem services.

Discussion and Conclusions

These case studies provide a spectrum of examples thar demonstrate not only the ways
in which ccosystem services are provided by freshwater benthic species, bur also haw
they are vulnerable to human activities. The studies also provide some lessons that can
be carried over into creating improved management of complex, interconnected ecosys-
tems. A central feature of vulnerability of these benthic species is that, although fresh-
water is widely available, it is often extremely and unevenly distributed. Consequently,
there are significant geographical disparities in the frequency and intensiry of threats to
the benthic biota and their associated ecosyscem services. The trade-offs between eco-
logical and economic values that are facing managers will be drastically different in the
arid zones of Africa or India than in the arid western United Stases.

Trade-offs can be complex in wer or dry regions when exploitation of an ecosystem
for one service eventually becomes a disservice relative to other needs. When managing
for optimizing one service entails obstructing or even destroying the capacity to enjoy
another service, either from the same ecosystem or from another ecosystem, planners
must rationalize benefits from each service as well as the possibility of mitigation of
effects in advance. .

Managers often focus on a single problem and then seck to enhance a single ecosys-
tem service to resolve the problem. For instance, designating the Caskill Mountains as
2 protected watershed for supplying New York City with fresh water provides a com-
plex case study for other cities to consider. Wil this approach establish a sustainable sys-
tem for obtaining potable water without other upintended consequences? It is not
clear what the effects of deflecting inflows for New York City's use will have on the Hud-
son River. Will the complexity of habirats that would have supported a greater number
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and diversity of fish and benthic infauna be affected by this alteration of fow? Will
saline warters move farther upstream on the tidally altered portions of the Hudsen
River during droughts and thus affect other warer supplies ar certain benthic species’
roles in providing other needed ecosystem services? Another poignant example of our
inability to manage “single-service contracts” with freshwater aquaric ecosystems is the
increased mercury contaminacion in the Everglades, now the scene of dramatic and
expensive efforts to restore the suite of ecosystem services that it ance provided. Restor-
ing and preserving watersheds, redirecting wastewater to specially construcred wee-
land ecosystems, and guarding against the introduction of alien species are imporrant
goals-—but complere analysis also requires comprehensive studies of inputs from the air-
shed. Mereury contamination from rainfall containing merals derived from burning fos-
sil fuels persists as a major issue even if warter pollution and hydrology can be managed
to sustain the benthic biota. The Pantanal provides a positive example of a vast and
complex landscape that continues to sustain high productivity in a mixeure of wetland
ecosystems that change shape and chemistry as wer and dry seasons alternate. Although
the Pantanal is probably a fragile collection of interdependent ecosystems, and impor-
tant parts may yet be lost to the threats that impinge on it, its example impresses on us
the reality rhat assaults to a benthic community may ultimately be repairable. This is
the hope for many of the severely stressed freshwater systems in Asia and Africa char have
lost most of their most important natural provisioning and support ecosystem services
(especially provision of potable clean water) through excessive inputs of pollurants. Gen-
erally, freshwarter ecosystems are resilient to many kinds of short-term threats, once the
percurbation stops and recovery becomes possible (Resh et al. 1988; Jansson et al.
1999). Much of this resilience and resistance can be arcributable to the benthic com-
munity, which seems to provide a stabilizing interface berween the physical environment
and the nonbenthic community, and hence many of the services the freshwater ecosys-
tems provide.

Risk analyses, to help balance our demands on valuable ecosystems more effectively,
depend on the knowledge of what human activities are damaging, how such damage can
be avoided, and the extent to which ecosystem services that are currently impaired can
be restored. In order to offer such advice, we also need information on what governs the
production of ecosystem services, the wle of biodiversity in the sustainability and level
of the services, and how production of services changes under altered conditions. Can
we rank the chreats in order to provide some guidance as to what actions are the most
important to avoid and what are the most useful for beneficial restoration? We might
speculate that geomorphic alteration is the most serious, as freshwater systems are not
resilient to this sort of change. Chemical pollution and local extinctions can be more
easily mirigared against and recovery is usually rapid. Large-scale watershed/catchment
perturhations {such zs changing land use) and resultant hydrochemical changes are far
more significant again chan local point source pollution., Invasive species may or may
not be significant, depending on how they interact with the native communities and the
scale of activity and population growth. Pulse disturbances {which occur over a rea-

6. Vulnerabilicy and Management of Ecological Services in Freshwater Systems | 153

sonably limited spatial and temporal scale), be they hydrological (such as narural
drought or flood) or chemical (such as pollution events), have limited long-term impact
due to the high resilience of mest freshwater systems. On the other hand, longer-term
directed press disturbances (such as acidification, eutrophication, human-induced cli-
mate change, and hydrologic regulation) will have a greater impact on the ecological
communities and hence on the provision of ecosystem services. The extent to whicl: bio-
diversity provides some “insurance” against such changes is not clear at presens, but the
evidence from evolution suggests that some Species may adapr to change while others
may become extinct, thus, the provision of some ecosystem services may remain. For
Freshwater systems, however, chis insurance is also at risk, as available information sug-
gests char freshwater biodiversity has declined much faster over the past 30 years than
either rerrestrial or marine biodiversity. The greatest effects appear 1o be in the densely
populated regions of the eropics {particudarly South and Southeast Asia) and in dryland
areas (Jenkins 2003). This complex linkage within and among ecosystems, like the
example of the River Rhine, whose water qualicy has been improved enough to see the
reappearance of many species of aquatic insects and fishes, will benefic from continued
long-term monicoring and analysis of complex tade-offs inherent in management
decisions.
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