;: Jt% Miljéanalys£
< A

Assessing the ecological quality (structure, function and
biodiversity) of running waters

Literature review

by

Jenny Bergfur

Department of Environmental Assessment
Swedish University of Agricultural Sciences
Box 7050 SE 750 07 Uppsala

2005 Rapport 2005:30







Assessing the ecological quality (structure, function and
biodiversity) of running waters

ISSN 1403-977X






NATURAL AND HUMAN INDUCED VARIABILITY IN STREAM ECOSYSTEMS..........ccooviiiiiiiccneee 1

ECOSYSTEM FUNCTION IN NATURAL AND PERTURBED SYSTEMS ... 1
ALLOCHTHONOUS VERSUS AUTOCHTHONOUS DRIVEN SYSTEMS. ..ot 2
CPOM BREAKDOWN. ....cuutiiiiietiieiiueeeeeeeteesaaeeeeeeeseesiasseeesesseesiatssessesseasaasssseeeseaaatstsseesssesstassseeessssasssssesesssssssssseeeessssnnne 3
[T Tot 1T oo TSSOSO TR PP TSP PP PO PRTPRUOPRTPRORPRPIN 3
/o] o) o E= Nl o] == 1o [T TR 3
FrAGMENTALION. ...ttt bbb ekt b e ekt b ekt e bt ekt s bt e bt e b b e e bt ekt b e bbb et b et b e b e 4
SOME METHODS COMMONLY USED TO ASSESS FUNCTIONAL CHANGES IN STREAM
L O O N S I =1 1Y/ TR 6
THE USE OF DIFFERENT MEASURES: DECOMPOSITION, STOICHIOMETRY AND STABLE ISOTOPES, IN UNDERSTANDING
ECOSYSTEM PROCESSES. ...euuuuuuuuutuuuensenensnnnssnnnnnnnnnnssnnnnnnnnnnnssnssssssnsnnnsnssssnnssnsssnssssssnnnssssssnsssnsnnnnssnnsnnsnnnnsnnssnsnsnsnnnsnnsnnsnnnne 7

GLODAL WATINIIEZ. ..ottt ettt ettt b et et e s et e eb e et e b e st ea e es e es e ee e b e s em e eme e st es e es e et e ab e e emseseemeese et e abe s e seneeneeneateabenean 8
Acidification. ........cccccvueunnee.
IMETAL POLIULION. ...uiiiintieiiete ettt ettt ettt bt et s bt e st e bt eat et e es e et e ea b et e es e e bt ea b e e bt esee bt en b e bt estenbeestenbeembenbeensenaeene 9
] (0] [ T[T 111 AP O TR S USRI 10
] E=1 0] L L0 (0] o L= OO USOUR PP 11
RELATIONSHIP BETWEEN COMMUNITY STRUCTURE AND FUNCTION (E.G. FUNCTIONAL
D11 1IN N AN TSR 13

CAN FUNCTIONAL ASPECTS PROVIDE A BETTER MEASURE OF ECOSYSTEM CHANGES THAN
STRUCTURAL ASPECT Y.ttt e b et E bt h e e e r Rt e b bbbt et e e e e nn e ar e 14

REFERENGCES ...t e h bbbt b e bR bbb e e e bbb e bbb se e n e e en s 16






Natural and human induced variability in stream ecosystems

Humans have for a long time been using aquatic resources to provide a number of services and
functions such as supplying drinking water, fishery, and transportation and for recreational
purposes. Human-induced impacts on ecosystems are at the same time increasing at an alarming
rate resulting in a substantial loss of biodiversity (Vitousek et al. 1997). There is also a growing
concern that not only species diversity is lost, but that ecosystem services may become lost or
impaired with anthropogenic stress (Daily et al. 2000).

There is a long tradition in ecology of considering the effect of abiotic factors (ecosystem
processes) on biodiversity (Loreau 2000) and for water management purposes the assessment of
water quality has for a long time been based on physical, chemical or biological data. Many of the
ecosystem functions such as species and habitat diversity, species interaction and mineralization of
organic matter are connected to water quality and therefore a more integrated approach to water
management is needed (Knoben et al. 1995).

The relationship between biodiversity and ecosystem processes has become a central issue
and challenge in contemporary ecology in the last decade (Cardinale et al. 2000, Loreau 2000,
Loreau et al. 2001). These interests have spurred research to determine how species loss alters the
rates of ecological processes that are vital to retain inherent ecosystem functioning. Although the
contribution that species diversity has per se on ecosystem function is currently debated, several
studies have shown nonetheless that biological communities regulate important ecological processes
such as productivity, decomposition and elemental cycling and that species loss can alter the
structure and functioning of ecosystems (Naeem et al. 1994, Naeem et al. 2000, Petchey et al.
2004). Some modelling studies indicate, however, that there may be no single, general relationship
between diversity and production (Cardinale et al. 2000). Likely, relationships between species
diversity and ecosystem processes are complex. Jonsson (2003) and Petchey et al. (2004) recently
showed that interactions between species are likely to determine what effect species loss will have

on rates of ecosystem functioning.

Ecosystem function in natural and perturbed systems

A large number of methods, ranging from subtle changes at the suborganism-level to changes in
population, community and ecosystem-level structure, are currently used to assess the ecological
integrity of aquatic ecosystems (Johnson et al. 1993). Community-level assessment using benthic
macroinvertebrates is by far the most common approach used to assess ecological quality (Cairns

and Pratt 1993), and many biological metrics have been developed (Knoben et al. 1995). Although



assemblage structure and composition has been successfully used in studies of impairment, there
has been a recent renaissance in the use of ecosystem-level processes, such as decomposition, as a
complementary approach to assessing ecological integrity. For example, Gessner and Chauvet
(2002) and Dangles et al. (2004a) propose the use of leaf litter breakdown as a tool for determining
the effects of human-induced change on ecosystem function. The breakdown of leaf litter from
deciduous vegetation is an essential component of terrestrial and aquatic ecosystems, and a topic
that has received considerable focus (Ponsard et al. 2000, Graca 2001, Royer and Minshall 2003).
The importance of leaf litter as the main energy source for low order streams (Vannote et al. 1980)
and to a lesser extent the littoral region of lakes (France 1995b) has been recognized for some time.
The organisms that drive leaf litter breakdown processes include detritivorous macroinvertebrates
(shredders), bacteria and aquatic fungi (Baldy et al. 1995, Wallace and Webster 1996, Royer and
Minshall 2003). The relative importance of these three groups and the factors controlling their roles
are, however, unclear (Hieber and Gessner 2002). Given the renewed focus on ecosystem function
in monitoring human-induced ecological effects and the potential importance of species loss on
ecosystem function and services provided, there is a current need to better understand the linkage

between species diversity/composition and ecosystem function.

Allochthonous versus autochthonous driven systems

The stream ecosystem is, as all other ecosystems, dependent on a constant input of energy. The
energy for running water is gained through autochthonous pathways, where solar energy supports
in-stream primary production, or allochthonous pathways, where the stream ecosystem is supported
by organic matter that is produced elsewhere (Fisher and Likens 1973, Giller and Malmqvist 1998).

In many headwater streams, the riparian vegetation reduces autotrophic production by
reducing solar input, and the stream is often dependent on the litter input from the surrounding
vegetation. As stream size increases there is a reduction in the importance of allochthonous detritus
input and the significance of in-stream primary production and organic transport from upstream
increases (Minshall 1967, Vannote et al. 1980).

Leaves from riparian trees are one of the most important components of allochthonous
energy-input (Webster et al. 1999) and this energy input is naturally greatest in autumn when leaf
abscission occurs. Therefore a seasonal shift in the relative importance of autotrophic production vs.
allochthonous input can be observed in stream ecosystems (Vannote et al. 1980). More recently,
terrestrial invertebrates have been recognized as an important energy source to aquatic ecosystems.
Though leaves are mostly degraded by aquatic invertebrates, terrestrial invertebrates are consumed

by fishes, mainly salmonids and this input to the streams is largest in the summer months in



temperate zones. In tropic areas the leaf and invertebrate input is independent of season (Baxter et
al. 2005). To reduce the variance in energy flow the organisms in stream ecosystems are adapted to
these seasonal changes, for example: species diversity, food processing specialisation, temporal
expression of functional groups and the erosional-depositional transport and storage characteristics

of flowing waters are all adaptations to these temporal energy variations (Vannote et al. 1980).

CPOM breakdown

Leaching

Vascular plant or CPOM (coarse particulate organic matter) breakdown is generally thought
to occur in three distinct phases, namely leaching, conditioning and fragmentation. The first phase
leaching, causes an initial rapid loss of soluble and labile materials (Cummins 1974, Petersen and
Cummins 1974, Webster and Benfield 1986). Most of the leaching occurs within the first 24 hours
after the CPOM has entered the water (Petersen and Cummins 1974). Most studies on leaf-litter
breakdown have been performed using autumn-shed leaves that have been pre-dried (Kaushik and
Hynes 1971, Petersen and Cummins 1974) and most of the models concerning leaf-litter processing
in streams are therefore based on results from using pre-dried leaves. However, there is a difference
in the kinetics of leaching between pre-dried (air-dried) leaves and fresh leaves. Gessner &
Schwoerbel (1989) found that air-dried leaves from alder (Alder glutinosa (L.) Gaertn.) and willow
(Salix fragilis L.) lost 20% and 25 %, respectively, of initial air-dried mass after 24 hours of
leaching. If the leaves were exposed to leaching without having been air-dried, the leaching kinetics
is quite different: no significant mass loss occurred over a period of 6.5 days. The leached material
enters the DOM (dissolved organic matter) pool, which also receives its input from the surrounding
watershed. The DOM is then lost from the system by microbial activity (Fisher and Likens 1973).

Temperature has long been considered one of the most important factors controlling
breakdown rates, irrespectively of leaf-species (Kaushik and Hynes 1971, Iversen 1975, Suberkropp
et al. 1975), but Petersen and Cummins (1974) found in laboratory studies on leaf-breakdown rates
that temperature had no extensive effect on the rate of leaching. Water quality and leaf composition
is also considered important for the decomposition rates (Kaushik and Hynes 1971, Sampaio et al.

2001).

Microbial breakdown

After the initial leaching, microbial colonization occurs, which reaches its peak after about

one or two weeks. The initial microbial colonization is mostly conducted by aquatic hyphomycetes



and bacteria. During the time of microbial colonization microbial respiration takes place, which
processes the plant material further (Petersen and Cummins 1974). This process is also known as
microbial conditioning. The microorganisms that colonize the plant material produce hydrolysing
enzymes that decompose the material and release soluble compounds and fine particles into the
water (Graca 1993). This is proceeded by mechanical and invertebrate decomposition and
fragmentation (Cummins 1974, Webster and Benfield 1986, Graca 1993).

The rate of conditioning is dependent on many factors. Such as; the preconditioning before
the CPOM enters the water, the water temperature (Cummins 1974, Nikolcheva and Bérlocher
2005), leaf type and degree of microbial colonization (Petersen and Cummins 1974, Sampaio et al.
2001, Nikolcheva and Birlocher 2005). The importance of preconditioning is still a matter of
debate, early studies (e.g. Cummins 1974) found that in summer with temperatures above 15°C, the
spores and hyphae already present on the substrate played a large role in the fungal breakdown.
More recent studies have, however, hardly detected any fungal biomass, measured as ergosterol, on
fresh leaves, and after placement in the stream the fungal biomass increased rapidly and peaked
within a few weeks (Gessner and Chauvet 1994, Hieber and Gessner 2002). The fungal mediated
breakdown has been found to be controlled by lignin (primarily) and tannin contents of the leaves,
rather than the nitrogen and phosphorus content of the leaves (Gessner and Chauvet 1994).
Furthermore, the external concentrations of nutrients (nitrogen and phosphorus) has been found to
be an important regulator of this process (Suberkropp and Chauvet 1995, Graca et al. 2001, Grattan
and Suberkropp 2001). During leaf decay the concentration of nutrients (especially nitrogen) has
been found to increase, which has been attributed to the growth of microorganisms on leaves
(Sampaio et al. 2001). This suggests that both internal and external factors interact to control the
fungi-mediated leaf litter decomposition. Some authors have found bacterial assimilation of carbon
to be almost as high as that of fungi, although fungal growth is somewhat greater than bacterial
growth (Findlay and Arsuffi 1989). More recent results show that fungal mediated carbon loss
greatly exceeds that of bacteria (Baldy et al. 1995, Pascoal and Cassio 2004).

Fragmentation

The fragmentation rate of CPOM is also dependent on many different factors, for example
litter-quality, temperature and the number of shredders in the stream (Petersen and Cummins 1974,
Oberndorfer et al. 1984, Cummins et al. 1989). Fungal breakdown is also reported to stand for a
considerable part of the leaf-breakdown (Suberkropp and Klug 1980, Gessner and Chauvet 1994,
Hieber and Gessner 2002) although others have found no statistically significant relationship

between ergosterol content and litter disappearance, regardless of season (Graca et al. 2001). Fungal



colonisation on leaves also increases palatability to shredders, which in turn increases the rate of
breakdown when feeding on the microfilm on the litter (Suberkropp 1992, Gessner and Chauvet
1994). Bacteria are also part of the fragmentation. The bacteria growing on leaf surfaces is being
consumed and sloughed off, removing material from the leaf in the process (Findlay and Arsuffi
1989). The microbes associated with the leaves have been described as “peanut-butter” which only
occurs on nutritionally unsuitable “crackers”, the leaves, and a requirement to obtaining the “peanut
butter” is to consume the “cracker” (Cummins 1974). Hall and Meyer (1998) found support for this
“peanut-butter cracker” theory when investigating the importance of bacteria in stream food-webs.
Macroinvertebrates seemed to derive much of their carbon from the microbes in the stream rather
than from the detritus itself.

Concerning the importance of macroinvertebrates (shredders) in the litter breakdown process
contradicting results exist. Stockley et al. (1998) found, in his study on the contribution of
invertebrates to detritial processing in the river Swale-Ouse system in the UK, that invertebrate
contribution was minimal, neither Leff and McArthur (1989) found that invertebrates were the
primary agent of decomposition. In a more recent study Hieber and Gessner (2002) found that
shredders, fungi and bacteria all stood for a significant part of the leaf breakdown process in a
temperate forest stream. But the shredders appeared to be particularly important.

Stream invertebrates that feed on leaf litter are intimately tied to the nature and timing of the
litter input. Many of the aquatic invertebrates have for instance synchronized their emergence,
ovipositioning and eclosion to occur just prior to leaf abscission in the autumn (Petersen and
Cummins 1974, Cummins et al. 1989). Differences in decomposition rates between different
seasons has been attributed to the differences in the numbers and types of invertebrates and to
changes in the microbial community present in stream habitats at different seasons (Garden and
Davies 1988).

Sediment composition has also been shown to influence litter breakdown rates in natural
situations with varying current velocities (Reice 1974, 1977). Comparison of breakdown rates on
rock, gravel, sand and silt showed that the highest breakdown rates occurred on rock sediments and
this was not related to current velocity (Reice 1977). However, when current effects were
eliminated, the effect of the substratum on decomposition rates was found not to be significant
(Reice 1980). Abiotic factors such as current velocity might otherwise increase fragmentation rates
(Stout and Coburn 1989), although these authors found indications that physical process were less

important then biological processes for leaf decomposition.



Some methods commonly used to assess functional changes
in stream ecosystems

Functional analysis of an ecosystem often consists of community metabolism, the energy
transformation by the organisms (Teal 1957). In all ecosystems, major flows of energy occurs along
detritial pathways and breakdown of vascular plants is essential to the trophic dynamics of many
freshwater ecosystems processes (Cummins 1974, Petersen and Cummins 1974, Howarth and
Fisher 1976, Webster and Benfield 1986, Nelson 2000). Moreover, the flow of energy is a complex
interaction of physical, chemical, microbial and animal processes (Webster and Benfield 1986,
Graca 2001). Since degradation rates are sensitive to physical and chemical environmental changes
and relatively easy to measure (Graca 1993), measurements of breakdown rates is considered as a
useful tool when investigating patterns and mechanisms driving decomposition in steams (Hieber
and Gessner 2002), and when evaluating functional changes due to anthropogenic disturbance of
such ecosystems (Webster and Benfield 1986). A wide range of organisms are also involved in the
decomposition of leaf litter, for example: bacteria, fungi, invertebrates and, in the tropics, fishes.
This suggests that anthropogenic stresses of leaf breakdown can be effective through different
targets and mechanisms (Gessner and Chauvet 2002). As mentioned under the heading “CPOM
breakdown”, there are many factors, acting on several spatial scales, which affect litter breakdown.
The many different factors controlling the rate of litter breakdown and how they interact is a major
problem in interpreting the litter breakdown rates. Royer & Minshall (2003) constructed a
hierarchical framework that reveals a predictable structure regarding factors regulating breakdown
processes. The framework incorporates factors operating at different spatial scales:
landscape/biome, basin/network, watershed, reach and patch. Incorporating these factors in the
interpretation of breakdown rates is crucial if breakdown rates are to be used as a means for
bioassessment.

Analyzes of functional feeding groups, FFG, (Cummins 1974, Moog 1995) is an indirect way
of measuring the functional integrity of a stream. Methods such as classifying sites according to the
feeding behaviour of the taxa present has been used extensively in ecological studies (Johnson
1999), although several studies have found that metrics such as ratios between functional groups
were not better than measurements of community structure (Resh and Jackson 1993) and such
information about ecosystem-level processes is also a deduction from structural parameters

(Gessner and Chauvet 2002).



The use of different measures: decomposition, stoichiometry and stable

Isotopes, in understanding ecosystem processes.

Decomposition rates

Since litter breakdown is an important energy source in stream ecosystems, much effort and time
has been placed on understanding the process of litter breakdown in small headwater streams
(Royer and Minshall 2003). A common method is the use of leaf bags or leaf packs. One common
measure of decomposition rates is the use of the k-value (Olson 1963, Petersen and Cummins

1974).

-kt
W=Wy*e

The exponential decay model is used to calculate the k-value, which expresses the breakdown rate
as the percentage mass declining over time. The construction of methods to assess breakdown rates
are also varied (Boulton and Boon 1991). One commonly used method to quantify the rate of leaf
litter breakdown is the use of artificial leaf bags. The usage of different kinds of leaf bags with
different sizes, shapes or mesh sizes or natural leaf packs results, in different breakdown rates
(Cummins et al. 1980, Stewart and Davies 1989, Boulton and Boon 1991). The use of natural leaf
pack has not gained great importance in assessing breakdown rates since it is difficult to
standardise. The invertebrate composition in artificial litter bags has, however, been found to be
similar to natural leaf packs, at least in the early stages of breakdown (Braioni et al. 2001).

The decomposition rates of leaves are dependent on many factors as mentioned above.
Humans can however influence these factors (willingly or unwillingly) with the increase of
nutrients, increased temperature due to global warming, habitat destruction such as channelling and
the discharge of pollutants such as pesticides and metals. All these impacts can, however, result in

different responses of decomposition rates.

Eutrophication and organic pollution.
Addition of nutrients (nitrogen, phosphorous and sewage effluents) to streams has generally

been shown to increase breakdown rates (Kaushik and Hynes 1971, Iversen 1975, Howarth and
Fisher 1976, Elwood et al. 1981, Meyer and Johnson 1983, Suberkropp and Chauvet 1995, Benfield
et al. 2001, Grattan and Suberkropp 2001, Pascoal et al. 2001, Pascoal et al. 2003). The increase in
leaf breakdown rates has been attributed to increased microbial processing (Meyer and Johnson

1983, Benfield et al. 2001, Pascoal et al. 2001). Many authors have reported increased breakdown



rates as a response to increased nitrogen (N) concentrations. However, phosphorus (P) has been
found to affect leaf litter differently than N. Elwood et al. (1981) found that P increase the mass loss
rate in P-enriched streams, while others have found that P together with N appears to increase the
decomposition rates, but alone decrease the rates (Kaushik and Hynes 1971, Howarth and Fisher
1976). It has been argued that breakdown of leaves is N-limited, but when the concentration of N is
sufficient, the process becomes P-limited. High nutrient concentration might decrease breakdown
rates, as shown by Pascoal and Cassio (2004). If the organic load is too high or the current velocity
too low, hypoxic conditions might occur which hampers the leaf breakdown rates.

In some cases increases in N concentration in stream water has played minimal roles in
regulating leaf decomposition rates (Chadwick and Huryn 2003). This finding was, however
attributed to other factor such as, phosphorus limitation and acidic conditions. On the other hand,
leaves grown under increased N concentration affected the leaf processing by increasing microbial

activity and possibly increasing shredder biomass.

Global warming.
Leaves grown under N enrichment has been shown to stimulate leaf litter breakdown

(Chadwick and Huryn 2003) and leaves grown under elevated CO, showed higher C:N ratios than
those grown under ambient CO, levels (Tuchman et al. 2002, Adams et al. 2003), at least over short
time scales (Rastetter et al. 1997). These leaves have higher levels of structural compounds and
lower nitrogen content. The part of a leaf that appears to determine the breakdown rate is the
concentration of structural compounds, e.g. lignin, this because it limits the amount of readily
available carbon (Gessner and Chauvet 1994). However, in a litter breakdown study in a terrestrial
environment, Taylor et al. (1989) found that the C:N ratio was the best predictor of the mass loss
rate. During decomposition of leaves the organic carbon is lost and thus the C:N ratio decreases
with time in the decomposing leaves (Howarth and Fisher 1976). Leaves with high C:N ratios have
lower nutritional value. Such leaves support a lower bacterial production, not affecting fungi
biomass though, and larval craneflies have shown a lowered consumption, lower assimilation and
lower growth rates than those feeding on leaves with lower C:N ratios (Tuchman et al. 2002).
Crayfish has also been shown to have a preference for leaves with lower C:N ratios (Adams et al.
2003).

Elevated CO, values are a result of higher atmospheric levels of CO; as a result of increased
burning of fossil fuels (Vitousek et al. 1997). Thus anthropogenic disturbances such as
eutrophication and the usage of fossil fuels could disrupt the natural decomposition processes in

streams. Elevated temperatures might also be expected to affect the leaf processing rates since



temperature is an important controlling factor of leaf litter breakdown, as mentioned earlier. Other
factors, such as stream pH, might also be important and influence the breakdown process more than

different thermal regimes (Rowe et al. 1996).

Acidification.

Low stream pH has been shown to result in low rates of decomposition (Mulholland et al.
1987, Stout and Coburn 1989, Dangles and Guerold 2001, Dangles et al. 2004a). This effect has
been attributed to lower shredder biomass and lower feeding activity of the main shredder compared
to less acidic streams (Dangles and Guerold 2001, Dangles et al. 2004a). Mulholland (1987) found,
in a study on the effects of natural acidification on leaf litter breakdown rates, that
macroinvertebrate numbers and biomass were lowest at the site with the highest pH-values, but this
site had the highest decomposition rates compared to naturally acid sites. Decreased breakdown rate
at the acidified sites was attributed to decreased microbial activity. Other authors (e.g. Dangles et al.
2004b), have found that in naturally acid waters the decomposition rates and the taxonomic richness
were not significantly different than less acidic streams. This would indicate that organisms in
naturally acidic stream are adapted to these conditions and such systems should not be exposed to

liming, a measure used to alleviate the man-made acidification problems of today.

Metal pollution.

Other stressors on running waters include those of metals, which can become severely
elevated as a result of mine drainage. The effects of elevated metal concentrations have been shown
to have a negative impact on leaf litter breakdown rates (Niyogi et al. 2001, Carlisle and Clements
2005, Woodcock and Huryn 2005). This is suggested to be attributed to the decrease of shredders
below this threshold (Niyogi et al. 2001). Elevated metal concentrations also has a negative effect
on microbial activity, although microbes does not seem to be as negatively effected by metal
pollution as shredders (Niyogi et al. 2001, Carlisle and Clements 2005).

In a study on metal pollution effects on breakdown rates, Nelson (2000) found no difference
between metal polluted sites and control sites. The leaf packs were mostly used as algal substrates,
and the algae together with FPOM (fine particulate organic matter) seemed to be the dominant food
in this system and the collector-gatherers, not the shredders, were the most important predictors of
metal pollution. Therefore, the algal production might have been the dominant ecosystem level

function in this metal polluted system.



Stoichiometry

The balance of elements in different organisms and organic matter and their biological
transformation in biological interactions in an ecosystem is considered in the theory of ecological
stoichiometry (Frost et al. 2002, Sterner and Elser 2002, Cross et al. 2003). Phosphorus (P) and
nitrogen (N) are two of the most important nutrients regulating biotic processes in stream
ecosystems (Suberkropp and Chauvet 1995). Stoichiometry theory does not say that it is the nutrient
ratios (C:N:P ratios) in the food, but that it is the nutritional requirements of an organism relative to
the nutritional content of the food resource that is the basis for ecological stoichiometry . N and P
may be limiting to consumers and are, if so, retained at higher efficiencies by consumers.
Organisms with high body content of N and P and high growth rates, require a food source with
high N and P content. If the opposite exists the organism also has low N and P requirements in the
food source. These organisms are also less susceptible to stress caused by reduced quality in the
food resource (Cross et al. 2003). When the requirements of a consumer with regard to nutrient
ratios are not fulfilled by its food resource, an elemental imbalance occurs. This imbalance appears
to be widespread and is partly created by high C:x (x can be any nutrient) ratios in the food sources
available to consumers (Frost et al. 2002).

Kahlert (1998) recently reviewed literature data on freshwater periphyton and found that
C:N:P ratios are a reliable tool for the assessment of the nutrient status of benthic algae, proposing
an optimum ratio of 158:18:1. Experiments by Hillebrand (1999) confirmed this conjecture.
Hillebrand (1999) found that cellular C:P ratios indicated P limitation and cellular C:N ratios
indicated nutrient limitation in general. He also proposed that results on cellular stoichiometry could
be used to evaluate nutrient situation of natural periphyton assemblages. Frost et al. (2003) studied
the elemental composition of littoral invertebrates in eutrophic versus oligotrophic lakes. They
found greater differences regarding the mean body content of P, N and C among taxonomic groups
than among these different lake types. These results indicated that the strength of stoichiometric
limitations acting on littoral food webs will depend on the taxa being considered.

In streams the autotrophic production will be governed by the supply of light, N and/or P and
the benthic algae and macrophytes can serve as an important pool of elements in environments
where allochthonous carbon supply is low and light availability is high (Frost et al. 2002). If there is
an imbalance between allochthonous-derived material and consumers this may have consequences
for the growth and production of benthic heterotrophs and important ecosystem processes such as

decomposition (Frost et al. 2002).
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Elser and Urabe (1999) argued that the stoichiometric perspective in stream ecology was
virtually absent, although its use was widespread in pelagic studies using predominantly
zooplankton. Since then some studies have been performed using the stoichiometric perspective on
leaf breakdown rates.

Cross et al. (2003) studied the effect on leaf breakdown as a response to increased nutrient
levels in detritus, and found that consumers dependent on leaf litter in detritus based streams were
more out of balance with their food resources in relation to animals dependent on living plant tissue.
They concluded that leaf-eating organisms in detritus based food-webs are more severely limited (in
growth and production) than organisms living in food-webs based on living plant tissue. When
nutrients were elevated artificially the consumer-resource imbalance was reduced.

In ecological stoichiometry the elemental homeostasis of organisms is a central tenet (Sterner
and Elser 2002). Cross et al. (2003), however, showed that increased nutrient levels caused
invertebrates to change their C:P and N:P ratios dramatically. These authors hypothesized that
storage of P, or increased growth rates and greater cellular allocation of P to rRNA, was the reason
for the deviation from homeostasis. Although body size was not found to be related to nutrient
content, N and P content decreased with body size among collector-gatherers and collector-filterers.

Plants also have the ability to store nutrients in their cellular vacuoles; this has implications
for the measurement of ecological stoichiometry. If the organisms are sampled at a time when
nutrients are abundant, the C: x ratios might be different compared to the same species C: x if
sampled at a time when nutrients are scarce and no nutrients are stored within the organism (Sterner
and Elser 2002).

Water- and airshed properties likely have fundamental influences on stoichiometric
relationships in benthic habitats. The link between the terrestrial environment and the aquatic may
also influence the elemental ratios in streams, as would the shift from an allochthonous to
autochthonous driven systems (Frost et al. 2002). Anthropogenic influences such as eutrophication
and global warming can also alter the stoichiometry of different food sources in aquatic systems,
thus causing elemental imbalances between decomposers and primary producers, and this could

potentially promote ecosystem destabilization (Daufresne and Loreau 2001).

Stable isotopes

Natural-abundance isotopes ratios such as 8"°C and 8'°N can be used to evaluate origin of
plant material to determine trophic relationships and food abundances in stream ecosystems. Since
algae differ from terrestrial vegetation regarding these isotopes, isotopic analyses can be used to

evaluate the origin of the energy in aquatic ecosystems. Stable isotopes in animals can also be used

11



to evaluate energy flows in aquatic ecosystems since they are similar in isotopic composition to
their diets (Rounick and Winterbourn 1986, Peterson and Fry 1987, France 1995a, c, 1996,
Mulholland et al. 2000, Finlay 2001). Isotope tracer addition experiments may also be used;
elements highly enriched in a heavy isotope are added to the environment and the response
measured as changes in isotope ratios in organic matter are quantified (Hall and Meyer 1998,
Mulholland et al. 2000). Stable isotopes can also be used to follow changes in ecosystems and show
which processes or components are most sensitive to perturbation (Peterson and Fry 1987).

8°C and 8'"°N denotes the ratio of C/'*C and "N/"N, respectively, expressed as the
deviation from the recognised isotopic standard. Higher 8'"°C values (i.e. less negative) reflects
enrichment in "°C relative to '*C, depletion in "°C relative to '>C is reflected reciprocally by lower
(i.e. more negative) 8'°C values (Rounick et al. 1982, France 1995b).

The use of stable isotope analysis as a tool in discerning the origin and pathways of carbon
has been examined in a literature reviews by France (1995a, 1996). He concluded that the scope for
using stable carbon isotopes for this purpose is limited, due to the overlap in carbon isotope ratios
between terrestrial plant detritus and algae (both lotic and lentic attached algae) in stream
ecosystems. Only when carbon isotope ratios are significantly different between attached algae and
forest detritus can the use of stable isotope ratios be considered as a means to evaluate carbon
pathways. Such places might be rocky-shored, oligotrophic lakes without macrophytes, forest
fringed estuaries and lagoons. The incorporation of 8'°N could, however, offer support to
conclusions about allochthony or autochthony in freshwaters (France 1995c).

More recent studies have showed that stable isotopes may be useful in discerning the origin of
different food sources in stream ecosystems. Finlay (2001) studied the ratio of 8"°C in temperate
headwater streams to medium-sized rivers to analyse the energy pathways through river food webs.
He found a transition from terrestrial to algal carbon sources with increases in watershed areas,
which is supportive of the River Continuum Concept (Vannote et al. 1980). Consumers in small
headwater streams relied primarily on terrestrial inputs as carbon sources, although algal production
were important to scrapers when present. As watershed size increased (<10 km?), consumers relied
more on algal production as a carbon source, except for shredders.

Mulholland et al. (2000) found that data from natural-abundance C and N isotopes had limited
value in identifying food sources to macroinvertebrates, but additional data from a '‘*N-tracer
addition experiment did, however, give more definitive information on food web relationships than
the natural-abundance C and N isotope studies alone. Another value of °N tracer was that it could
be used to identify if a consumer uses a food resource in a manner different from the way in which

it was sampled. Since epilithon consists of many layers of living and dead algae and other forms of
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organic matter, the organisms feeding on the living algae would be enriched from the "N in the
living material in relation to the bulk material sampled. One negative aspect of the '*N-tracer
approach is that the values of the isotope will lag behind in the consumers compared to the food
resource.

Another approach to investigate the resource base of food webs in streams was demonstrated
by Hall et al.(2001). Using secondary production estimates and gut content analysis they were able
to estimate the fraction of total secondary production derived from various food sources. However,
simple gut analysis might not provide reliable conclusions about energy pathways since ingestion
not always implies direct assimilation of the food source (France 1998, Hall et al. 2001). Since
stable isotope analysis can be used to discern the incorporation of terrestrial food sources in aquatic
ecosystems, one possible use of stable isotope analysis would be to monitor the effects of riparian

deforestation (Rounick et al. 1982, France 1996).

Relationship between community structure and function (e.g.

functional redundancy)

Biodiversity has been placed on the political agenda in recent years as, maintaining biodiversity
may be important for several reasons, for example ecological, commodity or moral reasons (Walker
1992, Daily et al. 2000). As mentioned above, the relationship between biodiversity and ecosystem
processes is an area which has been given more and more attention in recent years and the
integration of ecosystem functions in management schemes may give more effective means to
maintain ecosystem integrity.

It has been argued that one of the best ways to maintain biodiversity in ecosystems is to
preserve the integrity of ecosystem functions. One way to test the integrity of ecosystem functional
integrity is to assess the ecological redundancy by assigning species to functional guilds and then
the degree of redundancy could be evaluated by comparing species of similar functional guilds
(Walker 1992). However, it has been suggested that the functional roles played by different species
may change due to influences of local environmental conditions (Wellnitz and Poff 2001).

Walker (1992) states that “ecologically, all species are not created equal”, and that the loss of
some species might lead to greater impacts on the ecosystem than the loss of other, “less
important”, species. If a species is removed from a system and there is no effect on the ecosystem
functions, then that species is said to be redundant; i.e. functional redundancy is when “changes in
patterns occurs without any detectable changes in processes” (Bunn and Davies 2000). For the litter

breakdown process the concept of functional redundancy would imply that all shredder taxa, when
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weighted for biomass, are equal in their quantitative effect on decomposition and any change in
community assemblage would not affect litter breakdown rates.

It has been demonstrated that the effect species loss will have on ecosystem functioning can
be determined by the structure of the food web and the trophic level from which a species is lost
(Petchey et al. 2004). The loss of sensitive taxa might have dramatic implications for ecosystem
function if the species is a dominant contributor to the ecosystem process. However, that changes in
ecosystem structure does not always include changes in ecosystem function as has been
demonstrated in several experimental studies (Gessner and Chauvet 2002). Carlisle and Clements
(2005) found that some species seem to contribute disproportionately to litter breakdown. In their
study, leaf processing was dominated by a single dominant detrivorous taxon in reference streams,
but as the concentration of metals increased this species abundance decreased as did the breakdown
rates, none of the other tolerant shredders seemed to compensate. Nelson (2000) investigated leaf-
breakdown rates in metal polluted sites in North America and found that there were no significant
differences in breakdown rates between unpolluted vs. polluted sites. However, there were
structural differences in the macroinvertebrate communities and these structural differences seemed
to be controlled by algal production, another ecosystem level function. Woodcock and Huryn
(2005) also found structural changes in invertebrate community composition as a response to stress
(increased metal concentrations and decreased nutrient concentrations) with serial replacement of
more tolerant shredder taxa along the perturbation gradient. But community change was not related
to changes in litter processing rates, the decrease in litter processing rates was instead attributed to
the water and sediment quality, demonstrating that a variable pollution-tolerant community enables
stress tolerance and preservation of ecosystem processes.

It has been found that increases in decomposition rates are more associated with shredder
richness rather than shredder abundance and shredder biomass (Jonsson and Malmgqvist 2000,
Jonsson et al. 2001, Huryn et al. 2002). That shredder richness is more correlated with breakdown
rates than shredder abundance and shredder biomass implies that ecosystem processes are sensitive

to declines in biodiversity (Jonsson and Malmqvist 2000, Jonsson et al. 2001, Dangles et al. 2004b).

Can functional aspects provide a better measure of ecosystem
changes than structural aspects?

The state of a freshwater system can be measured as ecological integrity. Ecological integrity can be
expressed as “the maintenance of all internal and external community processes and attributes,

interacting with their environment in such a way that the biotic community corresponds to the
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natural state of the relevant aquatic habitat, and, where the community is preserved by regulation,
resilience, and resistance to environmental stress” (Moog 1995). Assessing the ecological integrity
of aquatic ecosystems is an important water management issue and one that has gained increasing
focus, in particular with the recent ratification of the European Water Framework Directive
(European Commission 2000). Ecological integrity can be divided into structural integrity which
refers to “spatiotemporal patterns, particularly of biological communities and their resources” and
functional integrity which can be referred to as “the ecosystem level processes” (Gessner and
Chauvet 2002).

Humans impose a broad range of changes on the environmental conditions that influences the
functions in freshwater ecosystem and influences the structure of benthic communities and
processes such as leaf breakdown rates (Pascoal et al. 2001, Pascoal et al. 2003). Several
biomonitoring approaches, in assessing the health or integrity of streams, has been developed (Bunn
and Davies 2000), but most of these rely almost exclusively on structural attributes of streams
(Gessner and Chauvet 2002), and since many biomonitoring approaches are based on pattern
detection they often ignore the possibility that biological processes may cause marked variation in
natural community patterns (Bunn and Davies 2000). As pattern determines process and vice versa,
there is a need to incorporate biological processes when developing bioassessment schemes for
biomonitoring of aquatic ecosystems (Bunn and Davies 2000, Gessner and Chauvet 2002).

Especially in flowing water has the assumption that pattern (e.g. species recognition) is the
most important characteristic for ecological insight been troublesome. Methods based on patterns
also makes the assumption that if no anthropogenic disturbance exists, the spatial and seasonal
pattern will be the same from year to year (Bunn and Davies 2000). Since stressors clearly have an
impact on ecosystem processes (Cardinale et al. 2004, Gessner et al. 2004, Giller et al. 2004,
Petchey et al. 2004, Vinebrooke et al. 2004), the use of functional assessment methods, such as leaf
litter breakdown rates, could be a simple, powerful and low-cost tool to assess ecosystem integrity
(Dangles et al. 2004a).

Gessner and Chauvet (2002) suggested that different ratios between breakdown rates from
impacted and references sites (ki:k;) and between coarse mesh litterbags and fine mesh litterbags
(ke:kg) could be an alternative predictor of compromised functional integrity if the sensitivity of the
breakdown rates were not enough to detect effects on ecosystem functioning. In studies where the
potential for leaf litter breakdown to assess water quality has been tested, it has been shown that leaf
litter breakdown does detect impairment as detected with different biological indices and that it
could serve as a complement to other structure based indicators (Wallace et al. 1996, Pascoal et al.

2001, Pascoal et al. 2003). In experimental removal of macroinvertebrates the leaf litter breakdown
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rates were found to detect disturbance, such as removal of macroinvertebrates, with decreasing
processing rates (Wallace et al. 1996). The litter breakdown process also responded to the recovery
of the macroinvertebrate community by increasing process rates. Pascoal et al. (2001, 2003) found a
strong relationship between organic pollution and breakdown rates. However, it did not reflect
improved biotic conditions as did biotic indices (Pascoal et al. 2001). However, Lepori et al. (2005)
tested if restoration of degraded ecosystems, e.g. channelised streams, could improve ecosystem
functioning such as CPOM retentiveness and breakdown. They found that such ecosystem functions
did improve after restoration. This suggests that ecosystem functions could serve as potential
indicators of ecosystem quality and restoration efforts. However, to this date there is still no index
that incorporates ecosystem functioning in modern bioassessment schemes and no single index that
has been suggested that is able to completely cover the processes and properties of an ecosystem

(Giller et al. 2004).
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