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1. Introduction

1.1 Stream characteristics

Streams are running waters carrying water during most parts of the year. The
hydrology of natural streams is determined by geology and climate. The size

and frequency of the discharges is important for the morphology of a stream.
Because precipitation patterns are not constant in time, stream ecosystems are

dynamic systems. Also infiltration, exfiltration and groundwater flow contribute to the dynamics of a stream system. During peak flows the erosive power
and transport capacity of the stream are large. Width and depth of a stream

depend on the grain size of the bed, the bed load and the composition of the
banks.

A number of natural lowland streams are characterized by meanders or
irregular longitudinal profiles. The extent of meandering is depends on
discharge, hydraulic gradient, sediment load, composition of bed and banks,

and bank vegetation. Water velocity differs between the outer and the inner
curve of the meanders. In the outer curves, erosion takes place, while there is
sedimentation in the inner curve. The outer curves are the deepest parts of the
stream: the pools. The reaches between the meanders are straight and often

contain less deeper parts of the stream: the riffles. In Dutch lowland streams,
it is very difficult to define clear pools and riffles. Instead, one can define
areas of sedimentation and erosion. This will be determined by the slope of
the stream, the runoff intensity and the sediment (allochtonous) input.
Changes in landuse in the catchment of a stream lead to changes in processes
of sedimentation and erosion. When grasslands or nature areas become farm
land, the runoff will increase. This will lead to higher peak discharges in the

stream. In addition, the carrying capacity of the catchment will be less.
Modern agriculture techniques require special treatment of the water balance.
For agricultural purposes it is important that drainage is optimal (low groun-

dwaterlevel) and water is carried away quickly. Therefore, man has regulated
streams. In the Netherlands, this has been done for most streams. Meanders
are cut off, bends are straightened, the stream bed is deepened and wided, and

the slope of the banks is standardized from irregular to a straight slope, mostly
of 60 °. Sometimes weirs or sand traps are constructed. The characteristic
meanders have disappeared. Next to the stream, the vegetation, mostly wood,

has usually been removed.

Regularly, organic debris and plants are removed mechanically. A regulated
stream has less spatial variation but much temporal variation. The water

retention capacity of regulated streams is low.
Regulation strongly affects the physical characteristics of the stream system.
This in turn affects the structure and composition of the macroinvertebrate
community.
The hydraulics of a stream is considered to be the main influencing factor for
the system. The flow regime not only plays a dominant role in regulating
channel complexity and stability, but also regulates the import and export of
allochtonous organic material that serves as both habitat and food resource for

benthic organisms (Poff & Ward, 1990).
A relation exists between discharge and the chance of survival for macroinvertebrates. A high or minimum discharge can damage the macroinvertebrate
community by means of catastrophic events or drying respectively. The
discharge peaks are correlated precipitation and therefore highly unpredictable.

This will cause modification of structures and will result in the development of
an instable system.
Considering the ecology of streams, there is much interest in the hydrologic

extremes (floods and droughts), since they affect distributions and abundances
of aquatic populations most. Floods affect the ecology of a stream by rearranging streambed habitats, scouring away plants and increasing the drift of
aquatic organisms. Of all catastrophic events, drift seems to be the most
important and frequent feature. Drift can be regarded as the downstream
transport of aquatic organisms in the current (Brittain & Eikeland, 1988).

Drift can be divided into three categories: behavioral drift, constant drift and
catastrophic drift. Behavioral drift is an active process. Animals actively enter

the water column, for example to escape from a predator or a toxic substance.
In general, animals respond to changes in light intensity, which causes the
daily periodicity in drift.
Constant drift is composed of occasional individuals of all species. The
animals dislodge from the substrate for various reasons. This happens in low
numbers without any regard to diurnal periodicity. Catastrophic drift occurs as

a result of floods or other physical disturbances.
This report deals only with the third category of drift; catastrophic drift.

1.2 Study questions and methods
Objectives:
The aim of this study is to clear up the relation between the phenomenon

catastrophic drift and the macroinvertebrate community in lowland streams.
The main study question of this paper is:
What is the effect of catastrophic drift on the community of macro invertebrates in a sandy lowland stream ?
The following study questions will be answered:
1

What is the effect of peak discharges on individuals, species and structure

of macroinvertebrate community.
2 What is the effect of peak discharges on the colonization of macroinvertebrate species

3

What is the relation between peak discharges and the stability of mineral
sand

Methods of literature research

This paper is the result of a 6 weeks literature study in charge of IBN-DLO
and the Free University of Amsterdam. Searches of literature was done with
help of the library of DLO in Wageningen. The literature search was done
automatically (computer databases), including Biological Abstracts (1969-up to

the present) and ASFA (Aquatic Sciences and Fisheries Abstracts; 1978-up to
the present). The keywords used for these searches are given in appendix 1.
I’ve also searched myself using the Cardbox program in CCOD 1992/93;
1993 and 1994). The keywords used in Cardbox were: stream+, disturbance,
invertebrate+, running and drift. In addition, I received literature obtained
from the personal bibliography of my supervisor P. Verdonschot.
This paper concentrates on the more recent literature.
In the next chapter, an answer will be given to the first study question. The

sections three and four deal with study question 2. The third question will be
answered in chapter five. After this, the sixth chapter concerns with effects of
peak discharges on macroinvertebrates, other than those mentioned in the
study questions. Finally conclusions and suggestions for future research are
given in chapter seven.

2.

The effect of peak discharges (floods) on the macroinvertebrate community.

Studies have shown sharp reductions in organism densities during periods of
hydrologic extremes. Boulton (1992) reports that spates competent to move

substrata can reduce total invertebrate densities by 98 %. The rapid and

sudden increase in discharge of a flood event is perhaps the most striking process (Scarsbrook & Townsend, 1993). Pools can be expected to be disturbed
more than riffles. Scarsbrook & Townsend (1993) found that in pools lower
shear stresses were required to move 50 % of the bed, compared to riffles.
Next to floods, also low discharges, drying of streams can have pronounced

effect on stream ecosystems. A short consideration ofintermittent streams will
be given in chapter 6.

Flood related mortality of lotic organisms can result directly from scouring,
crushing or drift of individuals, or indirectly from food loss (Poff & Ward,
1989). In streams that flood or dry frequently, animals may possess life
history characteristics for avoiding flood or desiccation. Examples of such life
history traits are rapid development and reproduction, reduced body size and
habitat selection. Also certain behavioral characteristics can be beneficial in
surviving spates such as migration into the substratum or to quieter backwaters. Seeking forms of shelter during peak discharges explains the decrease in
drift rates sometimes found in literature (Boulton & Lake, 1992; Brooker &
Hemsworth, 1978; Crisp & Robson, 1979; Scullion & Sinton, 1983).
Distances that animals are carried with during drift

Townsend and Hildrew (1976) found that under conditions of low current
velocities (0-25 cm/sec), 95 % of invertebrates in drift originated less than 2
m upstream. Longer average drift distances are the result of stronger current
(Bird & Hynes, 1981). It is not possible to provide a general statement as to
when the current will generate sufficient shear stress to influence drift. It will
vary for different taxa and for different substrata. Notably during spates,
invertebrates are reported to drift several hundred meters.
Macroinvertebrate drift is not considered to be density dependent (Ciborowski
et al., 1977; Walton et al., 1977). An increase in population size will increase
the numberof animals drifting, but will not alter the percentage drifting. Drift

increases with water velocity. There is also evidence that the drift of benthic
organisms increases with an increase in sediment output or turbidity (Ciborowski, 1977; Culp et al., 1985; Doeg & Milledge, 1991; Gray & Ward 1982;
Hogg & Norris, 1991; Nuttal 1972; Petran & Kothé, 1978).
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Changes in water velocity are more important for the magnitude of drift than
the absolute velocity (Bird & Hynes, 1980; Ciborowski et al., 1977).

For considering the effect of peak discharge on a benthic community one
should realize that several factors are essential in defining a stream flow. Poff
& Ward (1989) rank these factors in a model. They analyzed long-term

discharge records (17-81 yr) to develop a general quantitative characterization
of streamflow. The streams were identified and clustered according to
hydrological factors. The hydrologic factors are thought to interact and form a
physical flow template. The hydrological variables were hierarchically ranked
as follows: degree of intermittency, flood frequency, flood predictability and
overall flow variability, respectively. Figure 1 shows the classification of the
stream clusters based on the hierarchical ranking.
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According to the model not only the absolute hydrological factors are important, but the degree of variation as well. According to the importance of these
factors the ranking is as follows: degree of intermittency, flood frequency,
flood predictability and overall flow variability. So, when considering the

effect of a flood, not only the absolute discharge is important for a benthic
community, but the degree of variation as well.

Subsequent floods superimpose the effect (mortality or drifting of individuals)
of the individual disturbances on the macroinvertebrate community. The length
of the interflood period is an important factor. When the interflood period is
long relative to the life span of the organisms, the community can restore
better. Flecker and Feifarek (1994) found that the macroinvertebrate density
was positively related with the number of days elapsed since the previous
heavy rainstorm. The effects of the first floods can be regarded to have the

strongest effect. Irvine (1985) found in an experiment with repeated fluctuating flows (with a control stream) that after 3 weeks, fluctuations had no effect

anymore on the density of drifting invertebrates.
The importance of high flood frequency can be tempered somewhat by high

flood predictability (for example due to seasonality). Animals can have
adapted by means of developmental synchrony to floods. The combination of
high flood frequency and low flood predictability will have the worst effects
on community structure of macroinvertebrates. This combination will result in
high flow variability. High flow variability will imply a frequently upsetting
resources and microhabitats (Reice, 1985). Repeated floods result in constant

redistribution and colonization of invertebrates through drift. Repeated floods
prevent the benthic community from ever attain a true equilibrium (Reice,
1985; Richards & Minshall, 1992; Scrimgeour & Winterbourn, 1989). There-

fore, one can conclude that in streams with high variability of flow regimes,
communities will remain in early colonization stages.
In summary, flood events on their own are not the phenomenonsto disturb a
macroinvertebrate community, The combination of flood characteristics,
predictability and variability should be taken into account when looking at the
effect of a flood. Spring streams will be affected more than streams fed mainly

by precipitation. Most Dutch streams are fed by precipitation, they are easily
disturbed by floods. In these streams, discharges have low predictability and
the variability is high.

3.

Physical disturbances of macroinvertebrate communities
by floods as a characteristic of streams.

A recent new approach to community ecology in streams states that discharge
driven physical disturbances (like floods) are characteristic for stream macroinvertebrate communities (Townsend, 1989; Reice et al., 1990). This new

approach is called ’patch dynamics’. Traditional community ecology was
based on Lotka-Volterra predator-prey mathematics. The theory assumed that
biotic interactions were key determinants of community structure in a constant
environment. In this approach, benthic communities in a stream should be
homogeneous, temporally invariant systems. But streams are now generally

considered to be dynamic systems. Spatial heterogeneity finds expression in
flow regime, substrate particle size distribution, detritus distribution and
distribution of animal and plant species (fish, algae and macroinvertebrates).

Also temporal variation is present.

It was not before 1978 that interest arose for nonequilibrium models of
community structure (Reice et al., 1990). In that year Connell introduced the
intermediate disturbance hypothesis to explain the high species diversity in
tropical rainforests and coral reefs. The hypothesis presumes a competitive
hierarchy of species. Maximum species richness is achieved under a disturban-

ce regime that is intermediate in frequency, magnitude and intensity. If
disturbance frequency is too low, competitors that are most efficient in
exploiting limited resources will eliminate the rest. If the frequency is too
high, diversity is low because the time for colonization is short. The community will consist of only those few species capable of quickly reaching maturity.

Also the magnitude of disturbance should be intermediate to achieve high
species diversity. The magnitude of the disturbance reflects the area perturbed.
If a disturbance kills organisms over a very large area, recolonization comes
only from species that can travel great distances. Only a minority of species

are able to do that, so diversity is low. If the magnitude of disturbanceis low,
competition between species will have a large effect also resulting in a low

diversity.
Andalso the intensity of the disturbances makes a difference. In case of an
intermediate disturbance, most residents are only damaged, and not killed.
Species composition will originate from both regeneration of survivors and
recolonization. If the disturbance is less intensive, the regeneration of survivors will be the dominant factor for species composition.
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In contrast, when disturbances are too intense, all residents will be killed and
only recolonization determines species composition.

In short, according to Connell’s hypothesis, species richness will be maximal
when disturbances are intermediate in frequency, magnitude and intensity. In
that case, resident species will persist in the system along with a continuing
supply of colonizing species that exploit the disturbed areas.
Connell specifies the hypothesis for sessile animals or plants. He gives no

opinion whether his arguments also apply to mobile species. A general
hypothesis of species diversity was proposed by Huston in 1979. He was the
second to suggest an important role for disturbance. Huston introduces the
dynamic equilibrium model. Huston, just like Connell, thinks that the frequen-

cy of disturbances is an important factor in to determine species diversity.
Huston stated that if the recurrence interval of disturbance is short relative to
the time necessary for competitive or predator-prey interactions, elimination of
species would not take place. In other words: poorer competitors persist in the

system and thus species richness is increased.
In his hypothesis, Huston only discusses the frequency of disturbances and not

the magnitude or intensity. In this way the hypothesis differs from Connell’s
intermediate disturbance hypothesis.
Another difference is that Connell considers external, environmental influences
to be important factors. External factors are dominant in determine species

diversity. Disturbances do affect species composition internally by reduction of
competitive displacement, but this indirectly. Huston considers the communities internal reaction to external disturbances as important as the disturbances

themselves. His opinion is that the leading internal factor is the growth rate of
the competitors. Under beneficial circumstances (no disturbances), the competing species can have a rapid population growth. Species with high growth

rates will then predominate more rapidly than under conditions with lower
population growth rates. Species with high growth rates will outcompete other
species quicker, thus leading to a lower species diversity.
According to the dynamic equilibrium hypothesis it is the interaction between

species growth rates and disturbance frequencies that determines species
composition. Huston stated “diversity is determined not so much by the

relative competitive abilities of the competing species as by the influence of
the environment on the net outcome of their interactions’.
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Connell himself considers Huston’s hypothesis (he called it the ’rate of
competitive displacement’ hypothesis) as an extension of his own hypothesis.
He doubts whether the dynamic equilibrium hypothesis can explain local
differences in diversity and states that it does not support the diversity in
tropical communities. He states that variations in diversity are more likely to
be due to differences in the degree of past disturbances than to differences in
the rate of competitive displacement during recovery from disturbances.
The new ’patch dynamics’ approach of stream ecosystems is based largely on

both two theories. Several scientists suggested that the intermediate disturbance hypothesis likely does not apply to streams (Doeg & Lake, 1989; Reice,
1984, 1985; Malmqvist & Otto, 1987; Townsend, 1989). Reice (1985) states

that ’stream macroinvertebrates and fishes may be too mobile to behave like
trees or sessile coral reef species’. He recommended that before accepting this
hypothesis, competitive hierarchies and ordered dominance sequence among
organisms should be demonstrated (Reice et al., 1990). In addition, Townsend
(1989) suggested that most stream invertebrates have too diverse requirements
for resources and tolerances of conditions to expect classical interactive
successional sequences.

Rejecting the intermediate disturbance hypothesis leaves the equilibrium model
(Huston) to be best supported for lotic systems. Reice et al. (1990) stressed
this conclusion after an extensive literature review. However, Reice et al. did

not discuss species growth rate. The dynamic equilibrium hypothesis is taken
as the basis for the ’patch dynamic’ approach without accepting the hypothesis
completely. They accept Huston’s hypothesis but leave the role of the species
growth rates as an open question.

Also some elements of Connell’s intermediate disturbance hypothesis are used.

That is, when using the term disturbance, it includes frequency, magnitude

and intensity.

In the patch dynamics’ approach, disturbance plays critical role as a reset
mechanism. Disturbanceis a factor of overriding importance. Through disturbance, there is a continuous loss of animals from the substratum into the water

and a continuoussettling out of drifting individuals (Townsend, 1989). The
colonization dynamics and the continuous redistribution of animals is the

Structuring factor for the benthic community. In the ’patch dynamics’ approach, the macroinvertebrate community of streams is regarded as mobility
controlled. So, although Reice et al. have the opinion that Connell intermediate disturbance hypothesis can not be applied to streams, the ’patch dynamics’
view contains important elementsofthis hypothesis.
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In the ’patch dynamics’ view, the colonization dynamics are stressed. This
originates in the role of magnitude and intensity of disturbances described in
the intermediate disturbance hypothesis.
The ’patch dynamics’ view is important to understand the influence of floods

on stream macroinvertebrate communities. It gives the common approach of
howlotic systems can recover from disturbances.
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4.

Recovery of macroinvertebrate communities after peak
discharges

4.1 General

A number of studies suggest that lotic benthic communities are poorly resistant
but highly resilient to physical disturbances. (Ray, 1987; Reice, 1985; Sagar,
1986; Scrimgeour & Winterbourn, 1989; Scullion & Sinton, 1993; Townsend
& Hildrew, in press; Walton et al., 1977).

Resistance to floods can be achieved by hold-fast mechanisms, e.g. hooks and
suckers in snails, trichoptera, and leeches. (Hynes, Petran, 1977; Townsend &

Hildrew, in press). Other adaptations are streamlined or flexible body forms.
Resilience is expressed as the recovery of benthic populations by high fecundity or rapid recolonization. If a few individuals survive a flood and reproduce,
their eggs can repopulate the entire stream. Sources for recolonization are:
upstream movement (only random movement; Bird & Hynes, 1981), movement within the substrate (swimming, crawling) and colonization by air (only

flying insects). The other important factor for recovery is recolonization from
refugia, especially for mobile species. Boulton & Lake (1992) state that

recolonization after floods is often by animals of similar size and age distribution to those of the pre-flood situation. This indicates that most of the fauna

seek shelter in refugia during floods. Such shelters can be found in the
interstitial spaces among stones and coarse substrate, in backwaters, in root
systemsor in the shelter of accumulated organic material (wood debris) which

has not been carried away by current. This is confirmed by results of Irvine
(1980) who found a correlation between taxa common in attached algae
(oligochaetes, chironomids and trichopteran larvae) and the number of these

animals in drift.
Refugia can serve as source pools of individuals from where redistribution can
take place throughout the stream. Refugia are important for community

recovery after spates. In figure 2, a visualization is given of refugia for
benthic macroinvertebrates (Townsend, 1989).
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Another type of refugia for sheltering against floods and droughts not mentioned yet is the hyporheic zone (Boulton & Lake, 1992; Reice, 1985). Palmeret

al. (1992) found that movements downin the hyporheic zone are not adequate
in preventing significant losses of fauna during floods. Thus, the common

agreement in stream literature of stream benthos surviving because of their
migration down into interstitial spaces is debatable. Moreover, lowland

streams do not explicitly have a hyporheic zone.
What is the important factor for recovery of a steam community? Palmer et
al.. (1992) consider movement of animals originating from other areas as the
most important mechanism for recovery. Bird & Hynes (1981) have the
opinion that most recolonization is by drift. A large scale disturbance (catchment wide), makes recolonization by invertebrate drift less significant (Townsend, 1989; Niemi et al., 1990; Rabeni & Minshall, 1992). Large scale
disturbances also denude upstream reaches of biota. The source pools are

reduced in size and number. This is often the case in Dutch lowland streams.
Most streams or large parts of them are regulated, so that entire parts of
catchments cannot act as pool sources of recolonization.
When the disturbance is not catchment wide, but the recolonization sources
are distant, reproduction from aerial adults of survivors may become the

primary mechanism for recovery. This increases the time of recovery. So, the
ability for recovery is influenced by the size of the catchment and the presence

of upstream andtributary sources of colonists.
15

4.2 The recovery specified for Dutch lowland streams.
AsI’ve just stated, recovery in Dutch lowland streams is limited because there
are less source pools for recolonization. Lowland streams do not have an
explicit hyporheic zone. And also interstitial spaces, other than those of the
hyporheic zone, are very limited in lowland streams. Theinterstitial spaces are
often filled with sand or silt. The amount of available refugia is limited,
especially when the streams are regulated (as is often the case). The. spatial
heterogeneity is limited through a continuously maintenance of the stream. The
substrate usually consists of sand, combined with detritus. Coarse substrates
are never abundant (Tolkamp, 1980). Therefore, another kind of refugia are
very important in lowland streams: large woody material and organic debris.
Large woody debris are generally stable and provide shelter for macroinverte-

brates. Also the importance of detritus as a food source is well documented.
Culp (1985) has shown major responses of macroinvertebrates to manipulations of interstitial detritus. Rabeni & Minshall (1977) identify the amount of
detritus trapped in the substrate as an important factor in benthic macrodistri-

bution when surface colonization was studied. This is confirmed by Tolkamp
(1980) for natural lowland streams. In the channelized Dutch lowland streams,

the organic debris is regularly removed. This makes the amount of refugia and
the spatial heterogeneity even more limited.
In that case, one can expect a limited amount of species. When in such a
situation the frequency of disturbance is high, one can expect only species
with short life spans and rapid population growth ( Townsend & Hildrew, in
press). The demands of many benthic lowland stream macroinvertebrate of the
substrate are of such a nature that they can only be met in a natural lowland
stream with its characteristic substrate composition and pattern (Tolkamp,

1980). Spatial heterogeneity, especially of natural streams provide patches in
which spates related increases in shear stresses are not so great (Townsend,
1989). These statements clearly link onto the patch dynamics view of stream
communities.

4.3 Time of recovery
Niemi et al. (1990) made an extensive review of disturbance case studies in

freshwater systems. They didn’t only consider physical disturbances, but also
chemical stressors. They found that 85 % of macroinvertebrate recovery to
predisturbance density after pulse disturbances occurred within 18 months.
Appendix 2 gives a summary of recovery times found for macroinvertebrates
in this study.
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Recovery after pulse disturbances represent the abilities of the organisms to
repopulate after catastrophic events. The range of recovery times was 0.02-3.0
years, with few cases exceeding two years. At the ordinal level, time for
recovery for the major lotic groups are ranked: Diptera < Ephemeroptera <

Trichoptera < Plecoptera: figure 3.
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al., 1990).

Coleoptera were not represented by a large number in the review. Coleoptera
appear to recover similarly or more slowly than Trichoptera and Plecoptera.
Recovery is related to generation time and the propensity of organisms to

enter the drift. Ephemeroptera and Diptera have the highest recovery rates in
this review. These groups have also been reported to have the highest drift
rates relative to the benthic standing crop (Townsend & Hildrew, 1976 in

Niemi et al., 1990). Recovery time is slower for Trichopterans. Trichopterans
are often sessile or attached which reduces their presence in the drift. More-

over, they may have a generation time of more than one year.
In summary, recovery of benthic macroinvertebrate community is based upon
resistance and resilience. Resilience of benthic invertebrate community is
promoted by high mobility (refuge use and recolonization). Resistance is
promoted by the prolonged presence of relatively invulnerable life stages (e.g.
aerial adults of insects) and the ability to regenerate after damage. Fecundity

and recolonization will vary for different taxa and different substrata.
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5.

The relation between peak discharges and the stability
and transport of sediment

5.1 Sediment stability
The critical velocity for sediments is the point of incipient motion for sediment

particles. At this velocity, they will be moved along the stream as a component of the bed load by either rolling and saltatton or as part of suspended load
in the water column. In general, velocities to mobilize sand are lower than for
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Critical values of velocity for the movement of sediment particles of different
grain sizes (in Reice et al., 1990; from Middleton and Southard, 1977).

Asparticle size increases from sand to boulders, the critical velocity increases
due to the increase in mass. As particle size decreases from sandto silt and
clay, the critical velocity also increases because of the adhesive properties of
the fine particles. Disturbance frequency will be highest for sands. Sands can
move even in small spates. Only major storms will generate the velocities
necessary to disturb the silt or boulders.
If the sediments are moving, there can be a significant disturbance for the
benthic community. Invertebrates, (but also incubating fish eggs and attached
algae) can be scoured off, buried, or crushed by tumbling sediments resulting
in displacement, injury, or even death (Reice et al., 1990).
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Next to the size distribution of the sediment particles, also the current velocity
of the stream determines disturbances of habitats. Velocity sorts and separates
the substratum particles and deposits or carries away silt and sand. The higher
the critical velocity necessary to move a sediment particle, the less frequently
it will occur. Sediments of a given size will be tumbled under one current and

not under another, producing different disturbance histories.
Because of the sorting activity of the current (velocity, variation of the current
regime, turbulence) the structure of the stream bottom is inseparably interwoven with the current (Tolkamp, 1980). Substrate type and current velocity are
completely confounded. This results in a constantly changing (in space and
time) mosaic pattern of substrate types, each with different environmental
conditions and specific animal associations.

What happens during a flood?
In gravelbed channels increased discharge exerts increased force on the stream
bed. Flow reversal occurs which scours the pools. Pools are areas of greatest

physical disturbance during flow reversal events (Resh et al., 1988). The
centre of riffles receive less disturbance during increased discharge. This is
due to the inwardly spiralling flow patterns in riffles and in the outward spiralling flow patterns in pools.
Braided channels always form where there is more bedload than the stream
can move during high flow. Streams with sparse bedload are more severely
affected by high and low discharge events. Streams with a deep hyporheos of
coarse particles offer the greatest protection. However, Dutch lowland streams

do not have a hyporheic zone.
Communities in sandbed channels are presumed to be affected least by
increased discharges (Resh et al., 1988; Reice et al., 1990). This can be
explained because even slight flows are able to move sand, and the biotic
community, which has had to adapt to these conditions, is less affected.

To summarize, for a particular stream segment and hydraulic regime, movement of sediments of different sizes contribute in determine the frequency of
disturbance. Macrobenthic communities that are most frequently disturbed may
be best adapted to disturbance.
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5.2 Research concerning sediment stability.

No investigations have been done on the relation between sediment particle
size, frequency of disturbance and community structure (Reice et al., 1990).
Statzner and Higler (1986) have shown that different hydraulic characteristics
of streams are important determinants of lotic animal distributions. The

magnitude, particle size, and frequency of suspended sediment and bedload
transport (as functions of discharge) can be useful measures of discharge.

Further definition of these relationships are important topics for future
research.
The little research that has been done deals with disturbances of the stream
bed. PII review some examples of such studies.
Reice et al. (1990) recommend that the percent critical discharge for bed

erosion may be indicative of stream stabilities across a landscape. The percent
critical discharge is the discharge at which all bed material can be moved so

that the patches become unstable. They recommend that when comparing
streambed patches or other animal habitat requirements, one should compare

streambed stability and the total available stream power. The latter is defined
by the following formula: TSP = aQS/w where a is the specific weight of
water, Q is the stream discharge, S is the slope and w is the width. Studying

the stream patch stability will eventually result in an estimation of the possibil-

ities of biological recovery in lotic systems.
Statzner (1981) studied the relation between hydraulic stress and microdistri-

bution of macroinvertebrates in a lowland running water system. The initial
objective for this study was the suggested relation between the microdistribution of species and the flow conditions immediately at the surface of the
substratum. To describe the flow conditions, two indices were calculated. The

indices contained a combination of the parameters current velocity, water
depth, substrate roughness, and in one case kinematic viscosity of water. It
appeared that, depending on the season, the mean size and abundance of some

species was highly significantly related directly to the hydraulic stress parameter on the substrate surface. For some species, a difference was found between
fine and coarse substrata.
Based on the findings of Statzners study, Borchardt and Stazner carried out a
more detailed study. Borchardt (1993) found a relation between flow, the

physical structure of the habitat and macroinvertebrate drift. He investigated
the macroinvertebrate drift response to different amounts of shear stress in
laboratory flumes. The flume bottom in this study simulated a lowland stream
environment (gravel and sand with a surface layer formed by sand fractions).

20

He found critical values for shear stresses of approximately 11 and 31
dyn cm”? for Ephemerella ignita and Gammarus pulex, respectively. Above
these critical shear-stress values the population losses of both species significantly decreased with increasing abundance of stationary woody debris. The

critical shear stress for significant population losses of the used species was
well below values required for the movement of the surface layer of the
inorganic substrate (which is considered to be approximately 60-70 dyn cm?
for a mixture of cobbles and sand). The conclusion of the study is that in
lowland streams with little refugial space, catastrophic drift caused by hydrau-

lic disturbance can be expected before significant substrate movement begins.
The results also confirm the idea that physical characteristics of the habitat, in
terms of refugial space, are of great importance during periods of hydraulic

disturbance.

5.3 Sediment transport
Another aspect of the stability of sediment is the transport of sediment.
Several studies have shown that macroinvertebrate drift is affected by increased sediment transport or turbidity (Ciborowski, 1977; Culp et al., 1985;
Doeg & Milledge, 1991; Gray & Ward 1982; Hogg & Norris, 1991; Nuttal
1972; Petran & Kothé, 1978).

Deposited fine sediment makes up a component of the bed load that reduces
the interstitial volume and changes the shape of the stream bedinterstices. The
partial or complete filling in of the interstices can affect the benthic macroinvertebrates residing in the substrate. Filling in of the interstices reduces the
available space for habitats. Also the intrasubstrate current velocity is reduced,
thereby lowering the related variable of dissolved oxygen concentration.

Pools may be moresensitive and quicker to respond to sediment addition than
riffle areas because they are deposition sites (Hogg & Norris, 1991). Few
species inhabit silted bottom areas, with the exception of ’burrowers’ such as
oligochaetes, chironomids and some odonates. Nutall (1972) found that Baetis
shodami, Rhitrogena semicolorata and Tubificidae were abundant in places
were sand deposition had occurred. This is associated with the silted habitat in
which burrowing forms become dominant. Simuliidae, on the contrary, were
absent or reduced. These larvae attach themselves by a basal adhesive pad to
the upper surface of stones and are presumably unable to establish themselves
on unstable, shifting sand deposits.
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Culp et al. (1985) also studied the effect of sedimentation, but they separated
the processes of fine sediment saltation and deposition. The saltating sediments
scoured the substrate and, unlike the sediments in deposition, created a

physical disturbance within the treatment section that significantly reduced
macroinvertebrate community settlement. This was the result of catastrophic
drift immediately or shortly after the sediment addition. Taxa showing an
immediate response were predominantly present in the upper 0-3 cm of the
substrate while taxa showing a delayed response were equally distributed in
the surface (0-3 cm) and deeper layers (3-6 cm) of the substrate. Macroinvert-

ebrates exhibiting an immediate drift response were apparently instantaneously
exposed to scouring by saltation as the fine sediments were added. The

conclusion ofthis study was that even when tractive forces were insufficient to
suspend fine particles, catastrophic drift was initiated by sediment saltation.
Sediment saltation apparently has the potential to disturb a macroinvertebrate

community at lower discharges than required to suspend sediments (e.g. early
in the storm hydrograph).
Some more studies investigated the effect of sedimentation on macroinvertebrates. A study from Hogg & Norris (1991) demonstrates a negative effect of
runoff from land clearing and development on benthic macroinvertebrate
numbers and species richness in pool areas of a river. The deposition of fine
inorganic sediment following storm events, resulting in change in the composition of the substratum, was the major cause of low invertebrate numbers in
pools downstream.
Doeg & Milledge (1991) found that taxa such as Leptoceridae, Amphipoda,

Coleoptera and Leptophlebiidae had increase factors of more than 10 (increase
in drift) at an experimental sediment load of 250 mg/l. These taxa may be
more sensitive to the increase in sediment concentrations. Other taxa (Chironomidae & Oligochaeta) had comparatively low increase factors, suggesting
they may be more tolerant to addition of sediment, although most appeared to
show at least some reaction to the sediment release. Their main conclusion
wasthat increase in drift is caused by sediment in the suspended phase.
Petran (1977) wrote a complete doctoral thesis about this subject. He found a

relation between sediment transport and the colonization of the substrate by
benthic organisms. It appeared that burrowing macroinvertebrates, such as
Naididae, Tubificidae and Chironomidae were able to colonize moving
substrates (esp. Nais spp. and Limnodrilus spp.). All other organisms were
not able to do this, they could only colonize stable substrates. Petran also
quantified the relationship between colonization and sedimenttransport.
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A formula was developed to calculate the ’Biologic Working Instability’
(BWI). The BWI wasdefined as follows:
BWI = 1+2 (Ch N+T)
* 100 %
1+2 (Lh N+T) + (Zh vag) + 2 (Zhsess)

N + T = Naididae and Tubificidae
vag = benthos organismsthat can besaid to be ’vagil’ (wandering)
sess= sessile organisms
= abundance

A higher BWI, indicates a higher instability, caused by sedimenttransport.
A significant relationship was found between BWI and values for the colonization of macroinvertebrates. A higher discharge caused a higher BWI. The kind
of species present on a certain location and their abundance is not caused
separately by current velocity or by grain size. The combination of these two
factors together determines the resulting composition of the macroinvertebrate
community. A high discharge causes indirectly, by influencing the substrate,
the colonization of benthic macroinvertebrates.

The study about sediment stability (Borchardt, 1993) and about sediment
transport (Culp et al., 1985) show some similar results. That is: substrate

stability (habitat) is important in preventing damage to macroinvertebrate
communities. Disturbance of aquatic insects can be expected before significant
substrate movement or suspension of the sedimentstarts.

What does this mean for Dutch lowland streams? The sediment in Dutch
streams largely consists of sand. Thecritical velocity for sand is lowest of all
sediments. Therefore, the sandy sediments of streambeds will quickly saltate

and go into suspension during floods. So, floods may have great impact on the
ecosystems of Dutch lowland streams. In these streams, the substrate stability
is very important to prevent damage of macroinvertebrate communities during

periods of floods. Because of the sandy sediment, communities depend more
on refuge availabilities than communities in streams with different bed
material.
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6.

Other effects of fluctuating discharges on the benthic
community.

6.1 Drought
In contrast to high discharges that cause drifting of animals, also low discharges influence macroinvertebrates. Low discharges result in drought.
Although drying also occurs in lowland streams, most literature concerning

this subject deals with intermittent or desert streams. In those types of
streams, drought extends for long periods, which is usually not the case in
lowland streams. Therefore I will not discuss drying up intensively, but only
make some general statements.

In contrast to floods, droughts and dewatering takes weeks or months to

develop. The change is typically gradual. Unlike desert streams, natural
lowland streams rarely dry up completely. Only in dry summer periods,
streams fed mainly by precipitation may dry up completely.
The loss of spate flows increases the stability of the stream bed and its
associated flora and fauna. During drying biotic interactions are likely to
replace physical disturbances in stream ecosystems (Flecker & Feifarek,
1994). Biotic interactions will be stronger because drying isolates sections of
streams, the concentration of animals will be higher per unit area. Macroinvertebrate production may be higher because of increased food supply during
drying. There will be more preys for omnivores and carnivores. Herbivores
can profit from increased amounts of detritus and plant material, due to

increased algal production and the accumulation of organic waste (Tolkamp,
1980; Extence et al., 1981).
Reduced water depths may be advantageous to certain species during the
drought. For example in less deep water eddy formation disappears, favouring
filter feeding species (Extenceet al., 1981).

Whenthe drying period is also a period of warm weather, macroinvertebrate
growth rates can increase and also early reproductive activity will occur.
Another beneficial effect of drying is that the water quality may improve,
because there will be lack of stormwater overflows and surface runoff. Next to
these beneficial effects however, there will be negative effects. Drought can
also worsen water quality, because there is loss of water to dilute organic or
mineral contaminants, resulting in increased concentrations in the water. This
effect is more important in Dutch lowland streams than the beneficial effects
just mentioned.
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And there are more negative effects to drying. Because of lower streamflow
and higher water temperatures (except for springs), the oxygen content of the
water will be less. Accumulation of very thick layers of fine detritus (mud) or

algae can take place in which anaerobic conditions occur.
Mortality amongst macroinvertebrates is caused by animals falling a prey to

predators or because they will be outcompeted. Animals may die directly
because of desiccation. This will happen especially to organisms that are not

mobile enough to reach pools or animals that get isolated.
The worst case to happen is that the stream dries up completely. Whether this

will happen depends on the hydrology of the catchment, the part of the stream
(upper courses dry up faster than middle or lower courses) and the groundwater level. In most Dutch lowland streams, the stream bed is regulated so that
the water can be carried away quickly to drain the agriculture land. This

increases the chance for a stream to dry up, especially for streams fed mainly
by precipitation.

6.2 Organic substrates

I have not discussed the effects of organic material in detail. A lot of research
has been done about the importance of detritus for running water communities;
it is a subject on its own. Organic substrates are a very important factor,
influencing the effect of drift of macroinvertebrates. Fallen leaves, for example form the habitat of many macroinvertebrate species, increased flow tends
to flow them out. Boulton (1992) reports benthic algal mats to provide haven
and food for many macroinvertebrates. The major organic substrates shift
seasonally.

Detritus forms an integral part of the stream bottom. It may cover the mineral
substrate or vice versa, or may be mixed with it. In its various stages of
degradation from leaves to fine-detritus particles it functions as a food source
as well as an attachment site. It also forms an important component of
substrates largely consisting of mineral particles. It loosens substrate packing,

increases porosity and thus the penetrability (Tolkamp, 1980). So, detritus
plays an important role, providing food for macroinvertebrates and protection
against drift. It is essential that detritus can accumulate in sheltered places,
because it forms the basis of the heterotrophic food web of a lowland stream
(Tolkamp, 1980). Without accumulation sites, the stream would be swept
clean of detritus and become devoid of its main food source. This is confirmed
by results of Rabeni & Minshall (1977) that suggest that insects colonize in
response to amounts ofdetritus.
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The distribution of the detritus is determined by the substratum particle size
(presence of obstacles). And substrate particle size, in turn, is sorted and

separated by current velocity: Figure 5.
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General model of biotic and abiotic interrelationships influencing the microdistribution of benthic stream insects. Relative importance is indicated by the width of
the arrows (Rabeni & Minshall, 1977).

Tolkamp (1980) also emphasizes the relation between current velocity and the

distribution of organic matter. He stresses that current is responsible for the
constant redistribution of detritus over the stream bed and over the various
substrate types.
Large woody debris may partially block stream flow and in a sandbed channel a pool is formed downstream of the obstruction (Resh et al., 1988). The
retention of debris occurs more frequently in backwaters and in riffles (Prochazka et al., 1991). Retention in riffles is caused by the presence of obstacles in
the water column. Retention in pools occurs as a function of low current

velocity. Retention by obstacles is more efficient than retention by low current

velocities. Also discharge influences retentive capabilities of a stream.

6.3 Biotic interactions

Althoughit is generally considered that biotic interactions play a minorrole in
stream ecosystems, there are some examples on competition.
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Simulium virgatum is an opportunistic species that quickly colonizes new
space, but that is displaced by the slower colonizing but competively superior
Hydropsyche oslari (Hemphill & Cooper, 1983). The results indicate that the
frequency of physical disturbance affect relative abundances of dominant taxa
by determing the progression from a simuliid to a hydropsychid community.
The longer the time since a disturbance event, the greater the domination of
available space by hydropsychids.

McAuliffe (1984) showed competitive behaviour by Leucotrichia pictipes.
Removal of this species during floods increased colonization by a suite of
mobile and some sessile species (including Simulium). These data suggest that

biotic interactions can be important in streams and that flooding can be
beneficial for the stream community. However, the colonizing species were
species which were already present in the system, not species which had been

excluded by the dominant taxa. And also the scale of these interspecific
interactions must be taken into account (small patches, —25 cm?). It appears
unlikely that uncommon species which may be outcompeted by dominant
species in undisturbed areas are advantaged by moving into disturbed areas.
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7. Conclusions and suggestions for future research
Disturbances in stream ecosystems result in drift of macroinvertebrates. The

effects of peak discharges are diverse. Animals are affected by scouring,
crushing, covering with sediment and taken into drift (unto several 100

meters). Other effects are food loss and damage to habitats. The combination
of variability and predictability of the disturbances are important for the
effects on aquatic organisms. Physical disturbances often occur in stream
ecosystems. The present view in stream ecology considers peak discharges as
disturbances that are characteristic for stream ecosystems. According to this
‘patch dynamics’ view, disturbance acts as an important reset mechanism. In
this way physical disturbances result in a continuous redistribution of animals.
The redistribution is caused by a colonization dynamics: settling out and
recolonization of animals by drift. Colonization dynamics is the structuring
factor for the macroinvertebrate community.
Recovery of the benthic community after disturbances is considered mainly to
happen byrecolonization (by drift). This is promoted by high mobility (refuge
use, bridging recolonization distances) and by presence and distance of
upstream and tributary sources of colonists. Recovery also happens through

high fecundity.
Another aspect of the effect of peak discharges on macroinvertebrates is stability of mineral sands (sediments). This is important in relation to disturbances of habitats and refugia. Little research has been done aboutthis subject.
Recent studies (Culp et al., 1985; Borchardt, 1993) show that catastrophic
drift can be expected before significant movement of sediments begins.

From this literature study it is clear that substrate characteristics is a major
factor in stream ecosystems. Refugia and habitats play a critical role as
sources for recolonization after spates and act therefore as buffers against
disturbances. Catastrophic drift is not that bad for a stream community unless
refugia and habitats become affected. In regulated streams, the situation is
worse because the patch dynamics of such streams are very limited; the
available amount of refugia is minimal. Therefore in such streams, woody
debris becomes very important, because it can compensate the loss of substrate
characteristics for refugia.
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Not only the refugial space at the place of disturbance matters, but the
situation in the whole catchment as well. A catchment wide stable system has
more ecological value than a stream on its own, although it is one with a
stable streambed. A stream needs a hinterland (sources of colonists).
A natural stream provided with a catchment wide heterogeneity of refugia is
able to cope with physical disturbances. It has a large resilience.

Natural streams contain highly heterogenous habitats with substrate specific
associations of organisms. The diversity of habitats and the variation in
discharge varies in space and time. It is hard to predict what the effects of
physical disturbances will be in a stream. This will vary from species to
species, from one patch to another and from time to time. To study the effects

of disturbances, information is needed about the benthic community before the

disturbance, about the spatial and temporal scale of events in the benthos and
about the sources of colonists. The need to understand the effects of physical
disturbances (peak discharges) in streams brings some goals for future
research.

Most of the studies of physical disturbances in streams have been at a very

small scale. No study of the relationship of disturbance size to recovery has
been presented yet. How similar are recolonization mechanisms for streams of

different sizes, and for streams with a different grade of regulation? We need

to understand the cumulative effects of man-induced and ’natural’ disturbances
of stream systems.

Another aspect is the relation between power of the physical disturbance and

the stability of the streambed. Because of the major role of refugia, it looks
like streambed stability being more important than power. But probably the
situation is more complicated. Also the relation between power and streambed

stability needs to be cleared up. What is the relation between bedload trans-

port, suspended sediment and discharge? And what are the characteristics of

bedload transport and suspended sediments: the frequency, the magnitude and
the particle size distribution?

At the moment, one project of the Institute for Wood and Nature Research
(IBN-DLO) in the Netherlands deals with the relation between bedload
transport and discharge in lowland streams. It is nice to see that this paper
confirms the interest of such research. Stream ecosystemsstill bring enough
challenges and topics for future research. Research helps us to develop
knowledge about functional ecological processes in streams.
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The recovery of stream ecosystems to disturbances are analogous to stream
dynamics. The ’meandritis’ that is common in the restoration of stream
channel morphology has to be replaced by a functional concept with a quanti-

tative ecological basis (Borchardt, 1993). Only in this way, water management, nature conservation and science can be integrated, leading to integral
water management, which is the policy of the Dutch government. If not, water
management projects and governmental policies will be not much more than

well-meant ideas, drifting in the stream.
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Appendix 2 Recovery times for macroinvertebrate groups

Recovery times from (physical and chemical) disturbances for macroinvertebrates (Niemi et al, 1990):

System

Recovery
type

Group

Minimum
(yr)

N

Maximum
(yr)

Median
(yr)

Lake

Density

Amphipoda

4

>0.17

Lake

Density

>0.31

>0.18

Lake
Lake
Lake
Lake
Lake
Lake
Lake
Lake
Lake
Lake
Pond
Pond
Pond
Pond
Pond

Coleoptera

Density
Density
Density
Density
Density
Density
Density
First appears
First appears
First appears
Density
Density
Density
Density
Density

1

Diptera
Ephemeroptera
Gastropoda
Hirudinea
Lepidoptera
Oligochaeta
Ostracoda
Amphipoda
Coleoptera
Lepidoptera
Amphipoda
Coleoptera
Diptera
Ephemeroptera
Hemiptera

>1.50

8
3
2
2
1
3
4
2
1
l
3
4
3
2
6

>1.50

0.02
0.10
>1.00
>1.00
>1.50
0.03
0.04
0.06
>1.50
>1.50
1.30
>0.10
0.15
>0.10
0.08

>1.50

Density

4.30
>1.70
<2.00
<2.00
>1.50
>0.07
>1.50
>0.67
>1.50
>1.50
>2.40
>0.10
2.00
>0.10
>0.10

Odonata

0.16
0.13
_
_
>1.50
0.04
0.15
>0.36
>1.50
>1.50
>2.40
>0.10
0.33
>0.10
>0.10

0.08

>2.40

Pond

River

Density

River
River
River

3

Amphipoda

9

0.00

Density
Density
Density

River
River

Arachnida
Coleoptera
Collembola

Density
Density

Ì
10
!

Decapoda
Diptera

River
River

Density
Density

Ephemeroptera
Gastropoda

River
River
River
River

Density
Density
Density
Density

River
River

River
River

0.10

1.80

0.50

>0.50
<0.25
>2.00

>0.50
>25.00
>2.00

2
86

>0.50
>1.70
>2.00

0.33
0.01

>1.00
>20.00

>0.67
0.42

96
6

Hemiptera
Isopoda
Megaloptera
Nematoda

0.01
>0.40

3
1
1
2

>25.00
> 1.80

>0.25
>1.00
>1.00
0.02

1.00
0.79

Density
Density

<1.00
>1.00
> 1.00
>0.50

Neuroptera
Odonata

—
>1.00
>1.00
>0.26

Density
Density

Oligochaeta
Ostracoda

]
5

<1.00
0.08

Density

0.02
0.21

<1.00
<0.25

River

7
1

<1.00
0.33

>0.50
0.21

River
River
River
River
River
River
River
River
River

Pelecypoda

8.00
0.21

Density
Density
Density
First appears
First appears
First appears
First appears
First appears
First appears

1

<0.25

58
2
69
1
8
1
16
38
9

<0.25

0.10
>1.00
0.12
1.00
0.02
>0.33
0.02
0.01
0.02

<0.25

>20.00
1.25
>25.00
1.00
2.20
>0.33
>2.00
2.00
>10.00

1.25
>1.12
1.00
1.00
1.12
>0.33
0.33
1.00
0.33

River

First appears

River
River
River
River
River
River
River

First appears
First appears
First appears
First appears
First appears
First appears
First appears
Total

Plecoptera
_ Rotifera
Trichoptera
Arachnida
Coleoptera
Decapoda
Diptera
Ephemeroptera
Gastropoda
Hirudinea

Nematoda
Odonata
Oligochaeta
Pelecypoda
Plecoptera
Trichoptera
Turbellaria

I

1.00

I
4
6
1
u
25
l
538

1.00

1.00
0.04
0.17
2.20
0.91
0.01
1.40

1.00

1.00
2.20
1.30
2.20
1.00
>4.00
1.40

1.00
0.93
0.83
2.20
1.00
1.00
1.40

