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ABSTRACT
Streams in mediterranean-climate regions (areas surrounding the Mediterranean Sea, parts of western North
America, parts of west and south Australia. southwestern South Africa and parts of central Chile) are
physically, chemically, and biologically shaped by sequential, predictable, seasonal events of flooding and
drying over an annual cycle. Correspondingly, aquatic communities undergo a yearly cycle whereby abiotic
(environmental) controls that dominate during floods are reduced when the discharge declines, which is also a
time when biotic controls (e.g. predation, competition) can become important. As the dry season progresses,
habitat conditions become harsher; environmental pressures may again become the more important regulators of
stream populations and community structure. In contrast to the synchronous input of autumn litterfall in
forested temperate streams, riparian input to mediterrancan-type streams is more protracted, with fall and
possibly spring peaks occurring in streams in the Northern Hemisphere and a summer peak existing in their
Southern Hemisphere counterparts. We present 25 testable hypotheses that relate to the in fluence of the stream
hydrograph on faunal richness, abundance, and diversity; species coexistence; seasonal changes in the relative
importance of abiotic and biotic controls on the biotic structure; riparian inputs and the relative importance of
heterotrophy compared to autotrophy; and the impact of human activities on these scasonally water-stressed
streams. Population increases in mediterranean-climate regions (particularly in fertile regions) result in an
intensification of the competition for water among different users; consequently, water abstraction, flow
regulation, increased salinity, and pollution severely limit the ability of the strecams to survive as sustainable,
self-regulated systems.
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INTRODUCTION

Climatic and geomorphic setting strongly influence structural and functional features of rivers and streams (2,
45, 88). Consequently, lotic ecosystems within a large geographic area may exhibit greater similarity to those n
other regions that have similar climates and geomorphology than to thosc occurring in the same region (58, 93,
134). Streams and rivers in mediterranean-climate areas throughout the world are excellent examples of such
convergence. Although confined to relatively small regions (<1% or up to 4% of the continental area according
to different definitions, e.g. 5 and 50, respectively) and widely separated on all continents, mediterranean
ecosystems support similar types of sclerophylious vegetation (50, 51, 156, 157). Thus, becausc of the strong
influence of the climate and catchment vegetation on stream structure and function, streams of coastal
California, for example, may better be compared with streams in other mediterranean-type climates in Australia,
Europe. South America, or Africa than, for example, with coastal streams of the adjoining Pacific Northwest.

In a recent review of the history of research on mediterranean-type ecosystems, 89 comparative studies (in 13
subject categories) among regions with a mediterranean-type climate were listed (84); none of these studies
involve aquatic ecosystems. The effect of human-influenced disturbance on the integrity of aquatic habitats in
these regions and the need to anderstand the ecological basis for their rehabilitation prompted us to assess the
extent of scientific understanding about the organization and functioning of such habitats and their responses 10
key environmental factors. Some topics that we examined in mediterranean-type streams are better understood
(e.g. hydrology) than others (e.g. riparian inputs and instream dynamics, biotic structure and interactions). As &
result, we often had to draw on principles and examples from studies on streams in more mesic and xeric
regions.

What are the defining characteristics of streams in mediterranean climates? Our central thesis is that because
these ecosystems have a distinct cool and wet season followed by a warm and dry season, they arc mfluenced
by a sequence of regular and often extreme flooding and drying periods. In this review we describe how (a)

these streams are sometimes distinctly different from. and other times the same as, streams 10 gither temperate



mesic or xeric areas; (b) the annual, predictable floods determine the temporal and spatial dynamics of these
systems; (¢) the drying that follows the rainy season results in gradual increases in biotic (e.g. competition and
predation) and abiotic (e.g. low oxygen, high temperatures, loss of habitat) controls in structuring biological
communities; (d) annual variability in rainfall can lead to extreme conditions of flooding and drying, and
populations and communities respond differently over a multiannual scale; (¢) the timing and dynamics of
riparian inputs in mediterranean-climate regions differ from those of temperate, forested streams; (f) human
activities may impact these lotic systems more than their counterparts in more humid or arid regions because of
the severe competition for water that occurs in mediterranean-climate regions. Following a description of the
environmental setting and the riparian vegetation of mediterranean regions, we organize our discussion of
mediterrancan-climate streams around a series of testable hypotheses about the response of the aquatic biota to
the flooding and drying sequence. This first review of mediterranean-type streams is sclective; aspects that
deserve further treatment are mentioned in the conclusion,

CLIMATIC SETTING

On all continents, certain coastal regions (often westerly positioned) in the middle latitudes, most extending
between 307 and 40° north and south of the equator, are governed by a symmetrical atmospheric circulation that
produces a climate characterized by cool, wet winters and hot, dry summers (5). The moderating ocean
mfluence keeps winter temperatures mild, with mean monthly minima ranging from about 8° to 12°C, and
frosts infrequent except at high elevations or well inland; summer mean monthly maxima usually vary between
18° and 30°C (49).

Over one half of the area worldwide with this mediterranean-type climate is located in the Mediterranean Sea
basin (latitude 30°-45° N) and embraces parts of three continents-Europe, Asia, Africa (see map in 102); hence,
the commonly used name for the climate type. This climate and the associated biome occur in four other limited
and widely scattered areas of the world (see Figure 1 in 93): the Pacific Coast of North America from southern
Oregon to northern Baja California (latitude 31°-41° N); parts of West and of South Australia (latitude 32°-38°
S); the south-western Cape Region of South Africa (latitude 32°-35° S); and the central Chilean coast (latitude
32°-41° S) (for further details see 51, 84). Except for Australia, where the topography is characterized by
moderate relief, the mediterranean lands are often rugged with a marked change in elevation and, therefore, also
in climatic conditions along relatively short horizontal distances (5). Consequently, headwaters of some streams
may be in high elevation areas where the climate is too wet and cold to be mediterranean (e.g. Ter River, Spain;
145).

Seasonality and variability in rainfall is the principal attribute of the mediterranean-type climate. At least
65% and often 80% or more of the rain falls in the three months of winter, with most of the precipitation ofien
falling during a few major storm events that may produce flooding (100, 102, 119). The strong seasonality in
rainfall (during the cool wet season) and the associated seasonal {looding clearly distinguish the mediterranean
climate from most mesic or xeric temperate climates; in the latter climate regions, storms can occur during the
colder wet season but also af other times of the year. Although the seasonal precipitation pattern is highly
predictable in mediterranean-climate areas, annual rainfall can vary markedly in some regions from year to
year; a deviation of 30% or more from a multiannual average is not uncommon. Such precipitation patterns are
best described as having low constancy (sensu 40) and high predictability (36, 40, 126). Relatively long-term
dry and wet cycles (>10 years) have been detected in mediterranean-climate regions (e.g. 48, 145), but the
pattern is far from being consistent and underscores that short-term and year-to-year variations in rainfall are
unpredictable.

Because annual precipitation usually ranges between 275 and 900 mm (5, 102), certain mediterrancan-
climate regions fall into the category of semi-arid regions (200 and 500 mm annual rainfall; 73, 170); however,
others may encompass regions with annual rainfall exceeding 1000 mm, including small amounts of summer
rain (e.g. in Australia and South Africa--50, 148, 155). Similar to arid regions, mediterranean-climate regions
are naturally water stressed because of high annual water losses by evapotranspiration relative to inputs from
precipitation (71, 96, 170).

HYDROLOGIC REGIME

The discharge regime of mediterrancan-type streams generally follows that of the rainfall pattern, and
consequently exhibits both strong seasonal and annual variability (48, 140, 145). In mediterranean-type streams,
the high flows abruptly commence in fall or early winter and floods occur during a few months in late fall,



winter, and early spring. Subsequent drying and declining flow are gradual over a period of several months in
summer, ending abruptly in fall or carly winter when the next year's rains commence (see also "extreme-winter"
category in 77, and the "perennial” and "intermittent" seasonal winter categories in 171). This seasonal pattern
of high discharge coinciding with cool temperatures, which is followed by low discharges with warm or hot
temperatures, greatly differs from that of temperate desert streams, which can be disturbed repeatedly and
unpredictably by wetting and drying over an annual cycle (e.g. 59).

Deviations from the above-described pattern can occur in mediterranean-type streams. In regions of karst
geology (e.g. Spain, Israel), large amounts of water may be stored in subterranean aquifers, which may
moderate seasonal fluctuations in flow in mediteranean-type streams (e.g. 4). Furthermore, mediterranean-type
streams that have part of their catchment in elevated areas with subfreezing winter temperatures and snow
accumulation may exhibit a bimodal mean flow pattern, with highest discharges following the onset of rain (e.g.
in fall) and after snow melt in spring (e.g. 4, 145).

Although the occurrence of floods during fall, winter, or spring is predictable in mediterranean-type streams,
the intensity and frequency of the floods vary greatly from year-to-year depending on the frequency and
intensity of rainfall. Low rainfall may eliminate significant floods and extend the drying period; we refer to
these years as drought years. Fluctuations of the mean monthly discharge ranging from 100% above to 50%
below the multiannual average have been reported (145), and this is not atypical of other mediterranean-type
streams (¢.g. 140).

The often brief and sometimes intense rainstorms that occur in mediterranean climates produce flashy
hydrographs. The streams flood and attain peak discharges shortly afier the rainstorm begins (possibly within
hours in situations of a saturated soil and/or a high gradient topography) and decline to normal seasonal flow
shortly after the storm ends (e.g. Figures 2 and 5 in 43).

Local geomorphology may play a major role in hydrograph dynamics. Brief, violent floods (characterized by
rapid onset and short duration) typically occur in high gradient constrained channels. Mediterranean-type
streams are expected to be less "flashy"” than desert streams, which are often restricted by steep bedrock canyons
or alluvium, and more "flashy" than streams in mesic drainages of low relief that have extensive tributary
networks and floodplains and where the floods build in intensity over periods of hours to days (e.g. 77. 109,
126).

In the wetlter areas of mediterranean regions, streams usually maintain permanent flow or at least hold surface
water throughout the vear. In the drier ranges, mediterranean-type streams ofien have sections of the stream that
lack continuous surface water and arc composed of a series of isolated pools (e.g. 43, 56); we refer to this
mosaic of isolated pools and dry areas as intermittent reaches. In Israel, for example, drying of the headwater
tributaries is characteristic of many of the coastal streams, and the duration of intermittency and proportion of
the channel that dries generally increases from north to south as rainfall decreases. Seepage of groundwater,
return of agricultural water, and effluent discharge may maintain channel wetness in the lower reaches of some
of these streams during the dry, summer period. Streams in areas that are intermediate in the wetness gradient of
the mediterranean climate may alternate between perennial flow in rainy years and intermittency with surface
water limited to isolated pools in drought years (e.g. some coastal mountain streams in California, 43, 140).

THE STRUCTURING ROLE OF FLOODING AND DRYING

Floods are characteristic disturbance events in streams in both mediterrancan- and nonmediterrancan-type
rivers (139). Streams throughout the world also undergo a drying process (i.e. a gradual reduction in discharge
and wetted area); however, drying in most mesic and temperate desert streams over an annual cycle 18
interrupted by rain, whereas drying in mediterranean-type streams is a continuous, gradual process over the dry
summer period.

Floods have a variety of effects on the stream ccosystem, depending on their frequency, intensity, timing, and
duration. These effects include scouring of accumulated sediment and debris, and redistribution of streambed
substrate and organic matter in the channel; changing channel morphology and forming new erosional (riffles)
and depositional (point and mid-channel bars, pools) zones; washing away in-channel and encroaching riparian
vegetation; restoring channel connectivity; and homogenizing water quality conditions along the stream channel
(48, 78, 90, 93, 145).

Watershed-stream interactions in mediterranean-type streams are most pronounced during the relatively short
wet season. The first floods usually flush the tributaries of accumulated debris and carry a high load of
dissolved and suspended matter from the drainage basin into the stream. Following this and continuing



throughout the wet season, the concentration of total dissolved solids is usually relatively low and that of
suspended solids relatively high (e.g. 145), water quality conditions along the stream channel are least variable,
and diurnal ranges in variables such as temperature and dissolved oxygen are usually lowest (e.g. 32).

Drying involves a gradient of events from reductions in flow, to formation of isolated pools, to complete
drying of substrate; a temporal sequence of this is illustrated for a desert stream (160). The physical effect of
drying involves habitat contraction, which is essentially the opposite of the habitat expansion that occurs during
flooding. Depending on the severity of drying, the following conditions may occur in streams (55) and typically
occur in mediterranean-type streams during the dry season: highly fluctuating oxygen concentrations caused by
a combination of factors (elevated temperatures, high daytime photosynthesis and nighttime respiration, high
biochemical oxygen demand associated with increased algal production and enhanced microbial respiration,
reduced dilution of effluents in streams, and reduced turbulence); reduced dilution of nutrients; increased
salinity: increased deposition of fine sediments; loss of connectivity with the hyporheic zone; encroachment of
vegetation into stream channels (that further enhances siltation); and increased channel erosion because of the
prolonged drying of banks.

Droughts can exaggerate the average drying sequence and not only result in the elimination or reduction of
scouring flows but also result in an alteration of the témporal and spatial dynamics of habitat structure.
Consecutive drought years may have an effect similar to that of water diversion in that accrual of fine
sediments, expansion of deposition zones, bank erosion, and vegetation encroachment may produce major
changes in channel morphology, including a complete choking of the channel (e.g. 78). There also may be an
indirect response of flow to riparian vegetation through changes in geomorphology; this may be of greater
consequence to the vegetation than the direct effects. In regions where beaches build, coastal mediterrancan-
type streams may become seasonally or annually disconnected from the sea during drought years because there
is insufficient water to wash away the deposited sand (e.g. 85); this turns the lowermost reach into an clongated,
closed lagoon (67).

An increase in evapotranspiration in summer may result in an increase in concentration of dissolved minerals
(106, 32, 145). The diurnal fluctuations in water quality condition are highest during this period (32), and a
spatial gradient in water quality conditions can develop along the stream, particularly in streams where the
surface flow is fragmented into isolated pools. The changes in water quality conditions that occur during the
drying process in mediterrancan-type streams extend over a period of several months and thus have a more
gradual impact on the biota than is typical of more arid streams. As in other streams, water quality conditions in
mediterranean-type streams are influenced by stream-specific attributes such as local geomorphology, edaphic
features, and human tmpact, and thus may vary spatially tirrespective of climatic conditions (e.g. 139).

RIPARIAN VEGETATION AND INPUT OF ALLOCHTHONOUS ORGANIC MATTER

RIPARIAN VEGETATION

The vegetation in mediterrancan climates is typically sclerophyllous and evergreen, adapted to water stress
during the dry summer period, and able to grow on infertile soils (22, 25, 50, 83, 91, 103, 156, 163). The
availability of year-round moisture near streams enables deciduous woody vegetation to occur in the riparian
zone as seen in mediterranean-type streams in the Northern Hemisphere (86), with equivalent species pairs
occurring in different mediterranean regions (e.g. Isracl and California, 150).

With increasing aridity, the riparian vegetation of mediterranean-type streams becomes shorter, more
scattered, more restricted to the side of the active channel, and markedly different from the upland regions (58,
103). Because the riparian vegetation is also related to site-specific attributes such as elevation, slope, and
lithology (e.g. 50, 111), it may exhibit spatial variability in species richness, composition, and density from the
headwaters at high elevation to the lowland reaches (56). Shrubs and herbaceous plants often predominate on
exposed banks, particularly in areas impacted by humans, and their richness increases in exposed streambeds of
intermittent streams (56). Although riparian vegetation of humid regions cannot withstand even mild fires
(121), vegetation along mediterranean-type streams is frequently exposed to natural and human-made fires (22,
23, 158, 168) and therefore may be more fire-adapted and show more rapid recovery after fire.

INPUTS OF ALLOCHTHONOUS ORGANIC MATTER
Riparian input may be the primary energy source to consumers in low-order streams worldwide (e.g., 110).
Its role in stream ecosystems is well recognized, based mostly on studies in temperate forests (e.g. 3, 110, 174).



Although far less is known about riparian inputs to mediterranean-type streams, canopy cover and organic
matter input in low-order streams in the wetter range of the mediterranean climate are apparently as important
as they are in temperate, forested streams (e.g. Table I1l in 103).

mediterranean-type streams differ from temperate deciduous-forest streams in the timing and dynamics of
allochthonous detritus input. In the latter, the bulk of litter fall occurs in a short pulse in autumn (ca. 70%-80%
n 1-2 months, ¢.g. 60), with additional material ¢ntering the streams by lateral movement over the remainder of
the year (c.g. 10, 42, 112). The few studies that have measured organic matter input to mediterranean-type
streams suggest a more protracted period of litter fall than in non-mediterranean-type streams, with peaks
occurring at different times of the year in the Northern and Southern Hemispheres (autumn and spring cf.
summer, respectively, 22, 91, 103, 163). In the Northern Hemisphere, the presence of fall-winter or summer
deciduous trees along with sclerophyllous evergreens in the riparian community of mediterranean-type streams
(e.g. 43, 86, 103) can partially explain the autumn peak and the extended period of litter production. In the
Southern Hemisphere, protracted litter fall results from evergreen phenology whereby new leaf growth is
balanced by almost simultancous leaf fall (157); perhaps the summer peak results from the relic phenology of
the tropical-subtropical vegetation that occurs there (155, 157). In Northern Hemisphere mediterranean-type
streams, most input occurs when discharge is high and the temperature is relatively low. In contrast. most leaf
fall enters mediterranean-type streams in the Southern Hemisphere when discharge is low and water
temperature is usually increasing.

Riparian litter that enters streams by lateral movement, i.e. blown by the wind, sliding in from the stream
banks, or being carried in by receding flood water (10, 136), may vary considerably in quantity and quality, but
it may be especially important in areas of low plant cover, such as in higher-order streams or mediterranean-
type streams in drier regions. The lateral movement of the riparian litter, however, is expected to vary locally
depending on geomorphology and the nature and density of the understory vegetation (34), and whether the
litter fall is wind blown or floodwater transported.

RETENTION AND TRANSPORT OF ALLOCHTHONOUS ORGANIC MATTER

The availability of allochthonous detritus to consumers depends not only on inputs but also on the instream
distribution of these inputs. The latter is a function of the retentive capacity of the stream, which is generally
inversely related to discharge and positively influenced by retentive structures (i.e. rocks and debris dams)
where coarse particulate organic matter (CPOM-> 1 mm in diameter) accumulates (e.g. 133, 136, 149, 153,
154). During the wet season, spates scour the streambed and transport particulate matter downstream; therefore,
low-order mediterranean-type streams in both hemispheres are likely to exhibit lowest standing stock of CPOM
during the wet season. In mediterrancan-type streams in the Southern Hemisphere, most of the allochthonous
detritus is expected to be transported downstream several months after it enters the streams. In Northern
Hemisphere mediterrancan-type streams, the residence time of the allochthonous matter may be much shorter
becausc it enters the streams shortly before or at the time of flooding. In streams with broad valleys, litter may
either enter the stream or be deposited in the floodplain during the rise and fall of the hydrograph (44, 136,
151). Thus, fluctuating discharges during the wet period may sequentially accumulate, replace, or distribute
CPOM in streams (47); however, the organic material is rearranged only during high discharge periods.

The retentive capacity of forested streams is markedly enhanced by accumulations of large woody material
originating in the riparian zone (120), which forms debris dams (12). Because of sparser woody riparian
vegetation (except for restricted headwater reaches in the more mesic mediterranean range), mediterranean-type
streams are likely to have fewer debris dams (on an areal basis), lower retention capacity, and less
allochthonous detritus available than their temperate forest counterparts with similar physical structure (e.g. 91 %
Human interference that typically occurs in mediterranean regions (deforestation, grazing, fire, channelization,
urbanization) further reduces riparian inputs of woody material and the likelihood of natural formation of debris
dams and backwater habitats in mediterranean-type streams.

In the Northern Hemisphere where the largest amount of litter fall apparently enters mediterranean-type
streams in autumn and winter (e.g. ca. 60% in a Moroccan stream; 103), CPOM is expected to be retained in
low-order reaches for only a short period in autumn (1-2 months) until the rainy period commences and the
seasonal successive floods occur. In short and steep gradient mediterranean-type streams with low retentive
capacity, a significant portion of the CPOM that enters the stream during fall may be exported downstream and
possibly even leave the system incompletely processed (energy "leakage” sensu 172). This loss may be partly
compensated for later in the year by the influx of litter in spring and summer (e. g. ca. 40% of the annual input in



a Moroccan stream, 103). In contrast, in the Southern Hemisphere where litter fall production peaks in late
spring and summer at the time when the discharge in mediterranean-type streams is decreasing, CPOM can be
effectively retained in low-order reaches for a period of 4-6 months (22, 92), but this CPOM may be reduced by
high numbers of shredders that occur there (162, 163).

ECOSYSTEM AND AQUATIC BIOTA RESPONSE TO FLOODING, DRYING, AND HUMAN IMPACT

EXPECTED RESPONSE

Based on the characteristics of the hydrograph of mediterranean-type streams, associated seasonal changes in
habitat conditions and resource availability, the patterns of input of allochthonous organic matter, and the
seasonal scarcity of water, we would expect that the biota of mediterranean-type streams should follow certain
predictable trends. We propose 25 testable hypotheses (sequentially numbered in brackets) organized around (a)
abundance and diversity, (b) richness, (c) abiotic and biotic pressures, (d) species coexistence, (¢) riparian
inputs and the importance of allochthonous organic matter compared to autochthonous production, and (f)
competition for water and the impact of human activities. After presenting the hypotheses, we examine what the
literature pertaining to flooding and drying, and the status of stream ecosystems in mediterranean areas, can tell
us about actual influence of environmental and human factors.

[1.1] Unless the stream dries completely, the abundance of the biota is expected to be lowest during the wet
scason when flooding occurs. [1.2] In spring, following the cessation of flooding, the biota will rapidly increase
m abundance from individuals recolonizing from refugia (e.g. fish) or from individuals migrating from nearby
aquatic habitats (e.g. insects, amphibians). [1.3] The most flood-resistant species will remain, and the resilient
species (the "pioneer species” that are effective colonizers after disturbance) will be the first to colonize after
floods cease. [1.4] These are gradually augmented with other species that are less resistant to flooding and
slower to recover but that can use the window of opportunity present during late spring and early summer, when
habitat and resource availability are high and habitat conditions are relatively moderate, to become established,
grow, and reproduce. [1.5] Correspondingly, the abundance of the biota in mediterranean-type streams is
expected to be highest at the end of the intermediate period between flooding and extreme drying.

[1.6] With the progression of drying in late summer and fall, and the associated decline in habitat availability
and deterioration of water quality, the biota gradually becomes dominated by species that tolerate low
discharge, warmer water, and poor water quality. [1.7] Correspondingly, diversity (i.c. the interaction of
richness and evenness) should differ between winter and summer assemblages, reflecting temporal changes in
species dominance that result from changes in resource availability and habitat conditions; evenness should be
lowest at the end of the drying period when extreme physical and physicochemical conditions prevail. [1.8]
Depending on the extent of drying, overall abundance can remain high, increase even further when drying is
slow and isolated pools maintain water, or decline when drying is rapid and habitat conditions deteriorate or
pools dry. [1.9] Furthermore, the species composition and abundance of the biota in mediterrancan-type streams
is expected to shift rapidly from the late summer-fall assemblage to that of the winter assemblage with the onset
of floods; this is in marked contrast to the gradual transition that occurs from the end-of-flood winter faunal
assemblage to the summer assemblage. [1.10] The change from the winter assemblage to that of the summer
assemblage occurs earlier in drought years as a result of the carlier decline of the hydrograph. [1.11]
Correspondingly, the community succession for macroinvertebrates in mediterranean-type streams occurs over
the scale of one year, whereas that of temperate humid streams can be longer and that of temperate desert
streams can be shorter.

[2.1] Although faunal composition changes oceur, species richness is expected to be relatively persistent,
reflecting the evolutionary adaptation of the biota in mediterrancan-type streams to flooding and drying. [2.2]
Moreover, species that evolved in streams that are disturbed predictably, as mediterranean-type streams are,
may be expected to have life-history adaptations that maximize growth and reproduction during the period of
moderate habitat conditions and minimize exposure of vulnerable stages to extreme conditions of flood or
drought.

[3.1] Within an annual cycle, the regulation of assemblage structure in mediterranean-type streams is
expected to temporally alternate between mostly abiotic controls during flooding ("reset” periods) and toward
the end of the drying period (e.g. extreme physical-chemical conditions, such as high temperature, low
dissolved oxygen, loss of flow), and biotic controls (e.g. predation, competition) that occur when isolated pools
form. This pattern correlates with the hydrograph of mediterranean-type streams, where extreme forces of



mechanical stress and abrasion drastically alter the physical and biological nature of the stream during flooding
(high abiotic pressures), which is followed by a period of hi gh resource availability combined with moderate
habitat conditions (low abiotic pressures) and then the gradual transformation of the lotic into a lentic habitat.
[3.2] During the latter period, the biotic interactions peak (hi gh biotic pressures) but then may decline when
extreme conditions prevail.

[4.1] Species in mediterranean-type streams differ in their resistance and resiliency in coping with the
sequential abiotic and biotic pressures that occur in these systems. Consequently, the competitive advantage of
different species varies with the temporal changes in intensity of abiotic conditions and biotic interactions, and
so facilitates species coexistence.

[5.1] The importance of allochthonous organic matter in mediterranean-type streams is generally expected to
decrease along increasing gradient of aridity; in contrast, the importance of autochthonous organic matter
increases along this gradient. [5.2] Although in both hemispheres the input of leaf litter to mediterranean-type
streams is temporally protracted, in the Northern Hemisphere it enters the streams shortly before or at the time
of flooding when discharge is high, and temperature and autotrophic activity are relatively low; in the Southern
Hemisphere, more of the litter fall enters streams in late spring and summer when discharge is low, temperature
is increasing, and autotrophic activity is high. [5.3] As a result of the short contact time between shredders and
other decomposers with the leaf litter, a relatively larger portion of the CPOM is likely to be washed
downstream (and possibly out of the system), not completely processed in mediterranean-type streams in the
Northern Hemisphere than in their counterparts in the Southern Hemisphere (assuming streams with similar
retention capacity). [5.4] However, in drought years when extreme habitat conditions develop early in the
drying season, shredder activity may be inhibited, and the remaining incompletely processed CPOM in
mediterranean-type streams in the Southern Hemisphere may be washed downstream by the next year's floods.
[5.5] Overall, shredders may be expected to play a smaller role and filter feeders and scrapers a larger role in
mediterranean-type streams relative to the role they play in streams in more humid regions. [5.6] Riparian
vegetation of mediterranean-type streams should be more adapted to fire (i.c. able to recover rapidly after fire)
than riparian vegetation along temperate, forested streans.

[6.1] The seasonal availability of water in mediterranean-climate regions leads to a competition between
human needs for water and the needs of water in the normal functionin g of mediterrancan-type streams. The
impact of this competition is strongest in drought vears when discharge is naturally reduced; then even a small
diversion of water may have a disproportional large adverse effect. [6.2] Moreover, increases in diversion of
water for human use exacerbates the impact by the combined effect of reduced dilution capacity and increased
pollution of return water. [6.3] Given the present trend of population increase and increasing demand for fresh
water, the competition for water among different users will intensify and result in most mediterrancan-type
streams having little chance of surviving as sustainable, self-regulating ecosystems.

ASSEMBLAGE RESPONSE TO FLOODING AND DRYING

The role of flow in determining the distribution and abundance of aquatic organisms has been of interest to
ecologists since early this century. Numerous examples of behavioral (161) and morphological (Table 8A in
141) adaptations and responses of stream organisms to flooding have been proposed. The survival of many
organisms depends on finding a refuge from severe hydraulic stresses (e.g. 98); however, even the most
effective instream refuge can become ineffective when flood intensity is high (e.g. in constrained channels).

For benthic macroinvertebrates, floods in all stream types consistently reduce population densities (because
of reduced abundance and/or an increase in wetted area), but floods have a less consistent effect on reducing
richness (for mediterranean-type streams: ¢.g. 6, 32, 93, 107); lower densities can result from drift (catastrophic
drift in the sense of 177) and substrate disturbance (e.g. 39). Macroinvertcbrates typically occurring in the wet
season can persist into the dry season following wet winters, whereas typical dry-scason taxa may appear carlier
following drier winters (43). Severe floods greatly reduce population size of organisms that are entirely aquatic
(e.g. snails, ostracods, some hemipterans), while those with terrestrial aerial stages (e.g. most aquatic insects)
rapidly recolonize these streams (43). Density reductions in the populations with terrestrial acrial stages are not
reflected in densities of the following generation (e.g. 57, 107), but in entirely aquatic organisms they are (43).
Typically, benthic macroinvertebrate faunal assemblages differ before and after the flood period in
mediterranean-type streams (e.g. 32, 107, 140); in part this is because flow-dependent taxa (e.g. filter feeders)
are affected when flow is eliminated in isolated pools.

Relative to flooding, the effects of drying on biota have been little studied, and most studies have been



descriptive accounts of physiological or behavioral responses, or lists of taxa collected (14, 20). For biota of
temporary streams in both mediterranean and other climates, drying is a key environmental factor influencing
their distribution, abundance, and life histories (159, 164, 173). While flooding reduces number of individuals,
drying may increase numbers locally (from concentration of individuals into smaller areas), decrease (from
predation or oxygen stress), or leave densities of individuals unchanged (159).

Although flooding affects stream organisnis through a direct abiotic effect (e.g. the scouring of substrate) that
results in their displacement, drying can produce a combination of abiotic and biotic effects. Flow and
consequent oxygen reductions may result when isolated pools form, and these severe abiotic conditions can
exclude some taxa. Moreover, biotic interactions related to food availability may occur as well. Predation has
been shown to increase in isolated pools (17, 38, 109, 159), and intraspecific competition has been shown to
result in reduced fecundity among macroinvertebrates (e.g. 57). In the latter study of a caddisfly population in a
northern California mediterranean-climate stream, the authors used lon g-term weather records to suggest that
dry years that result in food limitation occur about every ten years, droughts that result in reductions of
population fitness occur about 4/100 years, but during normal rainfall and wet years (which include most years)
population densities are sufficiently reduced by floods (97) so that neither food limitation nor reductions in
fecundity typically occur (57).

The effect of drying is most severe when the stream bed becomes completely dry. Under these conditions,
taxa lacking desiccation-resistant stages or those unable to find refugia are eliminated until recolonization
occurs. In a coastal California springbrook, a severe drought resulted in loss of habitat for over 3 months; the
caddisfly population present shifted from one with an age structure typical of a multi-cohort population to one
typical of a single-cohort population (137); perhaps even more striking was that age structure did not return to
the pre-loss-of-habitat condition until 10 years later (138).

As the temporal sequence of drying in mediterranean-type streams progresses, a gradual shift occurs from
macroinvertebrates typical of lotic systems to those that are typical of lentic systems in the isolated pools that
form (e.g. 1, 38), to semiaquatic taxa (e.g. higher Diptera) that colonize when only moist substrates remain, to
completely terrestrial taxa (e.g. carabid beetles) that occur on the dry substrate surface as in any other cleared
terrestrial habitat. Complete drying of stream bed channels occurs with some regularity in the drier parts of
mediterranean-climate arcas and less frequently in more moist areas; dryin g will eliminate all species that lack
either resistant stages or the ability to find refugia (e.g. the hyporheic zone, 108). With the initiation of floods a
rapid shift occurs from summer macroinvertebrate assemblage to a winter one.

The responses of fish communities in mediterrancan-type streams to the sequential pattern of flooding and
drying are less well known than the responses of macroinvertebrates to these stresses. Studies in streams with
contrasting flow regimes suggest that variability in flow can temporally change the structure of stream fish
assemblages by affecting mortality and recruitment rates of species differently (c.g. 72, 124). Moreover. the
impact of flow variability on both assemblage structure and habitat use is much stronger than the impact of
resource limitation and biotic interactions (e.g. 72). However, the relatively long flood-free period during the
dry season that is typical in mediterranean-type streams suggests that the significance of density-dependent
biotic interactions may play a greater role in fish communities in mediterranean-type streams than in temperate
desert streams affected by repetitive, unpredictable disturbances of flooding and dryi ng. For example, the
characteristics of the fish assemblage in a small California stream with a hydrologic regime similar to that of
mediterranean-type streams place this stream toward the deterministic end (i.e. mainly competition and
predation regulation) of the deterministic-stochastic (i.e. flow-variability regulation) continuum of community
structure (118&; see also 1635).

Fish can avoid the impact of high velocities by moving toward the stream bottom or edge where the shear
stress 1s minimal (101), or they can escape and assume a proper orientation to high flows, which allows them to
persist during floods (109). Fish may also migrate into tributaries prior to or during the flood to avoid dri fting
downstream (e.g., 54) where they may get stranded in isolated reaches and markedly reduce their chance for
recovery.

Floods have variable effects on fish populations. Several studies have shown a decline in abundance
following intense floods (e.g. 36, 54, 109), but physically (and thus hydraulical ly) complex reaches lost
proportionally fewer fish than hydraulically simple stream reaches (c.g. 124). Studies show that fish densities
can rapidly recover after intense and even catastrophic flood events (¢.g. 38, 101). Others found persistence of
the fish assemblage (e.g. 101, 118), which may be attributed to the timing of flooding with respect to life cycles
(i.e. absence of early life stages that are more vulnerable to mechanical stress; 106, 124), or the different
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intervals of recovery after flooding that were considered (106). Likewise, site-specific features such as pool size
and depth, availability of floodplain habitat, and presence of stable substrate have been shown to significantly
influence the ability of fishes to survive flood events (e. g. 106). Differences in these features may account for
contrasting observations. Persistence of fish populations after flooding could also result from reduction in
number of early stages (e.g. eggs or embryos), which could reduce competition and increase the survivorship of
young fish (e.g. 101).

Fish in mediterranean-type streams are expected to be highly adapted to drying (e.g. 117, 135). Cessation or
reduction of high flows in drought years might increase survivorshi p of pool-dwelling fish by reducing direct
mortality, lowering energy expenditure, and increasin g foraging success (72), but this response has not been
consistently reported (e.g. 62). Fish may avoid drought effects by migrating upstream to inhabit remaining
suitable habitats (72). Drying may differentially reduce survivorship depending on the species and, like with
macroinvertebrates, intraspecific competition may occur within populations of tolerant species. This may be
particularly important in fish populations that are stranded in isolated pools.

SPECIES TRAITS RELATED TO FLOODING AND DRYING

In geological terms, the climate of the mediterranean basin is very young, appearing in the Pliocene
approximately 3.2 million years ago (167). Many of the extant plant taxa in the mediterranean existed prior to
the appearance of this climatic type (83). Certainly, many inhabitants of mediterranean-type streams are
widespread in their distribution in different climatic regions, but the levels of endemism found for lotic fauna in
mediterranean-type streams can be extremely high. For example, the highest rates of endemism in Europe occur
in the mediterranean-climate areas of Ttaly and Greece for the insect orders Ephemeroptera. Plecoptera, and
Trichoptera, all of which occur predominantly in lotic environments (data from Tables in 89), and for fish as
well (113). Others have also noted that ecologically distinct taxa occur in mediterrancan-type streams
throughout the world (e.g. 21). However, at a broad taxonomic level and after removing endemic taxa, the
macroinvertebrate fauna collected when flow resumes after drying was similar among desert streams and
intermittent streams (including mediterrancan-type streams) in Africa, Australia, and North America (20). The
species richness of biota that occur in mediterranean-type streams is also related to a variety of historical (e.g.
climatic history; 30) and local factors such as vegetation type (e.g. 104), recent land use (e.g. 80), salinity (c.g.
70), and of course permanence of water,

Disturbance regimes are a strong component in the evolutionary history of biota (59, 139). Although both
flooding and drying occur in streams in almost all climate types, the high seasonal predictability of the
hydrograph of mediterranean-type streams should select for life-history features that favor resistance from being
removed by floods, and survival during periods of no flow and high temperatures (or even loss of habitat from
drying during droughts). Accompanying or in licu of these solu tions, organisms may have evolved responses
that allow them to recover rapidly from disturbance, i.¢. that emphasize resilience.

From the perspective of an organism with less than a one-year life cycle (e.g. most benthic
macroinvertebrates), the annual predictability of a wet season with floods and a dry season with gradual
reductions in (or cessation of) flow in mediterranean-type streams is very high. For an organism with a
multiple-year life cycle (e.g. fish and amphibians), the year-to-year variation in the timin g, intensity, and
frequency of floods, and the rate of drying, are of critical importance to survival but are much less predictable.
In the long term (more than 10 years), the likelihood of wet years with extremely high flows and drought vears
with extreme drying are somewhat predictable, but the timing within that cycle is not. As a result, short-lived
and long-lived organisms would be expected to have evolved different adaptive strategies to these conditions.
The short-lived organisms (e.g. macroinvertebrates) will maximize recovery rates through short life eyeles and
high reproduction; the long-lived organisms (e.g. fish) will maximize resistance by behavioral, morphological,
and physiological adaptations.

The survival of benthic macroinvertebrates during the drying period in a mediterranean-type stream may
mnvolve resistance mechanisms, such as tolerance to abiotic stresses in isolated pools (e.g. 64, 63), having
desiccation resistent stages (e.g. 15, 20), finding refugia such as entering moist substrate or the hyporheic zone
(e.g. 15), or recolonizing from nearby permanent sources (e.g. 21, 137, 138). Life cycles may also be tied to the
sequential predictability in mediterranean-type streams by seasonal breeding patterns (31), or flexible life cycles
(21, 142) such as alternating short and long generation times to produce three generations in two years (29).
Macroinvertebrates of highly seasonal waters such as some mediterranean-type streams and desert streams
exhibit unique adaptations in that: (a) egg-hatching coincides with the historically optimum time that water



reappears; (b) there are predictable, seasonally adjusted growth rates; (c) there is some specialization of feeding
on predictable food types; and (d) there is a high correlation between life history stages and environmental
factors (179).

Macroinvertebrates living in some mediterranean-type streams show adaptations thal represent trade-offs
between resistance to flooding and drying, and avoidance of predators (129). Mobile invertebrates are exposed
to predators but may have a better chance of finding refugia that enable them to avoid being washed away or
stranded in a drying reach and may be more efficient in locatin g and gathering food, thus growing and
recovering faster. Sessile, armored, and sedentary organisms may be less vulnerable to predation than mobile
species but may grow slower and be at a greater risk in areas of scour or desiccation. Therefore, more mobile
species that are less vulnerable to high discharges are expected to dominate in spring, shortly after the cessation
of floods, and predator-resistant species will do best under the low flows that occur in summer (129).

The recovery rate of fish (i.e. their resilience) is constrained by relatively long life cycles, but they can have
greater resistance to flooding and drying than macroinvertebrates because of their greater mobility compared to
the passive mobility (i.e. via drift) of most macroinvertebrates. Given the hi gh seasonal predictability of floods
and drying, we would expect fish inhabiting mediterrancan-type streams to exhibit life cycles that are
synchronized with times of moderate flows, increasing temperature, and increasing food availability in order to
maximize the growing season and population recruitment, and to minimize exposure of vulnerable stages to
extreme conditions. Indeed, most of the fish in mediterranean-type streams reproduce in spring during the
declining stage of the hydrograph when temperatures are increasing (e.g. 144). In contrast, in temperate streams
where flooding may occur at almost any time of the year, the spawning seasons of most species are protracted
or staggered (118). Consequently, the composition of the fish assemblages in temperate streams may vary
considerably from year to year, whereas that of mediterranean-type streams may be relatively persistent (118),
except where exotic species have invaded disturbed streams (7, 115).

ABIOTIC VERSUS BIOTIC REGULATION OF ASSEMBLAGE STRUCTURE AND SPECIES COEXISTENCE

Intensely disturbed streams (i.e. those with violent spates and/or a high degree of intermiltency associated
with harsh physicochemical conditions) are mostly regulated by abiotic factors (e.g. 38, 61, 87, 126). Biotic
controls such as predation and competition may be more important under relatively more stable conditions (e.g.
147, 171). Biotic interactions generally correlate with density (e.g. 152); however, little is known about the
importance of density in terms of some biotic interactions (131), as for example in mutualism and other types of
symbiosis. The expected increase of populations in mediterranean-type streams during late spring to the middle
of summer suggests that biotic interactions will peak at the end of this period.

As the dry season progresses, abiotic pressures increase, perhaps even culminating in a loss of habitat (e.g.
137). Biotic interactions can occur during drying as well. For example, increases in density of
macroinvertebrates in isolated pools attract invertebrate predators (e.g. 17, 159) and increase the predation rate
by fish (99), oftentimes on nectonic species (e.g. mosquito larvae and dytiscid beetles, 38).

Several authors have suggested that coexistence and high resource overlap for assemblages inhabiting a
disturbed ecosystem are possible because intense environmental variation reduces species abundance to levels
below which resource limitation occurs, or variation may shift competitive advantage from one species to
another (e.g. 41, 72, 109, 176). Observations in an unregulated Northern California mediterranean-type stream
have shown that invertebrates are the primary consumers in three- or four-level food chains that result because
scouring floods reduce grazers; algae recover before grazers increase and provide the most important
colonizable substrate. If scouring floods do not occur, a two-level food chain results, with high densities of
grazers and low algal growth (129, 130). In a southern California mediterranean-type stream, spate-cleared
areas were rapidly colonized by black fly larvae; in contrast, the substrate was increasingly dominated by a
competitively superior caddisfly in the absence of high flow (81).

HETEROTROPHY VERSUS AUTOTROPHY

The late spring and summer peak of litter input to mediterrancan -type streams in the Southern Hemisphere
occurs when discharge is reduced, which allows relatively long contact (at least four months) of decomposers
and detritivores with CPOM (unless the stream dries). Combined with elevated water temperature in summer,
this should promote rapid and efficient processing of the organic matter (79, 166). However, the biotic response
observed in Australian streams (including mediterranean-type strcams) with bank vegetation of certain
eucalyptus trees may contradict this prediction (28). Fewer shredders, poor colonization by aquatic



hyphomycetes, and the subsequent slow breakdown of eucalyptus leaves in summer were attributed to the low
nitrogen and high polyphenol concentrations that make senescent leaves of this species a low-quality food
source (8, 9, 25-28, 35). Inhibited growth rate was also found for a detritivore feeding on eucalyptus leaves in a
mediterranean-type stream (35). The inhibitory effects of the polyphenols of cucalyptus leaves dissipate with
time and, thus, it is less apparent in leaves that are washed downstream (9).

Low flow, possibly higher concentrations of leached polyphenol compounds, and high water temperature that
result in low oxygen level could also restrict microbial conditioning and eliminate some of the detritivores in
summer, contributing to slow breakdown rates of CPOM observed in Australian mediterranean-type streams
(25-27). This, however, appears to be a special case for Australian streams and possibly more so for those in 2
mediterranean climate because highly refractory, sclerophyllous species of eucalyptus dominate in the riparian
zone and environmental conditions in summer are less conducive to metabolism by consumers (25).

Microbial processing of CPOM on land is directly influenced by the extent of soil wetness; as a result,
different loads of dissolved organic carbon (DOC) are expected to enter mediterrancan-type streams in wet and
drought years (33, 105). Moreover, because semi-arid land leaches more refractory DOC than does soil in more
humid regions, lower metabolic rates of biofilms result in the former (94).

The importance of autochthonous production of organic matter in streams is generally expected to increase
downstream from the headwaters because of the widening of the stream channel, which allows more light to
reach the water, production is expected to decline in high order reaches where turbidity increases (e.g. 172).
Ths effect will be less pronounced in regions with infertile soils and low nutrient loading in streams (e.g.
Australia). Because of sparser vegetation and thus greater light penetration, the importance of autochthonous
production is expected to be higher in lower-order mediterranean-type streams than in similar order streams in
more humid regions. Autochthonous production will also increase in importance further upstream in
mediterranean-type streams that are in regions with increasing aridity and will be similar to that in desert
streams. Environmental conditions typical to mediterranean-type streams, such as long periods of clear sky,
large sunlit instream areas, mild winter temperatures, and low flows, promote algal growth such as that of the
attached filamentous alga Cladophora glomerata (13, 43, 127-129, 178). In disturbance-controlled systems such
as lakes undergoing water level flutuations (63) and in a spate-scoured mediterranean-type stream, Cladophora
has been shown to produce large biomass after the cessation of the flooding period, which provides substrate for
colonization of epiphytes and invertebrates and serves as an important food source (11, 53, 127-129). Rapid
colonization of spate-scoured substrate in riffles, first by diatoms and then by colonial algae, occurred as the
time increased since the last disturbance in a southern California mediterrancan-type stream (43). The
establishment of colonial algae was thereafter significantly affected by macroinvertebrate grazing and perhaps
sedimentation.

The prolonged low flow and high temperature during summer in mediterranean-type streams enhance
primary production by allowing a massive biofilm matrix (composed of algae and heterotrophs) to develop on
solid surfaces (c.g. 74, 75, 1406). A different biofilm formed by microorganisms and invertebrates in the
hyportheos during the period of low flow may be an alternative energy and nutrient source to mediterranean-
type streams, in addition to the above mentioned allochthonous and autochthonous sources (47). High
discharges in winter and upwelling of groundwater wash the biofilm into the stream where it becomes a
utilizable resource for surface dwellers. Furthermore, this rich biofilm can enhance leaf litter conditioning and
processing (47).

COMPETITION FOR WATER AND THE ASSOCIATED HUMAN IMPACT

Mesic regions generally have a surplus of river water, a predictable and relatively stable supply, and a per-
capita water renewable volume that exceeds the demand. In contrast, mediterranean-climate regions (like arid
regions) have a deficit of water resources (71, 96), which is typical of sub-humid zones (sensu 170) where the
ratio of mean annual precipitation to mean potential evapotranspiration is <0.75 (76, 170). However, unlike arid
regions where the shortage of water and harsh climatic conditions limit population growth and development, an
abundance of sunshine and mild winters make mediterranean-climate regions particularly suitable for human
settlement and intensive agricultural production (e.g. 122). This results in a high demand for freshwater,
particularly for irrigation, which often consumes water more than all other sectors of the economy combined
(e.g., ca. 70% in California and Israel; 180). Consequently, mediterranean-type streams are particularly
susceptible to human impact (46, 67, 145). Moreover, the seasonal availability of water in mediterrancan-
climate regions is a strong catalyst for flow regulation through water diversions and reservoir construction (e.g.



46, 47, 66, 129, 169).

When the ratio of renewable water to withdrawal volume is <1 (e.g., Israel; 180), the excess water demand
for freshwater must be complemented by the use of reclaimed wastewater, desalinized water, or water imported
from elsewhere. This produces a strong competition for water among consumer sectors. This competition is
accentuated in drought years when the increased water deficit imposes further reductions on water consumption
(e.g. 67). In practice, a greater proportion of water is abstracted from streams for human use during drought
years, which leaves less for the biota at times when they need water the most (114).

Mediterranean-type streams, like other streams in semi-arid regions, arc particularly susceptible to water
diversion (directly or via groundwater withdrawal) and flow regulation. Diversions, like flow regulation in
mediterranean-type streams, interfere with the fundamental mechanisms that structure the stream habitats: They
reduce the intensity and frequency of scouring floods, alter the normal stream-{loodplain interaction (18, 19),
and change water quality conditions (e.g. 169).

Macroinvertebrates and fish are directly affected by dam construction in mediterranean-type streams (e.g.
113, 132, 169, 175). The elimination of eels from central Spain (66) and the drastic decline of Chinook salmon
in California (181) are extreme examples of such effects on fish.

In summer, when flow in mediterranean-type streams is naturally reduced, even a relatively small diversion
of water from the stream may drastically reduce the water surface and have an effect similar to that of extended
drought. Long periods of reduced flow may also result in extinction of threatened species (e.g. 114).
Furthermore, the dilution capacity of the stream is lowest during this period and, consequently, even small
discharges of poor quality water into streams may have disproportionally large, adverse effects.

Although diversion of water from the stream may change a perennial stream to an intermittent one. the return
of agriculture water, and the discharge of sewage effluents into streams may lengthen inundation time (e.g. 125)
or even transform intermittent reaches to perennial ones (e.g. 24, 52). This supplementation may alter the
distribution of the biota (e.g. favoring pollution resistant species; 69), life history cues, and the structure of the
mtermittency-adapted communities that occur there.

Riparian vegetation is especially sensitive to changes in minimum and maximum flows (123). Floods
facilitate the recruitment of new plants and maintain heterogeneity within the riparian zone (1 20). In contrast,
hydrologic alterations can result in shifts in riparian plant community composition as well as senescence of
woody communities (120). Reduced channel wetness for prolonged periods may also result in loss of riparian
vegetation and in extensive bank erosion, particularly when combined with steep topography (78). A loss of
vegetation and a ten-fold channel width increase were reported in a California mediterranean-type stream in
response to local underground water withdrawal that lowered the water table and dried the river bed (93).
Elimination of woody vegetation may result in overall reduction in shading, and inputs of allochthonus detritus
and large woody debris.

The sensitivity of the riparian vegetation to water diversions is expected to be highest in streams that are
within the intermediate wetness range of the mediterranean climate, where a relativel y small reduction in the
water balance can have a disproportionally large effect, transforming perennial reaches to intermittent ones. In
contrast, loss of scouring flow combined with low but constant summer release from upstream dams may enable
in-channel intrusion of riparian vegetation that reduces conveyance and increases shading and mput of
allochthonous detritus.

One major but rarely discussed consequence of water diversions is the change in salinity that puts the biota of
mediterranean-type streams at risk. Reduced flow followed by an increase in salt content is expected in
mediterranean-type streams during drought periods (e.g. 32). Moreover, reduced discharge also cnables greater
surface or subsurface intrusion of seawater into coastal streams, transforming freshwater habitats into brackish
ones. Agricultural practices such as irrigation-water return and salt flushing increase salinity in mediterrancan-
type streams (e.g. 122). Lowering of the watertable can result in intrusion of seawater into coastal aquifers or
seepage of salt water from inland salt deposits historically covered by sea (e.g. mediterrancan Basin). Salinity
increases in streams may also result from selective diversion of freshwater sources, whereby the proportion of
water contributed by the brackish springs increases (e.g. 67), and by removal of native vegetation in areas where
evapotranspiration exceeds precipitation and salts accumulate in the soil (e.g. Australia, SE Bunn, personal
communication). mediterranean-lype streams can therefore be subjected to salinity pulses in response to
fluctuations in annual rainfall and human exploitation of freshwater, which in turn may significantly change the
assemblage structure (e.g. from insects to crustacean predominance; 82) or riparian composition (e.g. an
increase in salt-tolerant species such as tamarisk).



The competition for water in mediterrancan-climate regions is often compounded by water pollution, which
threatens the existing supply of water and exacerbates the damage to stream ecosystem. Israel, one of the most
water stressed countries (180), has extensive water reclamation and reuse projects; nevertheless, less than 50%
of the wastewater is reused and the remaining effluents end up in streams and the sea (67).

Pollution impacts of streams in mesic regions are often ameliorated by the high dilution capacity of receiving
waters that have high stream discharges; however, mediterranean-type streams experience a relati vely long
period of natural low flow, resulting in reduced con veyance and lower dilution capacity. Consequently, effluent
release criteria developed for receiving waters in humid regions are unsuitable for mediterranean type streams
(68) and can result in extreme deterioration of water quality and elimination of most of the natural biota (67).

The above-mentioned factors put mediterranean-type streams at a greater risk of adverse human impact and
thus make them inherently more difficult to rehabilitate than most other stream ecosystems. Can we "have our
water and drink it too"? This question may describe a rehabilitation option in water stressed regions. To
alleviate the effect of stream water abstraction, the release of high quality reclaimed wastewater is presently
being considered for rehabilitation of streams in Israel. However, this solution is not without potential
problems: The allocation of high quality effluent for stream rehabilitation is not guaranteed because in drought
years the agriculture sector will strongly compete for the hi gher quality effluents; public health reasons may
restrict recreational uses, such as swimming and fishing; and the addition of effluents of any kind may setback
stream rehabilitation efforts anytime the wastewater treatment operation fails. Successful rehabilitation has
occurred in mediterrancan-type streams, particularly in urban environments (e.g. 37, 143), but streams chosen
may have unique reasons for selection and the costs of rehabilitation may be high (e.g. 37, 116). Allocation of
water for rehabilitation of aquatic habitats in the Sacramento River Basin (California's largest river system) is
being considered as part of the implementation of the Central V alley Project Improvement Act (78). In addition
to reversing the increasing trend of water pollution as required by the federal Water Quality Act, rehabilitation
projects in California also focused on channel stabilization, flood management, fishery enhancement, and
riparian floodplain revegetation (78).

CONCLUSIONS

Although streams in mediterranean-climate regions are less studied than their counterparts in temperate,
forested regions, ecological information is available for four of the five mediterranean regions worldwide (i.e.
not Chile). In Australia and South Africa, however, most information is available for headwater reaches and
mountain streams. Important aspects of stream ecology such as nutrient loading and spiraling, algal dynamics
and primary production, secondary production, and hyporheic communities were not included in this review
and deserve special attention in future overviews of mediterrancan-type streams.

First and foremost, mediterranean-type stream ecosystems are ecological reflections of the unique
mediterranean climate; they are fluvial systems that are physically, chemically, and biologically shaped by
sequential, seasonally predictable events of flooding (late fall-winter) and drying (late sumimer-early fall) that
vary markedly in intensity on a multi-annual scale. Although the biota is under abiotic pressure from floods,
there is a period that may last for several months (spring-early summer) during which moderate ecological
conditions and high resource availability allow the biota to recover from floods. However, as densities increase,
biotic pressures such as competition and predation also increase. If there is extreme drying or desiccation,
abiotic regulation returns. This seasonal sequence of abiotic, biotic, and abiotic regulation is a unique
characteristic of mediterranean-type streams.

Second, in this review we have presented 25 testable hypotheses about the structure and function of
mediterranean-type stream ecosystems, including predictions about structural responses of biotic assemblages,
the long debated importance of abiotic versus biotic regulation in stream ecosystems. riparian inputs and the
importance of allochthonous matter, and the ccological impact of water scarcity and the resulting severe
competition for water. mediterranean-type streams are particularly well suited for experimental tests of the
relative importance of biotic and abiotic controls on populations and communities.

Third, the significance of the protracted leaf litter input in terms of the timing of flooding and autotrophic
production peaks requires further study. More measurements of allochthonous organic-matter input in streams
of different sizes and in different locations are needed, as is an assessment of its effect on comm unity structure
and function. Special attention should also be given to the effect of fires, which are common in mediterrancan
regions, on nutrient and organic-matter input dynamics.

Fourth, the relatively sparse riparian vegetation and abundance of sunshine in mediterranean regions suggest



that autotrophic processes may play a more important role in mediterranean-type streams than heterotrophic
processes. Reductions in riparian vegetation or increases in nutrient loading further enhance autotrophic
processes in mediterranean-type streams.

Finally, unlike the transitory characteristic of the natural disturbances, human disturbances in streams (e.g.
water diversion, flow regulation, pollution) are ofien permanent and tend to increase as population size
mcreases. Population increases in mediterranean-climate regions result in an intensification of the competition
for water among different users (e.g. agriculture, domestic consumption, industry, nature conservation).
Consequently, mediterranean-type streams (particularly in fertile regions) face major challenges in surviving as
sustainable, self-regulated systems. Atiempts to rehabilitate these streams must address the inherent problem of
how to compensate users for the loss of water that is needed to reinstate the typical hydrological regime of
mediterranean-type streams. Rehabilitation efforts in mediterranean-type streams, therefore, may best succeed
in urban or unique conservation areas where citizen pressure can successfully outcompete agricultural
withdrawal.
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Summary Report for Rock Creek Habitat and Dive Surveys Conducted
on 6/23/03.

Introduction

In the effort to test the effects of large woody debris (LWD) enhancements on juvenile
coho salmon, a performance evaluation will be conducted to determine pre- and post-
enhancement winter carrying capacity of juvenile coho salmon in East Fork Rock Creek.
We intend to use a BACI (before-after-control-impact) experimental design to test the
effect of large woody debris density on the winter carrying capacity of juvenile coho
salmon. Carrying capacity will be assessed through abundance estimation of juvenile
coho salmon within the study reach in the late summer/early fall, after fall and winter
freshets, and in the spring prior to smolt outmigration. Overwinter survival will be
estimated for each reach by comparing late summer/early fall abundance estimates with
early spring population estimates (or the minimum population estimate during the winter)

The objective of this document is to summarize preliminary habitat and dive study
surveys conducted during 23 June 2003, in support of this effort.

Methods

Habitat Typing

Habitat units were typed and placed into one of the following categories: 1. Corner Pool
(CNRP), 2. Confluence Pool, 3. Lateral Scour Pool (LSP), 4. Plunge Pool (PLP), 5.
High Gradient Riffle (HGR), 6. Low Gradient Riffle (LGR), 7. Run, 8. Steep Run
(STP Run), 9. Glide, and 10. Other (O), for any unit that cannot be sampled with
rcasonable efficiency. Unit length was measured using a hip chain. Habitat data was
later summarized by generically placing units into pool, riffle, run and other categories.
Number of each unit type was counted and expressed as a percentage for both specific
and generic habitat summaries. Length of all units of each type was summed and
expressed as a percentage of the study reach for both specific and generic habitat
summaries. Surface area and maximum depth was taken from units that were selected for
dive counts.

Dive Survey

Single pass dive counts were conducted on 10 runs and 18 pools. Counts of juvenile and
older (1+ and 2+) salmonids present in the reach (Trout which includes Juvenile steelhead
and cutthroat, coho, steelhead (1+and 2+), and cutthroat (1+ and 2+) were taken.
Number of fish from each group was summed for each generic habitat type and is
expressed as an average count per unit.

Abundance of juvenile coho was estimated for combined run and pool strata using a
simple random estimator of the total. Iassumed that diver observation probability was
.70. Number of juvenile coho counted was divided by .70 before estimation took place.
The number of fish counted was related to surface area by both regression and ratio
estimation. A two sample t test was ran to test for differences in juvenile coho numbers
between run and pool strata.



Results

General
107 habitat units were typed. Total length of the study reach was estimated at 2812 (m).

Specific Habitat Types

Lateral scour pools, high gradient riffles and low gradient riffles were the most dominant
habitat types by count comprising 26, 27 and 19 percent of units respectively. Low and
high gradient riffles were the most dominant habitat types by length comprising 43 and

26 percent of the reach respectively. Lateral scour pools comprised 12 percent of the
study reach (Table 1).

Table 1. Summarizes habitat data collected from Rock Creek by specific habitat type on 6/23/03
Habitat Type Count Percent By Count Total length(m) Percent of Reach Length

CRNP 1 0.934579439 8.8392 0.314299519
Confluence Pool 1 0.934579439 7.62 0.270947861
LSP 28 26.1682243 339.54 12.07318067
PLP b 4.672897196 32.91 1.170196077
HGR 27 25.23364486 1212.49 43.11306718
LGR 21 19.62616822 746.45 26.54186756
Run 12 11.21495327 194.15 6.90348126
STP Run 3 2.803738318 52.73 1.874944975
Glide 8 7.476635514 183.18 6.513415902
Other 1 0.934579439 34.44 1.224598994
Total 107 100 2812.3492 100
Generic Habitat Types

By count riffles, pools, and runs comprised of 44, 32, and 21 percent of units
respectively. By length riffles, pools, and runs comprised of 69, 15, and 13 percent of the
reach respectively (Table 2).

Table 2. Summarizes habitat data collected from Rock Creek on 6/23/03
Habitat Type Count  Percent by Count Total length(m)  Percent of Reach Length

Paol 35 32.71028037 430.078 15.29218855
Run 23 21.4953271 388.9428 13.82955332
Riffle 48 44.85981308 1958.94 69.65359732
Other 1 0.934579439 34.4424 1.224660817
Total 107 100 2812.4032 100

Dive Survey
A total of 736 salmonids were counted. Coho were the most abundant averaging 22.9
and 20.33 fish counted in runs and pools. Trout (0+ Cutthroat, and 0+ steelhead)



averaged 4.1 and 2.9 in runs and pools. A total of 46 1+ fish (includes both steelhead and
cutthroat) were counted in runs and pools (Table 3).

Table 3. Summarizes number and mean of fish counted in Rock Creek on
6/23/03 in run and pool strata.

Species Habitat Type Number Mean Count Per Unit

OK Run 229 229

OK Pool 367 20.38888889
0+ TR Run 41 4.1
0+ TR Pool 53 2.944444444
1+OM Run 10 1
1+OM Pool 25 1.388888889
2+0OM Run 2 0.2
2+0OM Pool T 0.388888889
1+0C Run 1 0.1
1+0C Pool 0 0
2+0C Run 0 0
2+0C Pool 1 0.055555556
Total 736

There were no difference in the numbers of juvenile coho counted between runs and
pools (students t test p = 0.715 ,df = 26). Dive counts resulted in an estimate of 1763
juvenile coho in pools and runs (95% confidence interval +- 160). The relationship
between the number of coho counted and unit surface area poorly correlated (p = .0557
for regression estimation) for both ratio and regression estimation (chart 1).
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