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Abstract In Mediterranean climate areas, the

great seasonal variability in temperature and rainfall

is considered to be an evolutionary pressure that

constrains plant and animal communities and their

biological traits. Droughts alter habitat availability

(changes of flow alter riffle-pool sequences),

although habitat characteristics may also exacerbate

drought to some extent. Using a simple quantitative

index based on the proportion of conglomerate

bedrock versus gravel and cobbles, pools versus

riffles and winter versus summer flow, we show how

habitat characteristics (in terms of substratum and

flow) may influence the permanency of a stream site

and how flow permanence constrains macroinver-

tebrate community structure and biological traits.

Annual and seasonal macroinvertebrate richness,

and the EPT (Ephemeroptera, Plecoptera and

Trichoptera) and OCH (Odonata, Coleoptera and

Hemiptera) metrics differed between permanent,

intermittent and ephemeral sites, but not between

permanent and intermittent sites. In contrast, dis-

tinct biological traits were observed in the three flow

categories, although permanent sites presented few

significant traits which was attributed to the stability

of the habitat. Intermittent sites were dominated by

taxa with pool-like strategies, while ephemeral sites

were characterized by fauna with life-history adap-

tations to floods and droughts. In contrast to most

traits (e.g., dissemination, reproduction, substrate

relation), which were more constrained by local flow

and substrate characteristics, life-cycle characteris-

tics did not differ significantly among flow catego-

ries. This pattern can be explained by the features of

the Mediterranean climate and particularly its high

seasonal predictability, which serves as a large-scale

filter of life-cycle traits, independently of local

hydromorphological characteristics. Our findings

indicate that drought is related to habitat character-

istics and that local habitat variability favours

organisms with certain traits, while other traits are

independent of habitat variability on this scale and

are probably affected by other large-scale habitat

characteristics.
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Introduction

Several scale-dependent environmental factors

are responsible for spatial and temporal hetero-

geneity in ecosystems and, at the same time,

constrain the distribution patterns and responses

of organisms (Milne, 1991; Poff, 1997). The

relationships between habitat heterogeneity

and organisms’ response are summarized in the

Habitat Templet Theory (Southwood, 1977;

1988). This proposes that habitat and its spatio-

temporal variability is the framework against

which evolution selects organisms with character-

istic life-history strategies and, simultaneously,

determines the presence and abundance of these

organisms at distinct scales. Over the last decade,

this theory has been applied to both terrestrial and

aquatic ecosystems and has shown matches and

mismatches between habitat characteristics and

the biological traits of organisms (e.g., Statzner

et al., 1994; Ribera et al., 2001; Thuiller et al.,

2004). Applied to river ecosystems, examples from

the Habitat Templet Theory (River Habitat

Templet by Townsend & Hildrew, 1994—RHT)

include a wide array of aquatic organisms, from

fungi to amphibians and fish (e.g., Joly & Morand,

1994; Muotka & Virtaten, 1995; Pattee & Chergui,

1995; Biggs et al., 1998; Townsend et al., 1997;

Lamouroux et al., 2002; 2004; Poff et al., 2006).

Thus, the association between habitats and the

traits of their matched species can be established

in two-dimensional space (spatial and temporal

heterogeneity). Commonly, these two dimensions

are associated with disturbance (Poff & Ward,

1990; Townsend & Hildrew, 1994). The rationale

behind this association is that natural disturbances

are large sources of heterogeneity in ecosystems

because they alter the structure of the environ-

ment and the distribution of organisms (White &

Harrod, 1997; but see Wiens, 2000). In stable

environments, specialist species are favoured

while in more unstable conditions generalist

strategies dominate (Southwood et al., 1974;

Southwood, 1988; Poff & Allan, 1995). In Medi-

terranean climatic areas around the world, sea-

sonal variations in temperature and rainfall

patterns are considered to be evolutionary

pressures that constrain plant and animal commu-

nities and their biological traits (di Castri, 1981;

Stamou, 1998). Rivers in these areas show sea-

sonal and predictable disturbances such as floods

and droughts (McElravy et al., 1989; Gasith &

Resh, 1999) and three different general flow

categories can be distinguished: permanent (flow-

ing waters), intermittent (isolated pools during the

dry season that may persist to the end of summer)

or ephemeral (dry stream beds in the dry season or

even for longer periods). Overall, we could con-

sider that these three flow categories differ in their

spatio-temporal characteristics, and this frame-

work makes our system very suitable for assessing

the predictions of the RHT: temporal heteroge-

neity decreases along a gradient from ephemeral

over intermittent to permanent because flow

stability increases. Conversely, spatial heteroge-

neity may increase along this gradient because

water permanency may tend to be associated with

higher water levels and coverage of land, repre-

senting habitats that are structurally more diverse.

While several studies have described the way in

which droughts alter habitat availability (Boulton

& Lake, 1992b; Stanley et al., 1997; Lake, 2000;

Boulton, 2003), few report how habitat may

exacerbate drought (but see Smith et al., 2003).

The responses of macroinvertebrate communi-

ties to flow permanence have been widely

reported. In many cases, differences in the faunal

composition of permanent and intermittent sites

are slight and there is a high overlap between

assemblages (Boulton & Suter, 1986; Delucchi,

1988; Delucchi & Peckarsky, 1989; Boulton &

Lake, 1992a; Feminella, 1996; Williams, 1996; del

Rosario & Resh, 2000). While taxonomic richness

and composition are the features most studied,

research on biological traits under a range of

flow conditions are required to elucidate the

environmental constraints that determine the

characteristics of organisms (Williams, 1991,

1996) and few studies exist on this topic. Moreover,

the use of biological traits to characterize environ-

mental conditions has advantages because traits

are independent of taxonomic constraints (Statz-

ner et al., 1997), which may allow global predic-

tions of organisms’ responses to flow disturbance.

Flow interacts with substrate to create

dynamic patterns in, for example, the documented

movement and deposition of fines even at base

flow (Wood & Armitage, 1997). In this study, we
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checked how habitat characteristics, such as sub-

strate and water flow determine the extent of

permanence in a Mediterranean river network. A

site is supposed to be less temporary if it is

dominated by bedrock, large pools and high winter

and summer flows at the time of sampling. In

contrast, a site with a habitat dominated by gravel

or cobbles, riffles and low winter and summer flows

is expected to dry at any time during that summer.

We expected that these habitat characteristics are

associated with macroinvertebrates of sites and we

wanted to test the prediction that permanent

streams are dominated by organisms with traits

adapted to dominant riffle conditions (i.e., riffles

and pools are always present), that intermittent

streams are mainly inhabited by organisms with

traits adapted to dominant pool conditions (i.e.,

riffles are lost during summer), whereas ephemeral

streams mainly contain communities of species

that have traits which make them resistant or

resilient to the absence of water during the dry

period.

Methods

Study area

The study was carried out in the Sant Llorenç del

Munt Natural Park (Catalonia, NE Spain)

(Fig. 1). This park, located north of the metro-

politan area of Barcelona (NE Spain) and

Fig. 1 Sampling areaand sites (white circles), indicating channel status in winter and summer period. Solid circles indicate dry sites
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occupying 9,630 Ha, has benefited from conser-

vation practices for 20 years. The mountain

ranges in which the park is located have a typical

Mediterranean climate, with irregular and intense

rainfall, mostly in winter, but with some rainfall in

spring and autumn, while summer is normally

very dry. The park has a dominant karstic geology

with highly permeable substrates and, therefore,

surface flow in streams may cease in hours or days

after rainfall. However, the area also has several

permanent streams, mostly linked to springs that

discharge from the karstic aquifer (the most

permanent ones are situated at low altitudes).

Vegetation is dominated by evergreen oak trees

(Quercus ilex L.) and white pines (Pinus halep-

ensis Miller), except in the steepest areas or in

places with rock outcrops. Altitude ranges from

280 m to 1,100 m, and 20% of the reaches studied

extend beyond the limits of the park. The streams

sampled belong to two main catchments that

discharge to the Mediterranean, the Besòs and

Llobregat river catchments. The Besòs catchment

drains from three Natural Parks (Sant Llorenç del

Munt, Montseny and Corredor-Montnegre) and

has a surface of 1,007 km2. The Llobregat catch-

ment drains from the Pre-Pyrenees and has a

surface of 4,923 km2. More information of these

two catchments can be found in Prat et al. (1984),

Prat & Ward (1994) and Prat et al. (2000).

Habitat characteristics

The length of the river network in the park was

measured on a 1:50000 scale map that defined the

main channels. This network was examined in

detail in winter (February) and summer (August)

1996, exploring all streams and springs that were

close to the main and minor routes and, in some

cases, far form these. Overall, we visited 78 sites,

resulting in almost one site per tributary and up to

2.7 sites visited per km of stream length (with an

average of 1.5). These 78 sites were characterized

in winter and summer period according to

three different flow categories: permanent

(flow > 1 l s–1), intermittent (only pools) or

ephemeral (dry). From them, only 25 sites,

covering an altitudinal range of 280–565 m a.s.l.,

had flow in winter and were chosen for this study

(Fig. 1). At each of these 25 sites, winter and

summer flow was measured. Habitat structure

was recorded in winter by estimating the percent-

age of gravel, cobbles, or bedrock and the

percentage of pools versus riffles in a 50 m reach.

All sampled sites could be considered as refer-

ence because no man-made impacts are affecting

the area (Rieradevall et al., 1999).

The study was performed in 1996, a very wet

year (1,144 mm of annual rainfall) that was

preceded by several years in which the mean

annual rainfall had been lower (610–884 mm

between 1992 and 1995). Rainfall in 1996 fell

mainly in January and during the autumn, while

spring presented medium to low levels. Conse-

quently, samples from winter and summer were

collected after a period of high and low precip-

itation, respectively.

According to our assumptions, a stream site

should be more permanent in the following

circumstances: (1) over large conglomerate bed-

rock (no infiltration) versus sites where gravel or

cobbles dominate, (2) when large pools are

present (more water accumulated), (3) when high

flow is present in winter (delayed drought) and

(4) when high flow is present in summer at the

time of sampling (less probability of drying at any

time during that summer). Thus, we quantified

these site attributes and estimated a site perma-

nence score (SPS) as follows, and in a similar way

to that of Feminella (1996). We first ranked the 25

sites in function of the importance of four

attributes separately (See Electronic supplemen-

tary material): (1) the percentage of bedrock;

(2) the percentage of pools; (3) the relative winter

flow (winter flow at site relative to the maximum

winter flow measured in all sites); and (4) the

relative summer flow (summer flow at site relative

to the maximum summer flow measured in all

sites). As we used 25 sites, for each parameter, the

first site with the highest percentage for this

parameter received a maximum score of 25, the

next 24 and successively, until the last site

received a score of 1. For each parameter,

percentages were grouped in classes (i.e.,

0.1–9%, 10–19%, up to 100%). When several

sites had the same percentage for one of the

parameters, the mean of their rank scores was

assigned to each one (e.g., if three sites had 90%

hard substrata and their rank was between 24 and
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22, a score of 23 was given to all three sites). After

ranking the sites, the four scores were added for

each site and the final SPS was obtained, which

could potentially vary between 100 (highest pos-

sible value if a site ranked first in all attributes)

and 4 (the lower value possible if a site had the

lowest and single value in all attributes). Thus, we

expected permanent conditions for high SPS

values (mostly pools over hard substrata and

maximum flow recorded both in winter and

summer), intermittent conditions for intermedi-

ate SPS values and ephemeral conditions for low

SPS values (mostly riffles over gravel or cobbles,

low winter flow and low or null summer flow). To

determine how well this SPS classify sites into

permanent, intermittent and ephemeral condi-

tions, we divided the obtained SPS in three

groups using a k-means method (Legendre &

Legendre, 1998), which maximizes the differences

among groups of sites and minimizes the differ-

ences among sites within a group. The resulting

groups of sites were compared with the observed

flow category in summer and the error of classi-

fication (e.g., number of observed intermittent

sites classified in the predicted permanent group)

was calculated. The SPSS statistical package

(version 10, SPSS Inc., Chicago, US) was used

for this analysis.

Taxonomic composition and biological traits

of macroinvertebrates

Macroinvertebrate samples were taken with a

250 lm mesh size net, using the kick method in all

available substrates proportionally and with a

similar effort at each site. The samples were

preserved in formalin, sorted and identified at

genus level. In some cases, several taxa were kept

at family level because of difficulty in identifica-

tion (small organisms or with complex taxon-

omy).

Taxon richness was compared between the

groups of sites with distinct flow regimes and

seasons using Kruskal-Wallis non-parametric

ANOVA tests as the values differed from nor-

mality. The STATISTICA Program was used to

perform the analyses (version 1999, Stat Soft Inc.,

Tulsa, UK). The same analyses were applied to

EPT (sum of number of Ephemeroptera, Plecop-

tera and Trichoptera taxa) and OCH (sum of

number of Odonata, Coleoptera and Hemiptera

taxa). These two metrics are good indicators of

the seasonal changes in macroinvertebrate com-

munities in Mediterranean rivers (Rieradevall

et al., 1999; Bonada et al., 2006).

The biological characteristics of macroinverte-

brate taxa were obtained from Usseglio-Polatera

et al. (2000) and include 11 traits with a total of 63

modalities. These traits are related to life-cycle

features (maximum size, life-cycle duration,

potential number of reproduction cycles per year,

aquatic stages), resistance or resilience (dispersal,

substrate relation, resistance forms), physiology

and morphology (respiration, locomotion) and

feeding and reproduction behaviour (reproduc-

tion, food and feeding habits). Several of these

studies that have focused on traits report a

mismatch between habitat characteristics and

biological traits as predicted by the RHT (e.g.,

Usseglio-Polatera, 1994; Persat et al., 1994).

Methodological problems related to trade-offs

between traits, the scale of study, or the biological

data used, may explain this non-conformity with

theoretical assumptions (Resh et al., 1994). To

overcome this problem, several authors have

proposed testing habitat-trait theories using

groups of organisms with similar characteristics

(Statzner et al., 1997; Usseglio-Polatera et al.,

2000). Thus, for example, Usseglio-Polatera et al.

(2000) assigned each taxon to a group and

subgroup, both of which include taxa that share

similar traits. To build the trait matrix with our

data, each taxon was checked for the Usseglio-

Polatera’s subgroups (or for group when sub-

group was not available) and the mean distribu-

tion frequency of the affinities of each subgroup

for each modality of the 11 traits was used

(Usseglio-Polatera et al., 2000, See Electronic

supplementary material; Usseglio-Polatera, un-

publ. data). For example, Mesovelia belonged to

the g2 subgroup (Usseglio-Polatera et al., 2000)

and had a mean frequency of affinity of 0.433 for

life-cycle duration £ 1 year and of 0.567 for life

duration > 1 year (Usseglio-Polatera, unpubl.

data). For some taxa, information on biological

traits was not available and these were excluded

from the analysis (e.g., Hydracarina). When

identification to genus was not possible, the
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biological traits of the family were used according

to the group in which most of the genera of that

family were assigned. That was the case of, for

example, Corduliidae or Coenagrionidae.

The ‘‘4th Corner method’’ (Legendre et al.,

1997) was used to check for differences in

biological traits between the different flow con-

ditions. This method, which is similar to the RLQ

proposed by Dolédec et al. (1996), uses a taxon

distribution (taxa vs. sites), a behavioural (taxa vs.

traits) and an environmental (sites vs. environ-

ment or habitat) matrix to develop a new matrix

that relates the distinct kinds of habitat to

biological traits (i.e., a habitat vs. traits matrix).

In our case, the taxon distribution matrix was the

annual macroinvertebrate matrix (winter and

summer matrices) transformed to presence/ab-

sence because of requirements of the program

(sites · taxa: 25 · 68). The behavioural matrix

included the degree of affinity of each taxon to

each trait category (trait categories · taxa:

63 · 68); and the environmental-habitat matrix

was a multi-state nominal variable recoded as

three dummy variables: permanent, intermittent

or ephemeral (sites · habitat: 25 · 3). Firstly, to

check if there was global association between

behavioural and habitat matrices (i.e., if signifi-

cant differences were found between all habitats

and a behavioural condition), an analysis of

variance statistic (i.e., the global F-statistic) was

calculated with the program for each trait cate-

gory. If F is significant, at least one habitat

differed from the others in terms of each trait

category. Furthermore, to explore the specific

relationship between the two matrices (i.e., if

significant differences were found between a

specific habitat and a behavioural condition),

the statistics used in the ‘‘4th Corner method’’

depend on the type of variables. When using a

quantitative behavioural matrix and a qualitative

habitat matrix coded into dummy variables, as in

this study, Legendre et al. (1997) provided two

options: the use of the homogeneity statistic (d)

or the Pearson product-moment correlation coef-

ficient (r). We used the latter to obtain the

strength and direction of association between the

two matrices. The r-value indicates a positive or

negative correlation between each trait category

and each flow category (permanent-intermittent-

ephemeral). The significance of r and F was

obtained by random permutations (999 runs) and

included Holm’s correction to avoid Type I error.

From all the permutation models available in the

‘‘4th Corner method’’, Model-1 (environmental

control over individual species) was used because

we assumed that a species is found in a particular

habitat when environmental conditions are appro-

priate for its development (Legendre et al., 1997).

Results

Flow permanence

The flow conditions of the drainage network of

the Sant Llorenç del Munt Natural Park for

winter and summer are shown in Fig. 1. Three

conditions observed during each sampling period

are illustrated: (1) Flowing water (from 1 l s–1 to

600 l s–1) (continuous line), (2) River courses with

pools but without surface flow (dashed lines) and

(3) Dry watercourses (dotted line). These three

flow categories represent permanent, intermittent

and ephemeral streams, respectively. In winter,

63% of the total network length had continuous

flow, while in summer this flow regime accounted

for only 26%. The rest of the river length was

intermittent (only pools) or ephemeral (dry). The

main streams with permanent flow in summer

were outside or at the limits of the park area,

downstream of permanent springs. Although 1996

was a relatively wet year, 8 of the 25 sites sampled

in February were totally dry in summer.

The 25 sampling sites were ranked using the

method described above (SPS). The final SPS (the

sum of the four values for each sampling site, see

Methods) ranged from 16.5 to 84 (Table 1). Using

the SPS values, k-means method classified sites as

follows: the first 7 with high SPS (i.e., presumably

permanent), the next 11 with intermediate SPS

values (i.e., presumably intermittent) and the last

7, with low SPS values (i.e., presumably ephem-

eral). Overall, when comparing predicted SPS to

the observed condition, we obtained an 84% of

classification success, with the permanent and

ephemeral conditions being the best classified,

indicating that attributes used in SPS influence

site flow permanence. Although our method
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could be also sensitive to error, misclassified sites

do not necessarily mean that our SPS is not

reflecting permanence. The degree of classifica-

tion success was performed comparing the SPS

value and the observed flow category in the exact

sampling time (Fig. 1), but some sites could have

flow categories in one condition during the time

of sampling and change to another flow category

at the end of summer. Thus, to avoid circularity,

information on flow permanence of each site at

the end of summer should ideally be obtained to

correctly calculate the degree of misclassification

of SPS, which was impossible in our case. On the

other hand, other factors not measured in this

study, but locally important in determining per-

manence (e.g., riparian vegetation or forest

reaching the river banks), could exacerbate sum-

mer drought even when habitat conditions in the

channel were satisfactory.

Macroinvertebrate structure and biological

traits

Significant differences in winter and summer

taxon richness along the SPS gradient were

found among permanent, intermittent and

ephemeral sites, for total (H = 14.43,

P < 0.001), winter (H = 12.45, P = 0.002) and

summer taxon richness (H = 13.52, P = 0.001)

(Fig. 2). There was a clear gap between

ephemeral sites and those corresponding to

the other two flow regimes. Taxon richness

was lower in winter than in summer for

both intermittent and permanent sites, but

winter samples added an average of 3 new taxa

to total richness. No differences were found

when comparing permanent and intermittent

richness in summer (H = 0.05, P = 0.819), win-

ter (H = 0.21, P = 0.647) or overall (H = 0.10,

P = 0.750).

In permanent and intermittent sites, a higher

EPT than OCH was found in winter whereas in

summer, OCH richness increased (Fig. 3). The

EPT and OCH metrics showed significant differ-

ences in winter among permanent, intermittent

and ephemeral sites (EPT: H = 11.33, P = 0.003;

OCH: H = 8.31, P = 0.015). However, significant

differences were not detected between permanent

and intermittent sites in winter (EPT: H = 1.54,

P = 0.214; OCH: H = 0.52, P = 0.468) and

Table 1 Site Permanence
Score (SPS), predicted,
and observed flow
category for each site.
Predicted flow category
comes from k-means
results and a priori
hypotheses (i.e., high SPS
correspond to permanent
conditions, intermediate
SPS to intermittent
conditions, and low SPS
to ephemeral conditions).
‘‘Only pools’’ shows sites
with disconnected pools
in summer or with pools
connected by
flow £ 1 l s–1

Final score
(A + B + C + D)

Predicted flow
category

Observed flow
category

MR2 84 Permanent Flow > 1 l s–1

MR6 80 Only pools
RP2 77 Flow > 1 l s–1

MR7 72.5 Flow > 1 l s–1

RP7 69.5 Flow > 1 l s–1

MR3 68.5 Flow > 1 l s–1

MR12 66 Flow > 1 l s–1

MR1 64.5 Intermittent Only pools
MR8 64 Only pools
RN1 62 Flow > 1 l s–1

RP4 61.5 Only pools
MR4 59 Only pools
GA1 57.5 Flow > 1 l s–1

SI1 56.5 Only pools
RP6 52.5 Only pools
MR10 46.5 Only pools
RP5 40.5 Only pools
RN2 38.5 Dry
GA2c 34.5 Ephemeral Dry
SI2 31 Dry
GA2a 31 Dry
RN3 29.5 Dry
MR9 16.5 Dry
RP3 16.5 Dry
RP1 16.5 Dry
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summer (EPT: H = 0.20, P = 0.651; OCH:

H = 0.06, P = 0.804) (Fig. 3).

Results from the ‘‘4th Corner method’’ analysis

showed distinct patterns of biological traits in

permanent, intermittent and ephemeral streams

(Table 2). Permanent sites had few significant

trait categories compared with the other two flow

categories. Life-history characteristics were not

significant in any habitat group. Other categories

related to size and aquatic stages also presented

non-overall significance (see F-values). The

remaining traits were significant for one or

several flow categories, although correlation val-

ues were low. Thus, isolated eggs and asexual

reproduction were positively correlated with

ephemeral sites but negatively with intermittent

ones. In contrast, intermittent sites were charac-

terized by clutches in vegetation. Dispersion

mechanisms were aerial-active in intermittent

sites but aquatic-passive in ephemeral ones; the

latter also presented a negative correlation with

non-resistant forms, while cocoons were a signif-

icant strategy at these sites. Diapause was posi-

tively associated with intermittent sites and

negatively with ephemeral ones but without an

overall significance. Respiration through skin was

positively associated with ephemeral sites

whereas the possession of spiracles was associated

with the intermittent sites. Organisms in inter-

mittent sites were substantially fliers and surface

swimmers, whereas ephemeral sites had signifi-

cant and positive relationships with burrowers

and interstitial organisms but negative ones with

fliers and swimmers. Food and feeding habits in

ephemeral sites were characterized by absorbers

(e.g., some Oligochaeta—Tachet et al., 2002) and

deposit feeders that consume detritus and micro-

organisms. In contrast, intermittent sites were

associated with organisms that feed on living

microinvertebrates.

Discussion

Spatial and temporal heterogeneity affect organ-

isms independently, but the interaction between

the two can determine patterns and processes

(Keddy, 1991). Relationships between these two

types of heterogeneity are difficult to examine

because of their complexity and because of

Fig. 2 Variation in the number of taxa (total, winter and summer) in the sites along the SPS gradient, from permanent to
ephemeral sites. For location of sites see Fig. 1
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methodological constraints (Kolasa & Rollo,

1991). Some studies have addressed these two

types of heterogeneity (Resh & Rosenberg, 1989;

Watling & Press, 2000; Wiens, 2000), but few

others report the interaction between them and

their relationship with biological traits (e.g.,

Townsend et al., 1997). Using a simple quantita-

tive index (SPS), we show how habitat character-

istics (substrate and flow) influence flow

permanence of a stream site and constrain macr-

oinvertebrate structure and biological traits. Sev-

eral methods of characterizing river types using

hydrological variables have been described

(including recent and historical descriptors, e.g.,

Poff & Ward, 1989; Poff, 1996; Uys & O’Keefe,

1997; Olden & Poff, 2003; Robles et al., 2004) and

some of them related these classifications to

community characteristics (e.g., see Stanley et al.,

1997; 2004). Recently, Fritz & Dodds (2005)

proposed an index to characterize sites and

streams on a continuum of flow intermittency,

but we did not have the information in quantity

and quality to apply it. The SPS presented here is

a simple and a broad outline method to charac-

terize site permanence in Mediterranean river

ecosystems. Overall, we found that habitat char-

acteristics determined temporal heterogeneity

(i.e., flow stability). Thus, as winter and summer

flows increases and bedrock and pools dominate,

temporal heterogeneity decreases (i.e., we move

from ephemeral to intermittent and to perma-

nent). In addition, in this framework, habitat

characteristics also influenced spatial heterogene-

ity. Higher winter and summer flows results in a

more wetted habitat and likely in an increase of

available refuges and substrate diversity. Thus, it

is reasonable to think that spatial heterogeneity

increases from ephemeral to intermittent and to

permanent sites (Fig. 4). These three river flow

types established in this spatio-temporal frame-

work differed in macroinvertebrate community

structure and biological traits. Droughts and

natural disturbances in general have been previ-

ously considered as determinants of community

structure in freshwater ecosystems (Resh et al.,

1988; Stanley & Fisher, 1992). Comparisons

between permanent and temporary rivers are

contradictory, from lower richness in temporary

sites (Wright et al., 1984; del Rosario & Resh,

2000) to similar richness (Legier & Talin, 1973;

Boulton & Suter, 1986; Miller & Golladay, 1996).

In our study, intermittent and permanent sites

showed similar taxonomic richness, but higher

richness than ephemeral sites. The length of the

dry season is crucial in determining diversity in

temporary streams (Williams & Hynes, 1976;

Abell, 1984; Williams, 1996) and could explain

this pattern of species richness in the three flow

conditions examined. Fritz & Dodds (2005), in

characterizing harshness in several intermittent

prairie streams, found that harsher sites (i.e., long

dry period, low flow predictability, high flood

frequency and low surface connectivity) had

lower taxon richness.

In a study of the relationship between a

gradient of permanence of riffle habitat and

macroinvertebrate assemblages, Feminella

(1996) found a high correlation between EPT

and an increase in flow permanence. A similar

Fig. 3 Mean and standard deviation of the EPT and OCH
(see text for definition) values for permanent, intermittent
and ephemeral sites in winter and summer period
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Table 2 Biological traits and flow categories following the
descriptions of Usseglio-Polatera et al. (2000). The results
from the global test (F) and their significance P obtained
by permutations (Model 1) in the ‘‘4th Corner Method’’

are presented (Legendre et al., 1997). For permanent,
intermittent, and ephemeral sites, the r-values from the
correlation traits-habitat matrix are given. The significance
of r was also tested by permutations (999 runs)

Global test F Permanent r Intermittent r Ephemeral r

Maximal size
£0.25 cm 0.940 –0.067 0.048 0.041
>0.25–0.5 cm 2.050 –0.062 0.093* –0.075
>0.5–1 cm 0.250 0.025 –0.035 0.023
>1–2 cm 0.240 –0.008 –0.008 0.037
>2–4 cm 1.020 0.074 –0.073 0.001
>4–8 cm 1.364 0.018 –0.053 0.081*
>8 cm 0.563 0.013 –0.035 0.052

Life-cycle duration
£1 year 0.028 –0.010 0.012 –0.006
>1 year 0.028 0.010 –0.012 0.006

Reproduction cycles/year
<1 1.068 0.077 –0.071 –0.011
1 0.371 –0.002 0.021 –0.045
>1 0.738 –0.050 0.029 0.048

Aquatic stages
Egg 1.347 0.084* –0.066 –0.038
Larva 0.737 –0.018 0.043 –0.057
Pupa 0.411 0.002 –0.022 0.047
Adult 0.028 –0.012 0.013 –0.001

Reproduction
Ovoviviparity 0.201 0.033 –0.032 –0.001
Isolated eggs, free 2.136** 0.041 –0.080* 0.092**
Isolated eggs, cemented 0.933 0.034 –0.058 0.057
Clutches, cemented or fixed 0.241 –0.012 0.025 –0.032
Clutches, free 0.519 0.052 –0.053 0.005
Clutches, in vegetation 3.010** –0.058 0.102* –0.104*
Clutches, terrestrial 1.088 –0.019 0.049 –0.071
Asexual reproduction 3.279*** 0.003 –0.059* 0.132**

Dispersal
Aquatic passive 4.499*** 0.020 –0.084* 0.150**
Aquatic active 0.556 0.047 –0.029 –0.039
Aerial passive 0.376 0.020 –0.036 0.037
Aerial active 4.882** –0.042 0.105** –0.148**

Resistance forms
Eggs, statoblasts, gemmules 0.244 0.036 –0.037 0.003
Cocoons 2.765** –0.018 –0.035 0.124**
Cells against desiccation 0.406 0.010 0.010 –0.048
Diapause or dormancy 1.331 –0.027 0.059* –0.076*
None 2.619* 0.011 0.041 –0.120**

Respiration
Tegument (skin) 5.263** 0.046 –0.111** 0.153**
Gill 0.173 0.030 –0.031 0.003
Plastron 0.886 –0.029 0.053 –0.058
Spiracle (aerial) 3.039* –0.051 0.096* –0.109**
Hydrostatic vesicle (aerial) 0.097 –0.018 0.010 0.018
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pattern was reported by Smith et al. (2003). Our

results showed not significant differences in EPT

values between permanent and intermittent sites

in both seasons, but an overall significant differ-

ence in winter when considering ephemeral sites.

On the other hand, seasonal changes in OCH

values were more evident, and could be attributed

to the high proportion of pool conditions in

permanent sites and the absence of riffles in

intermittent sites in summer (Williams, 1996).

During the wet season, riffle-like taxa (EPT) may

dominate river beds and some may be replaced by

pool-like taxa (OCH) in summer, jointly with a

group of core species (e.g., Diptera) with a

broader niche and which are present throughout

the year (Langton & Casas, 1999; Rieradevall

et al., 1999; Bogan & Lytle, 2007). This clear

seasonal pattern enhances the use of the rela-

tionship between EPT and OCH metrics in the

characterization of communities according to flow

permanence in Mediterranean rivers, which is

also coincident with studies in other Mediterra-

nean climate areas (i.e., in California, Bonada

et al., 2006). The relationship between EPT and

OCH may be probably used as a worldwide index

of quantification of temporary rivers.

Williams (1996) modelled expected biological

traits in three types of temporary conditions:

seasonal with long periodicity, annually seasonal

and unpredictable non-seasonal. Adults with

short life duration, intermediate fecundity, good

dispersal ability and generalist feeding larvae with

some desiccation resistance were proposed as

characteristics of annual seasonal conditions in

this model. In our study, although several traits

(e.g., respiration and locomotion) were consistent

with the predictions made by Williams (1996),

life-history traits were not significant. The high

Table 2 continued

Global test F Permanent r Intermittent r Ephemeral r

Locomotion and substrate relation
Flier 3.103* –0.048 0.095* –0.112**
Surface swimmer 2.449* –0.060 0.097* –0.088*
Swimmer 1.605 –0.030 0.065 –0.083*
Crawler 0.192 0.021 –0.008 –0.029
Burrower (epibenthic) 2.327* 0.022 –0.067* 0.106**
Interstitial (endobenthic) 3.333** –0.009 –0.049* 0.135**
Temporarily attached 0.716 0.031 –0.051 0.049
Permanently attached 0.417 0.006 –0.025 0.046

Food
Fine sediment + microorganisms 3.323** –0.012 –0.046 0.135**
Detritus < 1 mm 4.330** 0.001 –0.066* 0.152*
Plant detritus ‡ 1 mm 0.258 0.014 –0.028 0.032
Living microphytes 0.806 0.001 –0.029 0.066
Living macrophytes 0.079 –0.018 0.011 0.015
Dead animal ‡ 1 mm 0.336 0.041 –0.043 0.008
Living microinvertebrates 2.651* –0.036 0.082* –0.108**
Living macroinvertebrates 1.211 0.012 0.024 –0.082*
Vertebrates 0.847 0.010 0.020 –0.069

Feeding habits
Absorber 2.740** –0.009 –0.044 0.123
Deposit feeder 3.636 –0.014 –0.047 0.141**
Shredder 1.467 –0.021 0.057 –0.083*
Scraper 0.253 0.000 –0.016 0.037
Filter-feeder 0.291 0.025 –0.036 0.027
Piercer (plant or animals) 3.404* –0.055 0.103 –0.114**
Predator (carver/engulfer/swallower) 0.573 0.057 –0.053 –0.006
Parasite, parasitoid 0.341 0.042 –0.034 –0.018

* P < 0.05, and ** P < 0.001. All P-values include Holm correction
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interannual variability of Mediterranean rivers,

with sites drying out one year but possibly not the

next, depending on the annual climatic conditions

(Gasith & Resh, 1999), may explain our results.

Because life-cycle characteristics and organism

size are strongly associated with latitude and

climatic conditions (e.g., Johansson, 2003), a

dominance of multivoltine life-cycles and organ-

isms with a short life-span is to be expected in

Mediterranean climate areas, independently of

the characteristics of the habitat and its spatial

and temporal variability. In fact, when the timing

of disturbances is predictable, life-cycles are

adapted to long-term dynamics of these distur-

bances rather than to specific flow events (Lytle &

Poff, 2004). In Mediterranean rivers, droughts

and floods are mainly seasonal and predictable,

occurring twice or three times a year. Under these

conditions, multivoltinism and short life-cycles

Fig. 4 Categorization of habitat by flow and substrate, for
permanent, intermittent and ephemeral sites. Note the
increase in spatial heterogeneity and the decrease in
temporal heterogeneity from ephemeral to permanent
sites
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are favoured, particularly for those organisms

with low migratory capacity (most of the highly

frequent and abundant Ephemeroptera, Plecop-

tera, Trichoptera). Thus, at least one generation

will be ensured before a possible early drought in

ephemeral sites or late drought in intermittent or

permanent sites. In fact, in comparison with rivers

under temperate climatic conditions, Mediterra-

nean areas are highly dominated by multivoltine

aquatic organisms (e.g., Caenis or Nebriopo-

rus—Tachet et al., 2002; Bonada et al., in press).

Other traits, such as respiration, locomotion

and dispersal, among others, should differ

between permanent, intermittent and ephemeral

sites. In accordance with our results, changes in

habitat structure at intermittent sites when riffles

are lost enhance the presence of aerial breathers,

fliers and swimmers (Williams, 1996). The ratio-

nale for this phenomenon is that these traits are

less constrained by climatic characteristics or by

other large-scale variables, and are probably less

dependent on long-term flow dynamics. How-

ever, these traits would be more related to local-

scale characteristics such as individual year flow

conditions (e.g., winter and summer flow) and

local substrate (e.g., presence of bedrock vs.

gravel and cobbles and riffles vs. pools). Thus,

organisms at a site would be selected from the

regional pool of species, in order to match their

biological traits with the local flow conditions of

a site in a given year; however, most of these

organisms (especially those without high migra-

tory capacity) would display similar life-cycles in

order to adapt to the short stable periods of

floods and droughts over the annual cycle. It

does not necessarily mean that all organisms

present in all flow categories display multivol-

tinism and have short life-cycles (e.g., Odonata

can be semivoltine even in temporary

streams—Ferreras-Romero & Garcı́a-Rojas,

1995), but that most of them do.

Correlation values from the ‘‘4th Corner

method’’ were very low, which is consistent with

the findings of similar studies (Legendre et al.,

1997). However, with the exception of some

traits, such as maximal size and life-cycle char-

acteristics, trends in this Mediterranean river

system indicated that our empirical results

matched the theoretical predictions of the

RHT. Permanent sites did not present any

significant traits because riffles and pools are

present throughout the year, allowing the pres-

ence of a mix of organisms some characterizing

ephemeral and intermittent sites (Fig. 5). Inter-

mittent sites were dominated by pool species

that colonized this habitat and may colonize

others in the event of pool desiccation. The

importance of specific drought adaptations (e.g.,

cocoons) or the hyporheos as a refuge (Magou-

lick & Kobza, 2003; Hose et al., 2005; Bogan &

Lytle, 2007) has not been investigated in this

paper, but probably this was one of the main

reasons of rapid colonization of the streams

studied together with the dispersal abilities of

many species. In addition, this rapid colonization

by organisms from each site or coming for

neighbour sites would allow that all sites in

February (i.e., after several months of perma-

nent flow since the last dry period) were com-

parable, independently of their spatial position.

In summary, our results show that the effect of

drought, and thus its intensity, also depends on

local habitat characteristics. Permanent sites were

present in reaches with constant (from springs)

winter and summer flow over a variety of

substrates. Intermittent sites were found in low

flow conditions over bedrock, thereby facilitating

the persistence of pools in summer. Finally, the

most ephemeral sites occurred with low winter

flow over gravel and cobbles. We found that

habitat exerts a strong constrain on macroinver-

tebrate communities by constraining their

richness, structure and traits. While some biolog-

ical traits were more affected by local habitat

characteristics, others were more influenced by

regional characteristics related to the predictabil-

ity of flood and drought timing of the Mediter-

ranean climate.
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